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Effects of the herbicide metolachlor on the perception of chemical

stimuli by Orconectes rusticus
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Abstract.  Previous research has suggested that certain environmental pollutants interfere with the
perception of chemical stimuli. It is not clear if this interference comes from masking the odor, where
the animal cannot detect the signal over the background noise, or if there is a physiological effect on
the olfactory receptor cells or neuromusculature that influences the animal’s behavior. We acutely
exposed crayfish to the agricultural chemical metolachlor. We then tested the ability of crayfish to
respond appropriately to 2 chemical stimuli important to their survival: 1) detection of damaged
conspecifics, and 2) location of a food source in the absence of metolachlor. A damaged conspecific,
commonly known as an alarm signal, produces a chemical signal composed of bodily fluids that
could signify a predation event to the individual receiving the signal. Results indicated that crayfish
were unable to successfully locate a food source after being exposed to metolachlor. In the presence
of an alarm signal, animals exposed to metolachlor walked faster than nonexposed animals and
tended to walk in the direction of the alarm signal instead of away, as in the control animals. Crayfish
may perceive aspects of the chemical signal but make inappropriate decisions in response to the

information received as a result of exposure to metolachlor.
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Pesticides are used in many agricultural ar-
eas to control pests and to increase product
yield. Some of the commonly used pesticides
are S-triazine herbicides (atrazine, cyanazine,
and simazine), chloroacetamide herbicides
(metolachlor, alachlor, and acetochlor), and or-
ganophosphates (diazinon). These chemicals
are found in the surface water of local streams,
rivers, and lakes as a result of agricultural run-
off. For example, northern Ohio rivers and
streams have a yearly average of 5 ppb meto-
lachlor with a maximum concentration of 80
ppb in the spring and summer (Battaglin et al.
2000, Frey 2001). The US Environmental Pro-
tection Agency (USEPA) monitors pesticides in
surface waters for concentrations that are at or
above human consumption levels and lethal
concentration levels (LC50) for aquatic organ-
isms (Ahrens 1994, USEPA 1995, Gilliom et al.
1999). The concentration of metolachlor rou-
tinely observed in surface waters falls well be-
low the LC50 established for fish, which ranges
from 2 mg/L (ppm) for rainbow trout to 15
mg/L (ppm) for bluegill sunfish (Ahrens 1994).
Even though concentrations typically seen in
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surface waters are below the lethal level, they
could have a detrimental effect on behaviors
essential in the life strategies of aquatic organ-
isms (Saucier et al. 1991, Klaprat et al. 1992,
Moore and Waring 1996, Scholz et al. 2000).

Fish and aquatic invertebrates are exposed to
various levels of contamination throughout the
year, which can cause physical damage to dif-
ferent areas of the body. Because the olfactory
organs of aquatic organisms are directly ex-
posed to the environment, chemical pollutants
may impair the ability to perceive and respond
appropriately to chemical stimuli (Klaprat et al.
1992). Fish have the potential to recover from
damage to the olfactory receptor cells because
they have a high cellular turnover rate, whereas
crayfish only replace the olfactory receptor
cells during the molting process (Klaprat et al.
1992, Zeni et al. 1995). It is unclear if crayfish
olfactory cells contain enzymes capable of
breaking down toxic substances, but the en-
zyme P450 has been found in the crayfish he-
patopancreas where breakdown of toxic sub-
stances is know to occur (James and Boyle
1998, Snyder 2000). This enzyme is also found
in mammalian olfactory mucosa, and is be-
lieved to metabolize certain contaminants to
which the animal has been exposed (Sivarajah
et al. 1979, Ding et al. 1992).
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Recent studies showed that nominal (suble-
thal) concentrations of pollutants have a detri-
mental effect on several aspects of fish behav-
ior (Saucier et al. 1991, Moore and Waring 1996,
Saglio and Trijasse 1998, Scholz et al. 2000).
Chinook salmon exposed to nominal levels of
the pesticide diazinon exhibited decreased re-
sponses to predatory odors; however, they con-
tinued feeding in the presence of a predatory
odor (Scholz et al. 2000). Diazinon, at several
sublethal concentrations, also interfered in re-
production of Atlantic salmon by disrupting
olfactory priming of the male by female urine
(Moore and Waring 1996). Swimming patterns,
orientation to food, and social interactions of
goldfish were affected by short-term exposure
to carbofuran, diuron, and atrazine (Saglio et
al. 1996, Saglio and Trijasse 1998). Atrazine
also altered the swimming behavior of zebraf-
ish at a wide range of environmentally relevant
concentrations (Steinberg et al. 1995).

Crayfish are ideal animals for studying the
effect of pollutants on olfaction because infor-
mation concerning many aspects of their envi-
ronment is acquired through olfactory organs.
Crayfish use chemical signals to search for
food (Dunham et al. 1997, Moore and Grills
1999), mates (Dunham and Oh 1996, Geri and
Dunham 2000), determine social status of con-
specifics (Quinn and Graves 1998, Zulandt
Schneider et al. 1999), and to locate and avoid
potential predators (Hazlett 1985, 1990, 1994,
Appelberg et al. 1993, Zulandt Schneider et al.
2000). The olfactory organs of crayfish are vul-
nerable to damage from environmental pollut-
ants, so decisions crayfish must make based on
chemical stimuli could be severely taxed (Steele
et al. 1992, Hanazato 1999). Behavior of cray-
fish could be altered by contaminants masking
odor signals, by inhibiting the ability of recep-
tor cells to detect signals, or by altering an an-
imal’s behavioral response to chemical signals.
Masking is a process by which the toxin influ-
ences the ability of the animal to distinguish
signals from the background noise of the en-
vironment.

Metolachlor may interfere with normal olfac-
tory behavior in crayfish. We examined the ef-
fects of acute exposure to metolachlor on the
response to food and alarm signal odor cues
by the freshwater crayfish Orconectes rusticus.
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Methods
Crayfish

Male O. rusticus were obtained from the Por-
tage River in Wood County, Ohio, during March
and April 2000. Animals were housed in an en-
vironmental chamber on a reverse light/dark
cycle (14:10 L:D) and at a temperature of 22.0 =
0.2°C. The animals were maintained separately
in physically isolated, 1.5-L translucent plastic
flowerpot containers. Flowerpots were aerated
and water was changed once a week. Animals
were acclimated in isolation for 10 d before use
in experiments. Animals were fed ~0.1 g of fro-
zen haddock fillets 3 times a week. Crayfish
were tested experimentally for their ability to
respond appropriately to 2 odor cues: 1) food
odor, and 2) alarm signal. Crayfish used in the
food-orientation experiment were starved for 7
d prior to use, and animals used in the alarm
signal response experiment were fed 24 h prior
to use.

Odor preparation

The food odor was prepared fresh daily be-
fore the commencement of testing by homoge-
nizing 5 to 6 g of frozen haddock fillet with 1
L of aged tank water. Alarm signal was pre-
pared in the same manner as the food odor, ex-
cept a 5 to 6 g crayfish was homogenized with
1L of aged tank water (Hazlett 1985, 1990, 1994,
Chivers and Smith 1994, Zulandt Schneider et
al. 2000). All odor stimuli were strained through
a USGS 60-pum mesh sieve to remove large piec-
es of fish fillet or crayfish tissue.

Chemical preparation and exposure

Crayfish were exposed to 3 environmentally
relevant concentrations of metolachlor: 25, 50,
and 75 ppb (Frey 2001). Metolachlor was pur-
chased through the Supelco Chemical Company,
Bellefonte, Pennsylvania (Lot # LA 237-91A).
Stock solutions of metolachlor were made by
weighing 23 mg of the chemical, dissolving it in
1 mL of acetone, and diluting it to 1 L with aged
tank water. Stock solutions were stored in the
dark at 4°C (Lin et al. 1999). Stock solutions
were not used after 35 d; the half-life of this
chemical in nature can range from 33 to 46 d
(Hartgers et al. 1998, Graham et al. 1999). Con-
trols using acetone alone (vehicle control) tested
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whether acetone affected behavior of the cray-
fish. Vehicle control stock solutions were pre-
pared by diluting 1 mL of acetone to 1 L with
aged tank water. Exposure treatments were as
follows: 1) Treatment 1: 25 ppb, 1.09 mL of me-
tolachlor stock solution:1 L of aged tank water,
2) Treatment 2: 50 ppb, 2.17 mL of metolachlor
stock solution:1 L of aged tank water, 3) Treat-
ment 3: 75 ppb, 3.26 mL of metolachlor stock
solution:1 L of aged tank water, 4) Vehicle con-
trol: 3.26 mL of acetone stock solution:1 L of
aged tank water, and 5) Control: aged tank wa-
ter only.

The exposure treatments were conducted
first, followed by control treatments the next
day. The vehicle control was used in the food
odor experiment only; acetone did not influence
behavioral responses so this treatment was
dropped from the alarm signal experiment.
Each treatment consisted of 12 replicates for a
total of 108 crayfish. For the food-orientation ex-
periment, 12 crayfish (replicates) were used in
each of 5 different treatments (see above). In the
alarm signal experiment, 12 crayfish (replicates)
were used in each of 4 different treatments.
Crayfish were exposed to each treatment for 96
h (USEPA 1993). Exposure water was changed
daily to ensure a relatively constant exposure
concentration. After exposure, crayfish were
rinsed with fresh tank water and acclimated to
the flow tank for 25 min.

Flow tank and experimental setup

Trials were conducted in a plexiglass flow-
through tank (20.6 X 42.7 X 17.0 cm). Fresh
tank water used for odor experiments was held
in a 10-L carboy located above the tank. Water
was gravity fed from the carboy through Tygon
tubing (# R-3603) into the flow tank, and was
regulated using a Manostat Riteflow® flowme-
ter (size 4), set at a constant rate of 128.7 mL/
min. Water entered and exited the tank through
spouts drilled into the ends. The holes were lo-
cated 5 cm from the bottom and 10.3 cm from
the sides of the tank. Crayfish were allowed to
acclimate in the flow tank for 20 min without
flow, and 5 min with flow before odor was in-
troduced. Odor stimulus was injected into the
inflow tubing 15 cm prior to the tube attaching
to the tank using a 50-mL syringe at a rate of 6
mL/min (Zulandt Schneider et al. 2000). Trials
lasted for 2 min, with a total of 12 mL of odor
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stimulus injected. The flow tank was rinsed 3
times with dechlorinated tap water and refilled
with fresh tank water between each trial. All tri-
als were recorded using a Sony HI8 video cam-
era (CCD-TR700) that was mounted above the
flow tank.

Dye trials

Dye trials were conducted to determine the
flow speed of the odor stimulus as it was in-
jected into the flow tank. Twelve mL of a fluo-
rescein dye solution were injected into the tank
in the same fashion as the odor stimuli. Analysis
of the dye trials indicated that the leading edge
of the odor plume reached the end of the flow
tank, on average, in 20.6 s and that the odor
spread throughout the tank in 118 s. The flow
speed of the odor was calculated to be 2.14 *
0.21 cm/s.

Data analysis

Videotaped trials were digitized at 1 frame/
s using Peak Motus Motion Analysis® to obtain
X and Y spatial coordinates of the animals’
movements. Spatial parameters were analyzed
to determine changes in behavior, which includ-
ed walking speed, walking speed toward the
odor source, time to locate the source, % success
in locating the source, and time spent motion-
less. Walking speed was calculated by dividing
the distance traveled by the time spent to travel
from one point to another for each frame of vid-
eo analyzed. Thus, walking speed was calculat-
ed at each segment of the path. These numbers
were then averaged for each trial giving a mean
walking speed for each animal used. Walking
speed is a measure of the walking speed any-
where within the tank, whereas walking speed
toward the source is a measurement of move-
ment toward the odor source. Walking speed to-
ward the source can be a positive or negative
vector (for details see Moore et al. 1991, Moore
and Grills 1999).

In the food-orientation experiment, animals
that came within 5 cm of the flow input were
defined as successfully locating the odor source.
The average time taken by control animals to
locate the odor source was used in exposure tri-
als where the crayfish did not locate the food
odor. This analysis removed any possible time
bias in those behavioral measures that were sen-
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sitive to total time. In the alarm signal response
experiments, orientation to the odor source and
the amount of time spent motionless during the
trial were analyzed. In both alarm signal re-
sponse and food-orientation experiments, walk-
ing speeds of the 2-min trials were normalized
to correct for differences in activity before and
after odor was introduced. Walking speeds were
normalized by dividing the post-odor walking
speed of each replicate by the average pre-odor
walking speed, which yielded a ratio of the
post-odor : pre-odor walking speed.

Orientation parameters were statistically an-
alyzed using a MANOVA, and differences be-
tween groups were obtained using a LSD post-
hoc comparison test (STATISTICA 5.1 97,
StatSoft, Tulsa, Oklahoma). Percent success in
locating the odor source was analyzed using a
x? test, where the expected value was defined
as the success of the control animals in locating
the odor source (Zar 1999). A x? analysis was
performed for all data points together to obtain
an overall statistical measure of treatment effect.
The differences between treatments were deter-
mined by separate x* tests between each meto-
lachlor treatment and the control treatment. Pre-
odor walking speeds were analyzed using a 1-
way ANOVA, and differences between treat-
ment groups were analyzed using an LSD
post-hoc comparison test.

Results
Pre-odor walking speed

Analysis indicated an overall significant effect
of metolachlor treatment on pre-odor walking
speeds (ANOVA; F,.; = 2.76, p < 0.05). There
was a significant decrease in pre-odor locomo-
tory behavior in crayfish exposed to the highest
concentration of metolachlor, 75 ppb (LSD post-
hoc test, p < 0.05; Fig. 1).

Food-orientation experiment

Orientation pathways of control and exposed
animals were compared to qualitatively mea-
sure the movements of animals toward the food
odor (Fig. 2). Animals exposed to 50 and 75 ppb
metolachlor were less likely to locate the food
odor (Fig. 2D, E) compared to control animals
(Fig. 2A, B). MANOVA results using all of the
orientation parameters showed an overall treat-
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Walking speed (cm/s)

Control Acetone 25 ppb 50 ppb 75 ppb

FiG. 1. Mean (* SEM) pre-odor walking speeds of
crayfish during the acclimation period prior to intro-
duction of odor stimulus into the flow tank. Columns
with the same letter are not significantly different
(LSD post-hoc test, p > 0.05).

ment effect on the orientation behavior of cray-
fish toward food odor (Rao’s Ry, ,,s = 2.08, p <
0.05). LSD post-hoc comparisons for differences
between treatments for the orientation parame-
ters are addressed below.

Walking speed.—Analysis of the normalized
walking speeds of crayfish presented with a
food-odor stimulus showed there were no sig-
nificant differences (LSD post-hoc test, p > 0.05)
between animals treated with different concen-
trations of metolachlor and control treatments
(Fig. 3).

Walking speed toward source—Crayfish ex-
posed to various concentrations of metolachlor
exhibited diminished walking speeds toward
the food odor (Fig. 4). Animals exposed to the
2 highest concentrations of metolachlor were the
most affected. The animals in the 50 ppb treat-
ment walked significantly slower toward the
food odor (LSD post-hoc test, p < 0.05) than the
control animals. Although the 75 ppb treatment
was not significantly different from the control
animals (LSD post-hoc test, p = 0.053), there
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FiG. 2. Sample orientation pathways of animals presented with a food odor. Animals started the trial on
the opposite side of the tank from the odor source. A.—Control. B.—Acetone. C—E.—Metolachlor at 25 (C), 50

(D), and 75 ppb (E) ppb.

was a strong indication that crayfish were walk-
ing much slower toward the food odor than the
control animals.

Time to source.—Crayfish exposed to meto-
lachlor took significantly longer to locate the

2.0+

Ratio of post-odor walking speed
to pre-odor walking speed

Control Acetone 25 ppb 50 ppb 75 ppb

FiG. 3. Mean (= SEM) normalized walking speeds
of animals presented with food odor. There were no
significant differences (LSD post-hoc test, p > 0.05).

food odor than crayfish from the control treat-
ments (LSD post-hoc test, p < 0.05, Fig. 5). All
crayfish exposed to metolachlor concentrations
exhibited similar times to locate the food odor
source.

Success in locating odor source.—yx? analysis in-
dicated an overall effect of the exposure treat-
ments on the ability of crayfish to locate a food
odor (x% = 62.2, p < 0.05, Fig. 6). There were
significant differences between the control ani-
mals and each metolachlor exposure group: 25
ppb (x* = 4.36, p < 0.05), 50 ppb (x*, = 39.3, p
< 0.05), and 75 ppb (x2, = 17.5, p < 0.05).

Alarm signal response experiment

Orientation pathways of control and exposed
animals were compared to qualitatively mea-
sure the movements of animals in response to
an alarm signal (Fig. 7). The paths of animals
demonstrated the tendency to stay to the sides
of the tank, which is the area of least concentra-
tion of alarm signal as shown by the dye trials.
MANOVA results using all of the orientation pa-
rameters showed that there was a significant
overall effect of the treatments on behavior of
crayfish towards an alarm signal (Rao’s Ry, ., =
2.66, p < 0.05). LSD post-hoc comparisons for
differences between treatments for the orienta-
tion parameters are addressed below.

Walking speed—Walking speed of crayfish
showed that there was a dose-related response
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1.0 4

0.8

Speed toward source (cm/s)

Control Acetone 25 ppb 50 ppb 75 ppb

FIG. 4. Mean (= SEM) walking speeds of animals
toward the food odor source. Columns with the same
letter are not significantly different (LSD post-hoc test,
p > 0.05).

as a result of metolachlor exposure (Fig. 8). The
animals exposed to 75 ppb walked significantly
faster in the presence of an alarm signal than
all other treatments (LSD post-hoc test, p <
0.05). All metolachlor-exposed crayfish in-
creased their walking speeds when compared to
control animals.

Walking speed toward source—There were no
significant differences in crayfish walking
speeds toward the source in the presence of an
alarm signal (LSD post-hoc test, p > 0.05), but
some trends were evident (Fig. 9). Control ani-
mals showed negative walking speeds toward
the source, which is expected when an alarm
signal is present. However, the animals exposed
to metolachlor exhibited positive walking
speeds toward the aversive signal.

Time spent motionless.—Exposed crayfish tend-
ed to exhibit more activity than the control cray-
fish, although the difference was not significant
(LSD post-hoc test, p > 0.05, Fig. 10). Crayfish
exposed to metolachlor spent % of the trial mo-
tionless, whereas the control animals remained
motionless for nearly % the trial.
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Time to source (s)

Control Acetone 25 ppb 50 ppb 75 ppb

FiG. 5. Mean (= SEM) time taken for crayfish to
locate the food odor. Columns with the same letter are
not significantly different (LSD post-hoc test, p >
0.05).

Discussion
Metolachlor alters crayfish behavior

Metolachlor significantly altered the chemo-
sensory behavior of crayfish. Crayfish exposed
to metolachlor exhibited impaired responses to-
ward food odor. This result was especially evi-
dent at the 2 highest exposures, 50 and 75 ppb.
Crayfish at these concentrations took signifi-
cantly longer to locate the food odor than con-
trol groups. In previous studies, crayfish ex-
posed to sublethal levels of metals exhibited al-
tered responses to food odors (Steele et al. 1992,
Shebra et al. 2000). In the alarm signal response
experiments, crayfish also exhibited altered re-
sponses to the stimulus presented. The normal
response of crayfish to an alarm signal is either
to cease movement to become less conspicuous
or to seek shelter (Hazlett 1990). Fish exposed
to a conspecific alarm signal or predator odor
stop foraging, decrease swimming speed, and
avoid the area where the odor is being emitted
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FiG. 6. Percent success in locating the food odor.

Columns with the same letter are not significantly dif-
ferent (x? test, p > 0.05).

(Chivers et al. 1995, Brown and Smith 1998). We
observed that exposed crayfish walked faster,
displayed a tendency to move toward the aver-
sive stimulus, and showed increased activity
levels not usually associated with an alarm sig-
nal response.
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Our results show that the ability of crayfish
to respond appropriately to chemical stimuli is
impaired when exposed to metolachlor. There
are 3 potential explanations for the changed be-
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FIG. 7. Sample orientation pathways of animals presented with an alarm signal. Animals started the trial
on the opposite side of the tank from the alarm signal source. A.—Control. B-D.—Metolachlor at 25 (B), 50

(C), and 75 (D) ppb.
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FIG. 9. Mean (= SEM) walking speeds of animals
toward the alarm signal source. There were no signif-
icant differences (LSD post-hoc test, p > 0.05).

havior after exposure: 1) a masking of the odor
by the chemical, 2) impairment to the external
chemosensory receptors, or 3) physiological im-
pairment that could affect the animal’s loco-
motory abilities. We were able to rule out num-
ber 1 because the animals were not exposed to
contamination during stimulation.

Possible neurological effects

Results of our study suggest impairment to
both neuromuscular control and the chemosen-
sory ability to respond to particular stimuli. Pre-
vious research on sublethal exposure to pesti-
cides has suggested that sensory impairment
can occur as a result of inhibition of neurotrans-
mitter receptors necessary for the processing of
information (Moore and Waring 1996, Hanazato
1999, Scholz et al. 2000). A neurosensory im-
pairment could affect systems used to detect
potential threats and for foraging and feeding.
Tomba et al. (2001) demonstrated that crayfish
can distinguish between different types of odors
when presented simultaneously and make de-
cisions based on available olfactory information.
There must be specific components or amino ac-
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Time spent motionless (s)

Control

25 ppb 50 ppb 75 ppb

FiG. 10. Mean (+ SEM) time spent motionless by
animals presented with an alarm signal. There were
no significant differences (LSD post-hoc test, p >
0.05).

ids that code for the different stimuli to differ-
entiate between an alarm signal and a food
odor.

Studies with lobsters and catfish have illus-
trated that different olfactory receptors are sen-
sitive to different amino acids (Caprio et al.
1993, Michel et al. 1993, Cromarty and Derby
1997, Steullet and Derby 1997). A combination
of electrophysiological and behavioral studies
demonstrated that lobsters can process a com-
plex mixture of odors. This processing can al-
low for behavioral discrimination of these sig-
nals (Steullet and Derby 1997, Derby 2000).
Contaminants can serve as inhibitors to olfac-
tory neural pathways by interfering with com-
munication between sensory organs and the
processing center (Steele et al. 1992, Moore and
Waring 1996, Saglio et al. 1996, Hebel et al. 1997,
Carlson et al. 1998, Hanazato 1999, Scholz et al.
2000).

Possible physiological effects

Metolachlor may alter basic movement pat-
terns in crayfish. Animals in our study exposed
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to the highest concentration displayed signifi-
cantly slower walking speeds compared to the
other treatment groups. Behavioral studies on
fish and invertebrates demonstrated that suble-
thal exposure to contaminants causes changes
in locomotory patterns (Steinberg et al. 1995,
Hebel et al. 1997, Rice et al. 1997, Preston et al.
1999). Acute exposure of Japanese medaka to
organic chemicals and 5 types of pesticides re-
sulted in changes in swimming behavior, startle
response, and equilibrium (Rice et al. 1997, Carl-
son et al. 1998). Preston et al. (1999) showed that
the rotifer Branchionus calciflorus exhibited hy-
peractive swimming in the presence of a pred-
ator after pesticide exposure.

The mode of action of metolachlor is not well
established. Metolachlor may inhibit the synthe-
sis and metabolism of lipids and fatty acids in
plants (Wu et al. 2000), but even less is known
about its effects on aquatic organisms. Because
pesticides cause inhibition to the nervous sys-
tem (Moore and Waring 1996, Carlson et al.
1998), further study is necessary to establish the
neuroanatomical sites of activity for metolach-
lor.

Implications for crayfish

Our study shows that, even though metolach-
lor is occurring at sublethal concentrations, bi-
ological effects that LC50 values do not address
still exist (Shebra et al. 2000). Exposure to pes-
ticides such as metolachlor may disable appro-
priate behavioral responses to food, mates, so-
cial status determination, and predator avoid-
ance. Crayfish are an integral part of stream and
lake ecosystems. Changing the feeding, social
interactions, and avoidance behaviors of these
animals can have wide-ranging implications for
these systems.
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