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Summary

The muskellunge, Esox masquinongy is a predatory
esocid fish with well-developed visual and lateral line
systems. The purpose of this study was to determine the
relative roles of these two sensory modalities in organizing
the strike behavior of the animal. Subadult muskellunge
were videotaped in a test arena while feeding on fathead
minnows (Pimephales promelgs Animals were tested
under five conditions: (i) control animals in which the
visual and lateral line systems were intact; (ii) animals with
lateral line afference suppressed by immersion for 12—24h
in 0.1 mmolI* CoCly; (iii) animals blinded by bilateral
optic nerve transection; (iv) animals that had been
unilaterally blinded; and (v) animals in which the lateral

initial acquisition of the prey, both vision and the lateral
line system play important roles in determining the
initiation of the rapid strike. The lateral line system may
play a critical role in the final capture of the prey at the
end of the strike. In addition, lateral-line-suppressed
muskellunge strongly alter their approaches to more
distant prey. Bilaterally blinded muskellunge do not stalk
their prey, but will lunge only at prey that are at close
range. Unilaterally blinded or denervated muskellunge also
alter their detection of and approach to prey, attending to
a wider region of the intact sensory hemisphere.

Our data suggest not only that the visual and lateral line
systems play complementary roles in the feeding behavior

line system had been unilaterally denervated.

The feeding behavior of the muskellunge consists of two
phases: a slow stalk of the prey with minimal body
movement followed by an explosive C- or S-start lunge at
the prey. Quantitative comparisons of animals in the five
test groups indicate that, although vision is used in the

sequence but also that each system plays a more or less
dominant role during consecutive phases of the behavior.

Key words: fish, muskellung&ssox masquinongypredator, prey,
multimodal, sensory integration, sensorimotor.

Introduction

Animals use information from a variety of different sensoryfeeding behavior of the muskellungésox masquinongy
systems to accomplish behavioral objectives. Occasionallyyluskellunge are large, predatory fishes of the family Esocidae
information encoded within a single sensory modality alonend are apex predators in many freshwater lakes and ponds in
may be sufficient to accomplish a task, such as in the jammirtge northern United States and Canada. They are typically
avoidance response of weakly electric fishes (for a review, s@eenbush predators that remain relatively still in the water and
Heiligenberg, 1991). More commonly, however, input fromrely upon a rapid, directed lunge to catch their prey (Webb and
several different sensory modalities is integrated within th&kadsden, 1980; Rand and Lauder, 1981). They possess well-
central nervous system to supply a richer depth of informatiordeveloped visual and lateral line senses, each of which is likely
Such integration of sensory information may take the form ofo play a role in predatory behavior. Our study examines
a quasi-hierarchical arrangement of responses to different cuggantitatively the role of the visual and lateral line systems at
that take varying precedence during the changing phases ofidferent defined phases of the feeding behavior of the
behavioral sequence. The organization of such hierarchiesuskellunge. We demonstrate that, although each sensory
and the integration of information from different sensorysystem is sufficient by itself to enable the fish successfully to
modalities within a behavioral program are fundamental issudscalize and attack prey, the two modalities play different and
in attempts to understand sensorimotor integration in theomplementary roles in organizing the intact behavior.
vertebrate central nervous system and the functional
relationship between brain and behavior.

The purpose of this study was to evaluate the roles played Materials and methods
by the visual and lateral line sensory systems in the strike Subadult muskellung&sox masquinonggMitchel 1824),
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15-25cm in standard length, were obtained from a commercitdansected nerve endings to serve as a physical barrier to nerve
hatchery. Fish were housed in 908! freshwater aquarieegeneration. The wound was then closed using cyanoacrylate
maintained at approximately 18 °C and fed weekly upon a dietdhesive. Care was taken to prevent any of the adhesive from
of live fathead minnowsRimephales promelg®btained from contacting the cornea of the eye, which might decrease the
local suppliers. All the protocols for handling, surgery andvisual acuity of the animal. The hyomandibular branch of the
experimentation employed in this study have been approved BALLN was exposed by drilling through the preopercular bone
the Loyola University Institutional Animal Care and Useto expose a 1-2mm length of the nerve proximal to its
Committee. emergence through the foramen. The segment of nerve was
In the first set of behavioral experiments, the experimentahen removed, and a small piece of dry gelfoam was again
animals were separated into four groups. The first of these wataced in the space between the nerve endings to serve as a
a control group N=9) in which the animal’s lateral line and barrier to regeneration. The wound was then closed with dental
visual systems were unperturbed and which provided acrylic, which dropped off after a period of several weeks
baseline of normal behavior. In the second group of animafllowing the normal healing of the wound. The posterior
(N=5), the lateral line was suppressed by immersion of the fidateral line nerve (PLLN) was exposed just caudal to the
in 0.01 mmolt1 CoCkin deionized water for 24 h immediately operculum, and a section of nerve was removed and replaced
prior to testing. Such treatment has been demonstrated waith gelfoam as described above. The wound was closed using
suppress the activity of the lateral line neuromast organs ityanoacrylate adhesive and healed normally in all animals.
teleost fishes for a period of at least several days (Karlsen aAithough some minor branches of the lateral line nerves may
Sand, 1987). The test animals showed no evidence of strasave survived our surgical incursions, we are confident that the
following this procedure and fed vigorously following a brief majority of lateral line neuromasts were denervated by these
acclimation period (approximately 30 min) in the test arendechniques. The nerves were all transected as proximal to the
tank immediately following treatment. Animals in the third brain and as deeply as possible, and all were removed deep to
group (N=6) were blinded by bilateral transection of the opticthe emergence of the nerves towards the positions of the
nerves. The animals were anesthetized with approximatelyeuromasts on the skin. We examined these transected nerves
0.025 % tricaine methanesulfonate (MS-222; Sigma, St Louisurgically in the animals after 1-2 months. In no cases had the
MO, USA), and a semicircular incision was made through th@erves regenerated, and the proximal ends had retracted and
epithelial tissue connecting the eye to the edge of the orbit. Thie distal ends degenerated completely, so we considered these
eye was then gently deflected to expose the optic nerve aadimals to be permanently unilaterally deprived of lateral line
blood vessels supplying the retina. These were transected witiput from these branches. Two of the fish in this group were
irridectomy scissors, and the wound was closed usindenervated on the right side of the animal and the other two on
cyanoacrylate adhesive. In these animals, the destruction of ttree left.
arterial blood supply to the eye caused the eye to atrophy andin the second group of animalki=4), the subjects were
the pupil to take on a characteristic opaque appearance. Thesglaterally blinded by optic nerve transection using the
symptoms, in addition to the dark coloration of these animalsethods described above. Two of these fish were blinded on
post-surgery and their lack of visual responses to stimuli (e.ghe right side of the animal and the other two on the left.
a net in the tank), provided a degree of confidence that they
were profoundly blinded. In the fourth group of animaisg), Behavioral experiments
muskellunge were blinded by the method described above Behavioral experiments took place in an acrylic test arena
and subsequently immersed, prior to testing, for 24h itank measuring 123 cx5.5cnx47cm (lengthx width x
0.01 mmolt1 CoChk to additionally suppress the lateral line depth). A 4crm4cm grid was drawn on the back and bottom
system. of the tank to facilitate distance measurement. Above the tank,
In the second set of experiments, the animals were deprivedmirror was positioned in a wooden frame at an angle of 45°,
unilaterally of visual or lateral line sensory input. In theseproviding a top view of the arena. A video camera (Panasonic,
experiments, new animals were separated into two groups. model WV-1460) was positioned lateral to the tank to record
the first group Ni=4), the lateral line system was suppressedoth side and top views of the animals in the tank. Behavior
unilaterally by transection of the principal branches of thavas recorded during natural daylight conditions on VHS tape
anterior (ALLN) and posterior (PLLN) lateral line nerves. at a speed of 66 frame3dor subsequent analysis.
The animals were anesthetized with 0.025% tricaine Prior to testing, the muskellunge were deprived of food for
methanesulfonate as described above, and the branches of éhgeriod of 7-14 days to ensure that they would be hungry and
lateral line nerves were exposed. The superficial ophthalmieady to feed. Individual muskellunge were transferred from
and buccal branches of the ALLN were exposed in the orbtheir home tank into a holding section of the experimental tank
via a semicircular incision made through the epithelial tissueneasuring 53 cwd5.5cmx47 cm (lengthx width x depth),
between the eye and the edge of the orbit, and the eye wakich was partitioned from the rest of the tank by an opaque
gently deflected to expose the nerves. A section of nendiding panel. The animals were allowed to acclimate within
approximately 5-6 mm in length was removed, and a smathis holding area for at least 15-20 min. A fathead minnow
piece of dry gelfoam (Upjohn Inc.) was placed between théimphales promeldswas then introduced into the main
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portion of the experimental arena, and the opaque door 4 g
raised. As the muskellunge proceeded into the experime W
arena and eventually attacked the minnow, the strike feec
behavior was recorded on video tape. Only rarely did 1
muskellunge immediately attack the minnow upon removal
the panel and, because the minnow was allowed to swim fre
about within the experimental arena, there was an elemer
randomness between the positions of the muskellunge .
minnow at the initiation of the feeding behavior. Following Zii;"gﬂ%”fllssg
successful strike, the animal was returned to the holding ¢ D = distarce (cm)
behind the opaque screen, a new minnow was introduced arnu

the experiment repeated until the animal ceased feeding, aff'9: 1 Schematic diagram indicating the manner in which the
which it was returned to the home aquarium. measurements described in this study were performed. Elevation

L . . . . . and azimutha angles were plotted independently from the lateral
Initial feeding studies using the bilaterally blinded g P P y

. and top views, respectively, as described in the text. Fish are not
muskellunge demonstrated that these animals struck only depicted to scale.

minnows that were at very close range. Because of the lar

size of the tank compared with the fishes, such tests consum

large amounts of time before a minnow happened to straypade a consistent visual determination of the muskellunge’s
within the range at which a muskellunge would make a strikezenter of mass difficult. Angles were measured from the lateral
Consequently, in later tests using these bilaterally blinde@dnd top views to provide relative angular elevatien and
fishes, several minnows were introduced at the same time &imuth ¢) respectively. By convention, angles of elevation

Centerof mass

D

e (&)
[

[
>

increase the likelihood of a strike at a minnow. for which the minnow was above the longitudinal midline axis
of the muskellunge were scored as positive values, and angles
Data analysis for which the minnow was below the muskellunge’s midline

A frame-by-frame analysis of the video recordings was usewere scored as negative values. Similarly, azimuth angles for
to define and measure distances and angles between tdich the minnow was to the right of the longitudinal midline
muskellunge and the minnow at discrete defined positiondxis were scored as positive values, whereas those to the left
during the strike feeding behavior (see Results for a descriptiomere scored as negative values. The angular deviation in three-
of these positions). Video playback from a Panasonic AG-735dimensional spacé) between the muskellunge’s longitudinal
video cassette recorder (VCR) was displayed on a Sony HRxis and the position of the minnow in space was then
Trinitron video display monitor. The positions of the calculated as:
muskellunge and the minnow were drawn onto a transparel —
acetate sheet placed on the video monitor screen. The distar d= \/(82 +02). (2
between the fishes was defined as the straight-line distancc
from the snout of the muskellunge to the center of mass of the The measurement error caused by parallax resulting from
minnow (Fig. 1). Distance was measured from both the lateralifferences in the fish’s position within the arena was
and top views of the tank either by hand on the video scregtetermined to be insignificant because of the distance between
or by using a digitizing pad and measurement softwaréhe recording camera and the test tank. The mean values of the
(SigmaScan, Jandel Inc.). The horizontal displacentgnaf( ~ data obtained from each fish were calculated. The significance
the muskellunge and minnow was then measured against tRg differences between the distances and the transformed
grid drawn on the bottom of the tank from the top view,(square root) angular deviations at defined phases of the strike
whereas the vertical displacemev)tyas measured against the feeding behavior in each of the three groups was tested using
grid on the side of the tank from the lateral view. The actudrtests comparing the mean values obtained from each fish in
distance D) between the muskellunge and minnow waseach group.

calculated as: Values are presented as meanss.eM. unless stated
otherwise.
D= (2+M) . (1)
The angles between the muskellunge and minnow were Results
measured by drawing a line originating at the middle of the Strike feeding behavior of muskellunge

caudal peduncle of the muskellunge and extending through theHaving watched hundreds of repeated trials, we have divided
longitudinal midline of the fish. A second line defining thethe strike feeding behavior of muskellunge into two distinct
angle was then drawn from the same origin exending to thehases demarcated by three points. The point at which the
approximate center of mass of the minnow (Fig. 1). The caudahuskellunge first orients to the prey will be referred to as N-2
peduncle of the muskellunge was used as the origin in theggig. 2). This point is characterized by a brief turning of the head
measurements because the elongate shape of the muskellung@a momentary quick ‘start’ that is quite noticeable and is the
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Slow ‘stalk’ using Rapid strike directed

fin sculling atprey

......... » " —) g’f;;ji
Fig. 2. The typical strike feeding behavior of
muskellunge as described in this study. Fish are not N-2 position N-1 position N position
depicted to scale. Initial orientation toprey Initiates rapid C- or S-stat Prey cepture

moment when the muskellunge first overtly responds to th&€able 1). Muskellunge in the control group were generally
minnow. This is immediately followed by the first phase of thevery successful at catching prey, with a success rate of 73.4 %.
feeding behavior, which consists of a slow, directed ‘stalk’A frequency distribution of the number of successful (hits) and
towards the prey, generally using pectoral and caudal fin scullinghsuccessful (misses) strikes as a function of distance revealed
movements but relatively little bending of the body trunk.no clear advantage in terms of success of prey capture across
Eventually, the muskellunge reaches a point in relation to thine range of distances recorded at the N-1 point from which
minnow’s position that we have called N-1, at which thethe strike was initiated (see Fig. 7A). Although the majority of
muskellunge initiates an explosive C- or S-start with waves dhe strikes occurred within 4p. of the mean, a number of
muscular contractions characteristically bending the fish’s bodgtrikes occurred at much greater distances. We use the term
This results in a very rapid lunge directed at the targetfar strikes’ to indicate any of these at which the N-1 position
culminating (if successful) in prey capture, during which theoccurred at distances greater than the mean N-1 point for all
prey item is either seized in the jaws or missed (the N position3trikes +1s.0. (mean +s.0.=24.4cm). The angular deviation
In 22% of the control casedl£37), the initial portion of the at which both successful and unsuccessful far strikes were
behavioral sequence (N-2 to N-1) was absent and the onigitiated by the control muskellunge was always greater than
observable behavior was a rapid lunge directly at a minnow. 120 ° (mean value 35.3°) (see Fig. 8A). We also determined the
these cases, only the latter portion of the attack had been deendégction of the minnow’s movement with respect to the
to occur, and only N-1 distances and angles were measured.muskellunge during far strikes and found that, in the vast
The control group of muskellunge possessed intact visuahajority of cases (82 %), the minnow was moving away from
and lateral line systems and served as the baseline standardtfeg midline axis of the muskellunge. Thus, for the majority of
comparison with the other experimental conditions. All resultshe N-1 locations that resulted in the initiation of far strikes,
are summarized in Table 1. In total, 166 feeding strikes werthe prey was located at an angular deviation greater than 20°
recorded from the control muskellunge. The mean distandeom the longitudinal axis of the muskellunge and was also
between the muskellunge and the minnow at the N-2 point in

each of these animals was 25.5+1.8cm. The mean of tt

Table 1.Summary of data

absolute value of the angles of elevation at N-2 was 25.7+2.2

(Fig. 3A), and the mean of the absolute value of the azimut N-2 N1
angle was 24.0+3.6 The mean angular deviation between the Control N=166)

muskellunge and the minnow at N-2 was 40+3.8° from the ~ Mean angular deviation (degrees) 40+3.8  18.442.3
longitudinal midline axis of the muskellunge. The correlation Mean distance (cm) 25.5+18  13.5:0.9
coefficientr for distanceversusangular deviation was 0.08,  Lateral-line-suppresset€109)

indicating that the detection threshold did not change Mean angular deviation (degrees) 34.4£3.6  7.4+0.7
systematically with increasing angular deviation. Muskellunge ~ Mean distance (cm) 228+1.8 10.1+08
had a similar threshold distance of N-2 orientation at al Blinded N=114)

recorded angles surrounding the fish (Fig. 4A), although th Mean angular deviation (degrees) N/A 7.410.7
majority (mean +1s.0.) of the N-2 point orientations were Mean distance (cm) N/A 3.240.2
within a cone subtending 54 ° forward of the animal (Fig. 4A). ynilaterally blinded Ki=224)

As muskellunge progressed from the N-2 to the N-1 point  Mean angular deviation (degrees) 62.7+4.0  10.9+0.9
the distances and angles between predator and prey decrea:  Mean distance (cm) 27.4+1.2 7.8+0.4
The mean (_Jlistance of the N-1 point for Contr_ol muskellungt Unilaterally lateral-line-denervatei204)
was significantly clos_er to the prey minnow (mean pean angular deviation (degrees) 73+4.4  13.7+1.1
13.5£0.9cm,P<0.05) (Fig. 4B; Table 1). Furthermore, the Mean distance (cm) 222412  7.42+0.4
means of the absolute values of the angles of elevation ai
azimuth at N-1 decreased to 11.3£1.7° and 11.8+1.7° Values are meanssEe.M.
respectively (Fig. 3B). The mean angular deviation betwee N/A, not applicable.
the prey and the longitudinal body axis of the muskellungc N-2, position of initial orientation to prey; N-1, positiort a

decreased significantly to 18.4+2.3P<(Q.05) (Fig. 4B;

initiation of strike.
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90 L relatively still until it had re-identified the prey. The
0 muskellunge then initiated another rapid lunge, which was
T often preceded by a short stalk (the N-2 to N-1 phase). Only
-150 + rarely did the muskellunge actively chase a minnow that it had
180 L missed.
Fig. 3. Polar coordinate plots illustrating angular deviations of Lateral-line-suppressed group

individual strikes at the N-2 (first orientation to prey) and N-1 Muskellunge in which the lateral line system had been
(initiation of strike) positions in control animals. The plot is oriented . L
suppressed by immersion in Ce@emonstrated normal and

so that the rostrum of the muskellunge is fixed at the origin and the . . . : .
axes curve around in space converging at the animal’s tail, the whoﬁQbUSt strike feeding behavior with both phases of the behavior

describing a sphere surrounding the fish. Angular deviation i€tact and clearly definable N-2 and N-1 points. In total, 109
defined as the distance from the origin to a given point measured {geding strikes were recorded from fishes in this group. The
degrees (see equation 2). (A) Measurements made at the Nazean absolute value of the azimuth for these attempts was
position. (B) Measurements made at the N-1 position. L, left; R23.4+2.3°, the mean absolute value of the elevation was
right. 21.3+3.1 and the mean angular deviation from the longitudinal
midline axis was 34.4+3.6° (Fig. 5A; Table 1). The mean
distance between the muskellunge and the minnow at N-2
increasing that angle by swimming away from the midline axisn this group was 22.8£1.8cm (Fig. 6A). These values for
of the muskellunge. distance and angular deviation at the N-2 point were not
For muskellunge in which the initial strike from the N-1 significantly different from those of the control animals
point was unsuccessful (that is, in which the prey was nddistanceP>0.2, angular deviatioR>0.18). The coefficient of
successfully captured), the usual result was that theorrelationr between angular deviation and distance was 0.11,
muskellunge repeated the strike feeding behavior by remainirigdicating that the threshold detection range around the
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Fig. 5. Polar coordinate plots illustrating angular deviations of 1n€ lateral-line-suppressed muskellunge were even more
individual strikes at the N-2 (first orientation to prey) and N-1Successful at prey capture than were the control animals, with

(initiation of strike) positions in animals with lateral line activity @ success rate of 84.4%, although this difference was
suppressed by treatment with CaQ@A) Measurements made at the not significant. This result may have been because the
N-2 position. (B) Measurements made at the N-1 position. L, left; Rmuskellunge were closing to smaller distances and angles
right. before initiating the strike. A frequency distribution of
successful and unsuccessful strikegersus distance
muskellunge’s body did not change systematically withdemonstrated a similar distribution pattern to that of the
increasing angular deviation (Fig. 6A). control animals (albeit with a smaller mean distance), with
However, the angular deviation and distance calculated fromine majority of hits falling within 1s.0. of the mean and a
the N-1 point in the feeding behavior of lateral-line-deprivedsmaller number of hits occurring at greater ranges (Fig. 7B).
muskellunge were significantly different from those of theFar strikes initiated by this group (N-1 at greater than the
control animals at the N-1 point. The muskellunge in this groummean +1s.p., i.e. >18.1cm) were analyzed and revealed
closed to significantly smaller distances and angles befowifferences from the control group. Far strikes were initiated
initiating a rapid lunge towards the minnow (distaRe®.01, in these lateral-line-suppressed animals only when the
angular deviatiorP<0.02). The mean distance at N-1 in theseangular deviation between the minnow and the longitudinal
animals was 10.1+0.8cm (Fig. 6B), and the mean angulaxis of the muskellunge was less than 20°, and successful
deviation was 11.6x1.1° (Fig. 5B). The mean of the absolutstrikes were initiated only when the angular deviation was
value of the azimuth was 8.1+0.7°, and the mean of thkess than 5° from the longitudinal midline axis (Fig. 8B).
absolute value of elevation was 6.5+0.9°. However, as with the control animals, 80% of these far
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strikes were initiated when the minnow was moving awaywas 4.3+0.3° (Fig. 9A). These angles and distances were all

from the midline axis of the muskellunge. significantly smaller than those in both the control and lateral-
_ line-suppressed groups (blinérsuscontrol and blindversus
Blinded group CoCh-treated:; distances and angular deviati®n8.005). The

Muskellunge that had been blinded bilaterally by optic nervenuskellunge were generally as successful in these strikes as
transection were able to feed on minnows, although they didere the control animals (73 %); however, since these attempts
not display the full strike feeding behavior seen in control andll occurred within a small range of distances from the
lateral-line-suppressed animals. In total, 114 feeding strikesiuskellunge, we did not consider any of them to be far strikes
were recorded for the muskellunge in this group, and all weras defined for the other experimental groups (Fig. 10).
initiated directly from the N-1 position without a preceding
N-2 to N-1 ‘stalk’. Typically, these fish remained relatively Blinded and lateral-line-suppressed group
motionless in the tank until a minnow approached within a The fourth group consisted of animalé=@) that had been
fairly small distance. The muskellunge then initiated a rapidboth bilaterally blinded and lateral-line-suppressed. No feeding
lunge directed at the minnow, similar to those described at theehavior was observed in these animals despite prolonged
N-1 point in the control and lateral-line-suppressed animalbservations and the presence of one, several or many
Hence, the initial orientation and ‘stalking’ behavior (betweeminnows. The animals remained relatively motionless,
points N-2 and N-1) were not observed in blinded fish. Thalthough with normal posture, for long periods and consistently
mean distance of the N-1 point in these fish was 3.2+0.2 cignored minnows swimming even at very close distances.
(Fig. 9B) and the mean angular deviation was 7.4+0.7°
(Fig. 9A; Table 1). The mean of the absolute value of elevation Unilaterally blinded animals
was 5.2+0.7° and the mean of the absolute value of azimuth Unilaterally blinded animals also pursued and captured prey
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following the same sequence of behaviors as described for t 10 3
control fishes, i.e. an N-2 to N-1 stalk followed by a rapid lunge 10l & N-1
directed at the prey. In total, 224 strikes were recorded in the: S
animals, all but two of these involving both N-2 and N-1 0T ]
positions during the strike at the prey. In these fishes, the initi 60
orientation to the prey at the N-2 position was generally on th ]
sighted side of the animal, and no N-2 orientations wer . og'
: : : : b ; ; ; ; i L ; ; ; ; !
observed to minnows on the bImde_d §|de at_ azn_nuth angles 18 1% 120 90° 60 0 6 9% 120 1% 18
greater than 20 ° from the rostral midline axis (Fig. 11A). The 304 Azimuth (degrees)
mean distance to the prey at the N-2 position in these fis 0l
was 27.41.2+cm (Fig. 12A), which was not significantly
different from the N-2 distance in control anima>0.5) or 907
from that of the bilaterally lateral-line-suppressed animal: 120+
(P>0.5). However, the mean angular deviation between th
muskellunge and the prey minnow (62.7+4.0°) (Fig. 11A; |

Table 1) was much larger than that of the control animal -180+
< i -line-
(P<0.001) and “of the bilaterally -lateral-line SUppressedFig. 11. Polar coordinate plots illustrating angular deviations of

animals P<0.01). The mean of the absolute values of th(individual strikes at the N-2 (first orientation to prey) and N-1

angles of elevation Was_ 42.6+3.3°, and the mean of th(initiation of strike) positions in unilaterally blinded muskellunge.
absolute values of the azimuth angles was 38.2+3.3°. The left side of each plot represents the side of the animal with intact
The mean angular deviation at the N-1 position wavision and the right side represents the blinded side. Filled circles
10.9+0.9° (Fig. 11B). As at the N-2 position, these anglerepresent animals blinded in the right eye, and open circles represent
were almost uniformly on the sighted side of the animal; thanimals blinded in the left eye. (A) Measurements made at the N-2
maximum azimuth angle on the blinded side in the relativelposition. (B) Measurements made at the N-1 position. L, left; R,
few cases in which such angles occurred was less than 2right.
from the rostral midline. The mean angular deviation was nc
significantly smaller than the control N-1 angular deviationlateral-line-suppressed animal$<Q.01) and significantly
(P>0.1), but was significantly greater than that of the bilaterallygreater than that of the bilaterally blinded anim&sQ.001).
lateral-line-suppressed animal$<Q.05) and that of the A frequency distribution of strikes as a function of distance
bilaterally blinded animal€P<0.01). The mean of the absolute at the N-1 position demonstrated a unimodal distribution with
values of the elevation angles was 6.5+0.5° and that of theo clear relationship between the distance at which the strike
angles of azimuth was 6.3+0.4°. The mean distance at thweas initiated and the success of the strike (Fig. 7C). There were
N-1 position in unilaterally blinded fish was 7.8+0.4 cm relatively fewer far strikes than in the control or Ceéated
(Fig. 12B), which was significantly shorter than that of theanimals and, unlike those animals, there was a broader
control animals at the N-1 positioR<€0.01) and the bilaterally distribution of angles from which these far strikes were
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Fig. 12. Plots of distanceersusangular deviation for individual | °
trials at the N-2 (first orientation to prey) and N-1 (initiation 60 oo
strike) positions of unilaterally blinded muskellunge. (A) N 90+
position. (B) N-1 position.
120+
. . . -150 1
initiated (Fig. 8C). The range of N-1 angular deviations
-180L

these far strikes encompassed those of both the control

CoCl-treated animals. Fig. 13. Polar coordinate plots illustrating angular deviations of

Unilaterally lateral-line-denervated animals ind.i\./id.ual Smk.es at th? N-2 (first Oriemat.ion o prey) and N-1
(initiation of strike) positions in muskellunge in which the lateral line
Animals in which the lateral line system had beensystem had been unilaterally denervated as described in the text.
suppressed by unilateral lateral line nerve transection al<The left side of each plot represents the side of the animal with an
exhibited the normal pattern of strike feeding proceeding frorintact lateral line, and the right side represents the denervated
N-2 orientation to N-1 strike and capture of the prey. In totalside. Filled circles represent animals denervated on the right side,
204 strikes were analyzed in these animals, all except one and open circles represent animals denervated on the left side.
these involved both the N-2 and N-1 positions during th(A) Measurements _made at the N_-2 position. (B) Measurements
course of the strike. Muskellunge that had been unilaterallmade atthe N-1 position. L, left; R, right.
denervated were successful at catching minnow prey 86 %
the time. The mean angular deviation in these animals at ti
N-2 position was 73+4.4° (Fig. 13A), which was significantly was 40.1+2.2 ° (Fig. 13A). The mean angular deviation at N-
greater than that of control animal<Q.01) and of animals in 2 in these fishes was not significantly different from that of the
which the lateral line had been suppressed bilaterally withinilaterally blinded animalsP60.05). Unlike the unilaterally
CoCkb (P<0.01). The mean of the absolute values for the angldsinded animals, however, the N-2 angles in these fishes were
of elevation was 55.9+4.3°, and that of the angles of azimutaqually distributed on either side of the midline irrespective of
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w. A (Fig. 14B), which was significantly smaller than those of the
N2 control and the Co@iltreated groups$R<0.01 for both groups),
80 but not significantly different from that of the unilaterally
- . _' . . blinded group >0.4). The mean N-1 distance for this group
.o . was also significantly greater than that of the bilaterally blinded
60 . ) animals P<0.01).
50 . ) The frequency distribution of successful and unsuccessful

. . capture attempts as a function of the N-1 distance exhibited a
e ) S . similar pattern to those seen in the control animals (Fig. 7D),
o Lot with no clear relationship between the distance at which the

) : : " ) strike was initiated and the success or failure of the strike.
However, an analysis of the far strikes (those initiated at

Distarce (cm)

40

20

0. 50 e e e ) distances greater than the mean +b.; >12.8cm)
Gl PR demonstrated that, as in the unilaterally blinded animals, the
0 20 40 60 80 100 120 140 160 180 200 range of angles at which far strikes were initiated was greater
than that for either control or lateral-line-suppressed animals
g0, B and encompassed the range of both of the latter (Fig. 8D).
’ N-1
70
: Discussion
£ ® L Our study demonstrates that the relative importance, or role,
7 50 s of a given sensory system may change during different portions
= K of a behavioral sequence. In muskellunge, vision is of primary
.‘g 404 importance in the initial location of, and orientation to, the

prey. Both vision and the lateral line system play a role in
determining the optimal distance and angle from which to
launch the rapid strike at the prey. The lateral line system may
be of principal importance in the capture of the prey in the final
stages of the strike. Hence, there is a ‘sliding hierarchy’ of
sensory system dominance during each consecutive portion of

60 90 120 150 180 the strike, with each system playing a more or less important
Angulardeviation(degrees) role during each phase.
Fig. 14. Plots of distanceersusangular deviation for individual ~ 1hiS study has demonstrated significant and important

trials at the N-2 (first orientation to prey) and N-1 (initiation of differences in the roles played by the visual and lateral line
strike) positions of unilaterally lateral-line-denervated muskellungeSensory systems during the successive stages of the strike
The filled circles are the data from individual trials. (A) N-2 position.feeding behavior in muskellunge. In general, data from
(B) N-1 position. control animals agree with those of Webb and Skadsden
(Webb and Skadsden, 1980) for tiger muskellunge (a
muskellunge:northern pike hybrid) with only a few
which side had been denervated. The mean distance at theceptions. Unlike Webb and Skadsden (Webb and
N-2 position was 22.2+1.2cm (Fig. 14A). This was notSkadsden, 1980), we did not discriminate between what they
significantly different from the values for either the control ordescribed as pattern A and pattern B initiations of the strike.
the CoCj-treated animals R>0.5 for both), nor was it They describe a ‘stalk’, the equivalent of our progression
significantly smaller than the mean N-2 distance forfrom the N-2 to N-1 positions, in only 20 % of their cases
unilaterally blinded animals&0.6). leading to a strike, whereas we observed the stalk in the
The mean of the absolute values of the elevation angles rdajority of our control cases (78%). However, they do
the N-1 position was 8.8+1.0°, and the mean of the absoluteention an ‘initial orientation using paired and median fins’
values of the angles of azimuth was 8.7+0.6°. The meathat may be equivalent to our initial stalk. The frequency
angular deviation calculated from these values was 13.7+1.1distribution of their observed strike distances (Webb and
(Fig. 13B; Table 1). This was not significantly different from Skadsden, 1980) corresponds well with our own N-1
the angular deviations for the control anim&s@.1), for the distances, although their measurements were made only in
bilaterally lateral-line-suppressed group>0.05) or for the the horizontal plane, whereas we measured actual distance,
unilaterally blinded group R>0.3), but was significantly including both vertical and horizontal displacements. The
greater than that of both the bilaterally blinded grd®g0(01) angular measurements they provided were between the
and the unilaterally lateral-line-suppressed groBp0(01). longitudinal midline axes of the predator and the prey in the
The mean distance at the N-1 position was 7.4+0.4crhorizontal plane, so it is not possible to compare their data
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directly with our own. The success rate of 73 % they observedecrease their angular deviation at N-1, approaching the prey
corresponds to the rate of success of our control animals. in a more directly ‘head-on’ fashion. These data suggest that
The visual system clearly plays the dominant role in thehe visual system may be directed more towards stimuli located
initial localization of, and orientation to, the prey. There wereahead of the animal, whereas the lateral line system, which is
no significant differences between the mean distance dfistributed along the sides of the head and body, is more
detection at the N-2 position in control, Ce@eated, laterally directed.
unilaterally blinded or lateral-line-denervated animals, Further evidence for this may be observed in the differences
indicating that muskellunge are hunting for their prey visuallyin ‘far strike’ approaches between control and lateral-line-
The lack of a significant difference in the N-2 angular deviatiorsuppressed muskellunge. Lateral-line-suppressed muskellunge
between control and Coglreated animals further strengthens employ a different strategy when attempting ‘far strikes’ at
this idea. Behavioral studies of visual acuity in the larvaprey (from distances greater than the mean distanc®+af
pomocentrid reef fisRinnaeus biaculaetusave demonstrated all strikes). In the control muskellunge, the fish attempted far
a tendency to prefer prey in the anterior visual field (Job anstrikes at prey that were invariably at angular deviations greater
Bellwood, 1996). Subadult muskellunge also demonstratthan 20° from the midline and were, in the majority of cases,
this tendency; in bilaterally sighted animals, there was nonoving away from the midline axis of the animal. We suggest
significant increase in the mean N-2 orientation distancéhat this relative minority of cases may represent a ‘desperation
through all angular deviations, but the majority of thesestrike’ in which the muskellunge finds itself with a difficult
orientations were to animals in the anterior portion of the visuapproach to a prey moving away from the preferred orientation
field. Blinded muskellunge did not exhibit the N-2 orientationand commits itself to an early attack at a range greater than the
and slow approach to the N-1 position observed routinely imormal distribution of ranges.
sighted fish, but instead remained relatively motionless in the In muskellunge in which the lateral line has been suppressed
water and appeared to strike opportunistically at minnows thdty CoCb treatment, the strategy that appears to motivate far
moved close to their head. strikes is the opposite of that in the controls. In these animals,
Both visual and lateral line systems play a role in thestrikes are initiated only when the prey is less than 20° from
determination of the optimum distance and angle at which tthe midline axis in the frontal visual field and, in the majority
initiate the rapid strike portion of the behavior from the N-1of cases, is swimming away from the midline. Successful far
position. Muskellunge typically decrease the distance ansltrikes in these animals were recorded only when the prey was
angular deviation between their midline body axis and the pregirectly ahead of the subject fish. We suggest that what may
between the N-2 and N-1 positions, but control muskellungenotivate these attacks is the lack of lateral line afference and,
typically attack from greater distances and angles than do thosenultaneously, a target located at the distance and orientation
in which the lateral line system has been suppressed by CoGbr which the bilateral visual fields of the muskellunge overlap
treatment. Without lateral line afference, muskellunge attackhead of the animal.
from significantly closer distances and with smaller angular The retinotectal projections of esocids are entirely
deviations. The reason for this difference may lie in thecontralateral, so information from a single retina projects only
differing natures of the visual and lateral line stimuli and in theo a single tectal hemisphere (Reperant et al., 1976; Bazer and
orientations of the visual and lateral line systems. Modeling cdEbbeson, 1987; J. G. New and D. E. Kolak, unpublished
hydrodynamic flow and lateral line systems has demonstrateibservations). A moving image on regions of the paired tectal
that the azimuth of a stimulus source is encoded by the locatidremispheres that represent the anterior overlap of the visual
of the maximum pressure gradient amplitude upon the spatialfields in these cases may result in release of the strike behavior.
distributed array of lateral line receptors. Source distance, i is interesting in this context to observe that, in our
contrast, is determined by the spread of the excitation patteranilaterally blinded animals, far strikes were very uncommon
the greater the distance from the source, the greater the spreadnpared with the control or Cao@&feated animals, further
of excitation across the receptor array. This is in contrast to tteggesting that the rostral overlap of the bilateral visual fields
visual system, in which the visual arc subtended by a givemay influence far strike behaviors.
stimulus, and hence the spread of receptor activation, decrease8linded muskellunge are quite capable of successfully
with distance (Coombs and Conley, 1997a; Coombs anstriking at and capturing prey minnows, although from
Conley, 1997b; Conley and Coombs, 1998). Behavioral studiesgnificantly smaller distances and angular deviations than the
in blinded mottled sculpinQottus baird) have shown that N-1 positions recorded from control or Ce®eated animals.
these fish employ an approach strategy in which a sourcehis suggests that, although the lateral line provides useful
stimulus is approached at an angle rather than along a straighformation in determining the optimum distance and angle at
path (Coombs and Conley, 1997a). In this manner, lateral linghich to initiate the strike from the N-1 position, the threshold
information may be maximized across the neuromasts of thfer the release of a strike behavior on the basis of lateral line
head and trunk. Similarly, control muskellunge tend toafference alone is considerably higher than it is when visual
approach prey at an angle (the angular deviations at the Ni2put is also present. Lateral line afference may provide useful
and N-1 positions). However, muskellunge in which the laterahformation concerning the location of the prey during the final
line system has been suppressed by eo@jnificantly stages of the attack as the muskellunge completes its lunge
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towards the minnow. The blinded muskellunge were, ins possible that, in closing the distance and angular deviation
general, as successful at catching prey as the sighté&tween the N-2 and N-1 positions, some useful visual
muskellunge, suggesting that lateral line afference conveys afiformation was lost to the fish as a result of the minnow
the critical information required by the muskellunge to catchmoving relative to the anteromedial boundary of the visual
the prey at close range. field. With the minnow at the very edge of the visual field, and
In the unilaterally blinded and lateral-line-denervatedperhaps moving out of it, the muskellunge may have relied
fishes employed in this study, the mean distance at the Nflore on lateral line input in judging the optimal distance and
position was not significantly different from those of theangle from which to launch the strike.
control or CoCj-treated animals. This lack of difference in  The unilaterally lateral-line-denervated animals initiated the
the N-2 orientation distance in all sighted muskellungeN-1 strike at angular deviations that overlapped those of the
suggests that there is a mean minimum threshold for visuallyontrol and CoCttreated animals, although the range from
guided orientation to prey. The mean length of the fatheadhich strikes were initiated was significantly less in the
minnows employed in this study was approximately 5cm. Atlenervated animals than in the control group. In these animals,
a distance of 25.5cm (the mean N-2 distance in the contral degree of lateral line input was removed by denervation but
animals), a 5cm minnow subtends a maximum angle ofome necessarily remained intact, at the least from the side
approximately 11 ° within the visual field. This may representontralateral to denervation. It is possible that, in the
the minimum size of an object moving within the visual fielddenervated animals, spatial information was still provided to
required to release the initial orientation of a strike feedinghe rest of the lateral line system, permitting a ‘normal’
sequence. Teleosts have been demonstrated to display séggroach to the N-1 position. However, the decreased
constancy in their visual behavior, which allows the animatensitivity resulting from unilateral denervation may have
to determine the size of an object on the basis of the visuahused the animal to overestimate the range to the prey and to
angle and the distance to the target (Douglas et al., 1988). inove closer before achieving sufficient lateral line input to
some cases, however, fishes tend to rely solely upon thielease the behavior. The data from the unilaterally blinded and
visual angle subtended by a target (Douglas and Hawryshydenervated animals are complex and difficult to interpret, and
1990). Thus, any moving object subtending a given criticabur interpretations of the relative roles of the sensory systems
angle within the visual field may serve as a ‘releaserin these cases are necessarily speculative.
initiating an approach. Other sensory systems did not seem to play an important role
The unilaterally deprived animals did not behave simply ag the direct orientation towards, or strike at, the minnow prey.
‘half-animals’ in their orientation or approach to the prey. TheWe assume that the fish’s auditory system remained intact;
angular deviations for both unilaterally blinded and lateralphysiological studies have demonstrated that €m@hersion
line-denervated muskellunge at the N-2 positions werdas little effect upon the activity of the inner ear endorgans in
significantly larger than those of the control or Cettéated fishes (Karlsen and Sand, 1987). Furthermore, the £oCl
groups. Although it is not possible to determine precisely whateated muskellunge maintained normal balance and swimming
the muskellunge were experiencing, the data suggest thpbstures, suggesting that the inner ear hair cell systems were
unilaterally deprived animals attend more to regions of thenaffected by the treatment. Moreover, although the
intact field that are of lesser importance to the control animal§mmersion treatment may have produced a degree of
Thus, unilaterally blinded muskellunge are more likely tophysiological stress as a result of osmoregulatory
detect prey at greater angles within the remaining intaatonsiderations, the muskellunge did not appear to be
portions of the visual field than are sighted muskellungesignificantly affected by the treatment and fed actively and
Similarly, the deprivation of unilateral lateral line afferenceenthusiastically after a brief period of adaptation to the test
may result in the muskellunge attending more to a wider regioarena. It is likely that the blinded and Ce@kated animals
of the visual field than do control fishes. If this is the case, ivere capable of hearing minnows swimming nearby, and it is
is then not clear why there was no significant differenceossible that such information plays a role in the strike feeding
between the N-2 angular deviations of control muskellunge ansehavior. However, in the absence of visual and lateral line
of fishes in which the lateral line system had been bilaterallinput, auditory afference by itself is insufficient to elicit a
suppressed with Cog&llt is possible that, in denervating thesefeeding response in these fish. Olfaction may also play an
animalsvia an approach to the anterior lateral line nervesmportant role in the feeding behavior of muskellunge, which
through the orbit, some damage may have been done to thee well equipped with olfactory apparatus. However, olfactory
visual system on that side. However, there was no significacues diffusing through the water column are unlikely
difference in N-2 range or angular deviation between the intactandidates for organizing a well-directed and rapid strike at a
and denervated sides in these animals, indicating that the viswhall, rapidly moving prey item. It seems more likely that
system was intact and functioning. olfaction may play a role in potentiating feeding behavior,
In the unilaterally blinded animals, the angular deviation atmediating arousal cues that result in the animal searching for
the position at which the strike was initiated (N-1) wasprey.
significantly greater than that of the bilaterally blinded animals, Behavioral studies conducted early in this century (Hofer,
as was the distance between the muskellunge and the prey1®08) demonstrated that blinded pilEes¢x luciuy were able
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successfully to strike at minnows and that this abilitythe ability of the weakly electric mormyrid fi§nathonemus
disappeared after bilateral denervation of the lateral line. Othgetersii to locate prey. In that study, the principal
studies of feeding behavior in esocids and other teleost fisheseasurement was the time required by the subject fish to
(e.g. Alexander, 1970; Webb and Skadsden, 1980; Rand atmtate a worm hidden in a test arena. In addition, the
Lauder, 1981; Lauder, 1983; Lauder, 1986; van Leeuwennvestigators were unable to determine the role of the lateral
1983; Cooper et al., 1985; Muller et al., 1985; Nyberg, 1986jne system because of the sensitivity of the animals to £oCl
Norton, 1993; Brown et al., 1995) have focused principallyThese studies emphasize the complementarity of sensory
upon the kinematics of feeding strikes, foraging strategies argystems in prey capture behavior and their hierarchical
mechanisms of prey capture. A number of studies have focusedganization.

on the use of the lateral line system in feeding and swimming A recent study (Liang et al., 1998) examined the roles of
behaviors (Montgomery and Saunders, 1985; Saunders awmi$ion, olfaction and the lateral line system in the Chinese
Montgomery, 1985; Bleckmann et al., 1989; MontgomeryperchSiniperca chuatsiThe results indicated no significant
1989; Montgomery and Milton, 1993; Montgomery et al.,differences in the number of prey captures within a fixed
1997). A brief report (Enger at al., 1989) demonstrated that thaterval between control fish and test fish with either the lateral
feeding behavior of bluegill sunfishépomis macrochirysn  line or the visual system blocked. Perch with both systems
the dark was impaired after suppression of the lateral linblocked, however, demonstrated greatly reduced feeding in a
system with CoGl Under these conditions, bluegills struck manner similar to the muskellunge in our study. Since the study
only at prey goldfish Garassius auratysfollowing direct by Liang et al. (Liang et al., 1998) did not employ the same
contact; their ability to strike from even a short distanceguantitative approach as our study does, it is difficult to draw
(<0.2cm) was abolished. Studies by Janssen and héxtensive comparisons between their results and our own. It is
collaborators (Janssen et al., 1995; Janssen, 1996; Janssair,belief, on the basis of experience, that blinded muskellunge
1997) have demonstrated that planktivorous fishes rely upomould not capture prey at the same rate as control or lateral-
their lateral line systems to localize and obtain prey in théine-suppressed animals. This may be because muskellunge
absence of visual input. Coombs and Conley (Coombemploy an‘ambush’strategy rather than a more active foraging
and Conley, 1997a; Coombs and Conley, 1997b) havstrategy. We can say, however, that in Chinese perch, as in
demonstrated that blinded mottled sculg@oftus baird) use  muskellunge, both vision and the lateral line system provide
their lateral line system in detecting, orienting to and strikingadequate information for the capture of prey, but that
at vibratory sources that apparently mimic prey. Furthermoresuppression of both systems strongly inhibits the animal’s
Conley and Coombs (Conley and Coombs, 1998) demonstratability to feed successfully.

that unilateral denervation of branches of the lateral line nerves

in blinded sculpin produced site-specific deficits in the The authors gratefully acknowledge the constructive
animal’s ability to localize a vibrating sphere. All these studiegssistance of Drs Chris Braun and Sheryl Coombs, who
have indicated that the spatial array of neuromasts acropsovided criticism of the manuscript. This study was
the body surface provides sufficient information for thesupported in part by NIH NS30194 and DC00293.

localization of and orientation to the vibrating source. Janssen
(Janssen, 1997) further suggests that the elaborated canal
system of the ruffe, Gymnocephalus cernuusprovides
increased sensitivity for this species, which typically inhabit

environments in which visibility is reduced. gazer, G. T. and Ebbesson, S. O. £1987). Retinal projections in

The.r('a. is a large Iltierature on the. visual systems an the chain pickerelEsox nigerLeSueur).Cell Tissue Res248
capabilities of teleost fishes (for a review, see Douglas and 557_so9.

Djamgoz, 1990) but relatively fewer studies relating visuabjeckmann, H., Tittel, G. and Blilbaum-Gronau, E.(1989). Lateral
processing to feeding behavior using behaviorally relevant line system of surface feeding fish: anatomy, physiology and
stimuli. Studies of visual acuity and performance in fish have behavior. InThe Mechanosensory Lateral Line: Neurobiology and
generally relied upon behavioral or anatomical techniques. A Evolution(ed. S. Coombs, P. Gérner and H. Minz), pp. 501-526.
brief study by Janssen and Corcoran (Janssen and Corcoran\ew York: Springer-Verlag.

1993) demonstrated that lateral line stimuli can overridérown, G. E., Chivers, D. P. and Smith, R. J. K1995). Localized
visual input in directing the feeding strikes of centrarchid Sﬁfe?r(;?r?g:e%ih%e:E:olressgggz?oég '1%%‘3”1”1% by cyprinid alarm
{ISheS' In this StUdY’ green sunflsll"e(_)omls qyanellt)sand Conley, R. A. and Coombs, S1998). Dipole source localization by
argemouth bassMicropterus salmoidéstrained to feed . , X . - .

. . . mottled sculpin. Ill. Orientation after site-specific, unilateral
from a feeding tl,Jbe_ tended to strike at 6} simultaneously denervation of the lateral line systed Comp. Physiol183
presented water jet in preference to the visually presentedsss_z44.
food source. More recently, von der Emde and Bleckman@oombs, S. and Conley, R. A(1997a). Dipole source localization
(von der Emde and Bleckmann, 1998) have examined the by mottled sculpin. I. Approach strategids Comp. Physiol180
roles of a number of sensory modalities including vision and 387-399.
low- and high-frequency-sensitive electrosensory systems iGoombs, S. and Conley, R. A(1997b). Dipole source localization
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