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Fitness recovery and two-generation phenotypic  
plasticity in the freshwater snail Planorbarius  
corneus L. exposed to hyperosmotic solutions

Abstract

Background and purpose: Hyperosmotic solutions of calcium chloride 
and calcium bromide, extensively used in the oil industry, can be a source 
of aquatic pollution. 

Materials and methods: In the present study, we investigated whether 
the freshwater snail Planorbarius corneus L., previously chronically exposed 
to toxic concentrations of these chemicals, can recover fecundity and growth 
in clean water. We also examined if a higher tolerance could be induced 
in F1 offspring after parental and developmental chronic exposure to the 
chemicals.

Results: The fitness-recovery study showed a high compensatory potential 
of the snails to recover fitness through increased reproduction and growth. In 
the tolerance study, we observed increased tolerance in F1 offspring in hyper-
osmotic solutions of calcium chloride. However, there was no significant 
improvement of reproduction performance in bromide-containing solutions.

Conclusions: Increased tolerance was associated with a redirection of 
resources from growth to maintenance and survival. 

INTRODUCTION

Phenotypic plasticity is the ability of a genotype to produce more than 
one phenotype when exposed to different environments (1,2). If it 

is adaptive, phenotypic plasticity is beneficial, allowing a genotype to 
have wider tolerance and higher fitness across variable environments (3). 
Plasticity may be expressed at behavioral, biochemical, physiological or 
developmental levels (2). One type of phenotypic plasticity is physio
logical acclimation, the ability of an individual organism to alter its perfor
mances in response to environmental changes (4-6). Environmental 
factors affect development and can cause the modification of develop-
mental events, so phenotypic plasticity is also defined as developmental 
plasticity (4,7-9). Environmental factors can affect development even 
before the formation of the zygote as an environmental effect on the 
parental generation and a parental effect on the offspring generation, 
i.e., as a parental or maternal effect (4,10). For instance, strong evidence 
for gamete plasticity in response to osmotic stress in marine tubeworm 
Hydroides diramphus has been demonstrated: parents were able to adjust 
the salinity tolerance of their gametes so that the highest success of 
fertilization, gamete performance, development and larval survival was 
observed when matched the parental salinity environment (11). A ma-
ternal or parental effect is the influence exerted on the offspring pheno-
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type resulting from the phenotype of the mother or from 
the environment she experiences (12). A maternal effect 
can induce developmental novelties in offspring in accor-
dance with the environmental conditions present in the 
parental generations (13). For example, parental exposure 
to chronic hypoxia for 2-4 weeks can induce increased 
hypoxia resistance in zebrafish (Danio rerio) larvae (14). 
Maternal plastic effects in marine stickleback (Gasteros-
teus aculeatus) F1 offspring of mothers acclimated to ambi-
ent and elevated temperatures (17 °C and 21 °C) were 
found (15). Thirty days after hatching they had a signifi-
cantly larger body size (a key component of fitness) when 
reared in the same environment as their mothers. The 
benefits were stronger and lasted longer under stressful 
conditions. Moreover, maternally inherited mitochon-
drial respiration capacities in adult F1 offspring matched 
the pattern of juvenile body size. Parentally induced plas-
ticity is preferred when there is a temporal or spatial fluc-
tuation in environments across generations. Environmen-
tally induced phenotypic plasticity and maternal effect can 
initiate evolutionary novelties and influence the evolution 
of traits that could improve offspring fitness, even on an 
ecological timescale (16,17), through nongenetic inheri-
tance, i.e., transgenerational developmental plasticity 
(18,19). 

Evolutionary changes in phenotypic plasticity can oc-
cur after anthropogenic disturbances (20). Anthropogen-
ic stress factors can have evolutionary consequences on a 
population exposed to pollution (21,22). When chemical 
stressors affect fitness parameters, such as survival and 
reproduction, genetic resistance can evolve in less sensitive 
animals (23) or there can be an adaptive response, i.e., 
tolerance (5,24,25). The acquisition of higher tolerance or 
resistance to chemical stressors in multigeneration studies 
has been reported: a higher tolerance after eleven gene
rations (26), a rapid increased resistance after only one 
generation (27), acclimation and/or adaptation of fresh
water planorbid snails over the course of exposure over 
three generations (28), acclimation to copper (Cu) and 
adaptation to tributyltin oxide (TBTO) in Tigriopus 
californicus (29), acclimation to high salinity and high 
temperatures after nine generations in Daphnia magna 
(30), cadmium acclimation in Daphnia clones (31), and 
increased Cd tolerance in Lymnaea stagnalis hatchlings 
from parents exposed to cadmium (32).

The pulmonate freshwater planorbid snail Planorbarius 
corneus L. is a common species occupying various aquatic 
habitats (33). It is a suitable experimental animal, which 
is why it has been subject to a tremendous amount of 
biochemical, neurobiological, embryological, endocrino-
logical and parasitological research. Ecotoxicological as-
sessment has also been done on this species in Europe 
where it is distributed. P. corneus is a simultaneous her-
maphrodite, in field populations the egg-laying period 
occurs from May to November (34); in laboratory cultures 
reproduction continuously lasts throughout the year. The 

eggs are enclosed in jelly capsules, i.e., egg masses. The 
number of egg masses and eggs per egg mass reported in 
literature is very variable. Fecundity is strongly affected by 
experimental conditions (35).

Freshwater snails are almost completely restricted to 
shallow waters where environmental conditions are un-
stable and where there are broad fluctuations in the diurnal 
temperature, acidity of the water, water level, dissolved 
minerals and concentration of gases, pollution caused by 
decaying organic matter and the availability of calcium 
(36). The snails have wide ecological and environmental 
tolerances that has evolved with a capacity to be passively 
transferred to other habitats with new ecological and en-
vironmental conditions (36,37). Living in these variable 
and transitory habitats, many species of freshwater pulmo-
nates are strongly selected for the possession of adaptive 
plasticity (38). Pulmonate snails are important to aquatic 
community structure and function (39). They are conside
red good pollution and water quality indicators. Fresh
water gastropods account for ~20% of recent mollusk 
extinctions, despite constituting only ~5% of the world’s 
gastropod fauna, reasons for these declines are anthropo-
genic effects including habitat loss and degradation, intro-
duced species, water pollution and others (37). The pre-
dicted increase in temperature due to climatic change may 
have dramatic consequences for the presence and compo-
sition of freshwater pulmonates in north-western Europe 
(40). Populations of the great ramshorn, P. corneus L., have 
been declining in recent years (33,41,42). Therefore, it is 
important to investigate the capacity of snails to recover 
fitness impaired by different environmental pollutants and 
to assess if an adaptive response (tolerance or resistance) to 
the long-term or permanent presence of different pollut-
ants can occur.

This study is the continuation of the earlier published 
investigation (43) of the sublethal effects of calcium chlo-
ride and calcium bromide on the fecundity of P. corneus 
L. Saturated solutions of calcium chloride and calcium 
bromide and mixtures, defined as clear brines or high-
density brines, are used extensively in the oil and gas in-
dustry (44). They can be a source of aquatic environment 
pollution in oil and gas extraction areas. When working 
operations are finished, these saturated solutions are re-
leased as waste and can pollute fresh and ground waters in 
various concentrations. In north-western Croatia, most 
gas and oil exploration and production activities have been 
located in regions rich in stagnant and slow-running wa-
ters, where P. corneus L. is one of the most common and 
indigenous species. As was previously shown, sublethal 
concentrations of both chemicals showed a statistically 
significant dose-response decrease in the survival and fe-
cundity (reduction of egg mass number) of P. corneus L. 
in long-term tests. Calcium bromide proved to be more 
toxic than calcium chloride (43).

To assess the toxic effect of calcium chloride and cal-
cium bromide on P. corneus, we performed additional 
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laboratory tests to estimate how successfully exposed ani-
mals can recover from the toxic effect after the stressor has 
been withdrawn by measuring the life-cycle parameters of 
reproduction, survival, and growth. In order to test the 
hypothesis that parental and developmental exposure to 
the chemicals would lead to increased tolerance, we also 
investigated the effect of the chemicals on the next gen-
eration life history parameters, submitting the progeny of 
the exposed animals to the same toxic conditions. Here we 
consider tolerance synonymous with “acclimation” and 
“adaptive phenotypic plasticity” as stress response induced 
by environmental conditions or transferred from mother, 
while resistance is synonymous with “adaptation” or heri-
table change resulting from selection (5,29).

MATERIALS AND METHODS

Study population and experimental 
protocol

We used a population of P. corneus L. maintained in 
the laboratory for several generations. They originated 
from samples collected at one time from ponds connected 
with Sava River 40 km south of Zagreb. In the labora-
tory the snails were reared in a 35 L aquarium. Two weeks 
before the experiments they were acclimated to experi-
mental conditions.

In the previous study (43) we selected snails of equal 
ages (3.5 months) with a shell length of 8-9 mm from a 
laboratory mass culture. In both studies (previous and 
present) the experimental protocols were the same: for 
each chemical concentration we used 50 snails of equal 
size and ages and placed them in five 1000 ml glass bea-
kers 10 snails each. There were three replicates (beakers 
with 10 animals each) for each chemical concentration 
and two replicates (beakers with 10 animals each) for the 
control for each experimental solution. We fed the animals 
daily on washed organic lettuce leaves ad libitum. They 
were kept under a natural photoperiod, the temperature 
was 23°C ± 1, and the pH was 6.8-7.3. We discarded dead 
snails from the experiment on the same day when they 
were found dead. The beakers were covered with Petri 
dishes to prevent an increase in concentration through 
evaporation. The experiments were run for 6 weeks. The 
dilution water, as well as control water, was dechlorinated 
tap water containing 80 mg/L Ca2+ and 35 mg/L Cl-. We 
measured the actual concentrations of the chemicals at the 
start of each week after preparing fresh solutions and at 
the end of the week just before changing the solutions. 
The initial concentrations of the chemicals measured each 
week after preparation in the test beakers varied ± 0.1-5% 
from the nominal values (Ca2+ concentration varied ± 0.1-
5%, Br- varied ± 0.3-1.3%, Cl- varied ± 0.3-3.6%). The 
calcium concentrations in the diluted test solution samples 
and in the control water samples were measured with a 
Varian Techron AA5 atomic absorption spectrophoto
meter (ASTM D 512-93 1995). The bromide concentra-

tions were measured by the spectrophotometric method. 
The chloride concentrations were determined by the silver 
nitrate volumetric method ASTM D 512-89 1995.

Fitness recovery study

In the fitness recovery study, we assessed if the animals 
exposed to 10 hyperosmotic solutions proved toxic in pre-
vious experiment (43) can recover from the toxic effect. 
Immediately after the six-week exposure to the tested 
chemicals (CaCl2 1203 mg/L, 2406 mg/L and 4813 
mg/L, CaBr2 1066 mg/L, 2664 mg/L and 5329 mg/L, 
1:1 Ca/BrCl2 volume mixture 774 mg/L, 1934 mg/L, 
3868 mg/L and 5801 mg/L) we transferred the snails to 
the control water for observation of recovery for the next 
six weeks in the same laboratory conditions as during the 
chemical testing. The controls were the same control 
snails from the previous exposure study.

In order to establish the capacity of the snails to re-
cover fitness parameters (fecundity and growth) after 
exposure to the chemicals, we removed and counted the 
egg masses produced in the recovery treatment weekly 
just as in the controls. To estimate the shell growth rate 
(the growth recovery), measurements of the shells were 
taken at the beginning of the experiments, after the six-
week exposure to the chemicals, and after the six-week 
recovery period in the clean control water. The maximum 
diameter of the shell (width from the edge of the peri-
stome across the umbilicus to the opposite periphery of 
the shell) was measured to 0.1 mm with calipers.

Tolerance study

In the tolerance experiment, we investigated the po-
tential of the next generation snails to acclimate to the 
previously tested toxic solutions and to acquire increased 
tolerance. Therefore, we selected young adult snails (3.5 
months old and 8 mm wide, when they started to breed) 
from a laboratory culture as parental (P) snails and started 
a six-week experiment with the same substance concentra-
tions and under conditions described above. Each week 
we removed all the collected egg masses from the parental 
beakers to new beakers. After 14-21 days of hatching 
time, the young (F1) snails were raised to the adult stage 
in the same solution concentrations and under the same 
conditions (three chemical solution replicates and two 
control replicates) as the parental snails. Environmental 
conditions in both (P and F1) parts of experiment were 
identical. When the F1 snails started to reproduce, (six 
months after hatching) we started the experiment. The 
F1 snails’ egg masses were removed and counted weekly 
during the six-week exposure to the same laboratory 
conditions as the parental snails. Control snails were 
specimens of the same age as F1 snails, obtained from the 
laboratory culture. Statistical comparisons with the 
control snails and the parental snails were made. Measure-
ments of the shells were also taken after six weeks of 
experiment in both parental and filial snails and equal 
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statistical comparisons were made. Thus, we compared 
the reproduction and growth of the same life stage period 
(six weeks period after beginning of the reproduction).

Statistical analysis

Statistical analyses for recovery and tolerance study 
were performed by using PAST 2.17 software (http://folk.
uio.no/ohammer/past/). Prior to statistical analysis, the 
data were tested for normality by the Kolmogorov-
Smirnov normality test and homogeneity of variances was 
tested by Bartlett’s test. To determine the significance of 
the differences in the production of egg masses among all 
groups, eggs per egg mass and shell growth between the 
experimental groups and the controls, between the chemi
cal and recovery treatments, and between parental and 
filial snails, one way ANOVA followed by Tukey HSD 
post-hoc tests were used (p<0.001).  The effect of time on 
the weekly production of egg masses was analysed by Wil-
coxon matched pairs test and the Mann-Whitney U-test.

RESULTS

Fitness recovery study

After six weeks of recovery in control water for all 
groups of snails previously exposed to chemicals, the 

number of egg masses increased in all but one recovery 
treatment group in comparison to the egg mass number 
in the chemical treatments (Figures 1a, 1b, 1c). The aver-
age number of 22.01±2.82 eggs per egg mass was not 
affected by the chemicals since it was not significantly 
different from the controls (21.78±2.78) during and after 
the chemical treatment. In the recovery treatment of the 
snails previously exposed to three CaCl2 concentrations, 
the increase in the egg mass number after the recovery 
treatment was not statistically significant compared to the 
egg mass number in the chemical exposure treatment. In 
the recovery treatment of the snails previously exposed to 
the highest CaCl2 concentration (4813 mg/L), the num-
ber of egg masses was three times higher than in the 
chemical exposure. However, a statistical significance was 
not found due to high variability arising from the differ-
ences in the number of egg masses between weekly counts 
(Figure 1a). In all other recovery treatments, except in the 
774 mg/L mixture, the increased egg mass number was 
statistically significant (ANOVA and Tukey post hoc test) 
and several times higher (2.4 to 17 times higher) than the 
number in the chemical exposure treatments. In two 
cases (CaBr2 1066 mg/L and 2664 mg/L), it was even 
higher than in the control (Figure 1b). The highest in-
crease in egg mass production was observed in the reco
very groups of snails which produced the lowest number 

Table 1. Mean shell growth rate and mortality of Planorbarius corneus L. in control, chemical exposure and recovery treatment groups in six 
weeks (results are expressed in millimeters as mean ± SE).

Chemical  
concentrations Control Chemical 

exposure
Recovery 
treatment

Mortality in 
control (%)

Mortality in chemical 
exposure (%)

Mortality in recovery 
treatment  (%)

CaCl2 
1203 mg/L 3.0 ± 0.14 1.2 ± 0.08*** 1.6 ± 0.23 0 6.6 3.3

CaCl2 
2406 mg/L 3.3 ± 0.17 1.1 ± 0.12*** 1.8 ± 0.21 3.3 13.3 0

CaCl2 
4813 mg/L 3.3 ± 0.19 0.7 ± 0.11*** 2.2 ± 0.21 3.3 3.3 3.3

CaBr2 
1066 mg/L 3.2 ± 0.17 0.4 ± 0.10*** 3.5 ± 0.21 3.3 43.3 13.3

CaBr2 
2664 mg/L 1.7 ± 0.18 0.4 ± 0.09*** 2.2 ± 0.22 0 13.3 3.3

CaBr2 
5329 mg/L 2.6 ± 0.19 0.3 ± 0.12*** 1.4 ± 0.23 0 20 10

Ca/BrCl2 1:1
774 mg/L 1.7 ± 0.21 1.0 ± 0.13 1.1 ± 0.21 0 0 0

Ca/BrCl2 1:1
1934 mg/L 2.8 ± 0.22 0.3 ± 0.12*** 1.5 ± 0.22 0 13.3 0

Ca/BrCl2 1:1
3868 mg/L 2.3 ± 0.11 0.4 ± 0.11*** 0.9 ± 0.19 3.3 6.6 6.6

Ca/BrCl2 1:1
5801 mg/L 1.8 ± 0.16 0.1 ± 0.10*** 1.0 ± 0.20 0 30 3.3

There were two replicates for each control and three replicates for each chemical exposure. 
*** significant difference between chemical exposure groups and the controls (ANOVA post hoc p<0.001)
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Figure 1. Planorbarius corneus L., fitness recovery study. Mean number of egg masses per snail per week in control, chemical exposure 
(white bars) and recovery treatment in clear water (gray bars); a) CaCl2, b) CaBr2 and c) Ca/BrCl2 1:1 mixture. * statistical significance com-
pared to the control (ANOVA, post hoc *** p<0.001, ** p<0.01, * p<0.05); × significant difference between chemical exposure concentration 
and recovery (ANOVA, post hoc ××× p<0.001, ×× p<0.01). Number of replicates in chemical exposures and recovery treatments were 3 for 
each concentration, and number of control replicates were 2 for each chemical concentration and recovery treatment.
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Figure 2. Planorbarius corneus L., acclimation study. Mean number of egg masses per week in control, parental snails (white bars) and 
filial snails (gray bars); a) CaCl2, b) CaBr2 and c) Ca/BrCl2 1:1 mixture. P – parental snails; F1 – filial snails; * statistical significance compared 
to the control (ANOVA, post hoc *** p<0.001, ** p<0.01, * p<0.05); × statistical significance between P and F1 (ANOVA, post hoc× p<0.05, 
××× p<0.001). Number of replicates in chemical exposures were 3 for each concentration, and number of control replicates were 2 for each 
chemical concentration.
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of egg masses during chemical exposure (i.e., those previ-
ously exposed to more toxic higher concentrations con-
taining bromide (Figures 1a, 1b, 1c). In most groups of 
recovery treatment, the highest increase in egg mass pro-
duction was observed in the first two weeks of recovery 
in clean water (not shown). Since the egg mass number 
was counted weekly, we analysed the effect of time using 
the nonparametric Wilcoxon matched pairs test and the 
Mann-Whitney U-test (not shown), but the results 
showed no significant effect. No significant difference in 
egg mass production was observed among the control 
groups within each individual experiment (a, b, c), so the 
control values presented in Figure 1 are the mean control 
values for each experiment (one-way ANOVA and Tukey 
HSD post-hoc test).

Shell growth decreased significantly in all chemical 
exposures in six weeks compared to the controls (Table 1, 
ANOVA p<0.001). In the CaCl2 solutions, growth de-
clined proportionally with the rise in concentration, and 
in the bromide-containing solutions the growth rate was 
even lower, ranging from 0.1-1.0 mm. During the six-
week recovery period in the control water, the mean 
growth in all groups was higher than in the chemical-
exposed groups, up to 10 times higher. Survival during 
exposure to the chemicals was high in most groups, except 
for the two concentrations: 70% in the 5801 mg/L mix-
ture and 57% in CaBr2 1066 mg/L (Table 1).

Tolerance study 

Egg masses were produced by parental snails in all 
chemical concentrations, but in CaBr2 5329 mg/L and 
the mixture 5801 mg/L the mortality of the embryos was 
100%. The average number of eggs per egg mass 
(22.90±2.64) was not statistically different from the con-
trol (22.27±2.96) so it was not affected by the chemicals. 
After the 14-21 day hatching time, the same as in the 
controls, the mortality of young F1 snails in all solutions 
was very high (80-90%) so that in the mixture 3868 mg/L 
there were not enough young snails to continue the ex-
periment. The surviving young snails in the chemical 
solutions grew very slowly and started depositing egg 
masses at the age of 5.5-6 months, attaining an 8.5-13 
mm shell diameter.

A comparison of the number of egg masses produced 
by filial snails in six weeks with the number produced by 
parental snails in the same period showed a higher egg 
mass production by the filial snails in all chemical con-
centrations (Figures 2a, 2b, 2c). The egg mass number of 
the parental snails dropped significantly in all three CaCl2 
concentrations compared to the controls. In the filial 
snails in two lower concentrations of CaCl2 (1203 mg/L 
and 2406 mg/L), egg mass production was not signifi-
cantly different from the production in the control snails. 
In 1203 mg/L, the egg mass number of the filial snails 
was significantly higher than that of the parental snails 

(p<0.001). Almost equal increase in 2406 mg/L as that in 
1203 mg/L was not significant, probably due to the high 
variability of the egg mass count between weeks. In the 
highest CaCl2 concentration, 4813 mg/L, the difference 
between the filial and parental egg mass number was also 
significant (p<0.05, Figure 2a).

In the case of CaBr2 solutions, the egg mass production 
of parental snails was two times smaller than in the con-
trol in 2664 mg/L (p<0.001) and 1.6 times smaller than 
in the control in 1066 mg/L (p<0.05). In the filial snails, 
the number of egg masses in 2664 mg/L also dropped 
significantly compared to the control (p<0.01), but in 
1066 mg/L it was not significantly different from the con-
trol and the difference between parental and filial snails 
was not significant in either concentration (Figure 2b).

In the lowest mixture concentration, 774 mg/L, the 
decline in the egg mass number of the parental and filial 
snails in comparison to the control was not significant and 
there was no significant difference between the parental 
and filial egg mass number. In mixture 1934 mg/L in 
parental snails, the egg mass number was significantly 
lower compared to the control (p<0.05), but in the filial 
snails the decline in the egg mass number was not sig-
nificantly different from the control. However, there was 
no significant difference between P and F1 snails (Figure 
2c). Again, the significant effect of time was not found 
using the nonparametric Wilcoxon matched pairs test and 
the Mann-Whitney U-test (not shown). As there was not 
significant difference among the control groups within 

Table 2. Mean shell growth of Planorbarius corneus L. in six weeks 
in controls and in chemical exposures of parental and filial snails 
(results are expressed in millimeters as mean ± SE).

Chemical  
concentration

Parental 
control

Parental 
snails

Filial snails 
(F1)

CaCl2 
1203 mg/L 3.6 ± 0.19 1.7 ± 0.25*** 0.7 ± 0.13

CaCl2 
2406 mg/L 3.7 ± 0.22 1.6 ± 0.18*** 1.2 ± 0.13

CaCl2 
4813mg/L 3.6 ± 0.16 1.2 ±  0.14*** 0.4 ± 0.27

CaBr2
1066 mg/L 3.7 ± 0.23 1.8 ±  0.14*** 2 ± 0.17

CaBr2
2664 mg/L 3.6 ± 0.21 1.3 ±  0.12*** 1.0 ± 0.21

Ca/BrCl2 1:1
774 mg/L 3.5 ± 0.17 1.4 ±  0.23*** 1.5 ±0.17

Ca/BrCl2 1:1
1934 mg/L 2.8 ± 0.26 1.7 ± 0.18* 0.9 ± 0.16

There were two replicates for each control and three replicates for each 
chemical exposure.
*** significant differences between chemical exposure groups and the 
controls (ANOVA post hoc p<0.001); * p<0.05).
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each experiment, the control values in Figure 2 are the 
mean of the control groups within particular experiment.

The shell growth in the parental snails was significant-
ly lower in all CaCl2 concentrations compared to the con-
trols (p<0.001) and decreased proportionally with the 
increase in concentration. In CaBr2 and in the mixture 
concentrations, the decrease in shell growth was also sig-
nificant (Table 2). Some mortality was observed in CaBr2 
2664 mg/L and CaCl2 4813 mg/L (20%, not shown). In 
F1 snails, growth in six weeks was lower than that of the 
parental snails in most groups (Table 2), but there was no 
mortality in any F1 group.

DISCUSSION

Recovery study

Field investigations have shown that variations in 
breeding and in the growth rate of freshwater pulmonates 
are characterized by a high degree of ecophenotypic plas-
ticity resulting from environmental influences, and that 
this adaptive plasticity is of fundamental selective value 
for populations to compensate for annual variations in 
unstable and unpredictable transient habitats (38,45). 
The plastic compensatory potential of snails is supported 
by a number of studies. For example, the results of labo-
ratory experiments with Planorbis contortus (Bathyompha-
lus contortus) in which the growth rates increased after a 
temperature switch from lower to higher temperatures, 
and increased even more with snails transferred to a nor-
mal food regime after starvation in comparison to the 
continuously fed group, indicated the compensatory 
regulation capacity of freshwater snails (46). The rapid 
growth of a single surviving planorbid snail Helisoma 
duryi when placed under normal conditions after a 14-
day period of starvation, and the highest egg laying ca-
pacities in a few survivors after 21 or 28 days of starvation 
were observed (47).

Similar results were obtained in this study which 
showed a strong capacity of P. corneus to recover from 
hyperosmotic and toxic stress and compensate for de-
creased growth and reproduction during the exposure. 
The growth rate of snails treated with toxic concentrations 
of chemicals which were then transferred to control water 
increased after 6 weeks of recovery in all experimental 
groups with some treatments showing 5, 8 and 10 times 
more growth than during exposure to the chemicals, and 
in some of the groups even more than in the control 
groups, indicating the reversibility of the chemical effect.

During the recovery period egg mass production was 
higher in the groups of snails previously exposed to high-
er chemical concentrations, especially those containing 
bromide where consequently egg mass production during 
chemical exposure was lower: the mean number of egg 
masses during recovery was 2.4-17 times higher than the 
number produced in the chemical solutions. In the recov-

ery groups previously exposed to lower concentrations of 
salt and lower concentrations of bromide (CaCl2 1203 
mg/L and 2406 mg/L and mixture 774 mg/L), egg mass 
production during the recovery period was not signifi-
cantly higher in comparison to the previous production in 
the chemicals. This indicated that the compensation 
mechanism was not triggered by milder egg mass loss. The 
reduced growth and fecundity in hyperosmotic salt solu-
tions could be the consequence of osmotic stress caused 
by elevated ion concentrations and metabolic work used 
for osmotic regulation. At higher external concentrations 
of calcium, there is a net influx of calcium into the mollusk 
body (48,49) and the net uptake increases with an in-
crease in the concentrations in the medium (49). At high 
environmental concentrations, the animals have to do 
metabolic work to remove excess calcium, and the neces-
sity for homeostasis could result in an increased meta-
bolic rate so that there might be fewer metabolic resourc-
es for egg laying and growth (50). The majority of 
freshwater pulmonates allocate a very large proportion of 
assimilated energy to reproduction, and fecundity is di-
rectly related to size and the level of energy assimilation 
(45). The energy budget in the marine snail Chorus gigan-
teus was determined and it was found that under optimal 
food and temperature conditions energy allocated to 
growth and/or reproduction was 75.8% and metabolic 
demand was 18.9%. Under poor feeding and temperature 
conditions, metabolic demand in these marine snails in-
creased to 217.9% of energy absorbed, leaving no energy 
available for growth and/or reproduction (51). Since all the 
resistance and repair processes (e.g., active transport and 
others) are energy demanding and increase the metabolic 
rate (52), it is possible that the snails exposed to very high 
salt concentrations spent most of their energy on osmotic 
regulation. This might have caused the observed decreased 
growth and reproduction. Mollusks, particularly pulmo-
nate snails, are amongst the most sensitive of the freshwa-
ter invertebrates to increases in salinity (53).

The results of the fitness recovery study showed that 
the toxic effect of the chemicals was reversible. After 
transferring the snails to normal osmotic conditions, they 
were able to compensate for the losses of reproduction and 
growth. The increased reproduction and growth in the 
recovery period can be explained as a plastic physiological 
reaction to a period of inability to reproduce and grow in 
a contaminated environment, a compensatory mecha-
nism that can sustain population level after extreme en-
vironmental changes. These results indicate that the 
strong reproductive potential of the snails could compen-
sate for losses after temporary and reversible toxicant im-
pacts. Investigations have shown that populations with 
higher reproduction rates could overcome the effects of 
toxicants (54).

Tolerance study

The tolerance study experiments involved rearing F1 
snails in toxic solutions to maturity and comparing their 
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reproduction and growth rates with the parental ones. The 
mortality of newly hatched snails was 80–90% in all solu-
tions except in CaBr2 5329 mg/L and mixture 5801 mg/L 
where a 100% mortality of embryos was recorded. After 
hatching, the juvenile snails had a reduced growth rate, 
especially in CaBr2 solutions and began to breed at the age 
of 6 months which is almost 3 months later than the snails 
in the control water. The toxic effect of bromide on repro-
duction and on embryos was also found in other species. 
In long-term tests with Poecilia reticulata and Daphnia 
magna, the No Observed Effect Concentration (NOEC) 
for reproduction was only 7.8 mg/L Br-, and bromide also 
proved embryotoxic for both species and caused dege
nerative changes of the reproductive organs in Poecilia (55).

The results on reproduction in this study show a statis-
tically significant decrease in egg mass production in pa-
rental snails and an increase in egg mass production in 
filial snails in comparison to parental snails in all chemical 
exposures. Based on comparison of the results between 
the P and F1 generations of snails in this study, it can be 
concluded that in the F1 generation tolerance to CaCl2 
increased at least in 1203 mg/L where the difference be-
tween P and F1 reproduction was significant and the dif-
ference between reproduction in F1 and control snails was 
insignificant. In a higher CaCl2 concentration, 2406 
mg/L, the F1 snails’ egg mass number was almost the 
same as in 1203 mg/L, and was insignificant compared 
to the control, however, due to high inherent variability, 
no significant difference was found between reproduction 
in P and F1 snails. In the highest salt concentration, CaCl2 
4813 mg/L, a significant difference between P and F1 
snails’ reproduction was also found. In all exposures to 
bromide-containing chemicals, except the highest CaBr2 
2664 mg/L, the F1 snails’ egg mass production was not 
significantly different from that of the control snails, but 
also not significantly different from the P snails’ produc-
tion. The results indicate that tolerance of the snails reared 
in the tested chemicals, could be limited to lower salt 
concentrations that would be even lower in the bromide-
containing solution. In the long-term toxicity test on so-
dium bromide with three generations of Daphnia magna, 
it was found that exposing three generations of animals to 
the chemical which strongly reduced reproduction capa
city did not lead to a change in NOEC values. Comparing 
the NOEC (E=reproduction) and the NOLEC 
(L=mortality) in the P generation, the authors noted a 
remarkable difference by a factor of about 400 (55).

There are reports on acclimation and resistance in 
freshwater organisms and in snails: resistance in Daphnia 
to metals by pre-exposing the daphnids to a sublethal con-
centration of toxicant (56), and physiological acclimation 
and adaptive response to trace metal pollution in land 
snails (57). There were found (28) strain specific differ-
ences in response to multi-generation cadmium exposure 
in the freshwater gastropod Biomphalaria glabrata and 
that acclimation and/or adaptation to cadmium may have 

occurred. Multi-generation studies provide evidence of 
the acquisition of higher tolerance to a stressor. A multi-
generation study (eleven generations) on Chironomus 
reparius (26) showed clear differences between a single 
generation and multi-generation exposure at a low sub-
lethal concentration of biocide tributyltin, as in later gene
rations evolutionary alteration (life-cycle changes and 
higher tolerance) was found. Increased tolerance to cad-
mium as a result of prior three-generation exposure was 
found in the freshwater planorbid snail Biomphalaria gla-
brata (58). Four generations of copepod Tigriopus japoni-
cus were exposed to different mercuric chloride treatments 
and all treatments underwent recovery in a clean environ-
ment for one generation (59). In the recovery generation, 
none of the traits differed from the control, so it was con-
cluded that the obtained Hg tolerance could be explained 
as physiological acclimation, i.e., phenotypic plasticity.

 The results of our study show increased tolerance to 
hyperosmotic calcium chloride solutions and improved 
reproduction performances in calcium bromide and mix-
ture solutions in F1 generation snails and indicate that 
tolerance was associated with fitness-cost as evidenced by 
slower growth and delayed maturation in comparison with 
the growth rate and maturation time in control snails. 
There is a common opinion that adaptation, resistance, 
and increased tolerance to stress bear costs, because some 
detoxification mechanisms are energetically expensive so 
that energy allocated to detoxification and somatic main-
tenance cannot be spent on growth and reproduction 
(60,61). Energy assimilated from food is allocated to re-
production, somatic growth, maintenance metabolism 
and storage. As all the resistance and repair processes are 
energy-demanding, the metabolic rate should increase 
with an increasing concentration of toxin or with exposure 
time (52). An increase in the metabolic rate diverted to 
somatic maintenance and stress resistance might reduce 
energy content for growth and reproduction (25,62). Re-
source allocation trade-offs are phenotypically plastic 
(they depend on the environment) and there are priority 
rules for energy allocation under stressful or nutrient poor 
conditions among the traits: maintenance>reproduction> 
growth (63,64). The concept of trade-offs based on energy 
allocation as a result of toxicant stress is supported by some 
studies (27,65). However, other studies conclude that the 
concept is not well supported (60). Some recent studies 
support the energy-cost hypothesis of tolerance. For ex-
ample, the physiological cost of increased tolerance to cop-
per in Daphnia longispina was found in the higher respira-
tion rate of the most resistant clone (66).

The observed increased tolerance of F1 snails in this 
study could have been induced by maternal effect inheri-
tance and/or as a response to the environment during 
development. The F1 snails were exposed to the stressor 
during the entire development (from embryo to the adult 
stage) so they experienced a specific developmental input 
about their environment which could have induced phy
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siological changes (4,6,9). Parental effect and develop-
mental plasticity together were studied in a freshwater 
snail, and it was found that both processes can have an 
impact on offspring toxicant tolerance and that the effects 
of parental exposure on offspring toxicant tolerance may 
be eclipsed by the effect of offspring exposure during 
development (24). Meta-analysis of experimental studies 
showed that parental effects are subtle compared with the 
direct effect of offspring environment (67).

Increased tolerance in F1 generation snails in the pres-
ent study could be a consequence of the elimination of the 
most sensitive animals in the juvenile stage. Since only 
10-20% of the hatched snails survived and grew to matu-
rity, they were probably more tolerant to hyperosmotic 
conditions and the toxic effect of bromide. Prolonged 
growth, late sexual maturity and delayed reproduction 
might be explained as physiological acclimation to a per-
manently increased energy demand due to maintaining 
osmotic balance and possibly detoxification. According to 
physiological energetic models, in the presence of toxic 
stress some tolerant animals deploy resistance mechanisms 
and increase their metabolism which decreases the energy 
available for production (growth and reproduction), but 
their chances of survival increase (62).

This study has shown that the sublethal toxic effects of 
calcium chloride and calcium bromide on Planorbarius 
corneus L. are reversible. More resistant animals that sur-
vived were able to compensate for losses in reproduction 
and growth and fully recover their fitness traits such as 
growth and fecundity. These results suggest that the P. 
corneus population can recover fitness in the case of tem-
porary pollution with high density brines.

In the tolerance study, increased tolerance, i.e., physi-
ological acclimation, although at the expense of high ju-
venile mortality, prolonged growth, and increased time to 
reproductive size, was observed in CaCl2 hyperosmotic 
solutions. As Planorbarius corneus has an annual life cycle, 
prolonged growth, and time to reach reproductive size 
followed by delayed reproduction and increased mortality 
could have an impact on the population size in natural 
habitats polluted with high density brines.

Future research on induced higher chemical tolerance 
in freshwater snails should consider possible consequential 
changes in the population life cycle due to impaired 
growth and reproduction dynamics.
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