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Abstract: The ability of aquatic organisms to sense the surrounding environment chemically and
interpret such signals correctly is crucial for their ecological niche and survival. Although it is
an oversimplification of the ecological interactions, we could consider that a significant part of
the decisions taken by organisms are, to some extent, chemically driven. Accordingly, chemical
contamination might interfere in the way organisms behave and interact with the environment.
Just as any environmental factor, contamination can make a habitat less attractive or even unsuitable
to accommodate life, conditioning to some degree the decision of organisms to stay in, or move from,
an ecosystem. If we consider that contamination is not always spatially homogeneous and that many
organisms can avoid it, the ability of contaminants to repel organisms should also be of concern.
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Thus, in this critical review, we have discussed the dual role of contamination: toxicity (disruption of
the physiological and behavioral homeostasis) vs. repellency (contamination-driven changes in spatial
distribution/habitat selection). The discussion is centered on methodologies (forced exposure against
non-forced multi-compartmented exposure systems) and conceptual improvements (individual
stress due to the toxic effects caused by a continuous exposure against contamination-driven spatial
distribution). Finally, we propose an approach in which Stress and Landscape Ecology could be
integrated with each other to improve our understanding of the threat contaminants represent to
aquatic ecosystems.

Keywords: avoidance; behavior; habitat selection; multi-compartmented systems; non-forced
exposure; repellency

1. Introduction

The concept of the risk linked to contaminants in ecotoxicology is strongly associated with the
toxic effects they might produce. Therefore, the more toxic a contaminant is, the more dangerous it
is [1]. Initially, this specific focus on toxicity, at the expense of a more ecological approach, was not a
problem since toxicity was the driving force that drove the emergence of ecotoxicology [2]. However,
it should not be the unique focus. The inclusion of more ecological approaches, beyond just toxicity,
has long been called for [1,3–8]. This need to integrate ecological concepts into ecotoxicology has,
in fact, led to newer approaches such as Stress Ecology (and its subdomain Chemical Stress Ecology):
the study of contamination-driven alterations to biological systems [9,10]. According to these authors,
this approach should cover not only the effects at the individual level, considering the entire life cycle,
but also the intra- and interspecies interactions as well as their relationship with the environment [6].
Possibly, this historic trend of ecotoxicologists to apply a more toxicological approach instead of moving
towards ecology comes from the origin of this science, initially defined as a branch of toxicology, due to
the relatively few ecologists working in this area [2]. However, other approaches are emerging in
ecology and include different stressors to study their effects when acting simultaneously on biota.
Undoubtedly, information about the toxicity of chemicals for as many species as possible is crucial for
environmental risk assessments (ERAs), but a more ecological view that would broaden the perspective
of contaminant-driven environmental damage is urgently required [1,11,12].

The ecotoxicological approaches with the most ecological implications are mainly based on
indirect effects (reaching the higher levels of biological organization) and seek to cover broader
spatial scales, for instance: the structure and functioning of ecosystems (including the concepts of
functional redundancy, resistance and resilience), metapopulation and community ecology, landscapes
in spatially connected and heterogeneous (patchy) environments, (re)colonization, ecosystem functions
and services, etc. [1,5,13–18]. Although it is widely known that organisms select their place to live
according to their limits of tolerance, food availability, mating success, protection from predators and
etc., under this ecological umbrella, the capacity of contaminants to repel organisms and modify their
behavioral fitness and spatial distribution is a subject that should be taken into account (see the reviews
by De Lange et al. [7]; Araújo et al. [19], Araújo and Blasco [20] and Moreira-Santos et al. [11]),
mainly as an early warning signal [21]. The concept of repellency in ecotoxicology is linked to the
avoidance behavior triggered by chemicals under conditions in which organisms are given multi-choice
experiments, containing at least two chemically different environments [22–26]. The possibility of
simulating scenarios in which organisms can move freely among chemically different environments
allows us to assess any differences in the level of repellency of the contaminants and understand how
this repellency drives the spatial distribution of organisms [27,28]. This approach changes the focus of
the effects of the contaminants from toxicity to concepts related to dispersion, migration, and habitat
selection processes [18,29]. Although no effect is expected to occur on individuals (avoiders might
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only be in contact with the contaminant for a very short time), the migration of part of or even the
entire population could be considered just as disastrous as the death of the organisms at the local
scale [18,21,30]. Even a partial disappearance of populations might cause a reduction in biodiversity,
affect the ecosystem’s structure and functionality as well as its resilience, and the capacity to withstand
other stressors (e.g., environmental changes and other anthropogenic impacts) [6,18,31]. Therefore,
the environmental disturbance caused by contamination should also include the way in which
chemicals repel organisms, changing their habitat selection processes and then their spatial distribution
patterns. Another important mechanism used by many planktonic invertebrates (e.g., cladocerans,
copepods, ostracods, and rotifers) to escape stressful conditions is temporal avoidance by entering
dormant stages [32,33]. This adaptation allows species: to remain in highly unpredictable and variable
environments, favors the dispersion to, and colonization of, new habitats and provides higher resilience
to the ecosystem [32–35]. In spite of the importance of this adaptive mechanism and the little knowledge
of its role in contaminated environments [36], the current review is exclusively focused on spatial
avoidance (repellency).

The repellent character of a substance is probably not necessarily directly related to its toxicity,
and so a highly repellent contaminant could have a low toxicity. In fact, in some cases a biphasic
response (initial attraction at low concentrations and avoidance at higher concentrations), described as
behavioral hormesis, has been observed [37,38]. The aim of the current critical review is to present
a discussion on the avoidance response of organisms to escape from continuous exposure and
the ecological consequences of this response compared to the traditional approach based on the
toxic effects of the contaminants. The discussion focuses on the dichotomy between toxicity and
repellency (Figure 1), considering their major differences, both methodological (forced exposure against
non-forced multi-compartmented exposure systems) and conceptual (individual stress due to the
toxic effects caused by a continuous exposure against contamination-driven spatial distribution).
Regarding the exposure approach to assess repellency, we have exclusively focused on non-forced
multi-compartmented exposure systems because they are a more complex method capable of simulating
environmental heterogeneity, either as gradients or patches of contamination [22,30,39]. Secondly, a brief
comparison between the repellency and toxicity of some chemicals is provided. Finally, we discuss the
ecological implications of avoidance in multi-compartmented systems and the conceptual improvements
that this approach might provide to ERAs in the light of spatial displacement (extinction at the local
level, re-colonization of environments, chemical fragmentation of habitats and habitat connectivity,
metapopulation, metacommunity, and meta-ecosystem). A summarized schematic representation of
the concepts discussed in the current review, as well as the advantages of integrating toxicity and
repellency in the environmental risk studies is shown in Figure 1. Briefly, Toxicity refers to the stress
directly affecting the individuals with the consequent loss of (from genetic to behavioral) homeostasis
due to their sensitivity or by provoking acclimation or adaptation. On the other hand, Repellency is here
considered an indirect effect, due to the absence of damage (at any level) on individuals, as the exposure
is not continuous and the response is based on the capacity of organisms to perceive contamination
and avoid it: the displacement towards another area indicates the potential aversive nature of the
contaminated habitat, but not a toxic effect on individuals. In this case, the loss of biodiversity at
the local scale might produce problems within the ecosystems related to vulnerability and functional
redundancy. The methodological differences in relation to exposure systems (forced and mandatory
exposure against non-forced and multi-compartmented exposure) determine the conceptual differences
between focusing on toxicity or repellency. Both approaches applied concomitantly might contribute
to the integration of Stress Ecology with Landscape Ecology.
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Figure 1. A schematic representation of some concepts linked to toxicity (defined according to
the traditional forced exposure approach) and repellency (defined according to the non-forced
multi-compartmented exposure approach) that could be integrated to understand the effects of
contamination on the structure and functioning of ecosystems better. Regarding the toxicity approach,
the scheme shows that the main perspective of toxicity is focused on individuals, in which the forced
exposure is the more traditional exposure method. From this perspective, some classes of responses at
different biological levels, the effects expected (from stress to loss of species) and the concepts that the
studies focus on (sensitivity of species as well as possible mechanisms of acclimation and adaptation to
face contamination) are represented. Regarding the repellency, the perspective is focused on the spatial
distribution of organisms based on a non-forced exposure (as individuals are not mandatorily exposed),
considering the responses related to the dispersion of species, whose effects might only be perceived
due to changes in the spatial distribution of the species and possible loss of local biodiversity. The main
approaches to be dealt with in the repellency-based approach include the ecosystem’s capacity to
resist or become more vulnerable to the changes depending on the redundancy of species (avoiders
will be replaced by non-avoiders with similar or different functions). Finally, the integration of both
approaches makes it possible to apply a broader approach that includes Stress and Landscape Ecology.
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2. Toxicity: The Traditional Ecotoxicological Response

The main role attributed to ecotoxicology since it was launched as a science has been to provide
evidence concerning the potential toxic effects of chemicals on organisms [2,40,41]. To employ a
vision beyond traditional toxicology (effects of contaminants on a particular species with the aim of
protecting humans), ecotoxicology has attempted to focus on effects at different levels of biological
organization, from sub-organisms to community (sometimes making inferences about an ecosystem’s
structure and functioning) [1,5,18]. Thus, ecotoxicology is a tool to complement the information of
ERA studies, previously based on chemical and ecological data. Due to this role in ERAs, ecotoxicology
has begun to develop a very important legal role, which has required the standardization and
regulation of procedures. Therefore, although an environmentally more realistic laboratory-scale was
always desired, ecotoxicological assays moved towards prioritizing other features rather than the
ecological relevance of the experiments, for instance: easy development, practicability, cost-effectiveness,
and replicability [42,43]. In this sense, ecotoxicological assays progressed towards a standard method
that consists in exposing organisms to different concentrations of a chemical (or environmental
samples such as water and sediment) and, after a previously established exposure period, some
responses/endpoints are measured and compared with a control (unexposed) population [10,44].
Throughout the exposure period, the organisms are mandatorily in continuous contact with the
contaminant, allowing a direct concentration-response relationship to be established. Therefore,
regardless of the level of observation, whether at the sub-individual level or higher, this type of
exposure (forced and mandatory exposure) means the effects are specifically linked to toxicity.

Although the forced exposure is a standard approach used in almost all ecotoxicological studies,
the endpoints employed to measure the potential toxic effect of a chemical have been described from
different biological organization levels and perspectives: biochemical, cellular, molecular, physiological
(e.g., growth, feeding), histopathological, and behavioral effects [1,45,46]. Whether at a low or high
biological level, the toxicity comes from a cascade of events that begin with the absorption and/or
adsorption of the contaminants and the consequent impairments/disruptions they may produce.
This approach has helped to detect the contaminants with a very high risk to the environment due
to their toxicity and to identify highly susceptible species within the various ecosystems studied.
This information has been useful for environmental conservation, not only for scientists, but also for
regulatory enforcement. However, when organisms are confronted with contaminants, it should
be considered that three different reactions can occur: conformity, regulation, or avoidance [47].
The use of a forced exposure approach includes the conformity and the ability to regulate the
contaminants, but it does not comprise the possibility of escaping. A forced exposure environment
assumes that environments are chemically homogeneous and that there is no option to avoid exposure.
This assumption has recently changed with the development of non-forced multi-compartmented
exposure systems [30]. An avoidance behavior is no longer assessed exclusively based on changes
in the swimming patterns, but rather on dispersion within a chemically heterogeneous environment.
Therefore, answers to questions like “what if aquatic animals move away from contaminated habitats
before suffering adverse physiological effects?” [11] seem to be easier to provide now.

3. Avoidance: A Repellency-Driven Behavioral Response

Traditionally, avoidance has been linked to behavioral changes, such as overexcitement or lethargy,
that could indicate a response to flee or not from contaminants [47–50]. Since this assumption is based
on a forced exposure approach, it does not allow us to know whether organisms could discriminate
among different concentrations in a smoothly heterogeneous scenario, rather than only in an abruptly
modified chemically heterogeneous environment. The selection of the studies under discussion in
this section was based on whether they were performed in multi-compartmented exposure systems
(see examples of the most used systems in Figure 2). Although many different non-forced systems
can provide a contamination gradient for organisms [22], multi-compartmentalization allows the
magnitude of the avoidance response to be related to all the concentrations (or water and sediment
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samples from different origins) used to make up the gradient. Then, a typical concentration-response
can be obtained. This also favors the comparison on how sensitive avoidance is in relation to the
data with other endpoints when comparing LCx or ECx (lethal or effective concentration to x% of the
population) values with ACx values (concentration eliciting an avoidance of x% of the population).
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exposure systems in avoidance experiments: (A): linear system representing a contamination gradient
indicated by the scale of grey and (B): HeMHAS (Heterogeneous Multi-Habitat Assays System) with
the gate used to open or close the connections between compartments in all directions.

The development of non-forced systems has provided the possibility of confronting organisms
with different scenarios to identify the more attractive or repellent zones. A pioneer flow-through
multi-compartmented system, in which a smooth linear gradient (1D) of contamination can be
simulated, was developed by Lopes et al. [30]. This system was later simplified by Rosa et al. [51],
who turned it into a static multi-compartmented system. In recent years, a more complex system
(HeMHAS—Heterogeneous Multi-Habitat Assay System) has been proposed by Araújo et al. [52].
Both systems have been used in studies with different organisms and chemicals. Although
bi-compartmented exposure systems (two choice options) are also widely used to assess repellency
(see review by Jutfelt et al. [22]), we briefly present data from multi-compartmented exposure systems
in this section due to their ecological relevance and environmental complexity in terms of the concepts
discussed here. Detailed information can be obtained in reviews by Araújo et al. [19], Araújo and
Blasco [20], and Moreira-Santos et al. [11]. All comparisons with other endpoints should be made with
caution, since avoidance is usually measured after a very short exposure time (between 3 and 12 h,
depending on the exposure system and the maintenance of the contamination gradient).

The first evidence of avoidance in a multi-compartmented system was described for the cladoceran
Daphnia longispina [30]. These authors observed that among the different lineages tested, the sensitivity
and early reactiveness of the organisms to avoid copper was directly related to the lethal sensitivity of
the lineages. Other invertebrates such as the cladoceran D. magna (exposed to pulp mill effluents [53];
atrazine [51]; and salinity as stress factor [54]), the freshwater copepod Boeckella occidentalis intermedia
(crude oil as the contaminant [55]), the ostracod Heterocypris incongruens (salinity as the stress factor [54]),
the gastropod Peringia ulvae (sediment spiked with cadmium [56]), the freshwater shrimp Atyaephyra
desmarestii (exposure to copper [39,57–59]), the marine shrimp Litopenaeus vannamei (exposed to
copper [60,61]), and the saltmarsh shrimp Palaemon varians (exposed to musks and sunscreens [25,62])
have been tested for avoidance. In general, the avoidance response reported in those studies was more
sensitive than the lethal and some sub-lethal endpoints described by other authors (see references cited
above). However, the avoidance and mortality of the copepod B. occidentalis intermedia was similarly
sensitive [55] and the 21-day reproduction test with D. magna exposed to atrazine proved to be more
sensitive than avoidance [51].

Regarding vertebrates, avoidance studies in multi-compartmented systems have mainly focused on
amphibians and fish. Tadpoles of the amphibian Lithobates catesbeianus have proved to be able to avoid
different chemicals such as copper [63], the fungicide pyrimethanil [64], the pesticide abamectin [65],
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the 2,4-dichlorophenoxyacetic acid herbicide [66], the herbicide diuron [67], and solution containing
mining tailings [68]. Avoidance by tadpoles of Leptodactylus latrans and Pelophylax perezi of contamination
by copper and pyrimethanil has been also described [63,64]. In almost all these studies, avoidance
was shown to be a highly sensitive response when compared with lethal or even sub-lethal
(e.g., development, weight, and swimming behavior) responses (see previous citations). On the
other hand, in some studies avoidance was not the most sensitive response when compared with,
for instance, the responses of the: feeding rate, growth rate (SVL) and weight gain rate of tadpoles of
Xenopus laevis exposed to gold nanorods [69] and the speed and distance responses after 16 days of
exposure to mining tailings [68].

The avoidance response using the multi-compartmented approach has been mainly used for
two fish species: zebrafish (Danio rerio) and guppy (Poecilia reticulata). The first avoidance study in a
multi-compartmented scenario with fish was performed with zebrafish that were exposed to gradients
of copper and effluent from acidic mine drainage [70]. In that study, the authors attested that avoidance
is a quick response, so that the avoidance observed after 12 h exposure did not vary from exposure
periods of up to 96 h. This was possible mainly because the system maintained the contamination
gradient for a long time. Later, in a study also performed with zebrafish exposed to the fungicide
pyrimethanil, it was shown that the exposure period to measure avoidance could be as short as 4 h [71].
This is of great importance if static systems (without peristaltic pumps) are used, as it is difficult to
maintain the gradient for a long time when the fish are swimming continuously. Avoidance studies
with fish have also been performed with different contaminants such as: tuna fish processing plant
effluent [72], triclosan [73], atrazine [74], river samples [75,76], bisphenol [77], copper [78,79], fipronil
and 2,4-D [80], dairy wastewater [76], among others. In the study by Araújo et al. [71], the avoidance
response was assessed during very short exposure periods, sometimes not exceeding 4 h. In almost all
cases, the avoidance initially observed (e.g., after 30 min) was similar to the avoidance at different
periods during the remaining hours of the experiment. Furthermore, in some of those studies, avoidance
occurred at sub-lethal concentrations and even at environmentally relevant concentrations [66,73,74,77].

The use of the multi-compartmented exposure approach to assess the ability of the organism to
escape from contamination seems to be a suitable alternative to understand the environmental risks
caused by the repellent characteristics of the contaminants. In addition, the avoidance response has been
detected after a very short exposure time, generally not superior to 12 h [11,19,70]. However, the use
of avoidance in multi-compartmented systems has some limitations, since its ecological relevance is
conditioned to heterogeneous environments and the motility of the species (e.g., i. only organisms with
active motility and displacement ability can be used; ii. the environmental relevance of the scenario
simulated depends on the chemical heterogeneity occurring in the environment; iii. the spatial scale
of the scenario simulated in the laboratory is much lower than the real spatial scale; iv. the time of
experimentation is determined by how long the differences among the concentrations is maintained
inside the system; v. the use of bigger species requires much bigger exposure systems and a greater
quantity of chemicals). The current approach does not replace the traditional forced exposure but
provides a complementary tool that could be applied to better understand the potential damages
that chemicals can cause, by not only focusing on toxicity, but also on repellency. In this sense, it is
important to point out that repellency can be as variable as the different chemical structure of the
contaminants. In fact, experimental evidence has shown that even potentially toxic chemicals can
present a certain level of attractiveness to organisms rather than repellency [25,26,37,81,82].

4. The Higher the Toxicity, the Higher the Repellency?

Although there could be a tendency to assume that the repellency of a contaminant is related
to its toxicity, this relation seems not to be linearly direct, especially for chemicals with a neurotoxic
action [65,67,82]. It has been shown that potentially toxic chemicals can exert some attraction to
organisms, a similar phenomenon to the classical hormesis effect that might be limited by increasing
concentrations [37,38]. For instance, attraction to contamination was observed: in the mud snail
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Illyanassa obsolete and the amphipod Corophium volutator exposed to chlorothalonil [83] and in the
crayfish Orconectes virilis exposed to the antidepressant sertraline [82]. In a study with essential oil
extracted from the fruits of Evodia lenticellata, monoterpenes were shown to be the most toxic group
of chemicals, but not the most repellent for the insects Tribolium castaneum, Lasioderma serricorne and
Liposcelis bostrychophila [23]; on the other hand, caryophyllene oxide and β-caryophyllene were only
moderately toxic, but strongly repellent.

For aquatic animals, such as fish and crustaceans, their interaction with the environment
and their behavioral response to chemical signals are significantly mediated by sensory systems
(e.g., gustation, chemosensory cells, olfactory epithelium at the gills, chemoreceptors in the antennulae,
the olfactory nerve center of the suprapharyngeal ganglion, sensory bristles, and aesthetascs,
for example) [50,84,85]. However, some contaminants like metals or pesticides can interfere with the
sensorial process and affect the related behavioral response [50,86–90]. This interference can be caused
by different mechanisms: direct exposure and damage to exposed olfactory neurons or the disruption
in the expression of olfactory system-related genes [85,91]. Thus, the interaction of a contaminant with
the sensory system of an organism can affect the behavioral response without a direct relationship with
its toxicity. This becomes particularly relevant when the scenario of a mixture of pollution is considered,
as the presence of one contaminant can interfere with organism’s response regarding another.

Another factor that makes it difficult to link repellency and toxicity is related to any stimulative
or lethargic effects. Some contaminants cause overexcitement in organisms, which indicates toxicity,
but that could favor organisms fleeing from contamination. On the other hand, this same
contaminant, depending on the concentrations, may induce a lethargic state, which might prevent
escape [92]. An interesting pattern was observed in tadpoles exposed to a 2,4-D-based herbicide [66]:
the distance-travelled response was not altered, while the speed of response to a stimulus was reduced
(both using forced exposure); however, the avoidance in a non-forced system was evident at the lowest
concentrations, but less marked at the highest. In another study with tadpoles exposed to sublethal
concentrations of copper sulfate and ammonium nitrate, impairments in some behavioral indices
(response to stimuli, distance moved and type of movement) were observed, leading to a reduction in
the ability to escape [93]. Lethargy has also been observed in tadpoles exposed to copper, where at
200 µg/L the avoidance reached 80% but decreased due to moribundity [63]. Additionally, in tadpoles
exposed to mining tailings, there was a tendency for individuals to avoid low concentrations, but not
the compartments with highest levels of tailings [68]. In a study with the marine shrimps L. vannamei
and P. varians (Redondo et al. unpublished data), it was observed that both are able to avoid toxic
copper concentrations when exposed to a gradient; however, whereas L. vannamei showed signs of
overexcitement when it was in a forced exposure, P. varians clearly displayed lethargy.

The best way to verify the relationship between toxicity and repellency is to compare the mortality
and repellency data of different chemicals for the same species and then to verify whether the
repellency levels of the compounds (from less to more toxic) is related to the toxicity levels. After a
bibliographic search, we found little data on toxicity in forced systems and repellency in non-forced
multi-compartmented systems that could be compared. However, it was found for: the saltmarsh
shrimp P. varians (exposed to copper, galaxolide, tonalide, and triclosan), the amphibian L. catesbeianus
(exposed to abamectin, copper, diuron and 2,4-D), and the freshwater fish D. rerio (exposed to
Ag-NPs, copper, glyphosate, and pyrimethanil) and P. reticulata (exposed to atrazine, bisphenol, copper,
and triclosan) (Table 1). Although we tried to consider data published for the same species, in the
case of the shrimps, toxicity data for copper and triclosan were taken from other species (see details
in Table 1). Before reaching a conclusion on the data, it is important to consider that ecotoxicity
results may vary depending on the life stage of the organisms, the culture medium, the environmental
conditions during experiments, etc. [94,95]. Therefore, comparisons of the results from different studies
should be made with caution.

For the saltmarsh shrimp P. varians, copper seems to be the least toxic, but the most repellent
contaminant. On the other hand, triclosan follows a pattern of lower lethal toxicity and lower repellency.



Toxics 2020, 8, 118 9 of 22

For the two fragrances, galaxolide seems to be highly repellent and have a low toxicity, whereas
tonalide seems to present a potential toxicity very similar to its repellency (Table 1).

In the case of the amphibian L. catesbeianus, the pesticide abamectin was the most toxic and the
second most repellent contaminant and, following a similar pattern, 2,4-D was the least toxic and least
repellent chemical. Diuron deserved special attention because it presented a very high repellency,
but low lethal toxicity (Table 1). In spite of this apparent low toxicity of diuron, neurological effects
associated with acetylcholinesterase (AChE) activity were observed in the fish Carassius auratus exposed
at 50 µg/L, but not at 5 µg/L [96] which was the concentration at which the avoidance of tadpoles
of L. catasbeianus was maximum (around 90%) [67]. Interestingly, the avoidance reduced to 20% at
10 µg/L, which indicates that the increase of diuron concentration caused a reduction in the ability to
avoid it [67].

For the fish D. rerio, Ag-NPs, copper and glyphosate presented a similar repellency, but in
terms of toxicity, this similarity was observed only between copper and glyphosate; Ag-NPs seem to
present a lower toxicity. Pyrimethanil seems to be the least toxic and repellent chemical among them
(Table 1); in spite of this, the risk cannot be neglected, since sub-lethal effects may be recorded at lower
concentrations (38 µg/L) than the AC50 [97]. The effects of glyphosate on zebrafish deserve special
attention. Although short (96 h) forced exposure to glyphosate can cause behavioral impairments [98],
in a 4 h-non-forced exposure approach, avoidance was time-dependent: an attraction was observed
during the first two hours, followed by an avoidance in the remaining time (Mena et al., unpublished
data). This response could be a clear example of time-dependent behavioral hormesis, as the possible
overcompensation presented by glyphosate is clearly time-dependent. The importance of time when
assessing behavioral changes (initial stimulation followed by a progressive slowdown in movement)
after exposure to contaminants has also been pointed out by Ren et al. [48]. An attraction effect has
also been observed for female Japanese quails (Cortunix japonica) that preferred glyphosate-based
herbicide-contaminated food to the control food [26].

Table 1. Comparison of the toxic and repellent potential of different contaminants for four species
based on data of toxicity (LC50: lethal concentration to 50% of the population; in µg/L) and repellency
(AC50: concentration eliciting avoidance in 50% of the population; in µg/L).

Species Contaminant Toxicity (LC50) Avoidance (AC50) References for
Toxicity/Avoidance

Palaemon varians
(saltmarsh shrimp) a

Copper 660 10.4 [25,99]
Galaxolide 401 14.1 [62]
Tonalide 88.1 30.8 [62]
Triclosan 154 42 [100,101]

Lithobates catesbeianus
(amphibian) b

Abamectin 138 36 [65]
Copper 372 101 [63]
Diuron 31,000 ±0.5 c [67]
2,4-D 574,000 242 d [66]

Danio rerio
(freshwater fish)

Ag-NPs 2900 9.08 [102], Sendra et al.
(unpublished data)

Copper 880 16.7 [78,103]

Glyphosate 620 12.2 [104], Mena et al.
(unpublished data)

Pyrimethanil 2850 1100 [71,97]

Poecilia reticulata
(freshwater fish)

Atrazine 4300 0.065 [74,105]
Bisphenol A 1660 0.154 [77]
Copper 348 15.9 [78,106]
Triclosan 1650 8.04 [73]

a: Toxicity data of copper and triclosan were based on the post larvae of Penaeus monodon [99] and larvae of
Palaemonetes pugio [100], respectively. b: Gosner stage 25. c: the AC50 value was not provided, but the authors
reported an avoidance of around 50% at 0.5 µg/L. d: the AC50 value was not provided, but the authors reported an
avoidance of around 50% at 242 µg/L.
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Data for P. reticulata show that atrazine seems to have a low toxicity, but can be highly repellent,
whereas copper seems to be the most toxic, but less repellent; although the AC50 values for copper
could also be considered very sensitive. Specifically comparing bisphenol A and triclosan, the acute
toxicity of both chemicals is very similar; however, bisphenol A is more repellent (Table 1).

The data presented here perhaps represent an oversimplified estimate about the relationship
between toxicity (based on mortality) and repellency. Because repellency was based exclusively on
studies performed in multi-compartmented exposure systems simulating a contamination gradient,
the amount of data is not robust enough to allow for an extensive and more conclusive comparison.
However, the data published by other authors and discussed here provide evidence that toxicity cannot
be used as a surrogate for repellency. Therefore, we would like to encourage the use of non-forced,
multi-compartmented approaches in order to generate a robust database that would help us to
understand this relationship between toxicity and repellency better. In addition, the immediate nature
of the avoidance makes its interpretation completely different from a forced and extended exposure.

5. The Decision of Avoiding or Not: A Cost-Benefits Balance

Ecological systems are very complex and difficult to simulate reliably under any experimental
conditions. Many studies have pointed out how the toxicity of a compound can vary depending
on the biotic and abiotic changes in the field and under the experimental conditions [107–111]).
Any experimental approach in ecotoxicology could be considered environmentally reductionist,
but this does not invalidate the importance of the results in terms of understanding the risk of the
contamination to the environment. Even the apparently obvious avoidance response triggered by the
repellency of contaminants can change if other environmental factors are included. Recent studies in
multi-compartmented exposure systems have tested different scenarios by including other elements
to the exposure conditions and to verify whether the magnitude of the avoidance response varies
and what the level of importance that contamination might have for the habitat selection processes
is. The main results found related to other relevant elements in some of these studies are described
below. In spite of the factors described below, other factors such as the light should also be studied
to understand how the avoidance response might vary during the circadian cycle for diurnal and
nocturnal periods.

5.1. Population Density

The effects of density on the avoidance response were tested using the freshwater shrimp
A. desmarestii exposed to a copper gradient [57]. The authors employed three different population
densities (3, 5 and 10 shrimps per compartment representing 0.5, 0.8, and 1.7 organisms per mL) in a
multi-compartmented system. Avoidance was dependent on the population density, the higher the
density, the lower the avoidance. Although shrimps clearly can detect and avoid copper contamination,
the stress produced by a high population density (possible intra-species competition) might potentially
reduce or even prevent the displacement of organisms to a less disturbed area. The response to
toxicants at the population level, when intraspecific competition is present (high population density),
differs from the response at the individual level. This was attested by Liess [112], who found that
the direct effects of the toxicant were partly compensated by the indirect reduction in intraspecific
competitive pressure, which led to a greater availability of food for those who remained.

5.2. Competition

The aim of a study performed by Silva et al. [78] with zebrafish (Danio rerio) and guppies (Poecilia
reticulata) was to assess whether the avoidance of both species was affected by the other. In the
monospecies experiments, both species avoided the copper gradient in a very similar way: the range
of copper concentrations that triggered avoidance to 20, 50, and 80% of the populations overlapped.
However, when both species were tested simultaneously (multispecies test), guppies displaced the
zebrafish to concentrations that had previously been avoided by the zebrafish. Changes in the
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avoidance to copper caused by interspecies interactions were also observed in a study with the shrimp
A. desmarestii and zebrafish [113]. In the presence of fish, the avoidance by shrimps was lower and
time-delayed. Both studies evidence that competition among species can change the avoidance pattern
in relation to the response in monospecies tests.

5.3. Food

The search for food could easily be considered one of the most important drivers that determine
the behavior of organisms, especially in conditions where it is not abundant. Based on this statement,
an avoidance study was carried out with the fish tilapia (Oreochromis sp.) to understand the relationship
between the repellency of effluents from a tuna fish processing plant and the availability of food [72].
Firstly, the tilapia fry detected the gradient of contamination and avoided raw and treated effluents.
Secondly, organisms were exposed to a gradient of contamination and food simultaneously, so that
the more contaminated the area was, the more food was provided. The results indicated that the fish
moved intermittently towards the most contaminated areas to feed, in spite of the threat of toxicity.

In another study performed by Islam et al. [79], the effect of food was assessed in three different
approaches: avoidance, recolonization and habitat fragmentation. Differently to the method used by
Araújo et al. [72], the zebrafish were exposed to a copper gradient, but food was not introduced as a
gradient, in the study by Islam and colleagues. In the approaches of avoidance and recolonization,
the food was only available in the last and most contaminated zones, whereas in the approach using a
chemical fragmentation of habitat, food was only available after the chemical barrier. Those authors
found that food did not stimulate the fish to cross the barrier, probably because the trade-off was
not perceived.

5.4. Predators and Shelters

In a complex environment, the organisms’ decision to avoid or not a contaminated area might be
evaluated according to the costs and benefits provided by the different environmental components.
In this sense, a study performed with the freshwater shrimp A. desmarestii assessed the importance
of three elements (i. contamination by copper, ii. presence of shelter that provided protection and
iii. kairomones of trout as a predator signal) in the shrimp’s habitat selection process [59]. When the
shrimps were exposed to the three elements individually, the contaminated areas and areas with the
presence of trout kairomones were avoided, whereas the zones with shelter were preferred. If the
organisms were provided with a choice between a clean area with no protection and a contaminated
area with protection, they preferred the clean area in spite of the lack of protection. However,
when a predator signal was included in the clean area in that scenario, the shrimps moved towards a
moderately contaminated area, avoiding the predation risk and the most contaminated zones. This is
clear evidence of the disturbance that contamination might cause in the habitat selection process of
this species.

The cost–benefit analysis that the organisms “need to carry out” in the presence of several
stressors (predation and toxicants) could lead to unexpected results in a kind of compensatory outcome.
That could support the hypothesis of “functional compensation” of stressor effects that has been
described when an unexpected outcome occurs in a multiple stressor scenario.

5.5. Salinity

Salinity is a factor that deserves special attention, not only due to the salinization of coastal
freshwater ecosystems (which causes an osmotic unbalance), but also because it is a global and
growing threat that might be amplified by climate and anthropic causes [114] and a potential avoidance
trigger for many organisms [54]. For instance, fluctuating salinities in estuarine areas can create
a very restrictive environment that requires a high osmoregulation capacity [115], which makes
salinity a primary environmental factor determinant for the spatial distribution of species [116,117].
In an experiment, Venâncio et al. [54] showed how the cladocera D. magna, the ostracod Heterocypris
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incongruens, the amphibian Xenopus laevis, and the fish D. rerio detected and avoided increasing salt
concentrations at much lower levels than those considered lethally dangerous. By combining salinity
with contamination (in this case the insecticide diazinon), Mena et al. [61] observed that the ability of
the white leg shrimp L. vannamei to avoid diazinon was impaired at a salinity of 30, but not at 10 and
20; at a salinity of 30 a higher effect on osmoregulation was also detected. Although salinity is itself
a potential avoidance-driving element, in combination with another avoidable element it can have
more serious consequences for organisms, either by potentiating avoidance or even preventing it and
causing toxicity [54,61].

6. Ecological Improvements by Simulating a Chemically Heterogeneous Environment

All the approaches used in ecotoxicology have advantages and limitations regarding the
information provided. If identifying ecological succession in a contaminated ecosystem is very
important, it is no less important to understand the mode of action of the chemicals (especially the
contaminants of emerging concern) and how genetic and physiological mechanisms are triggered in
response to contamination [118]. Apart from this, it is widely recognized that ecological approaches are
much less frequent than individual or sub-organism approaches. The multi-compartmented exposure
approach simulating chemically heterogeneous scenarios does not definitively solve the problem of the
lack of ecological relevance of ecotoxicity tests. The aim of the approach presented here is to provide a
complementary approach to how the repellency of contaminants can be assessed. Although we know
the intrinsic limitations of this approach, some ecological concepts can be integrated into ecotoxicological
studies when the spatial chemical heterogeneity is considered, since that the avoidance response
of populations might suppose changes in ecological interactions and, therefore, in the ecosystem’s
structure and functioning. Some of the improvements provided by the multi-compartmented exposure
approach are discussed below.

6.1. Spatial Displacement: Extinction at the Local Level

The study of the repellency of the contaminants in a chemically heterogeneous spatial exposure
scenario shifts the paradigm of responses and effects. Assuming that organisms could potentially
detect contaminants at levels of risk and, therefore, move to more favorable areas, the concept of the
stress associated to toxicity at the individual level would not necessarily be applied. When organisms
flee an area, although there seems to be no direct effect on the organisms themselves, the loss of
abundance of the population that fled could be a major problem at the ecosystem level [30,51] and
trigger indirect effects on other species or alterations of ecosystem’s functions [18]. The analysis of the
avoidance response goes beyond the repellency of contaminants or even the ability of organisms to
detect them, but it brings ecological implications that could lead to a local reduction in biodiversity
that, at the same time, could suppose an increase in the species that are highly tolerant to a specific type
of contamination, but probably less tolerant for novel stressors [18]. Other effects include restrictions
in habitable areas, changes in the species’ interactions (e.g., trophic relationships) in the avoided
ecosystems, alterations to migratory patterns, etc. Although in situ observations of the relation between
contamination and restrictions in the habitat use are scarce, some studies have evidenced the effects of
contamination on the spatial distribution of fish [28,119–121].

Finally, when avoidance is associated with a short-term response that also involves the loss
of organisms, such as lethality, avoidance data can be used to predict the immediate decline of a
population (PID: Population Immediate Decline); a concept developed by Rosa et al. [51] that has been
applied in different studies [62,71,73]. The PID calculated from the integration of avoidance (repellency
in a non-forced approach) and mortality (toxicity in a forced approach) could help us to understand to
what extent the population will decrease better, by considering the proportion of potential avoiders
and the proportion of fatalities expected to occur in the non-avoider population. Local extinction rates
are affected by spatial heterogeneity and migration rates [122]. The increase in mortality rates, due to
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toxicity, together with the increase in emigrant rate, would lead to an increased local extinction rate
and reduce the probability of local persistence.

6.2. Potential to Predict the (Re)Colonization of Environments

Another interesting concept to be employed in this approach is about (re)colonization and
restoration of disturbed environments. Generally, ecotoxicity studies are focused on contaminated
environments, and so less attention has been given to ecosystem recovery. The concept of colonization
in non-forced exposure studies may be used to understand the threshold of the contamination that
allows individuals to move from a clean area to an area with acceptable levels of contamination [79,123].
The idea is to identify the levels of contamination that prevent colonization, a chemical threshold from
which colonization is less probable or prevented completely. According to the “avoidance-recolonisation
hypothesis” [123], the capacity of an ecosystem to receive individuals could be predicted by avoidance
tests as follows: if x% of the population avoids a given level of contamination, it is expected that a
proportion of 100-x% of the population colonizes an environment with that level of contamination.
However, it is unlikely this relation would be so linear as other factors may affect the decision to
avoid or not an area ([18,79] see also the discussion in Section 5 of the current review). Furthermore,
the repellency and attraction of the chemicals can present a non-linear pattern due to the hormetic
effects [38,124]. We encourage the application of the colonization concept as a measure of an ecosystem’s
ability to recover from a disturbance, as well as of the organisms’ emigration/immigration patterns.
This approach could provide insights about the species that can (or not) potentially colonize an
area, which would allow researchers to predict the ecological implications that colonization might
represent to the ecosystem. The multi-compartmented approach is an alternative method that may
be used to integrate the conceptual model of an affected community based on the dynamics of
invader/remainer/escaper [18].

6.3. Chemical Fragmentation of Habitat

Habitat fragmentation occurs as result of a discontinuity of the habitat, generally linked to a
physical barrier that isolates populations. However, a habitat can be chemically fragmented if the
levels of chemicals present in some areas limit the displacement of organisms, even when there is no
physical barrier [120,125]. To our knowledge, the application of the concept of chemical fragmentation
of habitat using multi-compartmented exposure systems has only taken place in the studies by
Araújo et al. [58,74] and Islam et al. [79]. In Araújo et al. [74], the authors showed that the fish
P. reticulata avoided the herbicide atrazine and that the concentration (105 µg/L), eliciting an avoidance
of 80%, produced an isolation of around 50% of the population. A similar study using the fish D. rerio
and copper showed that a concentration (90 µg/L) that elicited an avoidance to 50% of the population
led to the isolation of 41% of that population [79]. This percentage did not vary when food was provided
on the clean side, probably because the organisms could not perceive it until after crossing the chemical
barrier. The chemical fragmentation of the habitat was also tested with samples of water and sediment
from the river Guadalete (Southwest of Spain) [58]. The authors took samples from different parts
of the river and simulated the sampled points in a multi-compartmented system. The experimental
results evidenced that contamination in both water and sediment might potentially cause a population
isolation of the freshwater shrimp A. desmarestii that was unable to cross the chemical barrier formed
by the most contaminated samples [58]. The possibility of using the concept of chemical barrier in
ecotoxicological studies would help to understand another role of contamination that disturbs the
ecosystem’s equilibrium and interrupts spatial continuity. The chemical fragmentation of a habitat is a
theme that deserves special attention because environmental restrictions can lead to local extinctions,
due to the reduction of individuals causing genetic erosion, which may increase the vulnerability of
the population [125,126].

In isolated populations, due to habitat restrictions, the risk of extinction is increased and can
occur in two main ways (following the extinction vortex model by Gilpin [127]): (i) the allogenic
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vortex driven by change in the environment (pollution) and (ii) autogenic vortex, driven by population
genetics (population isolation leads to a smaller gene pool and the loss of adaptability to environmental
change/disturbance).

6.4. Habitat Connectivity, Metapopulation, Metacommunity, and Meta-Ecosystem

One of the indirect consequences of contamination is the loss of continuity of habitats
that present a patchy distribution in terms of environmental quality. In some circumstances,
environmental heterogeneity induces populations to form a spatial arrangement such as metapopulation,
moving among habitats with different conditions and, therefore, transferring matter and energy among
them (meta-ecosystem) [5,128,129]. Initially, the strategy of avoiding contamination may be successful
environmentally due to the absence of stress at the individual level as previously discussed. However,
the consequences of this change in the arrangement of the populations could affect the ecosystem
where the organisms moved to, since these new individuals might cause some changes in the ecological
relationships in that ecosystem [18,130].

The loss of individuals due to avoidance can have important ecological implications on the
structure and functioning of ecosystems. The avoidance by the most sensitive species (regarding the
ability to detect a contaminant) might lead to indirect effects on other more resistant species (and even
on species that cannot flee), due to creating an imbalance in the community, affecting not only the species
with which the avoiders have a direct relationship (e.g., predator–prey relationship), but also ecological
interactions and even biogeochemical cycles (e.g., energy flow and nutrient cycling) due to the reduction
or absence of key species for some ecosystem functions. In this sense, it would be interesting to know
how the avoidance of organisms belonging to different trophic levels influences the functioning of the
ecosystem, although these ecological questions might require a different experimental approach.

The use of systems such as HeMHAS favors an understanding of the importance that
uncontaminated zones might represent as potential areas (refuges) to protect populations against
contamination and alleviate individuals from a continuous stress [39]. These authors showed
experimentally that in patchy contamination scenarios, the shrimps A. desmarestii could present
a distribution partially conditioned by copper contamination and dependent on the presence of clean
areas in the environment. The complexity of the experimentation systems, such as HeMHAS [52],
is crucial to simulate more chemically complex scenarios and understand a little more about the
consequences caused by contamination concerning the spatial distribution of organisms and the
probability of populations persisting in spite of disturbance [131]. Gilarranz and colleagues showed
how a system simulating patches with different levels of disturbance could help to elucidate the
effect of the discontinuity of habitats on the maintenance of the populations and how the increase
in the disturbance could increase the probability of extinction [131]. Thus, within a connected and
heterogeneous landscape, two important questions need to be answered: i. how determinant the
differences in the ability to avoid among species of a metacommunity are to the structure the local
communities and ii. to what extent the behavioral traits related to avoiding or not contamination could
be explained by genetic differences and sensory abilities?

7. Final Remarks

As discussed by Ågerstrand et al. [12], the use of ecotoxicological data in regulatory assessments
have been based on endpoints such as mortality, growth, reproduction, and development, basically
because such responses can lead to population decline. Although this simplifies the application of
ecotoxicity tests for a regulatory basis, no other evidence of stress (either to biochemical stress or
behavioral alterations) is considered. However, authors and organizations are requesting the inclusion
of tests with a higher ecological relevance in the risk assessment of chemical substances [132–134].
From a conceptual point of view, these endpoints (mortality, growth, reproduction, and development)
are directly related to the toxicity of chemicals, following the cascade of effects [40,41] that are triggered
when organisms are exposed to contaminants continuously (cascade of effects related to toxicity).
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Considering that some organisms cannot avoid contamination (cascade of effects related to repellency),
either because of their inability to move or because the spatial scale of contamination is spread
beyond the area to which they could move, the focus on toxicity is appropriate and ecologically
relevant. However, for mobile organisms and in a heterogeneous contamination scenario, the potential
repellency of the chemicals should also be considered. The application of this repellency as an endpoint
for regulatory application could be easily justified since the evasion of organisms might lead to a
population decline at the local level [18,30]. As discussed in the current review, this displacement
might cause disturbances at the structural and functional levels, not only in the ecosystems avoided,
but also in the alternative chosen one. This approach extends the concept of stress to a level beyond
the individual response [1,18], integrating the susceptibility of organisms (that can require adaptation
or lead to a loss of the most sensitive species) and environmental vulnerability (see Figure 1 and
discussion in [6,7,12,18]). In addition, the repellency response is expected to be immediate (normally
after not more than a 12 h exposure) [70], which could help reduce misunderstandings related to a
time-delayed effect due to a continuous and extended exposure [70].

Although the theoretical basis that could justify the use of behavioral responses has been
recognized [21,135,136], the practical application of this approach is criticized mainly for the lack
of standard protocols that could help minimize the errors associated to observation [12]. However,
the implementation of automatic systems has contributed to increasing the validity of traditional
behavioral responses [12,137]. For tests with aquatic organisms in non-forced multi-compartmented
systems some attempts have been made to standardize the procedures, namely with the publication of
a standard operating procedure for linear systems [123] and the development of the HeMHAS [52],
but much more effort is still required.

The final reason why behavioral ecotoxicology is not employed for a regulatory basis can be
sustained by the lack of results using behavioral endpoints. In the case of avoidance measured in a
multi-compartmented exposure system, this lack is even greater. Therefore, with this review we have
intended not only to demonstrate that repellency can trigger an ecologically relevant response such as
spatial avoidance, but also to encourage studies using the non-forced multi-compartmented approach to
improve our understanding of the spatial distribution of organisms driven by contamination. The aim
of the approach presented here is to integrate Stress Ecology and Landscape Ecology, considering
contaminants as one more element of ecosystems, from a more ecological perspective (habitat selection
processes and the potential interactions with biotic and abiotic factors to “take the decision” of staying
or avoiding a habitat), and broadening the spatial scale (landscape) of the observation, considering
not only the contaminated and avoided ecosystem, but also the surrounding areas receiving the
avoiders (environmental heterogeneity). Finally, such as indicated in Figure 1, we strongly support
the integration of toxicity (when the effects are based on the sensitivity of organisms) and repellency
(when the organisms change the habitat selected according to the levels of contamination) to achieve a
conceptually broader environmental assessment.

Author Contributions: All authors contributed substantially for the current review. All authors have read and
agreed to the published version of the manuscript.

Funding: The APC was funded by the Spanish Ministry of Science and Innovation.

Acknowledgments: C.V.M.A. received the Ramón y Cajal contract (RYC-2017-22324) from the Spanish Ministry
of Science and Innovation. This study was performed within the framework of the projects: MultiCecotox project
(i-COOP2019 program from CSIC: #COOPB20444) and BrEStress project (PID2019-105868RA-I00) and CaPETHaS
project (Explora call: #CGL2017-92160-EXP)—both funded by the Spanish Ministry of Science and Innovation).
We thank Jon Nesbit for his revision of the English text.

Conflicts of Interest: The authors declare no conflict of interest.



Toxics 2020, 8, 118 16 of 22

References

1. Beketov, M.A.; Liess, M. Ecotoxicology and macroecology—Time for integration. Environ. Pollut. 2012, 162,
247–254. [CrossRef] [PubMed]

2. Truhaut, R. Ecotoxicology: Objectives, principles and perspectives. Ecotoxicol. Environ. Saf. 1977, 1, 151–157.
[CrossRef]

3. Cairns, J., Jr. Are single species toxicity tests alone adequate for estimating environmental hazard?
Environ. Monitor. Assess. 1984, 4, 259–273. [CrossRef] [PubMed]

4. Chapman, P.M. Integrating toxicology and ecology: Putting the “eco” into ecotoxicology. Mar. Pollut. Bull.
2002, 44, 7–15. [CrossRef]

5. Fleeger, J.W.; Carman, K.R.; Nisbet, R.M. Indirect effects of contaminants in aquatic ecosystems. Sci. Total
Environ. 2003, 317, 207–233. [CrossRef]

6. Clements, W.H.; Rohr, J.R. Community responses to contaminants: Using basic ecological principles to
predict ecotoxicological effects. Environ. Toxicol. Chem. 2009, 28, 1789–1800. [CrossRef]

7. De Lange, H.J.; Sala, S.; Vighi, M.; Faber, J.H. Ecological vulnerability in risk assessment—A review and
perspectives. Sci. Total Environ. 2010, 408, 3871–3879. [CrossRef]

8. Rico, A.; Van den Brink, P.J.; Gylstra, R.; Focks, A.; Brock, T.C.M. Developing ecological scenarios for the
prospective aquatic risk assessment of pesticides. Integr. Environ. Assesss. 2015, 12, 510–521. [CrossRef]

9. Van Straalen, N.M. Ecotoxicology becomes Stress Ecology. Environ. Sci. Technol. 2003, 37, 324A–330A.
[CrossRef]

10. Van den Brink, P.J. Ecological risk assessment: From book-keeping to chemical stress ecology. Environ. Sci.
Technol. 2008, 42, 8999–9004. [CrossRef]

11. Moreira-Santos, M.; Ribeiro, R.; Araújo, C.V.M. What if aquatic animals move away from
pesticide-contaminated habitats before suffering adverse physiological effects? A critical review.
Crit. Rev. Environ. Sci. Technol. 2019, 49, 989–1025. [CrossRef]

12. Ågerstrand, M.; Arnold, K.; Balshine, S.; Brodin, T.; Brooks, B.W.; Maack, G.; McCallum, E.S.; Pyle, G.;
Saaristo, M.; Ford, A.T. Emerging investigator series: Use of behavioural endpoints in the regulation of
chemicals. Environ. Sci. Process. Impacts 2020, 22, 49–65. [CrossRef] [PubMed]

13. Cairns, J., Jr.; Niederlehner, B.R. Developing a field of landscape ecotoxicology. Ecol. Appl. 1996, 6, 790–796.
[CrossRef]

14. Spromberg, J.A.; John, B.M.; Landis, W.G. Metapopulation dynamics: Indirect effects and multiple distinct
outcomes in ecological risk assessment. Environ. Toxicol. Chem. 1998, 17, 1640–1649. [CrossRef]

15. Johnson, R.A. Landscape ecotoxicology and assessment of risk at multiple scales. Hum. Ecol. Risk Assess.
2002, 8, 127–146. [CrossRef]

16. Rohr, J.R.; Kerby, J.L.; Sih, A. Community ecology as a framework for predicting contaminant effects.
Trends Ecol. Evol. 2006, 21, 606–613. [CrossRef] [PubMed]

17. Schmitt-Jansen, M.; Veit, U.; Dudel, G.; Altenburger, R. An ecological perspective in aquatic ecotoxicology:
Approaches and challenges. Basic Appl. Ecol. 2008, 9, 337–345. [CrossRef]

18. Moe, S.J.; De Schamphelaere, K.; Clements, W.H.; Sorensen, M.T.; Van Den Brink, P.J.; Liess, M.
Combined and interactive effects of global climate change and toxicants on populations and communities.
Environ. Toxicol. Chem. 2013, 32, 49–61. [CrossRef]

19. Araújo, C.V.M.; Moreira-Santos, M.; Ribeiro, R. Active and passive spatial avoidance by aquatic organisms
from environmental stressors: A complementary perspective and a critical review. Environ. Int. 2016, 92–93,
405–415. [CrossRef]

20. Araújo, C.V.M.; Blasco, J. Spatial avoidance as a response to contamination by aquatic organisms in
non-forced, multi-compartmented exposure systems: A complementary approach to the behavioral response.
Environ. Toxicol. Chem. 2019, 38, 312–320. [CrossRef]

21. Hellou, J. Behavioural ecotoxicology, an “early warning” signal to assess environmental quality. Environ. Sci.
Pollut. Res. 2011, 18, 1–11. [CrossRef] [PubMed]

22. Jutfelt, F.; Sundin, J.; Raby, G.D.; Krang, A.-S.; Clark, T.D. Two-current choice flumes for testing avoidance
and preference in aquatic animals. Methods Ecol. Evol. 2017, 8, 379–390. [CrossRef]

http://dx.doi.org/10.1016/j.envpol.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22243871
http://dx.doi.org/10.1016/0147-6513(77)90033-1
http://dx.doi.org/10.1007/BF00394145
http://www.ncbi.nlm.nih.gov/pubmed/24257782
http://dx.doi.org/10.1016/S0025-326X(01)00253-3
http://dx.doi.org/10.1016/S0048-9697(03)00141-4
http://dx.doi.org/10.1897/09-140.1
http://dx.doi.org/10.1016/j.scitotenv.2009.11.009
http://dx.doi.org/10.1002/ieam.1718
http://dx.doi.org/10.1021/es0325720
http://dx.doi.org/10.1021/es801991c
http://dx.doi.org/10.1080/10643389.2018.1564507
http://dx.doi.org/10.1039/C9EM00463G
http://www.ncbi.nlm.nih.gov/pubmed/31898699
http://dx.doi.org/10.2307/2269484
http://dx.doi.org/10.1002/etc.5620170828
http://dx.doi.org/10.1080/20028091056773
http://dx.doi.org/10.1016/j.tree.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16843566
http://dx.doi.org/10.1016/j.baae.2007.08.008
http://dx.doi.org/10.1002/etc.2045
http://dx.doi.org/10.1016/j.envint.2016.04.031
http://dx.doi.org/10.1002/etc.4310
http://dx.doi.org/10.1007/s11356-010-0367-2
http://www.ncbi.nlm.nih.gov/pubmed/20614196
http://dx.doi.org/10.1111/2041-210X.12668


Toxics 2020, 8, 118 17 of 22

23. Cao, J.-Q.; Guo, S.-S.; Wang, Y.; Pang, X.; Geng, Z.-F.; Du, S.-S. Toxicity and repellency of essential oil from
Evodia lenticellata Huang fruits and its major monoterpenes against three stored-product insects. Ecotoxicol.
Environ. Saf. 2018, 160, 342–348. [CrossRef] [PubMed]

24. Padilha, A.C.; Piovesan, B.; Morais, M.C.; Arioli, C.J.; Zotti, M.J.; Grützmacher, A.D.; Botton, M. Toxicity,
attraction, and repellency of toxic baits to stingless bees Plebeia emerina (Friese) and Tetragonisca fiebrigi
(Schwarz) (Hymenoptera: Apidae: Meliponini). Ecotoxicol. Environ. Saf. 2019, 183, 109490. [CrossRef]

25. Araújo, C.V.M.; Rodríguez-Romero, A.; Fernández, M.; Sparaventi, E.; Medina, M.M.; Tovar-Sánchez, A.
Repellency and mortality effects of sunscreens on the shrimp Palaemon varians: Toxicity dependent on
exposure method. Chemosphere 2020, 257, 127190. [CrossRef]

26. Ruuskanen, S.; Rainio, M.J.; Kuosmanen, V.; Laihonen, M.; Saikkonen, K.; Saloniemi, I.; Helander, M. Female
preference and adverse developmental effects of glyphosate-based herbicides on ecologically relevant traits
in Japanese quails. Environ. Sci. Technol. 2020, 54, 128–135. [CrossRef]

27. Åtland, Å.; Barlaup, B.T. Avoidance of toxic mixing zones by atlantic salmon (Salmo salar L.) and brown trout
(Salmo trutta L.) in the limed river Audna, southern Norway. Environ. Pollut. 1995, 90, 203–208. [CrossRef]

28. Hansen, J.A.; Woodward, D.F.; Little, E.E.; DeLonay, A.J.; Bergman, H.L. Behavioral avoidance: Possible
mechanism for explaining abundance and distribution of trout species in a metal-impacted river.
Environ. Toxicol. Chem. 1999, 18, 313–317. [CrossRef]

29. Carlsen, T.N.; Coty, J.D.; Kercher, J.R. The spatial extent of contaminants and landscape scale: An analysis
of the wildlife, conservation biology, and population modeling literature. Environ. Toxicol. Chem. 2004, 23,
798–811. [CrossRef]

30. Lopes, I.; Baird, D.J.; Ribeiro, R. Avoidance of copper contamination by field populations of Daphnia longispina.
Environ. Toxicol. Chem. 2004, 23, 1702–1708. [CrossRef]

31. Clements, W.H.; Hickey, C.W.; Kidd, K.A. How do aquatic communities respond to contaminants? It depends
on the ecological context. Environ. Toxicol. Chem. 2012, 31, 1932–1940. [CrossRef] [PubMed]

32. Dahms, H.-U. Dormancy in the Copepoda—An overview. Hydrobiologia 1995, 306, 199–211. [CrossRef]
33. Radzikowski, J. Resistance of dormant stages of planktonic invertebrates to adverse environmental conditions.

J. Plankton Res. 2013, 35, 707–723. [CrossRef]
34. De Stasio, B.T., Jr. The role of dormancy and emergence patterns in the dynamics of a freshwater zooplankton

community. Limnol. Oceanogr. 1990, 35, 1079–1090. [CrossRef]
35. Vandekerkhove, L.; Declerck, S.; Jeppesen, E.; Conde-Porcuma, J.M.; Brendonck, L.; De Meester, L. Dormant

propagule banks integrate spatio-temporal heterogeneity in cladoceran communities. Oecologia 2005, 142,
109–116. [CrossRef]

36. Portinho, J.L.; Nielsen, D.L.; Daré, L.; Henry, R.; Oliveira, R.C.; Branco, C.C.Z. Mixture of commercial
herbicides based on 2,4-D and glyphosatemixture can suppress the emergence of zooplankton from sediment.
Chemosphere 2018, 203, 151–159. [CrossRef]

37. Hadjinicolaou, J.; LaRoche, G. Behavioral Responses to Low Levels of Toxic Substances
in Rainbow Trout (Salmo Gairdneri, Rich). In Aquatic Toxicology and Hazard Assessment;
Adams, W., Chapman, G., Landis, W., Eds.; ASTM International: West Conshohocken, PA, USA, 1988;
Volume 10, pp. 327–340.

38. Costantini, D.; Metcalfe, N.B.; Monaghan, P. Ecological processes in a hermetic framework. Ecol. Lett. 2010,
13, 1435–1447. [CrossRef]

39. Vera-Vera, V.C.; Guerrero, F.; Blasco, J.; Araújo, C.V.M. Habitat selection response of the freshwater shrimp
Atyaephyra desmarestii experimentally exposed to heterogeneous copper contamination scenarios. Sci. Total
Environ. 2019, 662, 816–823. [CrossRef]

40. Newman, M.C.; Unger, M.A. Population Ecotoxicology, 2nd ed.; Lewis Publishers: Boca Raton, FL, USA, 2001;
p. 458.

41. Walker, C.H.; Hopkin, S.P.; Sibly, R.M.; Peakall, D.B. Principles of Ecotoxicology, 2nd ed.; Taylor & Francis:
Boca Raton, FL, USA, 2001; p. 309.

42. Cairns, J., Jr. Putting eco into ecotoxicology. Regul. Toxicol. Pharmacol. 1988, 8, 226–238. [CrossRef]
43. Koivisto, S. Is Daphnia magna an ecologically representative zooplankton species in toxicity tests? Environ.

Pollut. 1995, 90, 263–267. [CrossRef]

http://dx.doi.org/10.1016/j.ecoenv.2018.05.054
http://www.ncbi.nlm.nih.gov/pubmed/29857238
http://dx.doi.org/10.1016/j.ecoenv.2019.109490
http://dx.doi.org/10.1016/j.chemosphere.2020.127190
http://dx.doi.org/10.1021/acs.est.9b07331
http://dx.doi.org/10.1016/0269-7491(95)00002-9
http://dx.doi.org/10.1897/1551-5028(1999)018&lt;0313:BAPMFE&gt;2.3.CO;2
http://dx.doi.org/10.1897/02-202
http://dx.doi.org/10.1897/03-231
http://dx.doi.org/10.1002/etc.1937
http://www.ncbi.nlm.nih.gov/pubmed/22903782
http://dx.doi.org/10.1007/BF00017691
http://dx.doi.org/10.1093/plankt/fbt032
http://dx.doi.org/10.4319/lo.1990.35.5.1079
http://dx.doi.org/10.1007/s00442-004-1711-3
http://dx.doi.org/10.1016/j.chemosphere.2018.03.156
http://dx.doi.org/10.1111/j.1461-0248.2010.01531.x
http://dx.doi.org/10.1016/j.scitotenv.2019.01.304
http://dx.doi.org/10.1016/0273-2300(88)90031-1
http://dx.doi.org/10.1016/0269-7491(95)00029-Q


Toxics 2020, 8, 118 18 of 22

44. Martinez-Haro, M.; Beiras, R.; Bellas, J.; Capela, R.; Pedro, J.; Lopes, I.; Moreira-Santos, M.;
Reis-Henriques, A.M.; Ribeiro, R.; Santos, M.M.; et al. A review on the ecological quality status assessment
in aquatic systems using community based indicators and ecotoxicological tools: What might be the added
value of their combination? Ecol. Indic. 2015, 48, 8–16. [CrossRef]

45. Johnston, E.L.; Mayer-Pinto, M.; Crowe, T.P. Chemical contaminant effects on marine ecosystem functioning.
J. Appl. Ecol. 2015, 52, 140–149. [CrossRef]

46. Willmer, P.; Stone, G.; Johnston, I. Environmental Physiology of Animals; Blackwell Science: Osney Mead, UK,
2000; p. 644.

47. Nakamura, F. Avoidance behavior and swimming activity of fish to detect pH changes. Bull. Environ. Contam.
Toxicol. 1986, 37, 808–815. [CrossRef] [PubMed]

48. Ren, Z.; Zha, J.; Ma, M.; Wang, Z.; Gerhardt, A. The early warning of aquatic organophosphorus pesticide
contamination by on-line monitoring behavioral changes of Daphnia magna. Environ. Monit. Assess. 2007,
134, 373–383. [CrossRef] [PubMed]

49. Oliveira, C.; Almeida, J.R.; Guilhermino, L.; Soares, A.M.V.M.; Gravato, C. Swimming velocity, avoidance
behavior and biomarkers in Palaemon serratus exposed to fenitrothion. Chemosphere 2013, 90, 936–944.
[CrossRef]

50. Tierney, K.B. Chemical avoidance responses of fish. Aquat. Toxicol. 2016, 174, 228–241. [CrossRef]
51. Rosa, R.; Materatski, P.; Moreira-Santos, M.; Sousa, J.P.; Ribeiro, R. A scaled-up system to evaluate

zooplankton spatial avoidance and population immediate decline concentration. Environ. Toxicol. Chem.
2012, 31, 1301–1305. [CrossRef]

52. Araújo, C.V.M.; Roque, D.; Blasco, J.; Ribeiro, R.; Moreira-Santos, M.; Toribio, A.; Aguirre, E.; Barro, S.
Stress-driven emigration in a complex scenario of habitat disturbance: The heterogeneous multi-habitat
assay system (HeMHAS). Sci. Total Environ. 2018, 644, 31–36.

53. Rosa, R.; Moreira-Santos, M.; Lopes, I.; Picado, A.; Mendonça, F.; Ribeiro, R. Development and sensitivity of
a 12-h laboratory test with Daphnia magna Straus based on avoidance of pulp mill effluents. Bull. Environ.
Contam. Toxicol. 2008, 81, 464–469. [CrossRef]

54. Venâncio, C.; Ribeiro, R.; Lopes, I. Active emigration from climate change-caused seawater into freshwater
habitats. Environ. Pollut. 2020, 258, 113805. [CrossRef]

55. Araújo, C.V.M.; Moreira-Santos, M.; Sousa, J.P.; Ochoa-Herrera, V.; Encalada, A.C.; Ribeiro, R. Active
avoidance from a crude oil soluble fraction by an Andean paramo copepod. Ecotoxicology 2014, 23, 1254–1259.
[CrossRef] [PubMed]

56. Araújo, C.V.M.; Martínez-Haro, M.; Pais-Costa, A.J.; Marques, J.C.; Ribeiro, R. Patchy sediment contamination
scenario and the habitat selection by an estuarine mudsnail. Ecotoxicology 2016, 25, 412–418. [CrossRef]
[PubMed]

57. Araújo, C.V.M.; Pereira, K.C.; Blasco, J. Avoidance response by shrimps to a copper gradient: Does high
population density prevent avoidance of contamination? Environ. Toxicol. Chem. 2018, 37, 3095–3101.
[CrossRef] [PubMed]

58. Araújo, C.V.M.; González-Ortegón, E.; Pintado-Herrera, M.; Biel-Maeso, M.; Lara-Martín, P.;
Tovar-Sánchez, A.; Blasco, J. Disturbance of ecological habitat distribution driven by a chemical barrier of
domestic and agricultural discharges: An experimental approach to test habitat fragmentation. Sci. Total
Environ. 2019, 651, 2820–2829. [CrossRef] [PubMed]

59. Araújo, C.V.M.; Pereira, K.C.; Sparaventi, E.; González-Ortegón, E.; Blasco, J. Contamination may induce
behavioural plasticity in the habitat selection by shrimps: A cost-benefits balance involving contamination,
shelter and predation. Environ. Pollut. 2020, 263, 114545. [CrossRef]

60. Araújo, C.V.M.; Cedeño-Macias, L.A.; Vera-Vera, V.C.; Salvatierra, D.; Rodríguez, E.N.V.; Zambrano, U.;
Kuri, S. Predicting the effects of copper on local population decline of 2 marine organisms, cobia fish and
whiteleg shrimp, based on avoidance response. Environ. Toxicol. Chem. 2016, 35, 405–410. [CrossRef]
[PubMed]

61. Mena, F.; González-Ortegón, E.; Solano, K.; Araújo, C.V.M. The effect of the insecticide diazinon on the
osmoregulation and the avoidance response of the white leg shrimp (Litopeneaus vannamei) is salinity
dependent. Ecotocol. Environ. Saf. 2020, 206, 111364. [CrossRef]

http://dx.doi.org/10.1016/j.ecolind.2014.07.024
http://dx.doi.org/10.1111/1365-2664.12355
http://dx.doi.org/10.1007/BF01607843
http://www.ncbi.nlm.nih.gov/pubmed/3790755
http://dx.doi.org/10.1007/s10661-007-9629-y
http://www.ncbi.nlm.nih.gov/pubmed/17294269
http://dx.doi.org/10.1016/j.chemosphere.2012.06.036
http://dx.doi.org/10.1016/j.aquatox.2016.02.021
http://dx.doi.org/10.1002/etc.1813
http://dx.doi.org/10.1007/s00128-008-9538-y
http://dx.doi.org/10.1016/j.envpol.2019.113805
http://dx.doi.org/10.1007/s10646-014-1268-9
http://www.ncbi.nlm.nih.gov/pubmed/24898412
http://dx.doi.org/10.1007/s10646-015-1599-1
http://www.ncbi.nlm.nih.gov/pubmed/26680766
http://dx.doi.org/10.1002/etc.4277
http://www.ncbi.nlm.nih.gov/pubmed/30255605
http://dx.doi.org/10.1016/j.scitotenv.2018.10.200
http://www.ncbi.nlm.nih.gov/pubmed/30463135
http://dx.doi.org/10.1016/j.envpol.2020.114545
http://dx.doi.org/10.1002/etc.3192
http://www.ncbi.nlm.nih.gov/pubmed/26250074
http://dx.doi.org/10.1016/j.ecoenv.2020.111364


Toxics 2020, 8, 118 19 of 22

62. Ehiguese, F.O.; Corada Fernandez, M.C.; Lara-Martín, P.A.; Martín-Díaz, M.L.; Araújo, C.V.M. Avoidance
behaviour of the shrimp Palaemon varians regarding a contaminant gradient of galaxolide and tonalide in
seawater. Chemosphere 2019, 232, 113–120. [CrossRef]

63. Araújo, C.V.M.; Shinn, C.; Moreira-Santos, M.; Lopes, I.; Espíndola, E.L.G.; Ribeiro, R. Cooper-driven
avoidance and mortality in temperate and tropical tadpoles. Aquat. Toxicol. 2014, 146, 70–75. [CrossRef]

64. Araújo, C.V.M.; Shinn, C.; Vasconcelos, A.M.; Ribeiro, R.; Espíndola, E.L.G. Preference and avoidance
responses by tadpoles: The fungicide pyrimethanil as a habitat disturber. Ecotoxicology 2014, 23, 851–860.
[CrossRef]

65. Vasconcelos, A.M.; Daam, M.A.; dos Santos, L.R.A.; Sanches, A.L.M.; Araújo, C.V.M.; Espíndola, E.L.G.
Acute and chronic sensitivity, avoidance behavior and sensitive life stages of bullfrog tadpoles exposed to
the biopesticide abamectin. Ecotoxicology 2016, 25, 500–509. [CrossRef] [PubMed]

66. Freitas, J.S.; Girotto, L.; Goulart, B.V.; Alho, L.O.G.; Gebara, R.C.; Montagner, C.C.; Schiesari, L.;
Espíndola, E.L.G. Effects of 2,4-D-based herbicide (DMA® 806) on sensitivity, respiration rates, energy
reserves and behavior of tadpoles. Ecotoxicol. Environ. Saf. 2019, 182, 109446. [CrossRef] [PubMed]

67. Moreira, R.A.; Freitas, J.S.; Pinto, T.J.S.; Schiesari, L.; Damm, M.A.; Montagner, C.C.; Goulart, B.V.;
Espíndola, E.L.G. Mortality, spatial avoidance and swimming behavior of bullfrog tadpoles (Lithobates
catesbeianus) exposed to the herbicide diuron. Water Air Soil Pollut. 2019, 230, 125. [CrossRef]

68. Girotto, L.; Espíndola, E.L.G.; Gebara, R.C.; Freitas, J.S. Acute and chronic effects on tadpoles (Lithobates
catesbeianus) exposed to mining tailings from the dam rupture in Mariana, MG (Brazil). Water Air Soil Pollut.
2020, 231, 325. [CrossRef]

69. Costa, B.; Quintaneiro, C.; Daniel-da-Silva, A.L.; Trindade, T.; Soares, A.M.V.M.; Lopes, I. An integrated
approach to assess the sublethal effects of coloidal gold nanorods in tadpoles of Xenopus laevis. J. Hazard.
Mater. 2020, 400, 123237. [CrossRef] [PubMed]

70. Moreira-Santos, M.; Donato, C.; Lopes, I.; Ribeiro, R. Avoidance tests with small fish: Determination of the
median avoidance concentration and of the lowest-observed-effect gradient. Environ. Toxicol. Chem. 2008, 27,
1576–1582. [CrossRef]

71. Araújo, C.V.M.; Shinn, C.; Mendes, L.B.; Delello-Scheneider, D.; Sanchez, A.L.; Espíndola, E.L.G. Avoidance
response of Danio rerio to a fungicide in a linear contamination gradient. Sci. Total Environ. 2014, 484, 36–42.
[CrossRef]

72. Araújo, C.V.M.; Rodríguez, E.N.V.; Salvatierra, D.; Cedeño-Macias, L.A.; Vera-Vera, V.C.; Moreira-Santos, M.;
Ribeiro, R. Attractiveness of food and avoidance from contamination as conflicting stimuli to habitat selection
by fish. Chemosphere 2016, 163, 177–183. [CrossRef]

73. Silva, D.C.V.R.; Araújo, C.V.M.; López-Doval, J.C.; Neto, M.B.; Silva, F.T.; Paiva, T.C.B.; Pampêo, M.L.M.
Potential effects of triclosan on spatial displacement and local population decline of the fish Poecilia reticulata
using a nonforced system. Chemosphere 2017, 184, 329–336. [CrossRef]

74. Araújo, C.V.M.; Silva, D.C.V.R.; Gomes, L.E.T.; Acayaba, R.D.; Montagner, C.C.; Moreira-Santos, M.;
Ribeiro, R.; Pompêo, M.L.M. Habitat fragmentation caused by contaminants: Atrazine as a chemical barrier
isolating fish populations. Chemosphere 2018, 193, 24–31. [CrossRef]

75. Araújo, C.V.M.; Griffith, D.M.; Vera-Vera, V.C.; Jentzsch, P.V.; Cervera, L.; Nieto-Ariza, B.; Salvatierra, D.;
Erazo, S.; Jaramillo, R.; Ramos, L.A.; et al. A novel approach to assessing environmental disturbance based
on habitat selection by zebra fish as a model organism. Sci. Total Environ. 2018, 619–620, 906–915. [CrossRef]
[PubMed]

76. Silva, D.C.V.R.; Queiroz, L.G.; Marassi, R.J.; Araújo, C.V.M.; Bazzan, T.; Cardoso-Silva, S.; Silva, G.C.;
Müller, M.; Silva, F.T.; Montagner, C.C.; et al. Predicting zebrafish spatial avoidance triggered by discharges
of dairy wastewater: An experimental approach based on self-purification in a model river. Environ. Pollut.
2020, 266, 115325. [CrossRef] [PubMed]

77. Silva, D.C.V.R.; Araújo, C.V.M.; França, F.M.; Neto, M.B.; Paiva, T.C.B.; Silva, F.T.; Pampêo, M.L.M. Bisphenol
risk in fish exposed to a contamination gradient: Triggering of spatial avoidance. Aquat. Toxicol. 2018, 197,
1–6. [CrossRef] [PubMed]

78. Silva, D.C.V.R.; Araújo, C.V.M.; Marassi, R.J.; Cardoso-Silva, S.; Neto, M.B.; Silva, G.C.; Ribeiro, R.; Silva, F.T.;
Paiva, T.C.B.; Pampêo, M.L.M. Influence of interspecific interactions on avoidance response to contamination.
Sci. Total Environ. 2018, 642, 824–831. [CrossRef]

http://dx.doi.org/10.1016/j.chemosphere.2019.05.196
http://dx.doi.org/10.1016/j.aquatox.2013.10.030
http://dx.doi.org/10.1007/s10646-014-1225-7
http://dx.doi.org/10.1007/s10646-015-1608-4
http://www.ncbi.nlm.nih.gov/pubmed/26758616
http://dx.doi.org/10.1016/j.ecoenv.2019.109446
http://www.ncbi.nlm.nih.gov/pubmed/31323523
http://dx.doi.org/10.1007/s11270-019-4168-z
http://dx.doi.org/10.1007/s11270-020-04691-y
http://dx.doi.org/10.1016/j.jhazmat.2020.123237
http://www.ncbi.nlm.nih.gov/pubmed/32947686
http://dx.doi.org/10.1897/07-094.1
http://dx.doi.org/10.1016/j.scitotenv.2014.03.037
http://dx.doi.org/10.1016/j.chemosphere.2016.08.029
http://dx.doi.org/10.1016/j.chemosphere.2017.06.002
http://dx.doi.org/10.1016/j.chemosphere.2017.11.014
http://dx.doi.org/10.1016/j.scitotenv.2017.11.170
http://www.ncbi.nlm.nih.gov/pubmed/29734636
http://dx.doi.org/10.1016/j.envpol.2020.115325
http://www.ncbi.nlm.nih.gov/pubmed/32814178
http://dx.doi.org/10.1016/j.aquatox.2018.01.016
http://www.ncbi.nlm.nih.gov/pubmed/29407796
http://dx.doi.org/10.1016/j.scitotenv.2018.06.127


Toxics 2020, 8, 118 20 of 22

79. Islam, M.A.; Blasco, J.; Araújo, C.V.M. Spatial avoidance, inhibition of recolonization and population isolation
in zebrafish (Danio rerio) caused by copper exposure under a non-forced approach. Sci. Total Environ. 2019,
653, 504–511. [CrossRef]

80. Moreira, R.A.; Araújo, C.V.M.; Pinto, T.J.S.; Silva, L.C.M.; Goulart, B.V.; Viana, N.P.; Montagner, C.C.;
Fernandes, M.N.; Espíndola, E.L.G. Fipronil and 2,4-D effects on tropical fish: Could avoidance response by
explained by the changes in swimming behavior and neurotransmission impairments? Chemosphere 2021,
263, 127972. [CrossRef]

81. Tierney, K.B.; Sekela, M.A.; Cobbler, C.E.; Xhabija, B.; Gledhill, M.; Ananvoranich, S.; Zielinski, B.S. Evidence
for behavioral preference toward environmental concentrations of urban-use herbicides in a model adult
fish. Environ. Toxicol. Chem. 2011, 30, 2046–2054. [CrossRef]

82. Woodman, S.G.; Steinkey, D.; Dew, W.A.; Burket, S.R.; Brooks, B.W.; Pyle, G.G. Effects of sertraline on
behavioral indices of crayfish Orconectes virilis. Ecotoxicol. Environ. Saf. 2016, 134, 31–37. [CrossRef]

83. Hellou, J.; Cook, A.; Lalonde, B.; Walker, P.; Dunphy, K.; Macleod, S. Escape and survival of Corophium
volutator and Ilyanassa obsoleta exposed to freshwater and chlorothalonil. J. Environ. Sci. Health A 2009, 44,
778–790. [CrossRef]

84. Blinova, N.K.; Cherkashin, S.A. The olfactory system of crustaceans as a model for ecologo-toxicological
studies. J. Evol. Biochem. Phys. 2012, 48, 155–165. [CrossRef]

85. Volz, S.; Schiwy, S.; Hollert, H. Olfactory toxicity in fish—Why we should care about it. Interg. Environ.
Assess. Manag. 2016, 12, 597–598. [CrossRef] [PubMed]

86. Kasumyan, A.O. Effects of chemical pollutants on foraging behavior and sensitivity of fish to food stimuli.
J. Ichthyol. 2001, 41, 76–87.

87. Scott, G.R.; Sloman, K.A. The effects of environmental pollutants on complex fish behaviour: Integrating
behavioural and physiological indicators of toxicity. Aquat. Toxicol. 2004, 68, 369–392. [CrossRef] [PubMed]

88. Cherkashin, S.A.; Blinova, N.K. Effect of heavy metals on chemoreception and behavior of crustaceans
(a review). Hydrob. J. 2011, 47, 83–93. [CrossRef]

89. Tierney, K.B.; Singh, C.R.; Ross, P.S.; Kennedy, C.J. Relating olfactory neurotoxicity to altered
olfactory-mediated behaviors in rainbow trout exposed to three currently-used pesticides. Aquat. Toxicol.
2007, 81, 55–64. [CrossRef] [PubMed]

90. Gosavi, S.M.; Tapkir, S.D.; Kumkar, P.; Verma, C.R.; Kharat, S.S. Act now before its too late: Copper exposure
drives chemo-ecology of predator-prey dynamics of freshwater common spiny loach, Lepidocephalichthys
thermalis (Valenciennes, 1846). Environ. Res. 2020, 186, 109509. [CrossRef]

91. Tierney, K.B.; Baldwin, D.H.; Hara, T.J.; Ross, P.S.; Scholz, N.L.; Kennedy, C.J. Olfactory toxicity in fishes.
Aquat. Toxicol. 2010, 96, 2–26. [CrossRef]

92. Díaz-Gil, C.; Cotgrove, L.; Smee, S.L.; Simón-Otegui, D.; Hinz, H.; Grau, A.; Palmer, M.; Catalán, I.A.
Anthropogenic chemical cues can alter the swimming behaviour of juvenile stages of a temperate fish.
Mar. Environ. Res. 2017, 125, 34–41. [CrossRef]

93. García-Muñoz, E.; Guerrero, F.; Parra, G. Larval escape behavior in anuran amphibians as a wetland rapid
pollution biomarker. Mar. Fresh. Behav. Physiol. 2011, 44, 109–123. [CrossRef]

94. Cowgill, U.M. Critical analysis of factors affecting the sensitivity of zooplankton and the reproducibility of
toxicity test results. Wat. Res. 1987, 21, 1453–1462. [CrossRef]

95. Moore, D.R.J.; Warren-Hicks, W.; Parkhurst, B.R.; Scott Teed, R.; Baird, R.B.; Berger, R.; Denton, D.L.; Pletl, J.J.
Intra- and inter treatment variability in reference toxicant tests: Implications for whole effluent toxicity
testing programs. Environ. Toxicol. Chem. 2000, 19, 105–112. [CrossRef]

96. Bretaud, S.; Toutant, J.P.; Saglio, P. Effects of carbofuran, diuron, and nicosulfuron on acetylcholinesterase
activity in goldfish (Carassius auratus). Ecotoxicol. Environ. Saf. 2000, 47, 117–124. [CrossRef] [PubMed]

97. Wang, Y.; Wu, S.; Chen, J.; Zhang, C.; Xu, Z.; Li, G.; Cai, L.; Shen, W.; Wang, Q. Single and joint toxicity
assessment of four currently used pesticides to zebrafish (Danio rerio) using traditional and molecular
endpoints. Chemosphere 2018, 192, 14–23. [CrossRef] [PubMed]

98. Bridi, D.; Altenhofen, S.; Gonzalez, G.B.; Reolon, G.K.; Bonan, C.D. Glyphosate and Roundup® alter
morphology and behavior in zebrafish. Toxicology 2017, 392, 32–39. [CrossRef] [PubMed]

99. Rajkumar, J.S.I.; John Milton, M.C.; Ulthiralingam, M.; Azhaguraj, R.; Ganesh, J.; Ambrose, T. Toxic effects and
bioaccumulation of cadmium, copper, lead and zinc in post larval stages of Penaeus monodon. Int. J. Dev. Res.
2011, 1, 1–5.

http://dx.doi.org/10.1016/j.scitotenv.2018.10.375
http://dx.doi.org/10.1016/j.chemosphere.2020.127972
http://dx.doi.org/10.1002/etc.588
http://dx.doi.org/10.1016/j.ecoenv.2016.08.011
http://dx.doi.org/10.1080/10934520902928404
http://dx.doi.org/10.1134/S0022093012020053
http://dx.doi.org/10.1002/ieam.1777
http://www.ncbi.nlm.nih.gov/pubmed/27332932
http://dx.doi.org/10.1016/j.aquatox.2004.03.016
http://www.ncbi.nlm.nih.gov/pubmed/15177953
http://dx.doi.org/10.1615/HydrobJ.v47.i4.90
http://dx.doi.org/10.1016/j.aquatox.2006.11.006
http://www.ncbi.nlm.nih.gov/pubmed/17145086
http://dx.doi.org/10.1016/j.envres.2020.109509
http://dx.doi.org/10.1016/j.aquatox.2009.09.019
http://dx.doi.org/10.1016/j.marenvres.2016.11.009
http://dx.doi.org/10.1080/10236244.2011.557855
http://dx.doi.org/10.1016/0043-1354(87)90128-X
http://dx.doi.org/10.1002/etc.5620190112
http://dx.doi.org/10.1006/eesa.2000.1954
http://www.ncbi.nlm.nih.gov/pubmed/11023689
http://dx.doi.org/10.1016/j.chemosphere.2017.10.129
http://www.ncbi.nlm.nih.gov/pubmed/29091792
http://dx.doi.org/10.1016/j.tox.2017.10.007
http://www.ncbi.nlm.nih.gov/pubmed/29032223


Toxics 2020, 8, 118 21 of 22

100. DeLorenzo, M.E.; Keller, J.M.; Arthur, C.D.; Finnegan, M.C.; Harper, H.E.; Winder, V.L.; Zdankiewicz, D.L.
Toxicity of the antimicrobial compound triclosan and formation of the metabolite methyl-triclosan in estuarine
systems. Environ. Toxicol. 2008, 23, 224–232. [CrossRef]

101. Araújo, C.V.M.; Gómez, L.; Silva, D.C.V.R.; Pintado-Herrera, M.G.; Lara-Martín, P.A.; Hampel, M.; Blasco, J.
Risk of triclosan based on avoidance by the shrimp Palaemon varians in a heterogeneous contamination
scenario: How sensitive is this approach? Chemosphere 2019, 235, 126–135. [CrossRef]

102. Kovrižnych, J.A.; Sotníková, R.; Zeljenková, D.; Rollerová, E.; Szabová, E.; Wimmerová, S. Acute toxicity of
31 different nanoparticles to zebrafish (Danio rerio) tested in adulthood and in early life stages—Comparative
study. Interdiscip. Toxicol. 2013, 6, 67–73. [CrossRef]

103. Hernandez, P.P.; Undurraga, C.; Gallardo, V.E.; Mackenzie, N.; Allende, M.L.; Reyes, A.E. Sublethal
concentrations of waterborne copper induce cellular stress and cell death in zebrafish embryos and larvae.
Biol. Res. 2011, 44, 7–15. [CrossRef]

104. Neškovic, N.K.; Poleksic, V.; Elezovic, I.; Karan, V.; Budimir, M. Biochemical and histopathological effects of
glyphosate on carp, Cyprinus carpio L. Bull. Environ. Contam. Toxicol. 1996, 56, 295–302.

105. Munn, M.D.; Gilliom, R.J. Pesticide Toxicity Index for Freshwater Aquatic Organisms; U.S. Geological Survey,
Water-Resources Investigations Report 01-4077; National Water-Quality Assessment Program: Washington, DC,
USA, 2001; p. 61.

106. Shuhaimi-Othman, M.; Yakub, N.; Ramle, N.-A.; Abas, A. Comparative toxicity of eight metals on freshwater
fish. Toxicol. Ind. Health 2013, 31, 773–782. [CrossRef] [PubMed]

107. Holmstrup, M.; Bindesbøl, A.-M.; Oostingh, G.J.; Duschl, A.; Scheil, V.; Köhler, H.R.; Loureiro, S.;
Soares, A.M.V.M.; Ferreira, A.L.G.; Kienle, C.; et al. Interactions between effects of environmental chemicals
and natural stressors: A review. Sci. Total Environ. 2010, 408, 3746–3762. [CrossRef] [PubMed]

108. González-Ortegón, E.; Blasco, J.; Le Vay, L.; Giménez, L. A multiple stressor approach to study the toxicity
and sub-lethal effects of pharmaceutical compounds on the larval development of a marine invertebrate.
J. Hazard. Mat. 2013, 263, 233–238. [CrossRef] [PubMed]

109. González-Ortegón, E.; Giménez, L.; Blasco, J.; Le Vay, L. Effects of food limitation and pharmaceutical
compounds on the larval development and morphology of Palaemon serratus. Sci. Total Environ. 2015, 503,
171–178. [CrossRef] [PubMed]

110. González-Ortegón, E.; Blasco, J.; Nieto, E.; Hampel, M.; Le Vay, L.; Giménez, L. Individual and mixture
effects of selected pharmaceuticals on larval development of the estuarine shrimp Palaemon longirostris.
Sci. Total Environ. 2016, 540, 260–266. [CrossRef] [PubMed]

111. Hooper, M.J.; Ankley, G.T.; Cristol, D.A.; Maryoung, L.A.; Noyes, P.D.; Pinkerton, K.E. Interactions
between chemical and climate stressors: A role for mechanistic toxicology in assessing climate change risks.
Environ. Toxicol. Chem. 2013, 32, 32–48. [CrossRef]

112. Liess, M. Population response to toxicants is altered by intraspecific interaction. Environ. Toxicol. Chem. 2002,
21, 138–142. [CrossRef]

113. Araújo, C.V.M.; Pontes, J.R.S.; Blasco, J. Might the interspecies interaction between fish and shrimps change
the pattern of their avoidance response to contamination? Ecotoxicol. Environ. Saf. 2019, 186, 109757.
[CrossRef]

114. Cañedo-Argüelles, M.; Hawkins, C.P.; Kefford, B.J.; Schäfer, R.B.; Dyack, B.J.; Brucet, S.; Buchwater, D.;
Dunlop, J.; Frör, O.; Lazorchak, J.; et al. Saving freshwater from salts. Science 2016, 351, 914–916. [CrossRef]

115. González-Ortegón, E.; Pascual, E.; Cuesta, J.A.; Drake, P. Field distribution and osmoregulatory capacity of
shrimps in a temperate European estuary (SW Spain). Estuar. Coast. Shelf Sci. 2006, 67, 293–302. [CrossRef]

116. Marshall, S.; Elliott, M. Environmental Influences on the fish assemblage of the Humber Estuary, U.K.
Estuar. Coast. Shelf Sci. 1998, 46, 175–184. [CrossRef]

117. González-Ortegón, E.; Baldó, F.; Arias, A.; Cuesta, J.A.; Fernández-Delgado, C.; Vilas, C.; Drake, P. Freshwater
scarcity effects on the aquatic macrofauna of a European Mediterranean-climate estuary. Sci. Total Environ.
2015, 503, 213–221. [CrossRef] [PubMed]

118. Renaud, M.; Sousa, J.P.; Siciliano, S.D. A dynamic shift in soil metal risk assessment, it is time to shift from
toxicokinetics to toxicodynamics. Environ. Toxicol. Chem. 2020, 39, 1307–1308. [CrossRef] [PubMed]

119. Hare, L.; Shooner, F. Do aquatic insects avoid cadmium-contaminated sediments? Environ. Toxicol. Chem.
1995, 14, 1071–1077. [CrossRef]

http://dx.doi.org/10.1002/tox.20327
http://dx.doi.org/10.1016/j.chemosphere.2019.06.139
http://dx.doi.org/10.2478/intox-2013-0012
http://dx.doi.org/10.4067/S0716-97602011000100002
http://dx.doi.org/10.1177/0748233712472519
http://www.ncbi.nlm.nih.gov/pubmed/23302712
http://dx.doi.org/10.1016/j.scitotenv.2009.10.067
http://www.ncbi.nlm.nih.gov/pubmed/19922980
http://dx.doi.org/10.1016/j.jhazmat.2013.09.041
http://www.ncbi.nlm.nih.gov/pubmed/24209509
http://dx.doi.org/10.1016/j.scitotenv.2014.08.118
http://www.ncbi.nlm.nih.gov/pubmed/25240506
http://dx.doi.org/10.1016/j.scitotenv.2015.06.081
http://www.ncbi.nlm.nih.gov/pubmed/26163379
http://dx.doi.org/10.1002/etc.2043
http://dx.doi.org/10.1002/etc.5620210120
http://dx.doi.org/10.1016/j.ecoenv.2019.109757
http://dx.doi.org/10.1126/science.aad3488
http://dx.doi.org/10.1016/j.ecss.2005.11.025
http://dx.doi.org/10.1006/ecss.1997.0268
http://dx.doi.org/10.1016/j.scitotenv.2014.06.020
http://www.ncbi.nlm.nih.gov/pubmed/25005237
http://dx.doi.org/10.1002/etc.4735
http://www.ncbi.nlm.nih.gov/pubmed/32335927
http://dx.doi.org/10.1002/etc.5620140619


Toxics 2020, 8, 118 22 of 22

120. Maes, J.; Stevens, M.; Breine, J. Poor water quality constrains the distribution and movements of twaite
shad Alosa fallax fallax (Lacépède, 1803) in the watershed of river Scheldt. Hydrobiologia 2008, 602, 129–143.
[CrossRef]

121. Gomes-Silva, G.; Cyubahiro, E.; Wronski, T.; Riesch, R.; Apio, A.; Plath, M. Water pollution affects fish
community structure and alters evolutionary trajectories of invasive guppies (Poecilia reticulata). Sci. Total
Environ. 2020, 730, 138912. [CrossRef]

122. Rodríguez, J. Ecología; Ediciones Pirámide: Madrid, Spain, 2010; p. 502.
123. Araújo, C.V.M.; Moreira-Santos, M.; Ribeiro, R. Stressor-driven emigration and recolonisation patterns in

disturbed habitats. Sci. Total Environ. 2018, 643, 884–889. [CrossRef]
124. Calabrese, E.J.; Baldwin, L.A. Toxicology rethinks its central belief. Nature 2003, 421, 691–692. [CrossRef]
125. Fuller, M.R.; Doyle, M.W.; Strayer, D.L. Causes and consequences of habitat fragmentation in river networks.

Ann. N. Y. Acad. Sci. 2015, 1355, 31–51. [CrossRef]
126. Ribeiro, R.; Lopes, I. Contaminant driven genetic erosion and associated hypotheses on alleles loss, reduced

population growth rate and increased susceptibility to future stressors: An essay. Ecotoxicology 2013, 22,
889–899. [CrossRef]

127. Gilpin, M.E. Minimal viable populations: Processes of species extinction. In Conservation Biology: The Science
of Scarcity and Diversity; Sinauer Associates, Inc.: Sunderland, MA, USA, 1986; pp. 19–34.

128. Grimm, V.; Reise, K.; Strasser, M. Marine metapopulations: A useful concept? Helgol. Mar. Res. 2003, 56,
222–228. [CrossRef]

129. Loreau, M.; Mouquet, N.; Holt, R.D. Meta-ecosystems: A theoretical framework for a spatial ecosystem
ecology. Ecol. Lett. 2003, 6, 673–679. [CrossRef]

130. Schiesari, L.; Leibold, M.A.; Burton, G.A., Jr. Metacommunities, metaecosystems and the environmentl fate
of chemical contaminants. J. Appl. Ecol. 2018, 55, 1553–1563. [CrossRef]

131. Gilarranz, L.J.; Rayfield, B.; Liñán-Cembrano, G.; Bascompte, J.; Gonzalez, A. Effects of networl modularity
on the spread of perturbation impact in experimental metapopulations. Science 2017, 357, 199–201. [CrossRef]
[PubMed]

132. EFSA Panel on Plant Protection Products and their Residues (PPR). Guidance on tiered risk assessment for
plant protection products for aquatic organisms in edge-of-field surface waters. EFSA J. 2013, 11, 3290.

133. Gessner, M.O.; Tlili, A. Fostering integration of freshwater ecology with ecotoxicology. Fresh. Biol. 2016, 61,
1991–2001. [CrossRef]

134. Nilsen, E.; Smalling, K.L.; Ahrens, L.; Gros, M.; Miglioranza, K.S.; Picó, Y.; Schoenfuss, H.L. Critical review:
Grand challenges in assessing the adverse effects of contaminants of emerging concern on aquatic food webs.
Environ. Toxicol. Chem. 2019, 38, 46–60. [CrossRef]

135. Hellström, G.; Klaminder, J.; Jonsson, M.; Fick, J.; Brodin, T. Upscalling behavioural studies to the field using
acoustic telemetry. Aquatic. Toxicol. 2016, 170, 384–389. [CrossRef]

136. Peterson, E.K.; Buchwalter, D.B.; Kerby, J.L.; LeFauve, M.K.; Varian-Ramos, C.W.; Swaddle, J.P. Integrative
behavioral ecotoxicology: Bringing together fields to establish new insight to behavioral ecology, toxicology,
and conservation. Curr. Zool. 2017, 63, 185–194. [CrossRef]

137. Park, M.O. Adult vertebrate behavioral aquatic toxicology: Reliability and validity. Aquatic. Toxicol. 2016,
170, 323–329. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10750-008-9279-2
http://dx.doi.org/10.1016/j.scitotenv.2020.138912
http://dx.doi.org/10.1016/j.scitotenv.2018.06.264
http://dx.doi.org/10.1038/421691a
http://dx.doi.org/10.1111/nyas.12853
http://dx.doi.org/10.1007/s10646-013-1070-0
http://dx.doi.org/10.1007/s10152-002-0121-3
http://dx.doi.org/10.1046/j.1461-0248.2003.00483.x
http://dx.doi.org/10.1111/1365-2664.13054
http://dx.doi.org/10.1126/science.aal4122
http://www.ncbi.nlm.nih.gov/pubmed/28706071
http://dx.doi.org/10.1111/fwb.12852
http://dx.doi.org/10.1002/etc.4290
http://dx.doi.org/10.1016/j.aquatox.2015.11.005
http://dx.doi.org/10.1093/cz/zox010
http://dx.doi.org/10.1016/j.aquatox.2015.09.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Toxicity: The Traditional Ecotoxicological Response 
	Avoidance: A Repellency-Driven Behavioral Response 
	The Higher the Toxicity, the Higher the Repellency? 
	The Decision of Avoiding or Not: A Cost-Benefits Balance 
	Population Density 
	Competition 
	Food 
	Predators and Shelters 
	Salinity 

	Ecological Improvements by Simulating a Chemically Heterogeneous Environment 
	Spatial Displacement: Extinction at the Local Level 
	Potential to Predict the (Re)Colonization of Environments 
	Chemical Fragmentation of Habitat 
	Habitat Connectivity, Metapopulation, Metacommunity, and Meta-Ecosystem 

	Final Remarks 
	References

