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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 µg/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 µg/L). In terms of locomotion, an opposite trend 
was observed between the species: movements were significantly reduced in P. varians with concentrations above 50 µg/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 
conditions, mainly related to frequent changes in salinity, 
temperature, and dissolved oxygen (Elliott and Quintino 
2007; González-Ortegón et al. 2006). Apart from this natural 
stress, coastal ecosystems are exposed to high anthropogenic 
pressure caused by the dense human population and fast 
development of these areas (González-Ortegón et al. 2019; 
Michalec et al. 2013; Peng et al. 2013). Because of this, 
the contamination in coastal waters has increased in the last 
few decades, thus representing a risk factor for marine and 
estuarine organisms (Ali et al. 2019). Although contamina-
tion is a worldwide problem, the scenarios and dynamics 
for ecological risk assessment might differ between tropical 
and temperate regions due to the differences in physical, 
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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 (González-Ortegón 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 (Frías-Espericueta et al. 2008; Núñez-
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 
(Araújo et al. 2019, 2020; Betancourt-Lozano et al. 2006; 
Brown and Hauton 2018; Comoglio et al. 2005; Ehiguese 
et al. 2019; García-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 (González-Ortegón 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 

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 (Araújo 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; 
Krång 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-µm 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 Cu2+ 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 µg/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 µg/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 µg/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 (Højsgaard 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 “ar1” 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 = ar1.

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 
out in R.

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 µg/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 µg/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  µg/L), the absence of 
avoidance was observed for P. vannamei, while an effect of 
attraction was observed for P. varians. Then, a significant 

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 

lowercase for P. vannamei. Symbols represent the mean from ten ani-
mals previously exposed in two replicates and bars indicate standard 
error
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reduction of the number of organisms occurred in P. van-
namei from the compartment with 5 µg/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 µg/L 
(Fig. 5, right). This clearer and sharper avoidance by P. van-
namei leads to lower ACx values (Table 1). AC25, AC50, and 
AC75 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 

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 (Araújo 
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 

Fig. 3   Representation of the 
displacement routes by individ-
uals of P. vannamei. White lines 
correspond to the control group 
and light blue to the organisms 
after exposure to the copper 
concentrations of 0.5 µg/L (A), 
5 µg/L (B), 50 µg/L (C), and 
250 µg/L (D)
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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 
Núñez-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 (Núñez-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 

Fig. 4   Representation of the 
displacement routes by indi-
viduals of P. varians. White 
lines correspond to the group 
and light blue to the organisms 
after exposure to the copper 
concentrations of 0.5 µg/L (A), 
5 µg/L (B), 50 µg/L (C), and 
250 µg/L (D)

Table 1   Concentrations (in µg/L) of copper (with their respective 
95% confidence intervals) that triggered avoidance in 25, 50, and 75 
percent (AC25, AC50, and AC75, respectively) of the shrimp popula-
tions (Penaeus vannamei and Palaemon varians) after 4-h exposure 
in a non-forced system

Species AC25 AC50 AC75

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)
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rusticos had significantly lower walking speed towards the 
odor of food after exposure to copper. Also, Krång 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 (Frías-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 (Araújo et al. 2016b). 
This difference might be linked to the development of the 

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 (Araújo et al. 2016a; Harper et al. 2009), 
and the difference in the salinity (Grosell et al. 2007; Holan 

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-

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

Acknowledgements  We thank the collaboration of Luis Hernández 
from the Marine Biology Station of Universidad Nacional for the 
access to the shrimp (P. vannamei). The study was performed within 
the framework of the projects: MultiCecotox project (i-COOP2019 pro-
gram from CSIC: #COOPB20444) and ProEco (SIA 263-17).

Author contribution  Sergei Redondo-López: conceptualization, meth-
odology, investigation, data curation, writing—original draft prepara-
tion, writing—review and editing. Freylan Mena: conceptualization, 
supervision, methodology, investigation, resources, data curation, writ-
ing—original draft preparation, writing—review and editing. Enrique 
González-Ortegón: methodology, investigation, resources, data cura-
tion. Cristiano V. M. Araújo: conceptualization, methodology, investi-
gation, resources, writing—review and editing.

Funding  C. V. M. Araújo received support from the Spanish Min-
istry of Science and Innovation for the Ramón y Cajal contract 
(MCIN/AEI/10.13039/501100011033: RYC-2017–22,324) and funds 
for the BrEStress project (MCIN/AEI/10.13039/501100011033: 
PID2019-105868RA-I00). Financial support to E. González-Ortegón 
was given by CSIC through the Intramural Research program 2018 
under grant number 201830I081.

Data availability  The authors declare that the results presented in this 
paper are supported by data, and that such data are available upon 
request to the authors.

Declarations 

Ethics approval  Under the legislation applicable during the assessment, 
this project did not require any special permits.

Consent to participate  Not applicable.

Consent for publication  All authors agree to submit this paper for pub-
lication, and we all have the consent from our institutional authorities.

Competing interests  The authors declare no competing interests.

References

Abele LG (1974) Species diversity of decapod crustaceans in marine 
habitats. Ecology 55(1):156–161. https://​doi.​org/​10.​2307/​19346​
29

Ali H, Khan E, Ilahi I (2019) Environmental chemistry and ecotoxi-
cology of hazardous heavy metals: environmental persistence, 

28031Environmental Science and Pollution Research (2023) 30:28023–28034

https://doi.org/10.2307/1934629
https://doi.org/10.2307/1934629


1 3

toxicity, and bioaccumulation. J Chem 2019(Cd):1–14. https://​
doi.​org/​10.​1155/​2019/​67303​05

Amiard-Triquet C, Amiard JC, Rainbow PS (2013) Ecological bio-
markers: indicators of ecotoxicological effects. CRC Press. 
https://​doi.​org/​10.​1080/​03067​319.​2013.​870269

Amidan BG, Ferryman TA, Cooley SK (2005) Data outlier detection 
using the chebyshev theorem [Conference presentation]. IEEE 
Aerospace Conference, Manhattan Beach, California, United 
States. https://​doi.​org/​10.​1109/​AERO.​2005.​15596​88

Araújo CVM, Blasco J (2019) Spatial avoidance as a response to 
contamination by aquatic organisms in nonforced, multicom-
partmented exposure systems: a complementary approach to 
the behavioral response. Environ Toxicol Chem 38(2):312–320. 
https://​doi.​org/​10.​1002/​etc.​4310

Araújo CVM, Shinn C, Moreira-Santos M, Lopes I, Espíndola 
ELG, Ribeiro R (2014) Copper-driven avoidance and mortality 
in temperate and tropical tadpoles. Aquat Toxicol 146:70–75. 
https://​doi.​org/​10.​1016/j.​aquat​ox.​2013.​10.​030

Araújo CVM, Rodríguez ENV, Salvatierra D, Vera-vera VC, 
Moreira-santos M, Ribeiro R, Cede LA (2016a) Attractiveness 
of food and avoidance from contamination as conflicting stimuli 
to habitat selection by fish. Chemosphere 163:177–183. https://​
doi.​org/​10.​1016/j.​chemo​sphere.​2016.​08.​029

Araújo CVM, Cedeño-Macías LA, Vera-Vera VC, Salvatierra 
D, Rodríguez ENV, Zambrano U, Kuri S (2016b) 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 35(2):405–410. https://​doi.​org/​
10.​1002/​etc.​3192

Araújo CVM, Gómez L, Silva DCVR, Pintado-Herrera MG, Lara-
Martín PA, Hampel M, Blasco J (2019) Risk of triclosan based 
on avoidance by the shrimp Palaemon varians in a heterogeneous 
contamination scenario: how sensitive is this approach? Chemos-
phere 235:126–135. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2019.​
06.​139

Araújo CVM, Rodríguez-Romero A, Fernández M, Sparaventi E, 
Márquez-Medina A, Tovar-Sánchez A (2020) Repellency and 
mortality effects of sunscreens on the shrimp Palaemon var-
ians: toxicity dependent on exposure method. Chemosphere 
257:127190. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2020.​127190

Arbi I, Liu S, Zhang J, Wu Y, Huang X (2018) Detection of terrigenous 
and marine organic matter flow into a eutrophic semi-enclosed 
bay by δ13C and δ15N of intertidal macrobenthos and basal food 
sources. Sci Total Environ 613–614(2018):847–860. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2017.​09.​143

Beitinger TL, Freeman L (1983) Behavioral avoidance and selection 
responses of fishes to chemicals. In: Gunther FA, Gunther JD 
(eds) Residue Reviews Residues of Pesticides and Other Contami-
nants in the Total Environment. Springer, Verlag, p 124

Betancourt-Lozano M, Baird DJ, Sangha RS, González-Farias F (2006) 
Induction of morphological deformities and moulting altera-
tions in Litopenaeus vannamei (Boone) juveniles exposed to the 
triazole-derivative fungicide tilt. Arch Environ Contam Toxicol 
51:69–78. https://​doi.​org/​10.​1007/​s00244-​005-​0149-x

Blinova NK, Cherkashin SA (2012) The olfactory system of crusta-
ceans as a model for ecologo-toxicological studies. J Evol Bio-
chem Physiol 48(2):155–165. https://​doi.​org/​10.​1134/​S0022​09301​
20200​53

Bradski G (2000) The OpenCV library [Computer Software]. Dr. 
Dobb's J Software 120: 122–125. https://​opencv.​org/

Brown A, Hauton C (2018) Ecotoxicological responses to chalcopy-
rite exposure in a proxy for deep-sea hydrothermal vent shrimp: 
implications for seafloor massive sulphide mining. Chem Ecol 
34:391–396. https://​doi.​org/​10.​1080/​02757​540.​2018.​14272​31

Comoglio L, Amin O, Roque A, Betancourt-Lozano M, Anguas 
D, Haro BM (2005) Evaluation of sublethal biomarkers in 

Litopenaeus vannamei on foodborne exposure to methyl para-
thion. Ecotoxicol Environ Saf 62:66–74. https://​doi.​org/​10.​1016/j.​
ecoenv.​2004.​10.​006

Daam MA, Van Den Brink PJ (2010) Implications of differences 
between temperate and tropical freshwater ecosystems for the eco-
logical risk assessment of pesticides. Ecotoxicology 19(1):24–37. 
https://​doi.​org/​10.​1007/​s10646-​009-​0402-6

Dadar M, Peyghan R, Memari HR (2014) Evaluation of the bioac-
cumulation of heavy metals in white shrimp (Litopenaeus van-
namei) along the Persian Gulf coast. Bull Environ Contam Toxicol 
93(3):339–343. https://​doi.​org/​10.​1007/​s00128-​014-​1334-2

Dalu T, Magoro ML, Naidoo LS, Wasserman RJ, Human LR, Adams 
JB, Perissinotto R, Deyzel SHP, Whitfield AK (2020) Microphyto-
benthos diversity and community structure across different micro-
estuaries and micro-outlets: effects of environmental variables on 
community structure. Environ Pollut 260:114097. https://​doi.​org/​
10.​1016/j.​envpol.​2020.​114097

Ehiguese FO, Corada Fernandez MC, Lara-Martín PA, Martín-Díaz 
ML, Araújo CVM (2019) Avoidance behaviour of the shrimp Pal-
aemon varians regarding a contaminant gradient of galaxolide and 
tonalide in seawater. Chemosphere 232:113–120. https://​doi.​org/​
10.​1016/j.​chemo​sphere.​2019.​05.​196

Elliott M, Quintino V (2007) The estuarine quality paradox, environ-
mental homeostasis and the difficulty of detecting anthropogenic 
stress in naturally stressed areas. Mar Pollut Bull 54:640–645. 
https://​doi.​org/​10.​1016/j.​marpo​lbul.​2007.​02.​003

Faimali M, Gambardella C, Costa E, Piazza V, Morgana S, Estevez-
Calvar N, Garaventa F (2016) Old model organisms and new 
behavioral end-points: swimming alteration as an ecotoxicological 
response. Mar Environ Res 128:36–45. https://​doi.​org/​10.​1016/j.​
maren​vres.​2016.​05.​006

FAO (2006) Cultured aquatic species information programme. Penaeus 
vannamei. Cultured aquatic species information programme. 
Text by Briggs, M. In: FAO Fisheries Division [online]. Rome. 
Updated 7 April 2006. [Cited 1 December 2020] http://​www.​fao.​
org/​fishe​ry/​cultu​redsp​ecies/​Penae​us_​vanna​mei/​en

Frías-Espericueta MG, Castro-Longoria R, Barrón-Gallardo GJ, Osuna-
López JI, Abad-Rosales SM, Páez-Osuna F, Voltolina D (2008) 
Histological changes and survival of Litopenaeus vannamei juve-
niles with different copper concentrations. Aquaculture 278(1–
4):97–100. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2008.​03.​008

García-de la Parra LM, Bautista-Covarrubiasa JC, Rivera-de la Rosa N, 
Betancourt-Lozano M, Guilhermino L (2006) Effects of methami-
dophos on acetylcholinesterase activity, behavior, and feeding rate 
of the white shrimp (Litopenaeus vannamei). Ecotoxicol Environ 
Saf 65:372–380. https://​doi.​org/​10.​1016/j.​ecoenv.​2005.​09.​001

Gerhardt A (2007) Aquatic behavioral ecotoxicology—prospects and 
limitations. Hum Ecol Risk Assess Int J 13:481–491. https://​doi.​
org/​10.​1080/​10807​03070​13408​39

Gerhardt A, Janssens de Bisthoven L, Mo Z, Wang C, Yang M, Wang 
Z (2002) Short-term responses of Oryzias latipes (Pisces: Adri-
anichthyidae) and Macrobrachium nipponense (Crustacea: Pal-
aemonidae) to municipal and pharmaceutical waste water in 
Beijing, China: survival, behaviour, biochemical biomarkers. Che-
mosphere 47(1):35–47. https://​doi.​org/​10.​1016/​S0045-​6535(01)​
00223-5

González-Ortegón E, Pascual E, Cuesta JA, Drake P (2006) Field dis-
tribution and osmoregulatory capacity of shrimps in a temperate 
European estuary (SW Spain). Estuar Coast Shelf Sci 67:293–302. 
https://​doi.​org/​10.​1016/j.​ecss.​2005.​11.​025

González-Ortegón E, Mackay-Walton ME, Moghaddam B, Vilas 
C, Prieto A, Kennedy HA, Cañavate JP, Le Vay L (2015) Flow 
regime in a restored wetland determines trophic links and spe-
cies composition in the aquatic macroinvertebrate community. Sci 
Total Environ 503:241–250. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2014.​09.​002

28032 Environmental Science and Pollution Research (2023) 30:28023–28034

https://doi.org/10.1155/2019/6730305
https://doi.org/10.1155/2019/6730305
https://doi.org/10.1080/03067319.2013.870269
https://doi.org/10.1109/AERO.2005.1559688
https://doi.org/10.1002/etc.4310
https://doi.org/10.1016/j.aquatox.2013.10.030
https://doi.org/10.1016/j.chemosphere.2016.08.029
https://doi.org/10.1016/j.chemosphere.2016.08.029
https://doi.org/10.1002/etc.3192
https://doi.org/10.1002/etc.3192
https://doi.org/10.1016/j.chemosphere.2019.06.139
https://doi.org/10.1016/j.chemosphere.2019.06.139
https://doi.org/10.1016/j.chemosphere.2020.127190
https://doi.org/10.1016/j.scitotenv.2017.09.143
https://doi.org/10.1016/j.scitotenv.2017.09.143
https://doi.org/10.1007/s00244-005-0149-x
https://doi.org/10.1134/S0022093012020053
https://doi.org/10.1134/S0022093012020053
https://opencv.org/
https://doi.org/10.1080/02757540.2018.1427231
https://doi.org/10.1016/j.ecoenv.2004.10.006
https://doi.org/10.1016/j.ecoenv.2004.10.006
https://doi.org/10.1007/s10646-009-0402-6
https://doi.org/10.1007/s00128-014-1334-2
https://doi.org/10.1016/j.envpol.2020.114097
https://doi.org/10.1016/j.envpol.2020.114097
https://doi.org/10.1016/j.chemosphere.2019.05.196
https://doi.org/10.1016/j.chemosphere.2019.05.196
https://doi.org/10.1016/j.marpolbul.2007.02.003
https://doi.org/10.1016/j.marenvres.2016.05.006
https://doi.org/10.1016/j.marenvres.2016.05.006
http://www.fao.org/fishery/culturedspecies/Penaeus_vannamei/en
http://www.fao.org/fishery/culturedspecies/Penaeus_vannamei/en
https://doi.org/10.1016/j.aquaculture.2008.03.008
https://doi.org/10.1016/j.ecoenv.2005.09.001
https://doi.org/10.1080/10807030701340839
https://doi.org/10.1080/10807030701340839
https://doi.org/10.1016/S0045-6535(01)00223-5
https://doi.org/10.1016/S0045-6535(01)00223-5
https://doi.org/10.1016/j.ecss.2005.11.025
https://doi.org/10.1016/j.scitotenv.2014.09.002
https://doi.org/10.1016/j.scitotenv.2014.09.002


1 3

González-Ortegón E, Laiz I, Sánchez-Quiles D, Cobelo-Garcia A, 
Tovar-Sánchez A (2019) Trace metal characterization and fluxes 
from the Guadiana, Tinto-Odiel and Guadalquivir estuaries to the 
Gulf of Cadiz. Sci Total Environ 650:2454–2466. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2018.​09.​290

Grosell M, Blanchard J, Brix KV, Gerdes R (2007) Physiology is piv-
otal for interactions between salinity and acute copper toxicity to 
fish and invertebrates. Aquat Toxicol 84:162–172. https://​doi.​org/​
10.​1016/j.​aquat​ox.​2007.​03.​026

Gutierrez MF, Paggi JC, Gagneten AM (2012) Microcrustaceans 
escape behavior as an early bioindicator of copper, chromium and 
endosulfan toxicity. Ecotoxicology 21(2):428–438. https://​doi.​org/​
10.​1007/​s10646-​011-​0803-1

Hansen LR, Roslev P (2016) Behavioral responses of juvenile Daph-
nia magna after exposure to glyphosate and glyphosate-copper 
complexes. Aquat Toxicol 179:36–43. https://​doi.​org/​10.​1016/j.​
aquat​ox.​2016.​08.​010

Harper DD, Farag AM, Hogstr C, Macconnell E (2009) Trout density 
and health in a stream with variable water temperatures and trace 
element concentrations: does a cold-water source attract trout to 
increased metal exposure? Environ Toxicol Chem 28(4):800–808. 
https://​doi.​org/​10.​1897/​08-​072R.1

Henderson A (2007) The ParaView guide: a parallel visualization 
application [Computer Software], Kitware Inc. https://​www.​parav​
iew.​org/

Hlina BL, Birceanu O, Robinson CS, Dhiyebi H, Wilkie MP (in press) 
The relationship between thermal physiology and lampricide sen-
sitivity in larval sea lamprey (Petromyzon marinus). J Great Lakes 
Res. https://​doi.​org/​10.​1016/j.​jglr.​2021.​10.​002

Højsgaard S, Halekoh U, Yan J (2016) Geepack: generalized estimat-
ing equation package. See https://​cran.r-​proje​ct.​org/​web/​packa​ges/​
geepa​ck/​index.​html

Holan JR, King CK, Proctor AH, Davis AR (2019) Increased sensitiv-
ity of subantarctic marine invertebrates to copper under a chang-
ing climate — effects of salinity and temperature. Environ Pollut 
249:54–62. https://​doi.​org/​10.​1016/j.​envpol.​2019.​02.​016

Holthuis LB (1980) Shrimps and prawns of the world: an annotated 
catalogue of species of interest to fisheries. FAO Fish Synop 
125(1):1–271

Knops M, Altenburger R, Segner H (2001) Alterations of physiologi-
cal energetics, growth and reproduction of Daphnia magna under 
toxicant stress. Aquat Toxicol 53(2):79–90. https://​doi.​org/​10.​
1016/​S0166-​445X(00)​00170-3

Krång AS, Ekerholm M (2006) Copper reduced mating behaviour 
in male shore crabs (Carcinus maenas (L.)). Aquati Toxicol 
80(1):60–69. https://​doi.​org/​10.​1016/j.​aquat​ox.​2006.​07.​014

Lacher TE Jr, Goldstein MI (2009) Tropical ecotoxicology: status and 
needs. Environ Toxicol Chem 16(1):100–111. https://​doi.​org/​10.​
1002/​etc.​56201​60111

Lahman SE, Trent KR, Moore PA (2015) Sublethal copper toxicity 
impairs chemical orientation in the crayfish, Orconectes rusticus. 
Ecotoxicol Environ Saf 113:369–377. https://​doi.​org/​10.​1016/j.​
ecoenv.​2014.​12.​022

Lodhi HS, Khan MA, Verma RS, Sharma UD (2006) Acute toxic-
ity of copper sulphate to fresh water prawns. J Environ Biol 
27(3):585–588

Mena F, González-Ortegón E, Solano K, Araújo CVM (2020) The 
effect of the insecticide diazinon on the osmoregulation and the 
avoidance response of the white leg shrimp (Penaeus vannamei) 
is salinity dependent. Ecotoxicol Environ Saf 206:111364. https://​
doi.​org/​10.​1016/j.​ecoenv.​2020.​111364

Michalec FG, Holzner M, Menu D, Hwang JS, Souissi S (2013) 
Behavioral responses of the estuarine calanoid copepod Euryte-
mora affinis to sub-lethal concentrations of waterborne pollutants. 
Aquat Toxicol 138–139:129–138. https://​doi.​org/​10.​1016/j.​aquat​
ox.​2013.​05.​007

Mishra A, Shukla S, Chopra AK (2018) Effect of heavy metal, copper 
sulphate and potassium chromate on behaviour of “Tailless water 
flea” Simocephalus vetulus (Crustacea - Cladocera). J Appl Nat 
Sci 10(1):507–517. https://​doi.​org/​10.​31018/​jans.​v10i1.​1659

Moe JS, De Schamphelaere K, Clements WH, Sorensen MT, Van Den 
Brink PJ, Liess M (2013) Change combined and interactive effects 
of global climate change and toxicants on populations and com-
munities. Environ Toxicol Chem 32(1):49–61. https://​doi.​org/​10.​
1002/​etc.​2045

Moreira-Santos M, Donato C, Lopes I, Ribeiro R (2008) Avoidance 
tests with small fish: determination of the median avoidance con-
centration and of the lowest observed-effect gradient. Environ 
Toxicol Chem 27(7):1576–82. https://​doi.​org/​10.​1897/​07-​094.

Moreira-Santos M, Ribeiro R, Araújo CVM (2019) What if aquatic 
animals move away from pesticide-contaminated habitats before 
suffering adverse physiological effects? A critical review. Crit Rev 
Environ Sci Technol 49(11):989–1025. https://​doi.​org/​10.​1080/​
10643​389.​2018.​15645​07

Núñez-Nogueira G, Fernández-Bringas L, Ordiano-Flores A, Gómez-
Ponce A, De León-Hill CP, González-Farías F (2012) Accumula-
tion and regulation effects from the metal mixture of Zn, Pb, and 
Cd in the tropical shrimp Penaeus vannamei. Biol Trace Elem Res 
150(1–3):208–213. https://​doi.​org/​10.​1007/​s12011-​012-​9500-z

Ogle DH, Wheeler P, Dinno A (2020) FSA: Fisheries Stock Analysis. 
R package version 0.8.30, https://​github.​com/​drogl​enc/​FSA

Olsén K (2011) Effects of pollutants on olfactory mediated behaviors 
in fish and crustaceans. In: Breithaupt T, Thiel M (eds) Chemi-
cal Communication in Crustaceans. Springer-Verlag, New York, 
p 565

Osuna-Flores I, Pérez-Morales A, Olivos-Ortiz A, Álvarez-González 
CA (2019) Effect of organophosphorus pesticides in juveniles of 
Litopenaeus vannamei: alteration of glycogen, triglycerides, and 
proteins. Ecotoxicology 28:698–706. https://​doi.​org/​10.​1007/​
s10646-​019-​02066-6

Oulton LJ, Taylor MP, Hose GC, Brown C (2014) Sublethal toxic-
ity of untreated and treated stormwater Zn concentrations on the 
foraging behaviour of Paratya australiensis (Decapoda: Atyi-
dae). Ecotoxicology 23(6):1022–1029. https://​doi.​org/​10.​1007/​
s10646-​019-​02066-6

Peng S, Zhou R, Qin X, Shi H, Ding D (2013) Application of mac-
robenthos functional groups to estimate the ecosystem health in 
a semi-enclosed bay. Mar Pollut Bull 74(1):302–310. https://​doi.​
org/​10.​1016/j.​marpo​lbul.​2013.​06.​037

Peterson EK, Buchwalter DB, Kerby JL, Lefauve MK, Varian-Ramos 
CW, Swaddle JP (2017) Integrative behavioral ecotoxicology: 
bringing together fields to establish new insight to behavioral ecol-
ogy, toxicology, and conservation. Current Zoology 63(2):185–
194. https://​doi.​org/​10.​1093/​cz/​zox010

R Core Team (2020) R: A language and environment for statistical 
computing. R foundation for statistical computing, Vienna, Aus-
tria. https://​www.R-​proje​ct.​org/

Rosa R, Materatski P, Moreira-Santos M, Sousa JP, Ribeiro R (2012) 
A scaled-up system to evaluate zooplankton spatial avoidance and 
the population immediate decline concentration. Environ Toxicol 
Chem 31(6):1301–1305. https://​doi.​org/​10.​1002/​etc.​1813

Sandoval-herrera N, Mena F, Espinoza M, Romero A (2019) Neuro-
toxicity of organophosphate pesticides could reduce the ability 
of fish to escape predation under low doses of exposure. Sci Rep 
1–11. https://​doi.​org/​10.​1038/​s41598-​019-​46804-6

Schmidt KA, Dall SRX, van Gils JA (2010) The ecology of infor-
mation: an overview on the ecological significance of making 
informed decisions. Oikos 119(2):304–316. https://​doi.​org/​10.​
1111/j.​1600-​0706.​2009.​17573.x

Silva DCVR, Araújo CVM, Marassi RJ, Cardoso-Silva S, Neto MB, 
Silva GC, Ribeiro R, Silva FT, Paiva TCB, Pompêo MLM (2018) 
Influence of interspecific interactions on avoidance response to 

28033Environmental Science and Pollution Research (2023) 30:28023–28034

https://doi.org/10.1016/j.scitotenv.2018.09.290
https://doi.org/10.1016/j.scitotenv.2018.09.290
https://doi.org/10.1016/j.aquatox.2007.03.026
https://doi.org/10.1016/j.aquatox.2007.03.026
https://doi.org/10.1007/s10646-011-0803-1
https://doi.org/10.1007/s10646-011-0803-1
https://doi.org/10.1016/j.aquatox.2016.08.010
https://doi.org/10.1016/j.aquatox.2016.08.010
https://doi.org/10.1897/08-072R.1
https://www.paraview.org
https://www.paraview.org
https://doi.org/10.1016/j.jglr.2021.10.002
https://cran.r-project.org/web/packages/geepack/index.html
https://cran.r-project.org/web/packages/geepack/index.html
https://doi.org/10.1016/j.envpol.2019.02.016
https://doi.org/10.1016/S0166-445X(00)00170-3
https://doi.org/10.1016/S0166-445X(00)00170-3
https://doi.org/10.1016/j.aquatox.2006.07.014
https://doi.org/10.1002/etc.5620160111
https://doi.org/10.1002/etc.5620160111
https://doi.org/10.1016/j.ecoenv.2014.12.022
https://doi.org/10.1016/j.ecoenv.2014.12.022
https://doi.org/10.1016/j.ecoenv.2020.111364
https://doi.org/10.1016/j.ecoenv.2020.111364
https://doi.org/10.1016/j.aquatox.2013.05.007
https://doi.org/10.1016/j.aquatox.2013.05.007
https://doi.org/10.31018/jans.v10i1.1659
https://doi.org/10.1002/etc.2045
https://doi.org/10.1002/etc.2045
https://doi.org/10.1897/07-094
https://doi.org/10.1080/10643389.2018.1564507
https://doi.org/10.1080/10643389.2018.1564507
https://doi.org/10.1007/s12011-012-9500-z
https://github.com/droglenc/FSA
https://doi.org/10.1007/s10646-019-02066-6
https://doi.org/10.1007/s10646-019-02066-6
https://doi.org/10.1007/s10646-019-02066-6
https://doi.org/10.1007/s10646-019-02066-6
https://doi.org/10.1016/j.marpolbul.2013.06.037
https://doi.org/10.1016/j.marpolbul.2013.06.037
https://doi.org/10.1093/cz/zox010
https://www.R-project.org/
https://doi.org/10.1002/etc.1813
https://doi.org/10.1038/s41598-019-46804-6
https://doi.org/10.1111/j.1600-0706.2009.17573.x
https://doi.org/10.1111/j.1600-0706.2009.17573.x


1 3

contamination. Sci Total Environ 642:824–831. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2018.​06.​127

Thatipaka RSD, Paila RV, Polaki S (2020) Copper-induced oxida-
tive stress and biomarkers in the postlarvae of Penaeus indicus. 
Environ Sci Pollut Res 27:29612–29622. https://​doi.​org/​10.​1007/​
s11356-​020-​08876-0

Tripathi B (2016) Alterations in behaviour, scaphognathite oscillations 
and heart beat rate in freshwater prawn, Macrobrachium dayanum 
(Crustacea: Decapoda), induced by cadmium chloride exposure. 
J Exp Zool 17(1):155–164

Untersteiner H, Gretschel G, Puchner T, Napetschnig S, Kaiser H 
(2005) Monitoring behavioral responses to the heavy metal cad-
mium in the marine shrimp Hippolyte inermis Leach (Crustacea: 
Decapoda) with video imaging. Zoological Studies 44(1):71–80

Usman N, Irawan B, Soegianto A (2013) Effect of copper on survival 
and osmoregulation in different life stages of white shrimp Litope-
naeus vannamei Boone, 1931. Cah Biol Mar 54:191–197

Valles-Jimenez R, Cruz P, Perez-Enriquez R (2005) Population genetic 
structure of Pacific white shrimp (Litopenaeus vannamei) from 
Mexico to Panama: microsatellite DNA variation. Mar Biotechnol 
6:475–484. https://​doi.​org/​10.​1007/​s10126-​004-​3138-6

Vera-Vera VC, Guerrero F, Blasco J, Araújo CVM (2019) Habitat 
selection response of the freshwater shrimp Atyaephyra des-
marestii experimentally exposed to heterogeneous copper con-
tamination scenarios. Sci Total Environ 662:816–823. https://​doi.​
org/​10.​1016/j.​scito​tenv.​2019.​01.​304

Verslycke T, Vangheluwe M, Heijerick D, De Schamphelaere K, Van 
Sprang P, Janssen CR (2003) The toxicity of metal mixtures to the 
estuarine mysid Neomysis integer (Crustacea: Mysidacea) under 
changing salinity. Aquat Toxicol 64(3):307–315. https://​doi.​org/​
10.​1016/​S0166-​445X(03)​00061-4

Wang L, Wu J, Wang W-N, Cai D-X, Liu Y, Wang A-L (2012) Glu-
tathione peroxidase from the white shrimp Litopenaeus van-
namei: characterization and its regulation upon pH and Cd 
exposure. Ecotoxicology 21:1585–1592. https://​doi.​org/​10.​1007/​
s10646-​012-​0942-z

Wang C, Li W, Chen S, Li D, Wang D, Liu J (2018) The spatial and 
temporal variation of total suspended solid concentration in Pearl 
River Estuary during 1987–2015 based on remote sensing. Sci 
Total Environ 618(September 2017):1125–1138. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2017.​09.​196

White SJ, Briffa M (2017) How do anthropogenic contaminants (ACs) 
affect behaviour? Multi-level analysis of the effects of copper on 
boldness in hermit crabs. Oecologia 183(2):391–400. https://​doi.​
org/​10.​1007/​s00442-​016-​3777-0

Yokoyama H, Sakami T, Ishihi Y (2009) Food sources of benthic ani-
mals on intertidal and subtidal bottoms in inner Ariake Sound, 
southern Japan, determined by stable isotopes. Estuar Coast Shelf 
Sci 82(2):243–253. https://​doi.​org/​10.​1016/j.​ecss.​2009.​01.​010

Zuur A, Ieno EN, Walker N, Saveliev AA, Smith GM (2009) Mixed 
effects models and extensions in ecology with R. Springer Science 
& Business Media

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

28034 Environmental Science and Pollution Research (2023) 30:28023–28034

https://doi.org/10.1016/j.scitotenv.2018.06.127
https://doi.org/10.1016/j.scitotenv.2018.06.127
https://doi.org/10.1007/s11356-020-08876-0
https://doi.org/10.1007/s11356-020-08876-0
https://doi.org/10.1007/s10126-004-3138-6
https://doi.org/10.1016/j.scitotenv.2019.01.304
https://doi.org/10.1016/j.scitotenv.2019.01.304
https://doi.org/10.1016/S0166-445X(03)00061-4
https://doi.org/10.1016/S0166-445X(03)00061-4
https://doi.org/10.1007/s10646-012-0942-z
https://doi.org/10.1007/s10646-012-0942-z
https://doi.org/10.1016/j.scitotenv.2017.09.196
https://doi.org/10.1016/j.scitotenv.2017.09.196
https://doi.org/10.1007/s00442-016-3777-0
https://doi.org/10.1007/s00442-016-3777-0
https://doi.org/10.1016/j.ecss.2009.01.010

	Dissimilar behavioral and spatial avoidance responses by shrimps from tropical and temperate environments exposed to copper
	Abstract
	Introduction
	Material and methods
	Test organisms
	Reagents (copper)
	Locomotion assessment experiments
	Avoidance tests
	Statistical analysis

	Results
	Locomotion assessment
	Avoidance response

	Discussion
	Conclusions
	Acknowledgements 
	References


