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Abstract—Mercury contamination of fish is widespread in North America and has resulted in the establishment of fish consumption
advisories to protect human health. However, the effects of mercury exposure to fish have seldom been investigated. We examined
the effects of dietary mercury exposure at environmental levels in a common forage species, golden shiner (Notemigonus cryso-
leucas). Fish were fed either an unaltered diet (12 ng/g wet wt methylmercury [MeHg] as Hg), a low-Hg diet (455 ng/g Hg), or
a high-Hg diet (959 ng/g Hg). After 90 d mean fish whole-body total Hg concentrations were 41, 230, and 518 ng/g wet wt,
respectively, which were within the range of concentrations found in this species in northern U.S. lakes. There were no mortalities
or differences in growth rate among groups. Groups of fish from each treatment were exposed to a model avian predator and their
behavioral response videotaped for analysis. Brain acetylcholinesterase (AChE) activity was determined in fish after behavioral
testing. Fish fed the high-Hg diet had significantly greater shoal vertical dispersal following predator exposure, took longer to return
to pre-exposure activity level, and had greater shoal area after return to pre-exposure activity than did the other treatments, all of
which would increase vulnerability of the fish to predation. There were no differences in brain AChE among treatments. We conclude
that mercury exposure at levels currently occurring in northern United States lakes alters fish predator-avoidance behavior in a
manner that may increase vulnerability to predation. This finding has significant implications for food chain transfer of Hg and Hg
exposure of fish predators.
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INTRODUCTION

Mercury (Hg) contamination of freshwater fish is a wide-
spread problem in the United States. Fish consumption advi-
sories because of Hg contamination have been issued by 44
states and exceed the number of advisories for all other con-
taminants combined [1]. Although human and wildlife health
effects of Hg exposure have been the subjects of a number of
investigations [2,3], the effects of Hg to fish, especially sub-
lethal effects from chronic exposure, have been seldom studied
[4].

For freshwater fish, the acute toxicity of waterborne inor-
ganic Hg ranges from 30 mg/L for guppies (Poecilia retic-
ulata) to 1,000 mg/L for tilapia (Tilapia mossambica) [4].
However, Hg concentrations in surface waters are generally in
the range of 1 to 20 ng/L [5]. Therefore, exposure of fish to
acutely toxic water concentrations of Hg is unlikely. Hg ac-
cumulated by fish is largely monomethyl Hg (MeHg) [6], and
at least 85% of Hg uptake by fish occurs through the diet [7];
direct uptake from water is ,15%.

In all vertebrates Hg is a neurotoxin [8] at concentrations
far below those causing acute toxicity. Methylmercury crosses
the blood-brain barrier, preferentially accumulating in the brain
[9], and, unlike in other organs, Hg is not depurated from the
brain [10,11]. The biochemical effects of Hg exposure are well
known, and behavioral effects in mammals have been studied
extensively [12], but the toxicological importance of these
effects to fish is difficult to determine. Behavioral changes
may affect the ability of fish to forage, mate, compete, or avoid
predation. These responses, in turn, would affect the survival
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of fish populations. Limited studies into the effects of Hg on
fish behavior have demonstrated that Hg affects fish swimming
performance [13], foraging activity [14], learning [15], activity
patterns [16], and predator avoidance [17]. However, the con-
centration, chemical form, and route of exposure to Hg used
in these studies were not environmentally realistic.

Food-borne exposures to Hg have been used to assess the
pharmacodynamics of Hg poisoning in fishes. Evidence from
these studies for behavioral changes is only qualitative. One-
year-old walleye (Stizostedion vitreum) that were fed shredded
pike (Esox lucius) with an MeHg concentration of 7.9 mg
Hg/g for 240 d had whole-body Hg concentrations of 15 to
45 mg Hg/g (wet wt) and exhibited diminished coordination
and escape behavior [18]. Rainbow trout (Salmo gairdneri)
fed a laboratory diet spiked with MeHg at concentrations of
25 to 95 mg Hg/g for 105 d had whole-body Hg concentrations
of 30 to 35 mg Hg/g (wet wt) and were reported to be lethargic
[19]. In neither case was the behavioral change quantified, and
in both cases the concentration of Hg in the fish was higher
than in fish found alive in the wild [4].

There is a need to determine whether food-borne exposure
to MeHg impairs fish behavior in a way that would diminish
the capability for survival. The goal of this study was to de-
termine whether dietary exposure to environmentally realistic
concentrations of MeHg impaired the ability of a freshwater
forage fish to avoid predation.

METHODS AND MATERIALS

Test organisms

Golden shiners (Notemigonus crysoleucas, 50–70 mm total
length) were collected by seining from a man-made pond near
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Brewer, Maine, USA, and transported in a live tank to the
laboratory. Golden shiners were chosen as the test species
because they are ubiquitous in fresh waters of eastern North
America [20]. Golden shiners consume zooplankton, espe-
cially Cladocera, and are in turn consumed by many predatory
fishes and fish-eating birds [20]. They are a shoaling fish [20]
and have known predator avoidance responses similar to many
other cyprinid species [21,22]. They are also easily kept in the
laboratory and have been used previously for toxicological
studies [23].

In the laboratory the fish were placed in a 568 L holding
tank (Frigid Units, Toledo, OH, USA) filled with untreated
well water (mean temperature 5 98C, pH 5 8.5, acid neu-
tralizing capacity 5 2,350 mEq/L, specific conductance 5 480
mS). They were treated for external parasites with a 2 mg/L
solution of potassium permanganate (KMnO4) and fed an ar-
tificial diet (Rise; Agway, Syracuse, NY, USA). After two
months of acclimation to laboratory conditions, the fish were
randomly divided into six groups of 20 fish each. The groups
were transferred to six black plastic tanks (378.5 L tanks filled
to 227 L; loading 5 0.70–0.91 g fish/L), assigned to a treat-
ment, and fed the experimental diet described below. The tanks
were supplied with untreated well water, which was recircu-
lated through a biofilter and heated to maintain a constant 238C
temperature. One quarter of the water volume in the tanks was
replaced every 10 d. The tanks were enclosed in a black plastic
structure to minimize external disturbance and maintained on
a cycle of 11 h light, 0.5 h dawn and dusk, and 12 h darkness.

Experimental diet

A diet was prepared following the recipe of Lochmann and
Phillips [24], which was modified by the addition of MeHg.
A 0.01 mg/ml (3.98 3 1025 M) stock solution of MeHg was
made by dissolving methylmercuric chloride (solid, 951%;
Alfa Aesar, Ward Hill, MA, USA) in reagent-grade ethanol
(Baxter Scientific, McGaw Park, IL, USA). The appropriate
amount of the stock solution was mixed with deionized water,
which was then brought up to 40% weight:volume of the dry
material, then extruded through a Hobart meat grinder (Mad-
ison, WI, USA) fitted with a 3 mm die. The diets were dried,
then double bagged in precleaned plastic bags and stored at
2188C until they were ground. The diets were ground in a
class 10 hood using a coffee grinder, passed through a 1.0 mm
sieve, and retained on a 0.5 mm sieve. Three diets were pro-
duced: control (no added MeHg), low Hg (target final MeHg
concentration 500 ng/g as Hg wet wt), and high Hg (target
concentration 1,000 ng/g). Our preparation yielded a diet that
sank slowly to the bottom of the tank. The fish ate the food
while it was sinking and off the bottom of the tanks.

Behavior study

For the behavior study, the six tanks were divided into two
blocks of three tanks each, and one tank in each block was
randomly assigned one of the three diets: control, low Hg, or
high Hg. The fish in each tank were fed 2% of their initial
total body weight per day in three equivalent feedings. We
recorded whether or not all the food was consumed, but no
attempt was made to quantify the amount of food consumed.
The person feeding the fish was naive to the treatment as-
signments.

After being fed a control or Hg-contaminated diet for 90
d, the predator avoidance behavior of the fish was tested. As
with the feeding of the fish, the videotaping of the fish and

analysis of the videotapes was done without prior knowledge
of treatment. We used a 114 L (91.4 cm length 3 30.5 cm
width 3 40.6 cm height) glass aquarium to observe and record
fish behavior. A mirror mounted at a 458 angle to the top of
the aquarium allowed recording of top and side views simul-
taneously. The aquarium was housed separate from the feeding
tanks in a black plastic enclosure. The same well water, light
regime, and temperature used for the feeding tanks were also
used for the observation aquarium. The water was aerated prior
to the introduction of fish, but the bubbles were turned off
once the fish were put in the aquarium.

We used a model of a belted kingfisher (Ceryle alcyon),
made from balsa wood and Styrofoam (wingspan 5 44.5 cm,
length 5 29.1 cm), as the predator. Kingfishers are a common
predator to golden shiners [25] and consume shiners up to 140
mm long but averaging 90 mm. Monofilament fishing line was
attached to the snout of the model, which was moved across
the tank 6 cm above the water at a speed of 1 m/s by a coun-
terweight.

The 20 fish in each exposure tank were randomly divided
into three groups of six fish each. A group size of six was
selected because that is the number commonly used to study
the behavior of shoaling fish [21,26]. The two remaining fish
in each tank were analyzed for Hg content. Fish were placed
into the glass aquarium and allowed to acclimate, undisturbed
and unfed, for 24 h. At that time, the bird model was released
and was flown over the tank. The reaction of the fish was
videotaped at 60 frames/s (CCD-F55 8 mm video camera,
Sony, Park Ridge, NJ, USA) with the time imprinted on the
frames. Fish behavior was recorded for 10 min, the model
predator was released and flown over the tank, and recording
continued for an additional 10 min. The video camera was
located outside the black plastic enclosure and the lens fitted
through a hole in the black plastic so that the camera could
be operated without disturbing the fish. The tests were run
daily between 1400 and 1600 h to ensure that there were no
differences in diurnal activity level to confound results. After
each test the fish were removed; the water temperature, dis-
solved oxygen, and ammonia levels were measured; the water
was replaced with fresh water; and another group of six fish
was placed in the tank. Each tank of fish took 3 d to test, and
the tests were run consecutively.

We measured the following parameters from the videotapes:
time to initiate response, time to settle, and shoal cohesion.
The fish in all trials were sedentary and unmoving prior to the
release of the bird model; therefore, both the time to react and
the time to settle were clearly delineated. The time to react
was defined as the time it took the fish, after the release of
the bird model, to begin moving. The time to settle was defined
as the time it took the fish to return to the level of activity
that they had prior to the flight of the model, i.e., sedentary.
The time to reaction and time to settle were both measured
manually, using two observers, recording the times for each
experimental trial 10 times per observer, and then averaging
the times.

Shoal cohesion (packing or tightness of the group) was
calculated by capturing the images onto a computer (TARGA1
video card, Truevision, Santa Clara, CA, USA) and on-screen
digitization of fish positions (ImagePro Plus, Media Cyber-
netics, Silver Springs, MD, USA). Shoal cohesion was mea-
sured by taking the area of the smallest polygon that could be
drawn around all the fish in the horizontal axis (looking down
on the shoal from above), determining nearest neighbor dis-
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Table 1. Concentrations of whole-body Hg and brain methyl Hg in
fish by treatmenta

Tissue Treatment n Mean SE

Whole body
(total Hg)

Control
Low Hg
High Hg

28
36
36

41
230
536

14.6
59.2

151.6

Brain
(methyl Hg)

Control
Low Hg
High Hg

26
23
25

47
477

1,118

21.5
148
196.2

a Units are ng Hg/g wet weight. In each case, mean concentrations
were significantly different (ANOVA, p 5 0.0001) among treat-
ments. SE 5 standard error of the mean.

tances, and measuring shoal depth. Shoal depth was deter-
mined by measuring the distance from each fish in the shoal
to the bottom of the tank and then calculating the average
height of the shoal. All measures of shoal cohesion were per-
formed at the same times before, during, and after the model
predator had flown over the tank. For the low-Hg treatment
tank 2, third trial, the bird model hit the right side of the tank
as it was pulled across the tank. The prereaction area of the
shoal and the time to initiate response were used from this
trial; however, this trial was not used in any other calculations.
The control treatment trials were all acceptable, as were the
high-Hg treatment trials. Therefore, the behavioral data are
based on replicate numbers of control, n 5 6; low Hg, n 5
5; and high Hg, n 5 6, with the exception of the prereaction
area of the shoal and the time to initiate response for which
low-Hg n 5 6.

After removal from the behavior tank, the fish were eutha-
nized with an overdose of MS-222 (tricaine methane sulfonate)
and total length and weight were measured. The brains of the
fish were removed, weighed, and prepared for AChE activity,
MeHg analysis, or both. Brains being analyzed for both AChE
and MeHg were split longitudinally. The fish bodies were ho-
mogenized in a food blender and frozen at 2188C until they
could be analyzed for total Hg.

Chemical analyses

One hundred eleven whole fish were analyzed for total Hg.
Frozen whole fish were cut into chunks with a large stainless
steel knife, rough ground in a small food processor, then finely
ground in a Vertiss homogenizer (Vertiss Research Equipment,
Gardiner, NY, USA). One gram of the homogenate was di-
gested in 10 ml 70% nitric acid (TracePur Plus, instrument
grade, EM Science, Gibbstown, NJ, USA) and 2 ml 30% hy-
drogen peroxide (Fisher Scientific, Pittsburgh, PA, USA) in a
microwave digestion system (MARS-X, CEM, Matthews, NC,
USA) and then diluted to 50 ml with deionized water. Total
Hg concentrations were determined by atomic fluorescence
spectrometry (Merlin CVAFS, PS Analytical, Sevenoaks,
Kent, UK). Aliquots of the three diets were also analyzed for
Hg by this method. Analytical accuracy was determined by
analyzing a certified reference material (TORT-2 Lobster He-
patopancreas, National Research Council of Canada, Ottawa,
ON, Canada) with each sample batch and by determining the
Hg recovery from spiked homogenates. Digestion and ana-
lytical precision were determined by running duplicate diges-
tions and analyses of one fish sample per sample run. Labo-
ratory contamination was monitored with analysis of reagent
blanks with each sample run.

Seventy-five fish brains were analyzed for MeHg concen-

tration by the method of Liang et al. [27]. The brains were
digested in a 25% potassium hydroxide (KOH) in 10% meth-
anol solution in a 50:1 ratio (50 mg wet wt brain tissue/ml
KOH/methanol) and then extracted into methylene chloride.
Monomethyl mercury was back-extracted into water, ethylated,
separated by gas chromatography, and analyzed by cold vapor
atomic fluorescence spectrometry (Model 1, Brooks Rand,
Seattle, WA, USA).

Acetylcholinesterase activity was determined for 54 fish
brains using a modification of the Ellman method [28] run on
a Gilford Stasar spectrophotometer (Gilford Systems, Oberlin,
OH, USA). Tissue was homogenized at a ratio of 20 mg tissue
per milliliter 0.05M Tris buffer (Trizma, Sigma Chemical, St.
Louis, MO, USA), and absorbance at 412 nm was recorded
every 30 s for 3 min. Acetylcholinesterase activity was cal-
culated by the following relationship: [D absorbance/time
elapsed (min)] · 2.87 3 1025 5 moles of substrate hydrolyzed
per minute per gram tissue.

Statistical analyses

Growth, Hg and MeHg concentrations, AChE activity, and
behavioral data were tested for normality and homoscedasticity
with Levine’s test. Treatment differences were determined by
randomized complete block ANOVA using the tank as the
replicate for those data meeting the assumptions. Mean sep-
aration was determined by least squares difference. If the as-
sumptions of the ANOVA were not met, then the data were
transformed or analyzed nonparametrically with the Kruskal-
Wallis one-way ANOVA by rank. Because of the inherent
variability in individual behavior, we defined means that were
different with a probability of 0.05 or less as significant, and
with a probability 0.1 to 0.05 as marginally significant.

RESULTS

General fish health and growth

The fish appeared healthy and ate well for the duration of
the feeding period, except that fish in one tank receiving the
low-Hg diet consistently did not consume all of the food (in
42% of the feedings there was food left in the tank vs 9–24%
for the other five tanks). No fish died during the 90 d of feeding,
and no fish died during behavior testing.

The fish grew throughout the experiment, increasing an
average of 38% of their initial body weight. There was no
significant difference in growth between the control and the
high-Hg fish (38.5% and 42.7%, respectively). However, the
low-Hg fish grew less than both the control and high-Hg fish
(32.8%, Kruskal-Wallis one-way ANOVA 5 0.1005), which
is a result of the fish in one low-Hg tank that consistently ate
less food (see above).

Mercury analyses

Standard reference material samples run with each batch
of fish samples were within the certified range, and the highest
digestion blank was 0.2% of the lowest sample result. Recov-
ery of matrix spikes averaged 104%, and relative percent dif-
ference of duplicate samples was ,10%.

The control diet (no added MeHg) had an average Hg con-
centration of 12 ng/g (standard error [SE] 5 3, n 5 9); the
low-Hg diet averaged 455 ng Hg/g (SE 5 29, n 5 9); and the
high-Hg diet was 959 ng/g (SE 5 94, n 5 12). In all cases,
all of the diet Hg was in the form of MeHg. Whole-body Hg
concentration in fish fed the low-Hg diet was five times higher
than the fish fed the control diet (Table 1) and was doubled
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Table 2. Fish brain acetylcholinesterase activity by treatmenta

Treatment n Mean SE Range

Control
Low Hg
High Hg

15
17
22

34.75
35.12
34.39

0.83
1.21
0.70

26.53–38.98
25.90–43.14
26.90–39.09

a Units are micromoles substrate hydrolyzed per minute per gram
(mmol substrate hydrolyzed · min21 · g21) brain tissue. Differences
among treatments were not significantly different (ANOVA, p .
0.05). SE 5 standard error of the mean.

Fig. 1. Change in mean nearest neighbor distance in golden shiner
shoals from initiation of exposure to the model predator to 10 s after
exposure. After 10 s nearest neighbor distance in mercury-exposed
fish was marginally significantly greater than in control fish (Kruskall-
Wallis one-way test, p 5 0.0754).

Table 3. Shoal height, shoal area after settling, and time to settling
for fish from the three treatmentsa

Metric Treatment Mean SE

Shoal height (cm) Control
Low Hg
High Hg

5.9
7.7

57.0

0.6
2.1
7.2

Shoal area after settling (cm2) Control
Low Hg
High Hg

120
185
322

25
27

193

Time to settling (s) Control
Low Hg
High Hg

7.4
8.7

58.5

2.2
4.8
7.3

a For shoal height and area, fish from the high-Hg treatment were
significantly different from control and low-Hg treatment fish (AN-
OVA, p , 0.05), and for time to settling the difference was mar-
ginally significant (ANOVA, p 5 0.07). SE 5 standard error of the
mean.

again in fish fed the high-Hg diet. Assuming that all of the
food presented to the fish was consumed, the low-Hg fish
assimilated 34.4% of the Hg in the diet and the high-Hg fish
assimilated 38.2%. Because not all food was consumed, es-
pecially in one low-Hg tank, these values are underestimates
of true assimilation.

The brain Hg concentration in the control fish was slightly
higher (1.4 times) than the whole-body Hg concentration (Ta-
ble 1). However, the brain Hg concentrations in the low-Hg
fish and the high-Hg fish were both 2.24 times the whole-body
Hg concentration. There was a significant difference (ANOVA,
p 5 0.0001) between the control and the two Hg treatments.
The percent of Hg body burden found in the brain was 1.00%
for control fish, 1.77% for low-Hg fish, and 1.47% for high-
Hg fish. There was a significant difference between the control
and the two Hg treatments (ANOVA, p 5 0.0036).

Acetylcholinesterase activity

Acetylcholinesterase activity in brain tissue averaged ap-
proximately 35 mmol substrate hydrolyzed · min21 · g21 brain
tissue in all three treatments (Table 2). There was no significant
difference (ANOVA, p 5 0.8425) in AChE activity between
the treatments.

Behavioral results

The fish were calm before the presentation of the bird. They
were close together, not moving, and usually in the front center
of the tank. The fish reacted immediately to the release of the
bird. The bird was released 0.76 m to the left of the tank, and
the fish reacted before the bird was over the tank. Initially the
fish swam away from the bird model, that is, in the same
direction that the bird model was being flown. When the bird
approached the position of the fish they turned and swam back
under the bird model. The fish then swam separately, with no
pattern, until they regrouped and settled to their pre-exposure
activity level.

Fish from all treatments were closely grouped before the
bird model was released, with a small nearest-neighbor dis-
tance that was not different among treatments (Fig. 1). The
pattern of change in nearest-neighbor distance in response to
the model predator was complex. Initially, the fish in all treat-
ments repeatedly dispersed and then regrouped. After 2 s the
control fish regrouped, and their nearest-neighbor distance fur-
ther decreased by 5 s, and was unchanged at 10 s. The Hg-
exposed fish remained separated, and both the low-Hg and
high-Hg fish were spread farther apart than were the control
fish 10 s after the bird model had been flown across the tank
(Kruskal-Wallis one-way ANOVA, p 5 0.0754, marginally
significant). The time required to respond to the model ranged
from 0.27 s for the high-Hg group to 0.38 s for the low-Hg
group and did not differ significantly among groups.

There was no significant difference (ANOVA, p 5 0.5203)
in shoal area among treatment groups at the moment prior to
release of the model predator. The maximum shoal area
reached after exposure to the predator was about three times
that of the prereaction area, but did not differ among treatments
(Kruskal-Wallis one-way ANOVA, p 5 0.4705). However, the
control fish formed more compact shoals after exposure and
the Hg-exposed fish formed less compact shoals (Table 3). The
area at the time of settling was 75% of the prereaction area
for the control fish, 111% for the low-Hg fish, and 248% of
the prereaction area for the high-Hg fish. There was a signif-
icant difference among treatments (Kruskal-Wallis one-way
ANOVA, p 5 0.0463) in shoal area after settling. As for near-
est-neighbor distance and shoal area, shoal height did not differ
among treatments prior to exposure to the predator. After ex-
posure to the predator, the control and low-Hg fish had similar
mean maximum shoal heights, but the high-Hg fish had a mean
about twice this level (Table 3). There was no significant dif-
ference between the control and low-Hg fish; however, there
was a significant difference (ANOVA, p 5 0.0417) between
those two treatments and the high-Hg fish. Similarly, the con-
trol and low-Hg fish ceased activity in about the same time,
but the high-Hg fish took nearly three times longer to return
to pre-exposure activity (Table 3). This difference was mar-
ginally significant (Kruskal-Wallis one-way ANOVA, p 5
0.0702).
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DISCUSSION

Predator avoidance in shoaling fish, such as golden shiners,
is achieved through a behaviorally mediated suite of actions.
If that suite is altered, probability of predation may increase.
Behavior of prey fish is more important than physical ap-
pearance in influencing predator choice and, therefore, prey
survival [29]. In this study, we found that exposure to envi-
ronmentally realistic concentrations of mercury, over a period
of 90 d, disrupted several predator avoidance behavior patterns
of golden shiners following exposure to a model predator.

Mercury concentrations in our test fish were similar to Hg
concentrations reported for wild forage fish from lakes in
Maine, USA. Concentrations of Hg in wild forage fish ranged
from 100 ng/g wet weight in age zero- to one-year-old yellow
perch (Perca flavescens) [30] to 280 to 590 ng/g in rainbow
smelt (Osmerus mordax, 18–22 cm total length) [31]. Golden
shiners of approximately the same size as the ones in this study
had Hg concentrations ranging from 150 ng/g (Little Beaver
Lake, ME, USA) to 630 ng/g wet weight (Attean Lake, ME,
USA) [32]. The whole-body Hg concentrations attained by the
fish fed the Hg-amended diets in the present study (230 and
518 ng/g, respectively, for the low-Hg and high-Hg diets) are
therefore similar to those found in wild golden shiners. The
assimilation efficiency of dietary Hg in our study (0.3–0.4)
was low compared with values obtained from mass balance
studies but similar to the values of 0.29 and 0.33 obtained in
a study using channel catfish (Ictalurus punctatus) [33].

Acetylcholinesterase inhibition has been reported in fish
living downstream of chlor-alkali plants [34], with a 26% in-
hibition in activity in fish having brain Hg concentrations of
702 ng/g wet weight, which is less than the concentration of
Hg in the high-Hg treatment fish in our study. Our results
showed no such effect of Hg on AChE activity. Further, no
inhibition of AChE activity by organic Hg compounds was
found in electric rays (Torpedo ocellata) [35], and, generally,
organic Hg is not thought to inhibit AChE in mammals [36],
which agrees with our findings. The method used for deter-
mining AChE activity in these studies was different; Shaw and
Panigrahi [34] used a sucrose gradient method, whereas Eld-
efraw et al. [35] and our study used the Ellman method [28].
It is possible that the sucrose gradient method gives different
results from the Ellman method (i.e., different sensitivity, dif-
ferent enzymes, or different forms of enzymes react with the
substrate), or that some other factor than Hg in the chlor-alkali
discharge is responsible for the effect.

In this study, exposure to MeHg elicited an overall increase
in activity as indicated by vertical dispersal and time to set-
tling. Hyperactivity has been observed in other low-concen-
tration Hg studies. Exposure of mummichogs (Fundulus het-
eroclitus) as embryos to 10 mg/L methylmercury increased
activity of resulting larvae [17]. This increased activity was
inversely proportional to survival against grass shrimp (Pa-
laemonetes pugio) predators. Rainbow trout fed 10 mg Hg/g
every 5 d were unusually nervous, showing aimless movement
or agitation [37]. Largemouth bass (Micropterus salmoides)
were also hyperactive after exposure to 10 mg/L Hg for 24 h
[16].

After the initiation of a predator avoidance response and
prior to regrouping behind the predator, individual fish are most
vulnerable to predation [38]. The fish do not have the benefit
of confusing the predator by presenting more than one target,
and the fish are also active, therefore calling attention to them-

selves. In this study, the high-Hg treatment fish took about
three times longer to settle than did the control or the low-Hg
treatment fish. Overreaction to stimuli has also been seen in
grass shrimp exposed to parathion [39]. This overreaction ren-
dered the shrimp more easily detected by the predator (gulf
killifish, Fundulus grandis), and more easily fatigued when
chased.

Compression of forage fish along the plane perpendicular
to the predator (or predatory threat) is considered to increase
the confusion effect. Compression increases the number of
prey that are in the same plane of focus to the predator, thereby
maximizing confusion and limiting the chance of the predator
attacking any one of the fish. This was observed in black chin
shiners (Notropis heterodon) when in the presence of large-
mouth bass [40]. The shiners will present themselves spread
on the vertical plane in the presence of the bass. Similarly, in
our study the control golden shiners in the presence of a king-
fisher model exhibited shoal compression, such that more fish
were in the same plane of focus. In contrast, the shoal height
of the Hg-treated fish increased. In the case of the high-Hg
treatment fish, some of the fish came to the surface of the
water and two broke the surface. This behavior would have
the survival disadvantage of decreasing the distance between
predator and prey, and also of allowing the fish to be separated
from the shoal so that the predator could focus on that fish.

Golden shiners normally regroup more densely after a pred-
atory attack than they were before the attack [41]. In this way
the fish return to the presentation of multiple targets to the
predator, and can also initiate predator avoidance tactics again.
In this study, both the low- and high-Hg treatment fish were
less closely grouped after the threat of predation had passed,
whereas the control fish were more tightly packed, as expected.
Loose repacking after predator threat also occurred in goldfish
(Carassius auratus) exposed to DDT [42]. The conclusion of
that study was that the behavior of the DDT-contaminated fish
would have increased their susceptibility to predation.

Several other studies have reported behavioral changes in
fish related to body or brain Hg concentrations similar to those
used in this study. Fjeld et al. [43] found impaired feeding
efficiency and reduced competitive ability in grayling (Thy-
mallus thymallus) with whole-body Hg concentration of 270
ng/g or higher. Smith and Weis [44] reported that mummichogs
from a polluted stream had significantly higher brain Hg con-
centration than fish from a reference stream (mean Hg con-
centration 120 vs 30 ng/g), and that the high-Hg fish had a
reduced ability to capture prey (grass shrimp) and suffered
significantly greater mortality in the presence of a predator
(blue crab, Callinectes sapidus).

The vulnerability that hyperactivity may induce in forage
fish should be tested using live predators and in the presence
of prey refuges. It seems intuitive that hyperactivity would
bring the prey fish to the attention of a predator. However, in
the presence of a live predator, the underlying behavioral
changes that may result in differential predation are often ob-
scured. Without first knowing what underlying behavioral
changes may be bringing about an increase in predation, we
would know nothing new about Hg intoxication.

The route and duration of Hg exposure in this study were
used to simulate environmental exposure to Hg experienced
by wild forage fish. If it was an accurate exposure, then it is
possible that wild fish may experience subtle survival-limiting
behavioral changes that would be undetected in standard bio-
assay or toxicity tests. High- and low-Hg concentration wild
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fish should be tested against either a simulated predator or a
real predator to determine whether the behavioral changes seen
in this study are seen in wild fish and whether they do reduce
survival. Further, if high-Hg fish are more susceptible to pre-
dation than fish with lower Hg concentration, the Hg dose to
the predator will be higher than would be predicted based on
a prey population mean Hg concentration.
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