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Abstract Many organisms appear to exhibit adaptive
cost-benefit behaviors that balance foraging, safety, and
pollution avoidance. However, what if the cognitive facil-
ities needed to make decisions are compromised by
industrial pollutants? Are the resulting decisions altered?
Similarly, does exposure to kairomones from predators
alter an organism’s ability to avoid toxicants? Furthermore,
how long an exposure is necessary: A few minutes, hours,
or even a lifetime? We wondered if there was an interac-
tion between the ability to respond to a predatory event and
the ability to avoid heavy metals.

We examined the aquatic pulmonate snails Physella
columbiana and Lymnaea palustris, which are found in the
Coeur d’Alene drainage downstream from arsenic, cad-
mium, lead, and zinc mines in northern Idaho State. We
sought to determine the following: (1) whether short-term
previous exposure to predator odor affects a snail’s ability to
detect metals; (2) whether short-term previous exposure to
heavy-metal pollutants affects a snail’s ability to detect fright
odor; and (3) whether fright response (avoidance) decreases
as a function of time. We found that a brief exposure to heavy
metals impaired the snails’ ability to avoid predacious cues,
and a brief exposure to predacious cues impaired their ability
to avoid a stream of heavy metal-treated water. These results
have important ecological ramifications because the con-
centrations of heavy metals we used were below levels found
in the Coeur d’Alene drainage. Snails that have recently
encountered evidence of predation may not be able to detect
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and/or move away from concentrations of heavy metals that
they are normally capable of detecting. Similarly, heavy-
metal exposure may impair antipredatory behaviors.

Organisms face complex environments and often must
make decisions based on incomplete information (Ferrari
et al. 2010). For example, based on a few chemical cues,
should an organism forage and seek out potential mates or
should it behave in a manner less likely to result in pre-
dation? Many organisms appear to exhibit adaptive cost—
benefit behaviors (Wisenden et al. 2003; Johnston et al.
2012). However, what if the cognitive facilities needed to
make decisions are compromised by industrial pollutants?
Are the resulting decisions altered? And if pollutants can
impair decision making, how long an exposure is neces-
sary: a few minutes, hours, even a lifetime?

Stressors can alter the behavior of aquatic organisms
(McClosky and Newman 1995; Amiard-Triquet 2009;
Fraker et al. 2009). Often these behavioral changes are
adaptive and ameliorate the immediate stressor whether it
is abiotic, such as toxicants (Schifers et al. 2007), or biotic,
such as predators (Sih et al. 2010). A behavior employed
by aquatic pulmonate snails is the ability to detect and alter
their behavior based on certain kairomones (Covich et al.
1994; Jacobsen and Stabell 2004; Bernot et al. 2005) in
their environment. These kairomones, or chemical cues,
contain information about current environmental condi-
tions (von Frisch 1938). They can be emitted from other
snails’ mucus trails, crushed snails, or even predators
themselves (Jacobsen and Stabell 2004).

In addition, pulmonate snails can detect pollutants, such
as cadmium, zinc, and lead, that result from hard-rock
mining near the snails’ habitat (Lefcort et al. 2000). Snails
move away from areas with a higher concentration of
heavy metals to areas with lower concentrations (Golding
et al. 1997; Lefcort et al. 2004).
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In northern Idaho, United States, heavy metals from past
mining operations are patchily distributed, whereby sub-
strates of some parts of lakes may be two orders of mag-
nitude more polluted than areas just a few meters away
(Neufeld 1987; Campbell et al. 1999; Farag et al. 1998).
These lakes are in the Coeur d’Alene drainage downstream
from the Environmental Protection Agency’s Bunker Hill
Superfund site in the Silver Valley. The Superfund site and
downstream lakes are contaminated with arsenic, cad-
mium, lead, and zinc (Ellis 1940; Rabe and Bauer 1977;
Ridolfi Engineering 1993). The lakes have been contami-
nated for >125 years; therefore, at least 125 snail genera-
tions (Hunter 1975; Lefcort et al. 2010) have been exposed
to the selective pressures imposed by heavy metals.

In this system we studied the ecological and behavioral
effects of heavy-metal pollution on populations of
P. columbiana and L. palustris aquatic pulmonate snails
(Lefcort et al. 1999, 2002, 2008). Snails are a good model
because they are a major component of the metal-impacted
food chains in these lakes because they are in contact with
bottom sediments and because they are a preferred food of
fishes, such as many centrarchids and salmonids (Ellis 1940).

These lakes contain predacious fishes, such as sunfish
(Lepomis sp.). At any given time, some of the fish may be
actively feeding and hence are dangerous, whereas others may
not be feeding. One cue that snails use to discern hunting from
quiescent predators is to focus their response not on the fish but
on kairomones released from broken snail cells (von Frisch
1938; Atema and Stenzler 1977; Dickey and McCarthy 2007).
When snails detect this cue, they decrease their movements
and pull into their shells (Lefcort et al. 1999).

Previously (Lefcort et al. 1999, 2004) we showed that
aquatic pulmonate snails avoid flowing water containing
either broken snail cells or heavy metals. When placed in
the base of a Y-shaped glass container and given a choice
between a trickle of control water or an experimental
solution, snails moved into the control stream.

However, we also found that snails with high tissue
levels of heavy metals exhibit decreased antipredatory
behavior (Lefcort et al. 2000), which may suggest
impairment of detection abilities. These results are similar
to those of Clements (1999), who found that mayflies
(Rhithrogena hageni) exposed to heavy metals were more
susceptible to stonefly (Claassenia sabulosa) predation.

We wondered if there was an interaction between the
ability to respond to a predatory event and the ability to
avoid heavy metals. If, in the field, a snail detects one
negative stimulus event and responds appropriately, what
happens later? In other words, how does this possibly
stressful event alter behavior in the near future? If the snail
subsequently comes across metal-rich sediments, does it
avoid them? Similarly, does initial contact with metal-rich
water alter future responses to predator cues?
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To test the effect of previous exposure with one stressor
on a snail’s ability to detect a second stressor, we set up
Y-tube test arenas in which snails were exposed to either
heavy-metal solutions or an extract of crushed snails. The
heavy-metal solution was only presented briefly so that the
actual tissue levels of metals would not increase. We pre-
dicted that pre-exposure to one stressor would impair their
response to a subsequent stressor.

We sought to determine the following: (1) whether
short-term previous exposure to predator odor affects a
snail’s ability to detect metals; (2) whether short-term
previous exposure to heavy-metal pollutants affects a
snail’s ability to detect fright odor; and (3) whether fright
response (avoidance) decreases as a function of time.

Methods
Rearing Snails

During May and June 2010, we conducted experiments on
snails from Bayit Pond, Spokane, County, Washington State.
Bayit Pond is a reference pond (128 m?) free of heavy
metals. It was constructed in 2003 and stocked with snails
from Coeur d’Alene Basin lakes. To prevent learning, snails
were used in only a single replicate of a single treatment of a
single experiment. Sample sizes are listed in Table 1.

Preparation of Metal Solutions

We prepared heavy-metal soil stock solution by stirring
1 L vigorously rinsed soil from a river bank within the
Bunker Hill Superfund site (Lefcort et al. 1999), into a
container with 40 L deionized water. After letting the
solution settle for 48 h, we poured off the supernatant and
filtered it. This resulted in a concentration in pg/L arsenic
(>0.001), cadmium (2.1), lead (105.6), and zinc (6500.0;
Anatek Labs, Spokane, WA, using inductively coupled
plasma mass spectrometry and graphite furnace atomic
absorption). Dilutions were then made with artificial Pond
water (deionized water + KCI, MgSO, and CaHPO,),
hereafter referred to as “pond water.” For all experiments,
pond water was freshly prepared on the day of testing.

Preparation of Snail Extract

We produced snail extract by first slowly cooling a snail
(0.4-0.6 g) to 3 °C in a dish of pond water. The animal was
then crushed and macerated with 50 mL of DI water. One
drop of this extract was used in 2 L test solution. To avoid
introducing novel chemical cues, no anesthesia other than
cooling was used (approved by Gonzaga Institutional
Animal Care and Use Committee).
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Table 1 Movement in Y-tube
Genus Treatment No. toward x?
Experiment 1: effect of novelty
Lymnaea Pine water versus crushed Physella 31 versus 10 15.76*
Physella Pine water versus crushed Lymnaea 22 versus 10 5.76%*
Experiment 2A: avoidance of fright odor
Physella Pond water versus crushed Physella 31 versus 12 8.39%
Physella Pond water versus crushed Lymnaea 44 versus 10 19.8*
Physella Pond water versus crushed Planorbid 16 versus 5 5.76*
Lymnaea Pond water versus crushed Lymnaea 22 versus 8 6.53*
Lymnaea Pond water versus crushed Physella 35 versus 8 16.9*
Lymnaea Pond water versus crushed Planorbid 14 versus 9 1.08

Experiment 2B: avoidance of fright odor after preconditioning with heavy metals at various concentrations

0.8 pg/L Cd/42.0 pg/L Pb/2600.0 pg/L Zn
Physella
Lymnaea
0.08 pg/L Cd/4.20 pg/L Pb/260.0 pg/L Zn
Physella
Lymnaea
0.008 pg/L Cd/0.42 pg/L Pb/26.0 pg/L Zn
Physella
Lymnaea
0.0008 pg/L Cd/0.042 pg/L Pb/2.6 ng/L Zn
Physella
Lymnaea
0.0004 pg/L Cd/0.021 pg/L Pb/1.3 png/L Zn
Lymnaea
Experiment 3A: avoidance of heavy metals
0.08 pg/L Cd/4.20 pg/L Pb/260.0 pg/L Zn
Physella

Lymnaea

Pond water versus crushed Physella 10 versus 15 1.0

Experiment 3B: time-dependent effect of fright odor on avoidance of heavy metals

Lymnaea pre-exposed to crushed Lymnaea for 5 min versus metal

Lymnaea pre-exposed to crushed Lymnaea for 15 min versus metal
Lymnaea pre-exposed to crushed Lymnaea for 30 min versus metal
Lymnaea pre-exposed to crushed Lymnaea for 60 min versus metal

Lymnaea pre-exposed to crushed Lymnaea for 120 min versus metal

Pond water versus crushed Lymnaea 12 versus 9 0.43
Pond water versus crushed Physella 15 versus 13 0.14
Pond water versus crushed Lymnaea 15 versus 9 1.5
Pond water versus crushed Physella 13 versus 15 0.52
Pond water versus crushed Lymnaea 19 versus 13 1.12
Pond water versus crushed Physella 23 versus 11 4.26*
Pond water versus crushed Lymnaea 13 versus 17 0.53
Pond water versus crushed Lymnaea 24 versus 11 4.83%
Pond water versus metal 43 versus 21 7.56%
Pond water versus metal 43 versus 12 17.43*
5 versus 14 4.26%*
5 versus 13 3.55
6 versus 9 0.60
8 versus 7 0.06

25 versus 9 5.76*

*p < 0.05

Flow tank

One side of the flow tank contained fresh pond water, whereas
the other side contained pond water treated with an experi-
mental solution (Lefcort et al. 2004). Together, the Y-maze
flow tank trickled out the solution at the rate of ~50 mL/min
(Fig. 1). We gave each individual snail 20 min to cross a black
line toward either arm of the flow tank. If the snail did not
successfully cross a line, it was considered a “no decision.”

Hence, three outcomes were possible: control arm, experi-
mental arm, and no decision. A total of 6.2 % (+0.6 % SD) of
snails were scored as no decision.

Between snail replicates, all dishes were soaked in hot
water, rinsed with deionized water, and then wiped with a
paper towel to remove any chemical cues in the mucus
trails left from the previous snail. The treatment arms of the
Y-maze were switched (flipped) between replicates to
avoid a possible left/right bias.
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Fig. 1 Y-maze flow design

Experiment 1: Effect of Novelty

Snails may not be reacting to a stimulus but simply
showing an interest or avoidance of a novel chemical in
their environment. To control for the effect of novelty, both
P. columbiana and L. palustris species underwent treat-
ments of pre-exposure to pine needle odor. Although
Ponderosa Pine (Pinus Ponderosa) are native to the area,
there are no pine trees within 200 m of Bayit Pond.
Therefore, pine needles are novel but not exotic.

A single fresh pine needle was gently crushed with a
mortar and pestle. The pine needle was placed in 0.5 L
pond water for 10 min to soak. Each snail was put in a dish
containing the pine needle solution for 5 min followed by
5 min in a dish of fresh pond water. After 5 min in the
pond water, the snail was placed in the Y-maze flow tank
and given a choice between pine-scented water and cru-
shed-snail extract. The results from this experiment were
compared with the following experiment (Experiment 2A),
which used unscented pond water as a control. This
allowed us to determine if the snails were truly responding
to crushed snail odor or if their response to crushed snail
odor was just a response to it being a novel substance.

Experiment 2A: Avoidance of Fright Odor

We tested the avoidance behavior of both P. columbiana
and L. palustris snails to fright odor emitted from crushed
conspecifics and crushed heterospecifics. One of the het-
erospecifics was Helisoma anceps, which is an aquatic
planorbid snail taxonomically distant from pulmonate
snails. Each snail was first put in a dish containing pond
water. After 5 min in pond water, the snail was moved to
another dish containing pond water and left for 5 min
(Experiment 2B required snails to be put in a second dish to
be “rinsed;” therefore, all experiments used a second dish).
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Then the snail was placed in the Y-maze flow tank and
tested.

Experiment 2B: Avoidance of Fright Odor After
Preconditioning With Heavy Metals at Various
Concentrations

We also tested the avoidance behavior of L. palustris to
crushed conspecifics after being exposed to heavy metals.
The individual snails first spent 5 min in a dish containing
a mixture of multiple metals at five different concentra-
tions. Concentrations ranged from 0.8 pg/L cadmium,
2600.0 pg/L. zinc, and 42.0 pg/L lead to 0.0002 pg/L
cadmium, 1.3 pg/L zinc, and 0.02 pg/L lead (Table 1).
These metal levels are both above and below those found at
Coeur d’Alene drainage field sites. This was followed by
5 min in a dish of pond water to “rinse” the snails. The
snails were then put in the Y-maze flow tank and tested to
determine their response to crushed conspecifics. One side
of the flow tank contained pond water, whereas the other
side contained crushed conspecifics.

Experiment 3A: Avoidance of Heavy Metals

We tested the avoidance behavior of both species of snails
to heavy-metal pollutants. Each snail was put in a dish
containing the pond water followed by 5 min in a second
dish of pond water (control were placed in two dishes as in
Experiment 3). The snail was then placed in the Y-maze
flow tank and tested.

Experiment 3B: Time-Dependent Effect of Fright Odor
on Avoidance of Heavy Metals

In addition, we tested the avoidance behavior of both
species of snails to heavy-metal pollutants after being first
exposed to crushed conspecifics. The individual snails were
first put into a dish containing crushed conspecifics for 5,
15, 30, or 60 min. This was followed by 5 min in a dish of
fresh pond water. The snails were then put in the Y-maze
flow tank and tested to determine their response to metals.
One side of the flow tank contained fresh pond water,
whereas the other side contained a mixture of heavy metal
whose major components were 0.08 pg/L. cadmium,
260.0 pg/L zinc, and 4.2 pg/L lead.

Statistical Tests

Individual snails were only tested in a single replicate and
only used in a single experiment. This was done to prevent
any effects of learning or decreased sensitivity over time.
We analyzed the data using Chi-square test with alpha set
to 0.05.
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Fig. 2 A test of the effect of novelty on snail movement (Experiment
1). The percent of P. columbiana and L. palustris snails moving
toward either pine-scented water or an extract of crushed snail cells.
Both species moved toward pine-scented water

Results
Experiment 1: Effect of Novelty

For the novelty control using pine needles, we found that
pretreatment with pine needles had no significant effect on
the fright response of either species of snails (Table 1;
Fig. 2). Snails moved away from crushed snail odor and
toward pine odor in a similar manner as they moved toward
plain pond water in Experiment 2A.

Experiment 2A: Avoidance of Fright Odor

We found that P. columbiana and L. palustris snails moved
away from the arm of the Y-maze that contained a solution
of crushed-snail extract (Table 1; Fig. 3). This occurred in
response to both conspecifics and heterospecifics; however,
Lymnaea did not avoid planorbid extract.

Experiment 2B: Avoidance of Fright Odor After
Preconditioning With Heavy Metals at Various
Concentrations

We found that after exposures to metals, both P. colum-
biana and L. palustris exhibited a decreased ability to
detect fright odor (Figs. 4a, b). If the snails were not pre-
exposed to metals (Experiment 2A), they were able to
detect and avoid crushed conspecifics by moving away
from this stream of solution. However, if the snails were
pre-exposed to varying concentrations of metals, they had a
weaker response unless the metal solution was dilute.

P. columbiana returned to a normal fright response at
metal concentrations of 0.0008 pg/L cadmium, 0.042 ng/L
lead, and 2.6 ng/L zinc. L. palustris returned to a normal
fright response at metal concentrations of 0.0004 ng/L

Physella Lymnaea

Fig. 3 A test of the effect of crushed snail cells on snail movement
(fright-response [Experiment 2A]). The percent of P. columbiana and
L. palustris snails moving toward either unscented water or an extract
of crushed snail cells. Both species moved toward unscented water

cadmium, 0.021 pg/L lead, and 1.3 pg/L zinc. For refer-
ence, water metal levels in the lakes of the Coeur d’Alene
Basin are from 2 to 4 orders of magnitude greater (Farag
et al. 1998; Gearheart et al. 1999).

Experiment 3A: Avoidance of Heavy Metals

We found that P. columbiana and L. palustris snails moved
away from the arm of the Y-maze that contained a solution
of heavy metals (Table 1). Again, the concentration of
heavy metals was lower than that found at our field sites.

Experiment 3B: Time-Dependent Effect of Fright Odor
on Avoidance of Heavy Metals

If the snails were not pre-exposed to fright odor (Experi-
ment 3A), they were able to detect and avoid heavy metals
by moving away from this stream of solution. However, if
the snails were pre-exposed to fright odor, they had a
weaker response (Fig. 5).

After exposure to crushed conspecifics for 5-, 15-, 30-,
and 60-minute increments, we found that a recent fright
response interfered with avoiding water containing heavy
metals (0.08 pg/L cadmium, 260.0 pg/L zinc, and 4.2 pg/L
lead). However, exposure time to crushed conspecifics
lengthened, L. palustris snails returned to baseline avoid-
ance of heavy metals. We did not have enough animals to
repeat this experiment with P. columbiana.

Discussion

Although toxicology experiments are often conducted on
single toxicants, in reality organisms such as aquatic snails
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Fig. 4 a A test of the effect of previous exposure to heavy metal
solutions on the fright response of P. columbiana (Experiment 2B).
Levels >0.008 pg/L. cadmium, 0.42 pg/L lead, and 26.0 pg/L zinc
resulted in the snails not significantly (p < 0.05) avoiding the crushed
snail extract at a rate of >50 %. Only zinc is illustrated, but snails
were actually exposed to a multimetal solution from a polluted
habitat. b A test of the effect of previous exposure to heavy-metal
solutions on the fright response of L. palustris (Experiment 2B).
Levels >0.0008 pg/L cadmium, 0.042 pg/L lead, and 2.6 pg/L zinc
resulted in the snails not significantly (p < 0.05) avoiding the crushed
snail extract at a rate of >50 %. Only zinc is illustrated, but snails
were actually exposed to a multimetal solution from a polluted habitat

live in a complex environment. Their environment contains
food, predators, parasites, often pollution, and competing
conspecific and heterospecific snails. From the snail’s
perspective, these are not single stressors but rather may
occur sequentially or simultaneously.

Physiological and behavioral coping mechanisms may
interact and preclude an optimal response. For example,
migrating salmon (Oncorhynchus spp.) that are handled as
they pass over dams are more susceptible to predacious
Northern pikeminnow (Ptychocheilus oregonensis) for up
to 1 h after handling (Mesa 1994). Similarly, Kavaliers
(1988) found that a 5-min exposure to the short-tailed
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chemical that generates reactive oxygen species; Cypser
and Johnson 2002).

In this study, we tested P. columbiana and L. palustris
aquatic pulmonate snails, which are native to northern
Idaho and present in areas that contain fish predators and
heavy-metal pollutants. We found that a brief exposure to
heavy metals impaired their ability to avoid predacious
cues, with L. palustris being more sensitive than
P. columbiana to the heavy-metal pollutant concentrations.

Our results support the hypothesis that heavy metals
retard the ability of P. columbiana and L. palustris to detect
conspecific fright odor. This may possibly be due to
alterations of ion channels (R6zsa and Salanki 1990). Thus,
heavy-metal pollution commonly found in the Silver Val-
ley of Northern Idaho could have a significant effect on the
ability of native P. columbiana and L. palustris to avoid
predators. This would augment the transfer of metals from
lower trophic levels to higher levels, possibly including
humans, because snails come into contact with polluted
sediments and are a preferred food item of many game fish
(Farag et al. 1998). However, fish such as common killifish
(Fundulus heteroclitus), which are themselves impacted by
heavy metals and other pollutants, are often less efficient
predators on lower trophic levels, such as blue crabs
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(Callinectes sapidus) and grass shrimp (Palaemonetes
pugio; Weis et al. 2001, 2011).

In addition, we confirmed our earlier finding (Lefcort et al.
2004) that both snail species avoid heavy metals. However,
in this study we discovered that after pre-exposure to crushed
conspecifics, L. palustris not only failed to avoid metal-
treated water, they actually moved toward it. This effect was
strong if given a brief 5-min exposure to crushed conspe-
cifics, but it decreased after 15 min of exposure and returned
to control levels after alengthy 120 min. Interestingly, Fig. 5
shows a U-shaped response that appears to be hormetic
(Davis and Svendsgaard 1990; Lefcort et al. 2012).

An effect of fright-odor kairomones on metal avoidance
has important ecological ramifications because the concen-
trations of heavy metals we used are below levels found in
the Coeur d’ Alene drainage (Farag et al. 1998; Lefcort et al.
1999). They are also below the concentrations that we pre-
viously found to result in avoidance of heavy metals by
P. columbiana and L. palustris (Lefcort et al. 2004). This
suggests that snails that have recently encountered evidence
of predation may not be able to detect and/or move away
from concentrations of heavy metals they are usually capable
of detecting. This may also explain why snails in the drainage
acquire heavier metal loads than one would predict from
passive aqueous absorbance (Lefcort et al. 2004; Croteau
et al. 2007; Hoang et al. 2008; reviewed by Amiard-Triquet
and Rainbows 2011). Concentrations of sediments and water
in our previous studies (Lefcort et al. 2000, 2004) showed
that snails readily avoid in the laboratory may not be avoided
in the field because predator-induced kairomones are often
present.
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