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Abstract

Behavioral changes associated with exposure to pollutants represent the earliest response for organisms confronted by per-
ceivable chemical signals. This study was carried out with the objective of evaluating behavioral responses associated with
different scenarios of exposure to pollutants (non-forced vs forced) in two shrimp species (Penaeus vannamei and Palaemon
varians), representative of different latitudes and using copper as a model contaminant. The effects on locomotion were evalu-
ated by exposing the shrimps to a range of copper concentrations (0, 0.5, 5, 50, and 250 pg/L) in the forced scenario. After
exposure, the movement patterns for each shrimp were recorded and used to estimate changes in the shrimps’ locomotion. For
the non-forced scenario, the avoidance response was assessed by placing shrimps in a multi-compartment system where they
were able to move freely along a gradient of copper (0, 0.5, 5, 50, and 250 pg/L). In terms of locomotion, an opposite trend
was observed between the species: movements were significantly reduced in P. varians with concentrations above 50 pg/L,
while hyperactivity was observed for P. vannamei. When exposed to a gradient of copper in the multi-compartment system,
both species significantly avoided the highest concentrations of copper, although the repellence of copper was stronger for P.
vannamei. In summary, both species of shrimps were able to recognize and avoid copper; however, in terms of locomotion,
they showed an opposite behavioral reaction. These results show that a contamination event can have different behavioral
outcomes depending on the species and complementing forced and non-forced exposure with species-specific information
can be helpful to characterize and predict the effects of contaminants at higher biological levels.
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Introduction

Coastal transition areas sustain rich and productive eco-
systems (Arbi et al. 2018; Dalu et al. 2020; Wang et al.
2018; Yokoyama et al. 2009). The biota established in such
habitats has adapted to the inherent stressful environmental
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chemical, and biological attributes (Lacher and Goldstein,
2009). The diversity of the communities, the sensitivity of
the species, and the environmental behavior of contaminants
require a better understanding of the particularities in such
different habitats (Abele 1974; Daam and Van Den Brink
2010; Peterson et al. 2017).

Decapods are representative fauna and play an integral
ecological role in coastal ecosystems. Within this group,
species with different geographical distributions and life
histories have already been used for ecotoxicological stud-
ies. For instance, the Peneid Penaeus (= Litopenaeus) van-
namei is a shrimp of tropical distribution that migrates into
estuaries during its post-larval stage and develops there until
the sub-adult stage, leaving the estuary to spend its adult
life in the open ocean (Valles-Jimenez et al. 2005). Mean-
while, the Palaemonid Palaemon varians inhabits temper-
ate regions and spends its whole life cycle inside shallow
coastal lagoons and salt marshes (Gonzalez-Ortegén et al.
2015). These species are distributed throughout the tropical
American area (Mena et al. 2020) and in temperate Euro-
pean saltmarshes (Ehiguese et al., 2019), respectively, with
a high overall abundance and are also ecologically and eco-
nomically important (Frias-Espericueta et al. 2008; Nufiez-
Nogueira et al. 2012; Valles-Jimenez et al. 2005). Several
studies have demonstrated the suitability of P. vannamei and
P. varians for ecotoxicological assessments, covering bio-
chemical, physiological, and behavioral responses to differ-
ent environmental pollutants and physico-chemical stressors
(Aragjo et al. 2019, 2020; Betancourt-Lozano et al. 2006;
Brown and Hauton 2018; Comoglio et al. 2005; Ehiguese
et al. 2019; Garcia-de la Parra et al. 2006; Osuna-Flores
et al. 2019; Wang et al. 2012).

Regarding relevant endpoints to be assessed, behavioral
changes associated with exposure to pollutants represent
the earliest response and the first line of defense for organ-
isms confronted by perceivable chemical signals (Beitinger
and Freeman, 1983). Aquatic crustaceans use olfactory and
taste receptors to gather information from their surround-
ings and assess the presence of hazardous molecules present
in the ecosystem (Blinova and Cherkashin 2012; Lahman
et al. 2015; Olsén, 2011; Oulton et al. 2014). Continuous
exposure to pollutants can disrupt receptor function, which
alters their ability to process and respond to key environ-
mental information. Such alterations in behavior can lead
to ecological consequences at the population, community,
and ecosystem level and are likely to have other cascading
implications within the ecosystem (Gonzélez-Ortegén et al.
2019; Oulton et al. 2014; Schmidt et al. 2010). For instance,
populations with a high rate of organisms evading contami-
nation are likely to have a reduced local abundance in their
original area, which could impair the ability of those popula-
tions to recover from pollutant stress (Moe et al. 2013). Fur-
thermore, emigration of the organisms to less contaminated
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zones can trigger (or even increase) competitive interactions
between species, modifying the arrangement of the species
throughout the surrounding environments (Silva et al. 2018).

Generally, behavioral responses have been measured by
keeping organisms in confinement, exposed constantly to a
sub-lethal concentration of a contaminant, after which an
effect is recorded (Amiard-Triquet et al. 2013). However,
when non-forced, multi-compartment exposure systems
are used, this allows the avoidance response to be evalu-
ated by replicating the possibility that organisms have of
escaping from a polluted area and avoiding exposure in a
real scenario, reducing the probability of suffering acute
or even physiological transient effects (Moreira-Santos
et al. 2019). One of the strengths of this approach is its
ability to predict the effect of a pollutant on the spatial
distribution of a population (Aradjo et al. 2016a; Vera-
Vera et al. 2019). By integrating both non-forced and
forced approaches it is possible to assess the effects of
contamination from two different and complementary per-
spectives: (i) simulation of a heterogeneously dispersed
contamination scenario to assess the potential repellence
of contaminants by triggering an avoidance response in
organisms and (ii) assessment of the potential toxicity of
contaminants by simulating the conditions in which organ-
isms cannot escape from and, therefore, are susceptible to
suffer the damage caused by contamination. This combina-
tion of approaches should contribute to characterizing the
risk for an ecosystem when either the spatial distribution
or the fitness of organisms is affected by pollution.

This study was carried out with the objective of evalu-
ating the behavioral responses associated with two differ-
ent scenarios of exposure to contaminants (non-forced vs
forced exposure scenarios) in two shrimp species (P. van-
namei and P. varians), representative of different latitudes
with different life histories regarding the use of coastal
ecosystems. As copper has been shown to affect the behav-
ior of different decapod species, it was selected as the test
substance (Gutierrez et al. 2012; Hansen and Roslev 2016;
Krang and Ekerholm 2006; Lahman et al. 2015; Mishra
et al. 2018). Using this trace metal as a model contami-
nant, the avoidance response was assessed as a primary
endpoint based on perception and escape response, while
a forced, short, confined exposure allowed the assessment
of the effects on locomotion. This experimental design
should contribute to characterizing how the behavior of
these organisms can be affected depending on how the
exposure occurs in a homogeneous (forced exposure) or
heterogeneous (non-forced exposure) contamination sce-
nario. In addition, the use of both approaches makes it
possible to integrate both behavioral responses by assess-
ing whether a behavior of overexcitement implies higher
avoidance, while lethargic behavior might imply a lower
ability to escape from contamination.
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Material and methods
Test organisms

Penaeus vannamei (whiteleg shrimp) is a species widely
cultured in American and Asian tropics, although its dis-
tribution was originally limited to the Pacific coast of
America, from the North of Mexico to Peru (FAO 2006).
Juveniles of P. vannamei (mean size: 19.2 +2.3-mm car-
apace length [CL]) were collected from a culture pond in
Punta Morales, Puntarenas, Costa Rica, during October
2019. Approximately 300 individuals were transported to
the laboratory in a plastic 200-L container with aerated
field water (salinity of 30, pH = 8.0, conductivity =49
mS/cm, dissolved oxygen >90%). In the laboratory, the
shrimps were placed in a 100-L aquarium, filled with
field seawater (with the same conditions of the trans-
port), with continuous aeration and biological filtration.
The temperature was maintained at 26 +2 °C and the
organisms were fed ad libitum, daily, with commercial
dry pellets (Nicovita 28% protein, VITAPRO, Ecuador).
The animals used in the experiments were not fed dur-
ing the last 24 h. The salinity to which the juveniles of
this species are more frequently exposed varies in a wide
range; however, in a previous study it was observed that
individuals from the same pond showed a better physi-
ological performance at a salinity of 10 (Mena et al.
2020). Although the water salinity was 30 during the
sampling of the organisms, and to reach the target salin-
ity of 10, the organisms were gradually acclimated with
changes of 5 units of salinity every 24 h. The organisms
used in the assays were acclimated to salinity of ten for
at least 24 h before any exposure to copper was carried
out. The reduction in salinity was achieved by diluting
the seawater with filtered (1-um membrane and activated
carbon), UV-treated tap water (Millipore). Salinity was
measured with a calibrated multi-field meter (WTW
Cond 315i;+0.1).

Palaemon varians naturally inhabit the North
and Baltic seas, as well as the Atlantic and Mediter-
ranean coasts of Africa and Europe (Holthuis 1980).
Adult organisms (mean size: 9.03 + 1.5-mm CL) were
captured in a salt marsh at Puerto Real, Cadiz, Spain,
during February 2020. Approximately 300 individuals
were transported to the laboratory in plastic bags; then
immediately placed and maintained in 200-L tanks with
a flow-through marine water at the salinity of 30 and at
room temperature or 15 °C, with continuous aeration;
and fed daily, ad libitum, with commercial dry pellets
(Ultra Fresh—Shrimp Delight). As this species lives
permanently in an environment with marine salinity, the
tests were carried out with filtered marine water, with
a salinity of 30.

Reagents (copper)

Copper solutions for the exposure of the shrimps were pre-
pared using stocks (63.8 mg/L Cu®* at IRET, Costa Rica,
prepared from copper chloride (Sigma-Aldrich 221,783) in
ultrapure water (Millipore)/standard solution from Merck;
1000 mg/L at ICMAN, Spain) solutions. Aliquots of these
stock solutions were diluted in water with the appropriate
salinity for each species: salinity of 10, conductivity of 17
mS/cm, and pH of 8.0 for P. vannamei and salinity of 30
and pH of 8.2 for P. varians. The same range of nominal
concentrations of copper (0, 0.5, 5, 50, and 250 pg/L) was
used in every experiment for both species.

At the end of the forced and avoidance tests, a sample
of every solution used in the experiments were collected to
evaluate the final copper concentration by ICP-MS (induc-
tively coupled plasma mass spectrometry). The accuracy
(recovery rate) of the standard concentrations was between
90 and 110%. As the concentrations measured at the end of
the experiments did not vary to more than 10% regarding
the nominal concentrations, these were used in the results.

Locomotion assessment experiments

Shrimps of both species were exposed to the same range of
concentrations of copper (0, 0.5, 5, 50, and 250 ug/L) at the
experimental salinity indicated previously. Ten organisms
(five shrimps per flask) were exposed per treatment, using
plastic containers (5 L for P. vannamei and 1.5 L for P. var-
ians), and maintaining the density below 1 g of shrimp/L.
Each treatment was tested in duplicate during 24 h; this
period was considered sufficient as behavioral locomotion
responses are expected to occur earlier during the exposure
than other toxicological outcomes (Faimali et al. 2016).
After exposure, the movement patterns (total, vertical, and
horizontal displacement) for each shrimp were recorded
individually (five pseudoreplicates/individuals from each
one of the two exposure flasks: n=10), inside an aquarium
containing clean water, following a modification form the
methodology proposed by Sandoval-Herrera et al. (2019).
The dimensions of the aquariums were adjusted to the size of
the species: 40 cm long, 20 cm high, and 10 cm wide for P.
vannamei and 42 cm long, 28 cm high, and 21 cm wide for P.
varians. For the recordings, the tanks were illuminated with
a fluorescent light, located 20 cm above the tank, and lateral
and posterior walls of the aquarium were covered with white
adhesive paper. After the transfer, the shrimps were allowed
to be in the aquarium for 3 min before the start of the record-
ing; then a 5-min video was recorded per individual.

The videos were analyzed using the background subtrac-
tion and optical flow algorithms from the OpenCV Library
in Python (Bradski 2000). Coordinates (X/Y) from individual
shrimp were extracted from each frame of the video each
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0.07 s. These coordinates were used to estimate the shrimp’s
locomotion based on total, horizontal, and vertical displace-
ment; the use of the upper area (calculated as the proportion
of time spent in the area above an imaginary line [drawn
horizontally in the middle of the water column] divided by
the proportion of time spent below that line) and the dis-
placement routes were represented with the data visualiza-
tion program Paraview version 5.8.0 (Henderson 2007).

Avoidance tests

The avoidance tests were carried out using multi-compart-
ment, non-forced exposure systems (Fig. 1, system A for P.
vannamei and system B for P. varians), where the shrimps
were able to move freely along a gradient of copper. Pre-
viously, control tests without copper were performed with
each species in order to prove the random distribution of
the organisms in the system. For these tests, the systems
were filled with uncontaminated water and shrimps (four P.
vannamei and five P. varians) were placed in each compart-
ment. For the tests with copper, the connections between
compartments of the systems A and B were blocked with
plastic plugs and plasticine, respectively, before the volumes
of the test solutions (3 L for system A and 1 L in system B)
were added to the compartments and only unblocked after
the introduction of the shrimps. Plugs between compart-
ments were removed using tweezers (Fig. 1). In the systems,
both species were exposed to the same range of copper: 0,
0.5, 5, 50, and 250 pg/L. All the experiments were carried
out in triplicates (three systems in parallel), the organisms
were exposed during 4 h and their distribution in the system
was recorded every 30 min. The exposure was carried out
in the dark to avoid any alteration to the behavior of the
shrimps. To reduce interference, a red light was used during
the observations of the experiment. No mortalities occurred
during these assays.

Statistical analysis

Locomotion data were compared among treatments using
the package FSA (Ogle et al. 2020) in R, v3.6.1 (R Core
Team 2020). The tracks of locomotion behavior came from
10 shrimps individually analyzed that had been previously
exposed in groups of five individuals (pseudoreplication).
First, the data were tested for normality using the Shap-
iro test; as the distribution of the data was not normal, a
Kruskal-Wallis test coupled with a Dunn post hoc pair-
wise comparison was applied. Data outside 2 standard
deviations from the mean of the treatment group were
treated as outliers and excluded from the analyses (Amidan
et al. 2005). For the avoidance experiments, generalized
estimating equation models (GEE) in R were used to com-
pare the quantity of shrimps in each compartment during
the time spent in the copper gradient. The function geeglm
from the package geepack (Hgjsgaard et al. 2016) with the
family “poisson” with a logit link was used. The geepack
contains an ANOVA method that allows us to compare
models and perform Wald tests (Zuur et al. 2009). The
model investigated the main effects: “copper concentra-
tion” over “time,” including “ID” and an “arl” correla-
tion structure (continuous-time first-order autoregressive
correlation structure) to account for temporal correlation.
The grouping structure is provided by the ID option; this
specifies which shrimp observations form a block of data.
The correlation is applied on each block of data, and auto-
correlation structure was used; hence corstr=arl.

The avoidance percentages were calculated using the
formula described by Moreira-Santos et al. (2008). The R
package ecotox (Hlina et al. in press) was used to estimate
the concentrations of copper that caused an X% of avoid-
ance by shrimp (ACx), with a 95% confidence interval.
Graphical representations and linear models were carried
outin R.

System A

System B

\

Total length: 250 cm

Total length: 245 cm

Total volume: IS5 L

Total volume: 5L

A=13xXx5cm A=4x28cm
/// Upper opening: A \\ B — I_, B =1 I_
. e — :
L Total volume: B Central diameter: C JID C - ll'\ cm C - 8 cm
> D=35cm D=22cm
E=50cm E=49cm

Length:E

Fig. 1 Multi-compartment exposure systems used in the non-forced avoidance tests: system A used with P. vannamei and system B used with P.
varians. Tweezer and the plugs used to block the connections between compartments are also shown
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Results
Locomotion assessment

When the shrimps were placed in an aquarium with clean
water after a 24-h exposure to copper, an opposite trend
in the pattern of locomotion was recorded between the
species: movements were reduced in P. varians, while
hyperactivity was observed in P. vannamei. In general,
in the absence of copper, the P. varians organisms were
more active than P. vannamei. The total displacement
observed in the control organisms was significantly higher
(p <0.05) in P. varians compared to P. vannamei. Forced
exposure of P. varians to increasing concentrations of
copper caused a significant decrease in the total and ver-
tical displacement with concentrations above 50 pug/L
compared with the controls (Fig. 2A, 2C) and a reduced
permanence in the superior zone of the water column
at those concentrations (Fig. 2D). Horizontal displace-
ment had no significant reduction, although a tendency
towards a decrease was observed (Fig. 2B). On the other
hand, an opposite trend was observed in those responses
by P. vannamei, with a trend to increase locomotion after

exposure to copper, especially at the highest concentration
(250 pg/L) (Fig. 2).

These results are complemented with the displacement
routes shown in Fig. 3 where, in the case of P. vannamei
(Fig. 3), the apparent tendency towards increased activity in
the organisms exposed to higher concentrations of copper
is marked by a more intense movement at the borders of the
aquarium compared with the control group. By analyzing
the displacement routes of P. varians (Fig. 4), the significant
loss of movement that these organisms suffered is shown,
as they were exposed to the higher concentration of copper.

Avoidance response

When exposed to a gradient of copper, both species sig-
nificantly avoided the highest concentrations of copper,
although the repellence of copper was stronger for P. van-
namei (Table 1). The distribution of shrimps throughout the
compartments of the exposure system was clearly condi-
tioned by the copper concentration for both species (Fig. 5).
At the lowest concentration (0.5 pg/L), the absence of
avoidance was observed for P. vannamei, while an effect of
attraction was observed for P. varians. Then, a significant
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Fig.2 Changes in the locomotion of P. varians (triangles) and P.
vannamei (circles) after a forced 24-h exposure to a range of concen-
trations of copper. Different letters indicate significant differences
among the treatments for each species, uppercase for P. varians and
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lowercase for P. vannamei. Symbols represent the mean from ten ani-
mals previously exposed in two replicates and bars indicate standard
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reduction of the number of organisms occurred in P. van-
namei from the compartment with 5 pug/L, and that reduction
continued in the compartments with the two higher concen-
trations of the metal (Fig. 5, left). Meanwhile, the number
of P. varians only diminished significantly, compared to the
control compartment, at concentrations of 50 and 250 ug/L
(Fig. 5, right). This clearer and sharper avoidance by P. van-
namei leads to lower ACx values (Table 1). AC,5, ACs, and
AC;5 for P. vannamei were about 6.3, 3.8, and 2.3 times
lower than those for P. varians.

Discussion

In this study, we tested two behavioral responses in two
shrimp species with different latitudinal distributions and
different use of coastal habitats. Both species were able to
recognize and avoid copper when they were exposed to the
metal in a free-choice multi-compartment system; however,
the avoidance response was clearer in P. vannamei, while P.
varians showed some tolerance to lower concentrations of
copper (or inability to recognize the risk). When locomotion
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was assessed after a forced exposure, a clear induction of
lethargy was observed in P. varians, which suggests that
this activity was strongly affected by the exposure to copper;
though, an opposite reaction was observed in P. vannamei,
showing an apparent tendency of hyperactivity after expo-
sure to higher concentrations of copper, even though, in the
absence of contamination, it moved slower than P. varians.
It should be noted that both species were tested in different
salinities, and changes in salinity can affect the sensitivity
of aquatic invertebrates to copper (Grosell et al. 2007; Holan
et al. 2019). As the aim of this study was to compare behav-
ioral responses in different exposure scenarios, the salinity
was adjusted according to previous experiences where each
species has shown better physiological performance (Aradjo
and Blasco 2019; Mena et al. 2020; Usman et al. 2013).
Hyperactivity has been documented for other species of
crustaceans exposed to heavy metals such as Simocepha-
lum vetulus (Mishra et al. 2018), Hippolyte inermis (Unter-
steiner et al. 2005), Macrobrachium lamarrei (Lodhi et al.
2006), Neomysis integer (Verslycke et al. 2003), M. nippon-
ense (Gerhardt et al. 2002), and an increase in the startle
response in crabs (White and Briffa 2017). The tendency
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Table 1 Concentrations (in pg/L) of copper (with their respective
95% confidence intervals) that triggered avoidance in 25, 50, and 75
percent (AC,5, ACs, and ACs, respectively) of the shrimp popula-
tions (Penaeus vannamei and Palaemon varians) after 4-h exposure
in a non-forced system

Species AC,s ACy, ACy5
P.vannamei  0.75(0.10-2.29)  11.30 (4.07-30.50) 170.0 (56.8-1200)
P. varians 4.70 (0.14-18.9)  42.7(9.78-512) 389 (76.8-124,000)

of P. vannamei to increase movement speed at high con-
centrations could be related to the stress response model
proposed by Untersteiner et al. (2005) for the shrimp H.
inermis exposed to cadmium. According to this model, at
low concentrations of the metal, there is an adaptation reac-
tion where metabolic energy is used for osmoregulation, a
process that is characterized by a decreased motility due
to a decline in spontaneous muscular activity (Knops et al.

2001). Then, as the concentrations of the metal increase,
there is an escape reaction characterized by increased motil-
ity, ventilation, and powerful beats of the pleon (Untersteiner
et al. 2005). This model might be appropriate for the behav-
ior shown by P. vannamei, since at low concentrations the
organisms’ movement was very low and, at higher concen-
trations, an apparent hyperactivity was shown. This is also
coherent with the greater capacity of P. vannamei to regu-
late their internal concentration of trace metals, as shown by
Nufiez-Nogueira et al. (2012) and Dadar et al. (2014). When
the regulation of the internal body concentration of metals
makes it possible to maintain the value below the threshold
level, no negative effect is developed, but if the capacity for
regulation is surpassed, effects like changes in the behavior
of the organism start to appear (Ndfiez-Nogueira et al. 2012).

Further, the loss of locomotion (as shown by P. varians)
has been documented in other crustaceans. Lahman et al.
(2015) reported that organisms of the species Orconectes
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Fig.5 Distribution of the individuals of P. vannamei (A) and P. var-
ians (B) exposed to a gradient of copper in a multi-compartment sys-
tem. Different letters indicate statistically (p <0.05) significant differ-

rusticos had significantly lower walking speed towards the
odor of food after exposure to copper. Also, Krang and Eker-
holm (2006) found delayed reactions and increased time
before initiating mating activity in Carcinus maenas exposed
to the metal. Trace metals influence many physiological
processes in crustaceans, including neurological processes.
These effects on the nervous system are very important in
the regulation and coordination of the locomotory behav-
iors (Untersteiner et al. 2005). Trace metals affect cellular
calcium levels, resulting in low levels of serotonin, acetyl-
choline, and norepinephrine, which affects the organisms’
motivation and, therefore, can restrict locomotion (Tripathi
2016). Additionally, exposure to copper has been related to
cytological and histochemical damages, ion regulation, and
disruption of protein functions in osmoregulation and respi-
ration, which causes a decrease in oxygen consumption and
metabolic rate (Frias-Espericueta et al. 2008; Lahman et al.
2015; Thatipaka et al. 2020). This can lead to physiologi-
cal impairment and therefore decreased muscular activity,
which might be related to the drop in locomotion shown by
P. varians (Lahman et al. 2015).

This kind of opposite behavioral reaction has been
reported previously. For example, Gutierrez et al. (2012)
found hyperactivity and a loss of the ability to escape in
copepods and cladocerans. The interaction of metals with
the chemoreception system of crustaceans can lead to dif-
ferent responses depending on the intensity of the exposure
(time and concentration), mechanism of action, the develop-
mental stage of the animal, the species, and other environ-
mental factors (Blinova and Cherkashin 2012). For instance,
differences in the avoidance response in larvae of P. van-
namei when confronted with a copper gradient have been
related to the age of the organisms (Aradjo et al. 2016b).
This difference might be linked to the development of the
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Copper concentration (pg/L)

ences among treatments. Dots represent the mean from ten animals
previously exposed in two replicates and bars indicate standard error

sensory organs in younger animals and then an enhanced tol-
erance at older stages. Pollutants like trace metals have been
linked to a reduction of the length of antennular flagellum in
crustaceans, which leads to problems in perceiving, inter-
preting, and responding to a chemical attractant and, finally,
changes in the animal’s behavior (Blinova and Cherkashin
2012; Oulton et al. 2014; White and Briffa 2017). This
erroneous processing of olfactory information may lead to
opposite responses to a pollutant between species or even
between organisms of the same species. If the exposure is
above the specific limit of sensitivity, the organisms will
not be able to make accurate assessments of the environ-
ment due to an inhibition of the sensory and motor systems
(Gutierrez et al. 2012). However, there is a lack of informa-
tion regarding species-specific sensitivity of chemoreceptors
to sub-lethal concentrations of contaminants (Blinova and
Cherkashin 2012). It is remarkable that the forced expo-
sure approach has elicited opposite behaviors (lethargy vs
hyperactivity) in the species tested. According to Gerhardt
(2007), regarding locomotion, organisms confronted by pol-
lution can either increase movement and actively avoid it or
reduce their movement and drift away. Whichever kind of
behavioral response they display, it could make the organism
more vulnerable to predators or other threats they face in the
environment (Gutierrez et al. 2012).

Regarding the lack of avoidance response observed in
P. varians at lower concentrations and the more intense
response presented by P. vannamei, these differences
between species and their decision to stay near or avoid
the pollutant could be attributed to three main factors: how
repulsive the stimulus caused by the pollutant is, the organ-
ism’s ability to identify the substance and recognize the
risks of exposure (Aragjo et al. 2016a; Harper et al. 2009),
and the difference in the salinity (Grosell et al. 2007; Holan
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et al. 2019). If the difference in salinity is not considered,
P. varians might be more sensitive to the toxic effects
caused by copper and, therefore, it suffered effects related
to lethargy. Maybe, the cost of dealing with the toxicity
was impairing its locomotive activity. On the other hand,
it seems to be less sensitive to the copper gradient, espe-
cially at very low concentrations (like 0.5 pg/L); therefore,
this attraction could represent a lack of ability to interpret
the risk correctly at such a low concentration. Therefore,
its avoidance response was less pronounced. On the other
hand, P. vannamei seems to be less sensitive to the toxic
effects of copper when experiencing forced exposure. The
hyperactivity might indicate the perception of contami-
nation, but it was not accompanied by impairment in its
ability to swim. This hyperactivity favored the avoidance
response when confronted by a copper gradient, showing
a greater ability to detect and recognize the risk of copper
contamination. In addition, we could hypothesize that P.
varians is naturally less sensitive (not considering the effect
of different salinities) to detecting and interpreting the risk
associated to copper contamination, due to the evidence of
hormesis at the lowest copper concentration (the density of
shrimps was significantly higher at this concentration than
in the other ones; Fig. 5B).

From an ecological point of view, the responses based on
both exposure approaches (non-forced and forced) may indi-
cate possible changes in the spatial distribution of the spe-
cies and help to understand the decline of populations at the
local scale (Rosa et al. 2012; Aratjo and Blasco 2019). Con-
sidering the outcome of our experiment and for their opti-
mum salinity conditions, P. vannamei could be better suited
to deal with this specific stressor than P. varians, due to its
ability to escape from contamination. The differences in the
responses observed between both shrimp species could help
us to understand how the spatial distribution of these spe-
cies would be affected by contamination. On the one hand,
one would be repelled from contaminated sites earlier (with
a lower level of contamination) than the other and, on the
other hand, the lower ability to escape from the contamina-
tion would lead to a higher susceptibility to suffering the
toxic effects. This evidence reinforces the hypothesis that
contaminants act as habitat disruptors by affecting organisms
directly (e.g., lethal and sub-lethal effects if the organisms do
not avoid them) and indirectly by triggering the organisms’
avoidance response (Aragjo et al. 2014, 2016a, b).

Conclusions

Organisms of the species P. vannamei and P. varians were
able to recognize and avoid a copper gradient. However,
in terms of locomotion, they showed an opposite reaction,
with P. vannamei showing an apparent hyperactivity and P.

varians showing a significant decrease in its movement. This
result shows that a contamination event can have different
behavioral outcomes depending on the species. Even though
behavior and avoidance stand as important endpoints in the
evaluation of contaminants present in an ecosystem, there
is a need for more information regarding species-specific
sensitivity to sub-lethal concentrations of contaminants. The
risk for aquatic organisms being affected by environmen-
tal contamination has increased in coastal habitats, that is
why complementing forced and non-forced exposure with
species-specific information can be helpful to characterize
and predict the effects of contaminants at higher biological
levels.
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