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Abstract
Behavioral endpoints are important parameters to assess the effects of toxicants on aquatic animals. These endpoints are 
useful in ecotoxicology because several toxicants modify the animal behavior, which may cause adverse effects at higher 
levels of ecological organization. However, for the development of new bioassays and for including the behavior in ecotoxi-
cological risk assessment, the comparison of sensitivity between different behavioral endpoints is necessary. Additionally, 
some toxicants remain in aquatic environments for a few hours or days, which may lead to animal recovery after toxicant 
exposure. Our study aimed to assess the effect of unionized ammonia on the movement and feeding behaviors of the aquatic 
gastropod Potamopyrgus antipodarum (Tateidae, Mollusca) and its recovery after exposure. Four treatments were used: a 
control and three nominal concentrations of unionized ammonia (0.25, 0.5 and 1 mg N-NH3/L). Each treatment was repli-
cated eight times, with six animals in each replicate. Animals were exposed to unionized ammonia for 48 h (exposure period) 
and, subsequently, to control water for 144 h (post-exposure period). Two movement variables were monitored without food 
and five feeding behavioral variables were monitored in the presence of food. Some of the feeding behavioral variables 
showed higher sensitivity (LOEC = 0.25–0.5 mg N-NH3/L) than the movement behavior variables monitored without food 
(LOEC = 1 mg N-NH3/L). After exposure to unionized ammonia, animals showed a recovery of most behavioral endpoints. 
The inclusion of post-exposure period and feeding behaviors in bioassays may make studies more realistic, which is crucial 
for a proper ecotoxicological risk assessment.

Behavioral parameters are important variables to assess the 
deleterious effects of toxicants on several aquatic animals, 
such as mollusks, decapods, amphipods, annelids, cnidar-
ians, fish (Alonso et al. 2009, 2016; Faimali et al. 2017; 
Hellou 2011; Melvin and Wilson 2013; Suski et al. 2019). 
Behavior allows animals to face potential environmental 
hazards, such as the presence of predators, variation in water 
chemical properties, increase in competition, or exposure to 
toxicants (Alonso et al. 2016; Dell’Olmo 2002; Hellou 2011; 
Little and Finger 1990; Suski et al. 2019). These environ-
mental changes can modify the survival, growth, and repro-
duction of populations, which can trigger effects at higher 
levels of ecological organization (Hellou 2011). Thus, the 

number of behavioral studies to assess effects of toxicants 
to aquatic animals has increased in the last decades (Melvin 
and Wilson 2013). Impedance conversion technique, feeding 
behavior, spatial analysis of behavior, and other techniques 
have been developed in the last decades for different animal 
groups, such as mollusks, amphipods, fish (Alonso et al. 
2009, 2016; Alonso and Valle-Torres 2018; Delcourt et al. 
2013; Dell’Olmo 2002; Faimali et al. 2017; Kirkpatrick et al. 
2006; Nørum et al. 2011). In general, bioassays based on 
behavior are less time-consuming than developmental and 
reproduction bioassays, and they present a higher sensitivity 
than lethal bioassays (Melvin and Wilson 2013). However, 
there are multiple behaviors that can be monitored, such as 
movements, feeding, or avoidance among others (Alonso 
and Camargo 2009a; Alonso and Valle-Torres 2018; Araujo 
and Blasco 2019; Dell’Olmo 2002; Kirkpatrick et al. 2006). 
These behaviors have been tested for different invertebrate 
and vertebrate animals (Alonso and Valle-Torres 2018; 
Bownik et al. 2020; Dell’Olmo 2002; Hellou 2011). Assess-
ing the sensitivities to toxicants of those behaviors is impor-
tant to develop new behavioral bioassays and to include 
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specific behaviors in the ecotoxicological risk assessment 
of toxicants.

Animal movements, such as swimming, avoidance, 
sliding, or time to start activity, allow animals avoiding 
predation, escaping from polluted areas, locating food, or 
reproducing. Therefore, assessing the effects of toxicants 
on movements may help make laboratory bioassays more 
realistic. Among behaviors, feeding behaviors (i.e., any 
animal action allowing it to obtain food) have an essential 
ecological relevance: any toxicant that reduces the capac-
ity of animals to locate, reach food, or feed may imply 
effects at higher levels of ecological organization (Alonso 
et al. 2009, 2016; Alonso and Valle-Torres 2018; Couland 
et al. 2015; Maltby et al. 1990; Nyman et al. 2013). Those 
effects are primarily caused by the reduction in the energy 
intake, which subsequently produces deleterious effects on 
growth and reproduction (Couland et al. 2015; Maltby et al. 
1990). Animal movements and feeding behaviors are closely 
related, as movements allow animals to reach the food and 
feed. However, in behavioral bioassays the assessment of 
movement is usually conducted in absence of food (Alonso 
and Camargo 2009a; Bownik et al. 2020; Liu et al. 2020). 
Additionally, food releases chemical cues which medi-
ate behaviors such as movements or food selection (Costa 
and Nomura 2014; Hassenkloever et al. 2012; Lahman and 
Moore 2015; Martin 2017; Alonso 2021). In that case, the 
locomotory system is involved in the behavioral reaction, 
but also the olfactory system which is essential for the ori-
entation abilities of aquatic animals (Azizishrazi et al. 2013; 
Lahman and Moore 2015; Mahabir and Gerlai 2017).

The assessment of the degree of behavioral recovery after 
toxicant exposure is a relevant issue in ecotoxicological stud-
ies (Alonso and Camargo 2014; Cao et al. 2014; Lahman 
and Moore 2015). In some pollution events, toxicants are 
released to the aquatic media for a few hours or days, caus-
ing an adverse effect on behavior. Subsequently, behavior 
of pre-exposure animals may recover completely or the 
adverse effects may increase. Recovery depends on the kind 
of toxicant, its concentration, and exposure time (Alonso 
and Camargo 2009b, 2014; Gordon et al. 2012; Hoang et al. 
2007; Lahman and Moore 2015). Therefore, the inclusion 
of recovery after exposure to toxicants in the experimen-
tal setup is a relevant issue to improve the extrapolation of 
results from laboratory bioassays to natural ecosystems.

Among toxicants, ammonia has previously shown del-
eterious effects on different behavioral parameters (Alonso 
and Camargo 2004, 2009a; Beggel et al. 2017; Richardson 
et al. 2001). Different human activities (e.g., farming runoff, 
atmospheric deposition, industrial wastes, and urban efflu-
ents) have increased the ammonia concentration in aquatic 
ecosystems (Camargo and Alonso 2006; Constable et al. 
2003; Vitousek et al. 1997; Zhang et al. 2017, 2018). In 
fact, ammonia is one of the most widespread contaminants 

in developed countries (Abel 2000; Spencer et al. 2008). 
Ammonia is an inorganic compound that comes mainly 
from the decomposition of organic matter, with an equilib-
rium between the ionized (NH4

+) and the unionized (NH3) 
forms (Constable et al. 2003). The proportion of each form 
in freshwater ecosystems is mainly controlled by pH and 
water temperature (Emerson et al. 1975), with the union-
ized form being the most toxic (Camargo and Alonso 2006; 
Constable et al. 2003).

The aim of this study was to test the effect of unionized 
ammonia on the movement and feeding behaviors of the 
aquatic gastropod Potamopyrgus antipodarum (Tateidae, 
Mollusca), including the degree of behavioral recovery after 
toxicant exposure. This species has been broadly used in 
behavioral studies, mainly due to its sensitivity and easy cul-
tivation in laboratory (Alonso and Camargo 2009a; Alonso, 
García-Perinan and Camargo 2016; Alonso and Valle-Torres 
2018; Heye et al. 2019; Ruppert et al. 2016).

Materials and Methods

Animal Culture

Animals for the bioassay were obtained from our culture at 
the Laboratory of Ecology (Department of Life Sciences, 
University of Alcalá). The culture of P. antipodarum was 
started in 2009, with animals collected in the upper reach of 
the Henares River (Guadalajara province, Spain). Culture 
tanks consisted of 60L of standardized USEPA water (96 mg 
NaHCO3, 60 mg CaSO4·2H2O, 4 mg KCl, 122.2 mg MgSO4, 
per liter of deionized water plus 10 mg CaCO3 per liter) 
(USEPA 2002) at 20-22ºC. Snails were fed with 0.10 mg of 
dry food per animal and day (50% fish food Tetra- Menü© 
GmbH, Melle, Germany + 50% Sera © Spirulina Tabs 
GmbH, Heinsberg, Germany). Ten percent of the culture 
water was renewed every two weeks. Water was filtered by 
means of aquarium filters.

Bioassay Design

A behavioral bioassay was conducted using four treatments: 
a control and three nominal concentrations of unionized 
ammonia (0.25, 0.5, and 1 mg N-NH3/L). These concentra-
tions were used because they were in the range of short-term 
toxic effects on this species (Alonso and Camargo 2014). 
Ammonia treatments were prepared from an ammonia stock 
solution (NH4Cl, 99.5% purity, Panreac, Spain). Water tem-
perature and pH were monitored during the bioassay to 
estimate the unionized ammonia concentration (Emerson 
et al. 1975). The control and each treatment were replicated 
eight times, with six animals in each replicate. Therefore, 
each treatment (including the control) was conducted with 8 



replicates and 48 animals (6 animals in each replicate). The 
total number of animals for the bioassay was 192 animals 
in 32 replicates (8 replicates in each treatment including 
control). Animals were exposed to unionized ammonia for 
48 h (exposure period with one monitoring time at 48 h) and, 
subsequently, transferred to control water for 144 h (post-
exposure period with two monitoring times at 48 and 144 h). 
The total duration of the bioassay (including exposure and 
post-exposure) was 8 days. The bioassay was conducted at 
18ºC in a climatic chamber (ANSONIC®VAC0732). The 
previous week to the start of the bioassay, 200 animals were 
kept in four vessels (700 ml) in the climatic chamber at 18ºC 
for acclimatization. During this period, animals were feed 
ad libitum with food pellets (JBL® NovoOrawn GmbH & 
Co KG, Germany). Total ammonia (NH3 plus NH4

+) was 
analyzed at 0, 24, and 48 h of exposure through a stand-
ardized spectrophotometric method (Spectroquant®Merck, 
Germany, Detection limit = 0.002 mg N-NH3/L) (American 
Public Health Association 2005). Glass vessels of 125 ml 
of solution were used for each replicate. Each vessel was 
covered with a perforated Petri dish to reduce ammonia 
and water evaporation. The experimental setup allowed the 
assessment of the behavior recovery after the exposure to 
unionized ammonia.

Monitored Variables

Two movement variables of P. antipodarum were monitored 
in absence of food: (1) Immobility: an animal was consid-
ered immobile when no displacement was observed after 
600 s of activity recording, its soft body was inside the shell, 
and its operculum moved after being touched with forceps 
(see below). If the operculum did not move, the animal was 
considered dead. (2) Activity: it was measured as the time 
(in seconds) taken by each animal to start the sliding move-
ment (Alonso and Camargo 2009a). To monitor this param-
eter, each animal was taken up with forceps and placed in 
the center of the bioassay vessel with the operculum fac-
ing to the bottom. The time to start the sliding movement 
was recorded through a chronometer. Both variables were 
monitored at 48 h of unionized ammonia exposure in testing 
water and at 48 and 144 h of post-exposure in control water. 
These variables were monitored in absence of food using a 
stereomicroscope (MOTIC® SMZ-168) with a fiber optic 
light (Jenalux® 150). With this procedure, we ensured that 
movements were not affected by the presence of food.

Feeding behaviors were monitored through a video-
recording method (Alonso et al. 2016). Eight Petri dishes 
(130  mm diameter and 75  ml of USEPA water) were 
placed on a table. A video camera (Canon LEGRIA HF 
R57) was placed 104 cm above the dishes with a tripod. In 
each dish, six animals of a replicate were situated. A total 
of 4 batches were recorded. In each batch, two replicates 

of each treatment were monitored (e.g., 4 treatments X 2 
replicates = 8 dishes with 6 animals in each dish, 48 ani-
mals monitored in each batch). Eight food pellets (JBL® 
NovoOrawn GmbH & Co KG, Germany) were placed in one 
extreme of each dish and the six animals of a replicate in the 
opposite side of the dish. For the video-recording and in each 
batch, one animal of a treatment and replicate was placed in 
its corresponding dish. Subsequently, another animal of the 
next treatment and replicate was placed in the next dish and 
so on until all animals of each batch (48 animals) were in all 
the dishes. For each batch, the video-recording started when 
the first animal was placed in the first dish and extended for 
90 min. Therefore, all replicates in all treatments (including 
the control) were recorded for 90 min. Videos were analyzed 
by means of the free software ImageJ 1.52 (Wayne Rasband, 
National Institute of Health, USA; http://​rsb.​info.​nih.​gov/​
ij/). Five feeding variables were monitored in presence of 
food: 1) the time taken by the first (t-1), 2) second (t-2), and 
3) third (t-3) animal to reach the food pellets. For recording
that, the time (in seconds) taken by the first (and second and
third animal) to reach the pellets and to contact with them
for at least 5 s was directly monitored in videos. 4) The per-
centage of animals that were eating (% eating). For that, all
videos were checked to monitor the number of animals that
were over the food or in contact with pellets in each replicate
for at least 5 s. 5) The mean distance (in mm) of animals to
the food pellets was assessed in each replicate from nine
images taken at 10-min intervals. Distances were estimated
through image analysis in ImageJ, and the mean of all dis-
tances for each replicate was calculated. These five variables
were monitored in presence of food at 48 h of exposure and
at 48 and 144 h of post-exposure.

At 24 and 48 h of exposure and at 119 h of post-exposure, 
the dissolved oxygen in water, pH, conductivity, and water 
temperature were monitored through an oximeter (Crison 
model oxi 45 +), pH meter (Crison micropH 2001, ALELLA 
08,328), and conductivimeter (Crison CM 35 + for conduc-
tivity and water temperature). Additionally, the shell length 
of snails was measured at the end of the bioassay through 
an ocular micrometer. The mean (± SD) (n = 64) shell length 
of experimental animals was 3.65 ± 0.17 mm (for control, 
3.67 ± 0.23 mm, 3.66 ± 0.16 mm for the lowest ammonia 
concentration, 3.65 ± 0.11 mm for the intermediate concen-
tration, and 3.65 ± 0.18 mm for the highest concentration).

Statistical Analysis

Differences in mortality between treatments (including con-
trol) were assessed by means of a Kruskal–Wallis test. A 
mixed ANOVA test was applied to analyze the influence of 
time (48 h of exposure, 48 h and 144 h of post-exposure), 
treatments (control and three unionized ammonia concen-
trations), and their interactions (time X treatment) on the 

http://rsb.info.nih.gov/ij/
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movement (immobility and activity) and feeding variables 
(time taken by the first, second, and third animal to reach 
the food pellets, the percentage of animals that were eat-
ing, and the mean distance (in mm) of animals to the food 
pellets). If significant effects were obtained for treatment 
or time (p < 0.05), a post hoc test was performed to ana-
lyze which treatments caused differences regarding con-
trols or which time of post-exposure caused differences 
regarding exposure period (Wilcoxon signed rank test with 
Holm’s correction and pairwise Wilcoxon rank sum tests 
with Holm’s correction, respectively). For each variable, 
the highest unionized ammonia concentration not signifi-
cant different from the control was considered as the No 
Observed Effect Concentration (NOEC) and the lowest 
concentration significantly different from the control was 
considered as the Lowest Observed Effect Concentration 
(LOEC). We applied the Greenhouse–Geisser approach to 
the immobility analysis since the sphericity assumption was 
not fulfilled. Activity, mean distance to the food, and time 
taken by the first, second, and third animals to reach the food 
were log-transformed to achieve normality and homogeneity 
of variances after checking parametric requirements through 
Kolmogorov–Smirnov (normality) and Fligner–Killeen tests 
(homocedasticity). We performed all the statistical analy-
ses with R software (R Core Team 2020). For all statistical 
analyses, dead animals were not considered.

Results

The mean values (± SD) (n = 4–8) of the physical–chemical 
parameters for the control and 0.25, 0.5, and 1 mg N-NH3/L 
treatments were 6.2 ± 0.26, 6.0 ± 0.26, 6.3 ± 0.17 and 
6.3 ± 0.25  mg O2/l for dissolved oxygen, 8.0 ± 0.05, 
8.1 ± 0.03, 8.0 ± 0.04 and 8.0 ± 0.03 for pH, 367.3 ± 11.9, 
364.5 ± 5.92, 368.2 ± 11.3 and 361.8 ± 11.3 µS/cm for 
conductivity, and 17.7 ± 0.55, 17.9 ± 0.41, 17.8 ± 0.51, 
and 17.5 ± 0.69  °C for water temperature. The mean 
(± SD) (n = 24) actual concentrations of unionized ammo-
nia were < 0.03 (Control), 0.23 ± 0.03, 0.62 ± 0.14, and 
1.5 ± 0.52 mg N-NH3/L. We only recorded dead animals 
in the highest ammonia concentration (4.1 ± 11; mean 
(n = 8) ± SD percentage of mortality at the end of the bioas-
say), although there were no significant differences of mor-
tality across treatments (p = 0.39; Kruskal–Wallis test).

The time, treatment, and their interaction affected move-
ment variables (Table 1; p < 0.05, mixed ANOVA). Only 
the highest concentration of unionized ammonia increased 
both the proportion of immobile animals and the time taken 
by each animal to start the sliding movement (Fig. 1 and 
Table 1) (p < 0.05, Wilcoxon signed rank test with Holm’s 
correction). Therefore, for both variables, the NOEC was 
0.62  mg  N-NH3/L and the LOEC 1.5  mg  N-NH3/L. In 

general, responses to the treatments varied with time, lead-
ing a significant interaction between both factors (Fig. 1). 
This was especially marked for the proportion of immo-
bile animals at the highest unionized ammonia concentra-
tion, which showed a huge response during the exposure to 
ammonia, a full recovery at 48 h of post-exposure, and a 
slight increase at 144 h of post-exposure, whereas responses 
to remaining treatments were relatively homogeneous across 
time (Fig. 1A).

The treatment and time were significant for all feeding 
behavior variables (Table 2) (p < 0.05, mixed ANOVA). 
Their interaction was also significant for the time taken by 
the first animal to reach the food, percentage of animals eat-
ing, and mean distance to the food (Table 2) (p < 0.05, mixed 
ANOVA). The monitoring of feeding variables showed that 
the time taken by the first and second animal to reach the 
food pellets were increased by the highest unionized ammo-
nia concentration with respect to control (Fig. 2) (p < 0.05, 
Wilcoxon signed rank test with Holm’s correction). There-
fore, for both variables the NOEC was 0.62 mg N-NH3/L 
and the LOEC 1.5 mg N-NH3/L. The time taken by the 
third animal to reach the food was increased by the two 
highest unionized ammonia concentrations compared with 
the control (Fig. 2C) (p < 0.05, Wilcoxon signed rank test 
with Holm’s correction). For this variable, NOEC was 
0.23 mg N-NH3/L and LOEC was 0.62 mg N-NH3/L. The 
percentage of animals that were eating was only reduced 

Table 1   Summary of results of the mixed ANOVA assessing the 
influence of unionized ammonia treatments, time, and their interac-
tion on the immobility and activity of Potamopyrgus antipodarum. 
The time (48 h of exposure and 48 and 144 h of post-exposure) was 
the within-subject factor, the treatment (Control, 0.23, 0.62, and 
1.5  mg  N-NH3/L) was the between-subjects factor, and the immo-
bility (percentage of immobile individuals) and activity (in seconds) 
were the response variables

a Degrees of freedom (degrees of freedom of numerator/degrees of 
freedom of denominator) have been corrected for sphericity using the 
Greenhouse–Geisser approach (Field et al. 2012)

Source of vari-
ation

Degrees of free-
dom

F p Effect size

Immobility
Within-subject
Time 1.2/33.5a 5.6  < 0.05 0.1
Time ✕ Treatment 3.6/33.5a 3.6  < 0.05 0.13
 Between subjects

Treatment 3/28 11  < 0.0001 0.2
Activity
Within-subject
time 2/56 6.6  < 0.01 0.13
Time ✕ Treatment 6/56 3.9  < 0.01 0.21
Between subjects
Treatment 3/28 12.2  < 0.0001 0.32



by the highest unionized ammonia concentration (Fig. 3A) 
(p < 0.05, Wilcoxon signed rank test with Holm’s correction) 
(NOEC = 0.62 mg N-NH3/L and LOEC = 1.5 mg N-NH3/L). 
The mean distance of animals to the food pellets was the 
most sensitive variable, given that it was increased by all 
unionized ammonia treatments (Fig. 3B) (p < 0.05, Wil-
coxon signed rank test with Holm’s correction). Therefore, 
the LOEC was 0.23 mg N-NH3/L for this variable. In gen-
eral, during the exposure period to unionized ammonia, all 
studied variables responded to the toxicant, but during the 
post-exposure period, the differences between treatments 
and control were reduced (Figs. 1, 2, and 3). The percent-
age of immobile animals was different between 48 h of post-
exposure and 48 h of exposure (Fig. 1A) (p < 0.05, pairwise 
Wilcoxon rank sum tests with Holm’s correction). No differ-
ences were found for activity between post-exposure times 
and exposure time (Fig. 1B) (p > 0.05, pairwise Wilcoxon 
rank sum tests with Holm’s correction). All feeding vari-
ables differed between 48 and 144 h of post-exposure and 
48 h of exposure (Fig. 2 and 3) (p < 0.05, pairwise Wilcoxon 
rank sum tests with Holm’s correction).

Discussion

Our study has shown that some of the feeding behavioral 
variables (i.e., the time taken by the third animal to reach 
the food and the distance of animals to the food) were more 
sensitive than movement variables (i.e., percentage of immo-
bile animals and the time taken by each animal to start the 
sliding movement without food). Our results also showed 
that, in general, the recovery period was efficient to recover 
the behavior of P. antipodarum after unionized ammonia 
exposure. Our feeding behavioral variables were integrative 
as they include all the aspects that animals need to reach 
food (i.e., movements, the perception of chemical stimuli 
from food, etc.). Two of these variables (mean distance to 
the food and time taken to reach the food by the third ani-
mal) were more sensitive to unionized ammonia (NOEC 
of 0.23 mg N-NH3/L and LOEC of 0.23 mg N-NH3/L, 
respectively) than movements in absence of food (NOEC of 
0.62 mg N-NH3/L).

Unionized ammonia is a toxicant that cause deleteri-
ous effects on survival and feeding of several aquatic spe-
cies. For instance, this toxicant reduced the egestion rate 

Fig. 1   Mean (± SE) proportion of immobile individuals (A) and 
mean (± SE) reaction time (in seconds; B) of Potamopyrgus antipo-
darum individuals after 48  h of exposure to ammonia and 48 and 
144 h of post-exposure in each treatment (control and three increas-
ing actual unionized ammonia concentrations in mg N-NH3/L). The 
asterisk indicates the ammonia treatment that caused significant dif-
ferences of the variable with respect to the control across all time 

exposures and post-exposures (p < 0.05, Wilcoxon Signed Rank 
Test with Holm’s correction). For immobility, 48 h of post-exposure 
showed differences with 48 h exposure (p < 0.05, pairwise Wilcoxon 
rank sum tests with Holm’s correction). For activity, no significant 
differences were found between 48 and 144  h of post-exposure and 
48  h of exposure (p > 0.05, pairwise Wilcoxon rank sum tests with 
Holm’s correction)



of the freshwater amphipod Eulimnogammarus toletanus 
after 6 days of continuous exposure at 0.30 mg N-NH3/L 
(Alonso and Camargo 2004). For a 2-days exposure, this 
species showed a NOEC of 0.30 mg N-NH3/L and a LC50 
of 0.80 mg N-NH3/L (Alonso and Camargo 2004). In our 
study, the lowest NOEC value for the same exposure time 
was less than 0.23 mg N-NH3/L for mean distance to the 
food. Unionized ammonia also caused a cessation in feed-
ing in the marine fish Rachycentron canadum at 96 h of 

exposure, with an EC50 of 0.62 mg N-NH3/L (Rodrigues 
et al. 2007), feeding behavior being more sensitive than 
swimming (EC50 = 0.80  mg  N-NH3/L) and mortality 
(LC50 = 1.13 mg N-NH3/L) for this species. The freshwater 
planarian Polycelis felina showed a high long-term sensitiv-
ity to unionized ammonia, with a LOEC value at 30 days 
for mortality of 0.05 mg N-NH3/L and 0.02 mg N-NH3/L 
for movement, and an EC50 at 48  h for immobility of 
0.33 mg N-NH3/L and 0.47 mg N-NH3/L for mortality 
(Alonso and Camargo 2006, 2011). Regarding the freshwa-
ter gastropods Pleurocera unciale and Bellamya aeurugi-
nosa, unionized ammonia caused adverse effects (LC50 at 
96 h) at concentrations of 0.61 mg N-NH3/L (Goudreau et al. 
1993) and 0.56 mg N-NH3/L (Liu et al. 2021), respectively, 
which are higher than our lowest LOEC (0.23 mg N-NH3/L). 
In general, our study shows that mean distance to the food 
is a sensitive parameter, as its NOEC (< 0.23 mg N-NH3/L 
at 48 h of exposure) was relatively low. This concentra-
tion was higher than the safe concentrations of unionized 
ammonia at long-term exposures (ranged from 0.01 to 
0.10 mg N-NH3/L) (Alonso and Camargo 2011). However, 
our NOEC was relatively low for a short-term exposure 
(48 h) in comparison with water long-term criteria. This 
may indicate that the mean distance to the food could be a 
suited variable to assess the effects of the exposure to the 
unionized ammonia.

Unionized ammonia may trigger several impairments that 
may help to explain the behavioral effects observed in our 
study. For instance, this toxicant presents a high solubility 
in lipids that, together with the absence of charge, cause a 
rapid absorption through cell membranes (Fromm and Gil-
lette 1968). Therefore, during the first hours of exposure 
animals may uptake a high amount of unionized ammonia. 
Subsequently, this compound acts on several physiologi-
cal aspects: causing damages to gills, affecting hemolymph 
pH, altering metabolism of muscle elements, damaging 
DNA, reducing viability of cells, or affecting neurotrans-
mission, among others (Armstrong et al. 1978; Cong et al. 
2017; Fromm and Gillette 1968; Zhang et al. 2020). These 
effects may get worse if external concentration of ammonia 
keeps high, as gills are involved in the excretion of ammonia 
(Maltby 1995). These adverse effects may help to explain 
the deleterious effects on animal movements and feeding 
behaviors that were observed in our study, as a depletion 
in oxygen uptake, neurotransmission alteration, and muscle 
degradation are main factors controlling movement capacity 
and feeding (Alonso and Camargo 2011; Cong et al. 2017).

Adverse effects of unionized ammonia in the percep-
tion of chemical stimuli by aquatic invertebrates have been 
previously reported (Edwards et al. 2018). In this sense, 
the perception of chemical stimuli released from food is 
a key element in food searching by animals (Azizishirazi 
et al. 2013; Hassenklöver et al. 2012; Lahman and Moore 

Table 2   Summary of results of the mixed ANOVA assessing the 
influence of unionized ammonia treatments, time, and its interac-
tion on the time taken by the first, second, and third animals to reach 
the food, the percentage of animals eating, and the mean distance 
to the food of Potamopyrgus antipodarum. The time (48 h of expo-
sure and 48 and 144 h of post-exposure) was the within-subject fac-
tor, the treatment (control, 0.23, 0.62, and 1.5 mg N-NH3/L) was the 
between-subjects factor, and the time (in seconds) spent by the first, 
second, and third animals to reach the food, the percentage of animals 
eating, and the mean distance to the food (in mm) were the response 
variables

Source of variation Degrees of 
freedom

F p Effect size

Time taken by the first animal to reach the food (t1)
Within-subject
Time 2/56 54.8  < 0.00001 0.54
Time ✕ Treatment 6/56 4.1  < 0.01 0.21
Between subjects
Treatment 3/28 7.5  < 0.001 0.24
Time taken by the second animal to reach the food (t2)
Within-subject
Time 2/56 44  < 0.00001 0.49
Time ✕ Treatment 6/56 1.5 0.2 0.09
Between subjects
Treatment 3/28 6.1  < 0.01 0.2
Time taken by the third animal to reach the food (t3)
Within-subject
time 3/84 60.3  < 0.00001 0.53
Time ✕ Treatment 9/84 2 0.07 0.1
Between subjects
Treatment 3/28 6.9  < 0.01 0.3
Percentage of animals eating
Within-subject
Time 2/56 30.6  < 0.00001 0.42
Time ✕ Treatment 6/56 4.4  < 0.01 0.24
Between subjects
Treatment 3/28 4.5  < 0.05 0.14
Mean distance to the food
Within-subject
Time 2/56 73.7  < 0.00001 0.6
Time ✕ Treatment 6/56 8.2  < 0.00001 0.34
Between subjects
Treatment 3/28 8.8  < 0.001 0.29



2015; Kamio and Derby 2017). Toxicants may alter this 
mechanism directly through the impartment of chemosen-
sory systems and/or by alterations of the physiological 
status, which could hinder the processing of information 
(Edwards et al. 2018; Sutterlin 1974). Toxicants interfere 
indirectly with chemical stimuli by masking the back-
ground signal (Edwards et al. 2018). This is an immedi-
ate mechanism, as no previous physiological impairment 
in the animals is necessary. This fact could contribute to 
explain the higher sensitivity of feeding behaviors over 
movement without food in our study. In fact, tracking 
odors from their sources (e.g., food) is one of the main 
factors involved in the movement of aquatic gastropods, 
and other animals (Kamio and Derby 2017; Wyeth 2019). 
In our study, the use of still water means that chemotaxis 
(i.e., the movement of snails in the direction of increas-
ing chemical gradient) could be the main mechanisms 
of P. antipodarum to detect the food (Wyeth 2019). On 
the other hand, the absence of food in bioassays without 
toxicants usually causes an increase in animal activity 
(Alonso 2021). However, this trend was not observed in 
our study, which could indicate an adverse effect of union-
ized ammonia.

In general, behavioral bioassays have shown some advan-
tages in ecotoxicology. They are less time-consuming than 
bioassays based on development and reproduction, and they 
have higher sensitivity than lethal bioassays (Melvin and 
Wilson 2013). Among the behavioral endpoints studied, our 
results have shown that those based on feeding behaviors 
are able to detect adverse effects of toxicants, during and 
after toxicant exposure. This is an agreement with a previous 
study in our laboratory with acetone (Alonso et al. 2016). 
Therefore, feeding behavior (i.e., all kind of behavioral 
activities that allow animals getting food) may be a promis-
ing candidate for the development of standardized protocols 
in ecotoxicological risk assessment based on behavior.

Conclusions

We conclude that some of the behaviors monitored in the 
presence of food were more sensitive than movement vari-
ables monitored without food. Both groups of behaviors 
showed a higher sensitivity than mortality. Additionally, 
animals after unionized ammonia exposure showed a recov-
ery of most of the behavioral endpoints. The inclusion of 

Fig. 2   Mean (± SE) time (in seconds) taken by the first (A), the sec-
ond (B), and the third (C) animals to reach the food pellets after 48 h 
of exposure to the ammonia treatment and 48 and 144 h of post-expo-
sure (control and three increasing actual unionized ammonia concen-
trations in mg N-NH3/L). The asterisk indicates the ammonia treat-
ment that caused significant differences of the variable with respect 

to the control across all time exposures and post-exposures (p < 0.05, 
Wilcoxon signed rank test with Holm’s correction). For all variables, 
responses at 48 and 144  h of post-exposure differed from those at 
48  h of exposure (p < 0.05, pairwise Wilcoxon rank sum tests with 
Holm’s correction)



post-exposure periods and feeding behavior in ecotoxicolog-
ical bioassays may be a relevant improvement in the realism 
of those studies, which is crucial to a proper ecotoxicologi-
cal risk assessment.
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Holm’s correction)

https://doi.org/10.1007/s00244-022-00920-z


Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Abel PD (2000) Water pollution biology, 2nd edn. Taylor & Francis 
Publishers, London

Alonso A (2021) To eat or not to eat: the importance of starvation in 
behavioral bioassays. Water Air Soil Pollut 232:153. https:// doi. 
org/ 10. 1007/ s11270- 021- 05111-5

Alonso A, Camargo JA (2004) Toxic effects of unionized ammonia 
on survival and feeding activity of the freshwater amphipod 
Eulimnogammarus toletanus (Gammaridae, Crustacea). Bull 
Environ Contam Toxicol 72:1052–1058. https://​doi.​org/​10.​1007/​
s00128-​004-​0350-z

Alonso A, Camargo JA (2006) Ammonia toxicity to the freshwater 
invertebrates Polycelis felina (Planariidae, Turbellaria) and Echi-
nogammarus echinosetosus (Gammaridae, Crustacea). Fresenius 
Environ Bull 15:1578–1583

Alonso A, Camargo JA (2009a) Long-term effects of ammonia on the 
behavioral activity of the aquatic snail Potamopyrgus antipo-
darum (Hydrobiidae, Mollusca). Arch Environ Contam Toxicol 
56:796–802. https://​doi.​org/​10.​1007/​s00244-​008-​9266-7

Alonso A, Camargo JA (2009b) Effects of pulse duration and post-
exposure period on the nitrite toxicity to a freshwater amphipod. 
Ecotoxicol Environ Saf 72:2005–2008. https://​doi.​org/​10.​1016/j.​
ecoenv.​2009.​06.​008

Alonso A, Camargo JA (2011) The freshwater planarian Polycelis 
felina as a sensitive species to assess the long-term toxicity of 
ammonia. Chemosphere 84:533–537. https://​doi.​org/​10.​1016/j.​
chemo​sphere.​2011.​04.​030

Alonso A, Camargo JA (2014) Assessment of drift as a recovery end-
point in aquatic snails exposed to ammonia. Bull Environ Contam 
Toxicol 92:520–524. https://​doi.​org/​10.​1007/​s00128-​013-​1192-3

Alonso A, Valle-Torres G (2018) Feeding behavior of an aquatic snail 
as a simple endpoint to assess the exposure to cadmium. Bull 
Environ Contam Toxicol 100:82–88. https://​doi.​org/​10.​1007/​
s00128-​017-​2230-3

Alonso A, De Lange HJ, Peeters ETHM (2009) Development of a 
feeding behavioural bioassay using the freshwater amphipod 
Gammarus pulex and the Multispecies Freshwater Biomonitor. 
Chemosphere 75:341–346. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2008.​12.​031

Alonso A, Garcia-Perinan E, Camargo JA (2016) Development of a 
low-cost ecotoxicological bioassay based on the feeding behaviour 
of the aquatic snail Potamopyrgus antipodarum (Hydrobiidae, 
Mollusca). Arch Environ Contam Toxicol 71:553–560. https://​
doi.​org/​10.​1007/​s00244-​016-​0316-2

Araujo 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 38:312–320. https://​
doi.​org/​10.​1002/​etc.​4310

Armstrong DA, Chippendale D, Knight AW, Colt JE (1978) Interaction 
of ionized and un-ionized ammonia on short-term survival and 
growth of prawn larvae, Macrobrachium rosenbergii. Biol Bull 
154:15–31. https://​doi.​org/​10.​2307/​15407​71

American Public Health Association (APHA) (2005) Standard methods 
for the examination of water and wastewater, 21st ed. APHA–
AWWA–WPCF, Washington, DC

Azizishirazi A, Dew WA, Forsyth HL, Pyle GG (2013) Olfactory 
recovery of wild yellow perch from metal contaminated lakes. 
Ecotoxicol Environ Saf 88:42–47. https://​doi.​org/​10.​1016/j.​
ecoenv.​2012.​10.​015

Beggel S, Hinzmann M, Machado J, Geist J (2017) Combined impact 
of acute exposure to ammonia and temperature stress on the 
freshwater mussel Unio pictorum. Water 9:455. https://​doi.​org/​
10.​3390/​w9070​455

Bownik A, Jasieczek M, Kosztowny E (2020) Ketoprofen affects swim-
ming behavior and impairs physiological endpoints of Daphnia 
magna. Sci Total Environ 725:138312. https://​doi.​org/​10.​1016/j.​
scito​tenv.​2020.​138312

Camargo JA, Alonso A (2006) Ecological and toxicological effects 
of inorganic nitrogen pollution in aquatic ecosystems: A global 
assessment. Environ Int 32:831–849. https://​doi.​org/​10.​1016/j.​
envint.​2006.​05.​002

Cao H, Lyu K, Xiang F, Yang Z (2014) Life history responses of 
Daphnia similoides simultaneously exposed to microcystin-lr and 
ammonia and their postexposure recovery. Environ Toxicol Chem 
33:2497–2505. https://​doi.​org/​10.​1002/​etc.​2701

Cong M, Wu H, Yang H, Zhao J, Lv J (2017) Gill damage and neu-
rotoxicity of ammonia nitrogen on the clam Ruditapes philip-
pinarum. Ecotoxicology 26:459–469. https://​doi.​org/​10.​1007/​
s10646-​017-​1777-4

Constable M, Charlton M, Jensen F, McDonald K, Craig G, Taylor KW 
(2003) An ecological risk assessment of ammonia in the aquatic 
environment. Hum Ecol Risk Assess 9:527–548. https://​doi.​org/​
10.​1080/​71360​9921

Costa RN, Nomura F (2014) Assessment risk and limited behavio-
ral plasticity in tadpoles of Rhinella ornata (Anura, Bufonidae). 
Iheringia Serie Zoologia 104:162–167. https://​doi.​org/​10.​1590/​
1678-​47662​01410​42162​167

Coulaud R, Geffard O, Vigneron A, Quéau H, François A, Chaumot A 
(2015) Linking feeding inhibition with reproductive impairment in 
Gammarus confirms the ecological relevance of feeding assays in 
environmental monitoring. Environ Toxicol Chem 34:1031–1038

Delcourt J, Denoel M, Ylieff M, Poncin P (2013) Video multitracking 
of fish behaviour: a synthesis and future perspectives. Fish Fish 
14:186–204. https://​doi.​org/​10.​1111/j.​1467-​2979.​2012.​00462.x

Dell’Omo G (2002) Behavioural ecotoxicology. Wiley, West Sussex
Edwards DD, Klotz KL, Moore PA (2018) Exposure to sublethal 

ammonia concentrations alters the duration and intensity of 
agonistic interactions in the crayfish, Orconectes rusticus. Bull 
Environ Contam Toxicol 100:189–194. https://​doi.​org/​10.​1007/​
s00128-​017-​2190-7

Emerson K, Russo RC, Lund RE, Thurston RV (1975) Aqueous ammo-
nia equilibrium calculations: effect of pH and temperature. J Fish 
Res Board Can 32:2379–2383

Faimali M, Gambardella C, Costa E, Piazza V, Morgana S, Estevez-
Calvar N, Garaventa F (2017) 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

Field AP, Miles J, Field Z (2012) Discovering statistics using R. Sage, 
London

Fromm PO, Gillette JR (1968) Effect of ambient ammonia on blood 
ammonia and nitrogen excretion of rainbow trout (Salmo gaird-
neri). Comp Biochem Physiol 26:887–896

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11270-021-05111-5
https://doi.org/10.1007/s11270-021-05111-5
https://doi.org/10.1007/s00128-004-0350-z
https://doi.org/10.1007/s00128-004-0350-z
https://doi.org/10.1007/s00244-008-9266-7
https://doi.org/10.1016/j.ecoenv.2009.06.008
https://doi.org/10.1016/j.ecoenv.2009.06.008
https://doi.org/10.1016/j.chemosphere.2011.04.030
https://doi.org/10.1016/j.chemosphere.2011.04.030
https://doi.org/10.1007/s00128-013-1192-3
https://doi.org/10.1007/s00128-017-2230-3
https://doi.org/10.1007/s00128-017-2230-3
https://doi.org/10.1016/j.chemosphere.2008.12.031
https://doi.org/10.1016/j.chemosphere.2008.12.031
https://doi.org/10.1007/s00244-016-0316-2
https://doi.org/10.1007/s00244-016-0316-2
https://doi.org/10.1002/etc.4310
https://doi.org/10.1002/etc.4310
https://doi.org/10.2307/1540771
https://doi.org/10.1016/j.ecoenv.2012.10.015
https://doi.org/10.1016/j.ecoenv.2012.10.015
https://doi.org/10.3390/w9070455
https://doi.org/10.3390/w9070455
https://doi.org/10.1016/j.scitotenv.2020.138312
https://doi.org/10.1016/j.scitotenv.2020.138312
https://doi.org/10.1016/j.envint.2006.05.002
https://doi.org/10.1016/j.envint.2006.05.002
https://doi.org/10.1002/etc.2701
https://doi.org/10.1007/s10646-017-1777-4
https://doi.org/10.1007/s10646-017-1777-4
https://doi.org/10.1080/713609921
https://doi.org/10.1080/713609921
https://doi.org/10.1590/1678-476620141042162167
https://doi.org/10.1590/1678-476620141042162167
https://doi.org/10.1111/j.1467-2979.2012.00462.x
https://doi.org/10.1007/s00128-017-2190-7
https://doi.org/10.1007/s00128-017-2190-7
https://doi.org/10.1016/j.marenvres.2016.05.006
https://doi.org/10.1016/j.marenvres.2016.05.006


Gordon AK, Mantel SK, Muller NWJ (2012) Review of toxicologi-
cal effects caused by episodic stressor exposure. Environ Toxicol 
Chem 31:1169–1174. https://​doi.​org/​10.​1002/​etc.​1781

Goudreau SE, Neves RJ, Sheehan RJ (1993) Effects of wastewater 
treatment plant effluents on freshwater mollusks in the upper 
Clinch River, Virginia, USA. Hydrobiologia 252:211–230

Hassenklöever T, Pallesen LP, Schild D, Manzini I (2012) Amino acid- 
vs peptide-odorants: responses of individual olfactory receptor 
neurons in an aquatic species. Plos One. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00530​97

Hellou J (2011) Behavioural ecotoxicology, an “early warning” signal 
to assess environmental quality. Environ Sci Pollut Res 18:1–11. 
https://​doi.​org/​10.​1007/​s11356-​010-​0367-2

Heye K, Graumnitz S, Rybicki M, Schuer C, Voelker J, Wick A, 
Oehlmann J, Jungmann D, Oetken M (2019) Laboratory-to-field 
extrapolation: Increase in carbamazepine toxicity in a higher tier, 
multiple-stress experiment. Ecotoxicol Environ Saf 183:109481. 
https://​doi.​org/​10.​1016/j.​ecoenv.​2019.​109481

Hoang T, Gallagher J, Tomasso J, Klaine S (2007) Toxicity of two 
pulsed metal exposures to Daphnia magna: relative effects of 
pulsed duration-concentration and influence of interpulse period. 
Arch Environ Contam Toxicol 53:579–589. https://​doi.​org/​10.​
1007/​s00244-​006-​0266-1

Kamio M, Derby CD (2017) Finding food: how marine invertebrates 
use chemical cues to track and select food. Nat Prod Rep 34:514–
528. https://​doi.​org/​10.​1039/​c6np0​0121a

Kirkpatrick AJ, Gerhardt A, Dick JTA, Laming P, Berges JA (2006) 
Suitability of Crangonyx pseudogracilis (Crustacea: Amphipoda) 
as an early warning indicator in the multispecies freshwater bio-
monitor. Environ Sci Pollut Res 13:242–250

Lahman SE, Moore PA (2015) Olfactory sampling recovery follow-
ing sublethal copper exposure in the rusty crayfish, Orconectes 
rusticus. Bull Environ Contam Toxicol 95:441–446. https://​doi.​
org/​10.​1007/​s00128-​015-​1623-4

Little EE, Finger SE (1990) Swimming behavior as an indicator of 
sublethal toxicity in fish. Environ Toxicol Chem 9:13–19. https://​
doi.​org/​10.​1002/​etc.​56200​90103

Liu X, Zhang R, Jin Y (2020) Differential responses of larval zebrafish 
to the fungicide propamocarb: endpoints at development, locomo-
tor behavior and oxidative stress. Sci Total Environ 731:139136. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​139136

Liu M, Wang H, Wang H, Ma S, Yu Q, Uddin KB, Li Y, Hollander J, 
Jeppesen E (2021) Decreasing toxicity of un-ionized ammonia on 
the gastropod Bellamya aeruginosa when moving from laboratory 
to field scale. Ecotoxicol Environ Saf 227:112933. https://​doi.​org/​
10.​1016/j.​ecoenv.​2021.​112933

Mahabir S, Gerlai R (2017) The importance of holding water: salin-
ity and chemosensory cues affect zebrafish behavior. Zebrafish 
14:444–458. https://​doi.​org/​10.​1089/​zeb.​2017.​1472

Maltby L (1995) Sensitivity of the crustaceans Gammarus pulex (L) 
and Asellus aquaticus (L) to short-term exposure to hypoxia and 
unionized ammonia - observations and possible mechanisms. 
Water Res 29:781–787. https://​doi.​org/​10.​1016/​0043-​1354(94)​
00231-U

Maltby L, Naylor C, Calow P (1990) Field deployment of a scope for 
growth assay involving Gammarus pulex, a freshwater inverte-
brate. Ecotoxicol Environ Safe 19:292–300

Martin CW (2017) Effects of macrophyte-specific olfactory cues on 
fish preference patterns. Aquat Ecol 51:159–165. https://​doi.​org/​
10.​1007/​s10452-​016-​9606-z

Melvin SD, Wilson SP (2013) The utility of behavioral studies for 
aquatic toxicology testing: a meta-analysis. Chemosphere 

93:2217–2223. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2013.​07.​
036

Norum U, Frederiksen MAT, Bjerregaard P (2011) Locomotory behav-
iour in the freshwater amphipod Gammarus pulex exposed to the 
pyrethroid cypermethrin. Chem Ecol 27:569–577. https://​doi.​org/​
10.​1080/​02757​540.​2011.​596831

Nyman A, Hintermeister A, Schirmer K, Ashauer R (2013) The insec-
ticide imidacloprid causes mortality of the freshwater amphipod 
Gammarus pulex by interfering with feeding behavior. PLoS ONE 
8:e62472. https://​doi.​org/​10.​1371/​journ​al.​pone.​00624​72

R Core Team (2020) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria

Richardson J, Williams EK, Hickey CW (2001) Avoidance behav-
iour of freshwater fish and shrimp exposed to ammonia and low 
dissolved oxygen separately and in combination. New Zealand 
J Mar Freshwat Res 35:625–633. https://​doi.​org/​10.​1080/​00288​
330.​2001.​95170​28

Rodrigues RV, Schwarz MH, Delbos BC, Sampaio LA (2007) Acute 
toxicity and sublethal effects of ammonia and nitrite for juvenile 
cobia Rachycentron canadum. Aquaculture 271:553–557. https://​
doi.​org/​10.​1016/j.​aquac​ulture.​2007.​06.​009

Ruppert K, Geiss C, Ostermann S, Theis C, Oehlmann J (2016) Com-
parative sensitivity of juvenile and adult Potamopyrgus antipo-
darum (Mollusca: Hydrobiidae) under chronic exposure to cad-
mium and tributyltin. J Environ Sci Health A 51:736–743. https://​
doi.​org/​10.​1080/​10934​529.​2016.​11704​43

Spencer P, Pollock R, Dube M (2008) Effects of un-ionized ammonia 
on histological, endocrine, and whole organism endpoints in slimy 
sculpin (Cottus cognatus). Aquat Toxicol 90:300–309. https://​doi.​
org/​10.​1016/j.​aquat​ox.​2008.​08.​017

Suski CD, Philipp MA, Hasler CT (2019) Influence of nutritional status 
on carbon dioxide tolerance and avoidance behavior in a fresh-
water teleost. Trans Am Fish Soc 148:914–925. https://​doi.​org/​
10.​1002/​tafs.​10179

Sutterlin AM (1974) Pollutants and the chemical senses of aquatic 
animals: perspective and review. Chem Sen 1:162–178. https://​
doi.​org/​10.​1093/​chemse/​1.2.​167

USEPA (2002) Short-term methods for estimating the chronic toxicity 
of effluents and receiving waters to freshwater organisms. Envi-
ronmental Protection Agency, 821-R-02–013. 4th ed, USEPA, 
Washington, DC

Vitousek PM, Aber JD, Howarth RW, Likens GE, Matson PA, Schin-
dler DW, Schlesinger WH, Tilman D (1997) Human alteration of 
the global nitrogen cycle: Sources and consequences. Ecol Appl 
7:737–750. https://​doi.​org/​10.​2307/​22694​31

Wyeth RC (2019) Olfactory navigation in aquatic gastropods. J Exp 
Biol. https://​doi.​org/​10.​1242/​jeb.​185843

Zhang W, Swaney DP, Hong B, Howarth RW, Li X (2017) Influence 
of rapid rural-urban population migration on riverine nitrogen 
pollution: perspective from ammonia-nitrogen. Environ Sci Pollut 
Res 24:27201–27214. https://​doi.​org/​10.​1007/​s11356-​017-​0322-6

Zhang L, Xu EG, Li Y, Liu H, Vidal-Dorsch DE, Giesy JP (2018) 
Ecological risks posed by ammonia nitrogen (AN) and un-ionized 
ammonia (NH3) in seven major river systems of China. Chemos-
phere 202:136–144. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2018.​
03.​098

Zhang T, Yan Z, Zheng X, Wang S, Fan J, Liu Z (2020) Effects of 
acute ammonia toxicity on oxidative stress, DNA damage and 
apoptosis in digestive gland and gill of Asian clam (Corbicula 
fluminea). Fish Shellfish Immunol 99:514–525. https://​doi.​org/​
10.​1016/j.​fsi.​2020.​02.​046

https://doi.org/10.1002/etc.1781
https://doi.org/10.1371/journal.pone.0053097
https://doi.org/10.1371/journal.pone.0053097
https://doi.org/10.1007/s11356-010-0367-2
https://doi.org/10.1016/j.ecoenv.2019.109481
https://doi.org/10.1007/s00244-006-0266-1
https://doi.org/10.1007/s00244-006-0266-1
https://doi.org/10.1039/c6np00121a
https://doi.org/10.1007/s00128-015-1623-4
https://doi.org/10.1007/s00128-015-1623-4
https://doi.org/10.1002/etc.5620090103
https://doi.org/10.1002/etc.5620090103
https://doi.org/10.1016/j.scitotenv.2020.139136
https://doi.org/10.1016/j.ecoenv.2021.112933
https://doi.org/10.1016/j.ecoenv.2021.112933
https://doi.org/10.1089/zeb.2017.1472
https://doi.org/10.1016/0043-1354(94)00231-U
https://doi.org/10.1016/0043-1354(94)00231-U
https://doi.org/10.1007/s10452-016-9606-z
https://doi.org/10.1007/s10452-016-9606-z
https://doi.org/10.1016/j.chemosphere.2013.07.036
https://doi.org/10.1016/j.chemosphere.2013.07.036
https://doi.org/10.1080/02757540.2011.596831
https://doi.org/10.1080/02757540.2011.596831
https://doi.org/10.1371/journal.pone.0062472
https://doi.org/10.1080/00288330.2001.9517028
https://doi.org/10.1080/00288330.2001.9517028
https://doi.org/10.1016/j.aquaculture.2007.06.009
https://doi.org/10.1016/j.aquaculture.2007.06.009
https://doi.org/10.1080/10934529.2016.1170443
https://doi.org/10.1080/10934529.2016.1170443
https://doi.org/10.1016/j.aquatox.2008.08.017
https://doi.org/10.1016/j.aquatox.2008.08.017
https://doi.org/10.1002/tafs.10179
https://doi.org/10.1002/tafs.10179
https://doi.org/10.1093/chemse/1.2.167
https://doi.org/10.1093/chemse/1.2.167
https://doi.org/10.2307/2269431
https://doi.org/10.1242/jeb.185843
https://doi.org/10.1007/s11356-017-0322-6
https://doi.org/10.1016/j.chemosphere.2018.03.098
https://doi.org/10.1016/j.chemosphere.2018.03.098
https://doi.org/10.1016/j.fsi.2020.02.046
https://doi.org/10.1016/j.fsi.2020.02.046

	portada behavioral_alonso_AECT_2022
	behavioral_alonso_AECT_2022.pdf
	Behavioral Variables to Assess the Toxicity of Unionized Ammonia in Aquatic Snails: Integrating Movement and Feeding Parameters
	Abstract
	Materials and Methods
	Animal Culture
	Bioassay Design
	Monitored Variables
	Statistical Analysis

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References





