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Abstract

High-speed imaging was used to record the prey-track-
ing behavior of larval zebrafish as they fed upon para-
mecium. Prey tracking is comprised of a variable set of
discrete locomotor movements that together align the
larva with the paramecium and bring it into close prox-
imity, usually within one body length. These tracking be-
haviors are followed by a brief capture swim bout that
was previously described [Borla et al., 2002]. Tracking
movements were classified as either swimming or turn-
ing bouts. The swimming bouts were similar to a previ-
ously characterized larval slow swim [Budick and
O’Malley, 2000], but the turning movements consisted
of unique J-shaped bends which appear to minimize for-
ward hydrodynamic disturbance when approaching the
paramecium. Such J-turn tracking bouts consisted of
multiple unilateral contractions to one side of the body.
J-turns slowly and moderately alter the orientation of the
larva - this is in contrast to previously described escape
and routine turns. Tracking behaviors appear to be en-
tirely visually guided. Infra-red (IR) imaging of locomotor
behaviors in a dark environment revealed a complete
absence of tracking behaviors, even though the normal
repertoire of other locomotive behaviors was recorded.
Concomitantly, such larvae were greatly impaired in
consuming paramecia. The tracking behavior is of inter-

est because it indicates the presence of sophisticated
locomotor control circuitry in this relatively simple mod-
el organism. Such locomotor strategies may be con-
served and elaborated upon by other larval and adult
fishes.

Copyright © 2005 S. Karger AG, Basel

Introduction

The neural control of locomotion has been examined
in non-mammalian vertebrates with the hope of revealing
organizational features and principles that might be dif-
ficult to discern in mammals [see e.g., Stein et al., 1997,
Bass and Baker, 1997; Kiehn et al., 1998]. Studies of the
escape behavior of the goldfish [Faber et al., 1989], and
the swimming behaviors of Xenopus tadpoles and lam-
prey [Roberts et al., 1998; Grillner, 2003], offer promi-
nent examples of the value of such model organisms.
However, even these ‘simpler’ vertebrate animals con-
front researchers with daunting challenges in terms of
both neural coding and neuroanatomical complexity [see
e.g., Buchanan, 1999, 2001; Zelenin et al., 2000, 2001].
For these reasons, a model vertebrate organism of yet
greater ‘simplicity’ is desirable. The larval zebrafish has
been established as such an organism, having many indi-
vidually identifiable neurons in both brainstem and spi-
nal cord [Kimmel et al., 1982, 1985; Westerfield et al.,
1986; Bernhardt et al., 1990; Hale et al., 2001; and see
Lee and Eaton, 1991; Lee et al., 1993]. Zebrafish are pop-
ular for studies of neural development [Driever et al.,
1996; Granato et al., 1996; Eisen, 1999; Drapeau et al.,
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2001] and its optically accessible CNS offers many op-
portunities for the in vivo study of neural control systems
[Fetcho and O’Malley, 1995; O’Malley et al., 1996; Fe-
tchoet al., 1998; Liu and Fetcho, 1999; Ritteret al., 2001;
Gahtan and O’Malley, 2001, 2003; Gahtan et al., 2002;
Roeser and Baier, 2003; Gahtan and Baier, 2004; Masino
and Fetcho, 2005].

In larval zebrafish, locomotor behaviors are controlled
by the approximately 300 neurons that descend from the
brainstem into spinal cord [O’Malley et al., 2003]. In an
effort to better understand the neural control systems un-
derlying axial locomotor movements, the larva’s locomo-
tive repertoire had previously been surveyed [Budick and
O’Malley, 2000]. This initial study categorized larval
turning and swimming behaviors into four distinct types.
Subsequently we described a capture swim bout, a brief
swim bout that concludes a series of maneuvers used in
capturing paramecium. Kinematic analysis of the capture
swim showed that zebrafish larvae are able to dynami-
cally modulate bend location, amplitude and frequency,
a capability referred to as fine axial motor control [Borla
et al., 2002]. However, the series of locomotor move-
ments leading up to the capture swim had not been de-
scribed in any detail.

The locomotor aspects of prey capture are variable
amongst fish species. Herring larvae (Clupea harengus)
exhibit slower swim patterns in the presence of a prey
patch [Munk and Kiorboe, 1985], whereas larval clown-
fish (Amphiprion perideraion) increase the speed of swim-
ming when entering a concentrated prey area [Coughlin
et al., 1992]. The larval clownfish were observed to in-
crease both the number of turns and the turn angles which
allowed them to stay longer within a small patch of prey.
The cottid fish (Clinocottus analis) approaches its prey to
within 0.24 body lengths and then pauses before initiat-
ing the final attack [Cook, 1996]. Although these studies
have provided important information about the evolu-
tionary diversity of larval prey capture, there are few de-
tails available concerning the precise axial kinematics
that underlie prey tracking in these species. Most high-
speed recordings of both larval and adult prey-capture
behaviors have focused on jaw movements [Lauder,
1980; Gibb, 1997; Wainwright and Shaw, 1999; Hernan-
dez, 2000; Ferry-Graham and Lauder, 2001], although
sometimes in conjunction with axial locomotive maneu-
vers [Rand and Lauder, 1981; Drost and van den
Boogaart, 1986; Drost, 1987]. Studies of the axial kine-
matics used in adult prey-capture show use of a held S-
bend from which the fish darts forward to capture prey
[Harper and Blake, 1991], but there are no reports of pre-
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cise sequences of distinct locomotive maneuvers, such as
those that will be described here.

The means by which the prey capture sequence is ini-
tiated and guided are also quite variable. In visually poor
environments, electroreception can be used, perhaps ex-
clusively in the case of paddlefish, to detect and capture
zooplankton [Wilkens et al., 2002]; this sensory informa-
tion is sufficient to guide complex and agile kinematic
maneuvers. The lateral line can also play a central role in
prey capture as when rainbow trout integrate information
from both superficial neuromasts and subdermal lateral
line canals to capture prey in the dark [Montgomery et
al., 2003]. Distinct strike kinematics can arise out of mor-
phological necessity even if the same sensory modality is
used, as has been demonstrated for sphyrnid and carcha-
rinid sharks that use electroreception to detect and ap-
proach prey [Kajiura and Holland, 2002]. The integration
of multiple sensory modalities has also been reported, as
in the case of the black ghost knifefish that utilizes elec-
trosensory and mechanosensory information in a highly
dynamic fashion during the capture of insect larvae [Nel-
son et al., 2002; Coombs et al., 2002]. In addition to direct
detection of prey, these systems can be used to follow or
track prey, utilizing, for example, hydrodynamic fish
trails possibly in conjunction with chemical cues [Mont-
gomery et al., 2002], which are also important in prey
recognition [Finger, 1997, 2000; Kanwal and Finger,
1997].

Vision can, of course, be a particularly powerful and
effective tool as highlighted by the sandlance, which pos-
sesses novel visual capabilities and was observed to strike
successfully at live prey on two-thousand successive at-
tempts recorded with a high-speed camera [Pettigrew et
al., 2000].

In many teleost species, vision appears to be the most
important sensory modality for prey capture, allowing
tracking and capture of small and large prey alike [Hair-
ston et al., 1982]. Herring larvae alter their prey capture
behavior depending on the light intensity: they filter-feed
in total darkness but rely on biting at higher light intensi-
ties [Batty et al., 1990]. There is evidence that many te-
leost species require light to feed [Blaxter, 1968; Job and
Bellwood, 1996; Pettigrew et al., 2000; Downing and Lit-
vak, 2001; Job and Shand, 2001; Neuhauss, 2003]. Vi-
sual fixation prior to prey capture has been suggested in
Atlantic salmon alevins [Coughlin, 1991] as well as larval
carp [Drost and van den Boogaart, 1986] and visual in-
formation might be integrated with other sensory mo-
dalities during different phases of a prey capture sequence
[New et al., 2001].
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Because the role of vision in larval zebrafish feeding
had not been systematically described, we evaluated the
role of light in several aspects of feeding. We report that
vision is necessary for robust consumption of parame-
cium and for the performance of locomotive maneuvers
unique to prey tracking and prey capture. In this context
we describe a novel turning behavior, called a J-turn,
which is integral to the prey tracking behavior and helps
larvae approach and align themselves with their prey. A
preliminary version of some of this work had been re-
ported previously [Borla and O’Malley, 2002].

Materials and Methods

Animals

Fertilized eggs were collected from a laboratory stock of zebraf-
ish (Danio rerio) and maintained in 10% Hanks solution at a tem-
perature of approximately 25°C, in a 14-10 h light/dark cycle
[Westerfield, 1995; O’Malley and Fetcho, 2000]. Unfed larvae at
ages 6-8 days post-fertilization (dpf) were used throughout this
study. All protocols were carried out in accordance with the guide-
lines of the National Institutes of Health and were approved by the
Northeastern IACUC Committee.

Experimental Protocol

The high-speed imaging protocol was described previously [Bor-
la et al., 2002]. Briefly, larvae were transferred to a small dish (ap-
proximately 1.3 cm in diameter) containing 10% Hanks solution.
To observe feeding, a solution of paramecia (either Paramecium
caudatum, or Paramecium multimicronucleatum) was pipetted
into the recording dish. An MD4256 high-speed digital camera
(EG&G Reticon, Sunnyvale, Calif., USA) mounted on a Zeiss dis-
secting microscope was used to record prey capture behaviors as
well as spontaneous swimming and turning behaviors (which were
recorded in the absence of paramecia). Recordings were made at
frame rates between 500 and 800 frames/s and all behavioral ob-
servations were saved to disk. Frame-by-frame playback of the se-
quences was used to classify each behavior and to select frames for
quantitative analyses.

Image Analysis: Quantification of Tracking, Swimming and

Turning Behaviors

Quantification of most kinematic variables analyzed was previ-
ously described in detail in Borla et al. [2002] and Budick and
O’Malley [2000]. They are summarized here along with additional
analyses specific to tracking behavior elements, such as the turning
maneuver that we refer to as a ‘J-turn’. J-turns were recognized and
so classified based on the following criteria: repetitive (at least 2),
unilateral J-shaped bends with caudal bend locations, and an initial
bend amplitude that exceeds 90 degrees, thus forming the trunk
and tail into a ‘J’ shape. In addition to analyzing the prey tracking
behaviors, we compared those movements with routine swimming
and turning behaviors made in the absence of prey. The kinematic
variables analyzed included:

Number of tracking behaviors preceding prey capture (n = 17).
The numbers of slow swim and turning movements that took place
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during tracking of the paramecium were manually counted. The
high-speed camera maintains in its frame buffer a rolling set of the
2000 most recently acquired frames, which equates to about 3 to
4 s worth of data at the image acquisition rates being used. When
an apparent capture event is observed, the experimenter halts fur-
ther image acquisition and then examines the previous 2000 frames
in the frame buffer. Because of the 2000 frame limit, the earliest
locomotor movements in a particular capture episode might not
have been recorded in some very rare instances. But in the great
majority of cases there was a long quiescent period preceding the
initiation of movement towards a paramecium and so we are con-
fident that the entire tracking behavior was recorded.

Orientation and Angular Deviation. The orientation or heading
of the larva (n = 19) was obtained by drawing a line from the ante-
rior end of the swim bladder through the midpoint of the rostral
end of the larva. The angle between the larva’s orientation and the
direction to the paramecium (also drawn from the anterior end of
the swim bladder) was then measured using Image J, a PC-compat-
ible version of NIH Image.

Distance to prey (n = 19). The approach of the larva towards
the paramecium was determined by measuring, at successive time
points, the distance from the paramecium to a point on the larva
located in the midline of the head, just between the eyes. This is a
relative distance because the paramecium is also moving, but it
mainly reflects the distance traveled by the zebrafish because its
movement during these time epochs is much greater than that of
the paramecium.

Bend Amplitude. A line was drawn through the midline of the
larva and tangent lines were drawn at the most rostral and most
caudal portions of this curve. The angle between these lines, at the
timepoint of maximal bending (see next section) is called the max-
imal bend angle. Subtracting this angle from 180 degrees yields the
bend amplitude.

Bend Location. The bend location was recorded for each of the
maximal bends in a locomotor sequence (n = 41 for J-bends). The
time point of maximal bending in each half-cycle is approximated
by the time at which the lateral movement of the tip of the tail re-
verses direction — see Budick and O’Malley [2000] and Borla et al.
[2002]. The maximal bend location at such time points was deter-
mined by drawing the shortest possible line between the vertex of
the bend angle and the midline of the larva. The intersection of
these two lines is the midpoint of the bend. The distance from the
rostral point of the fish to this point was measured to determine
bend location as a percentage of total body length (TL).

Bend Duration. The elapsed time between the initiation of the
bend and the time point of maximal bending.

Angular Velocity. The bend amplitude of the initial bend of each
analyzed turn was divided by the duration of that bend, from ini-
tiation to the time point of maximum bend angle. The angular ve-
locity of the initial bend for each routine turn was recorded from 6
behavioral episodes. Angular velocities for the J-turns were calcu-
lated from 14 J-turn episodes.

Visual Control of Prey Tracking

The role of vision in prey tracking was investigated in two sep-
arate experiments. To evaluate feeding in light vs. darkness, larvae
were placed individually into small plastic Petri dishes (35 mm di-
ameter, solution depth = 1 mm) with 10% Hanks solution. A known
number of paramecia (15-20) were then individually pipetted into
the dish, as well as into control dishes which did not contain a
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larva. All dishes were covered with a transparent lid to prevent
evaporation of the fluid. The dishes were then placed into either a
light-tight box (dimensions = 75 X 57 x 43 cm, temp = 24°C) or
under a lamp approximately 22 cm above the dish. Both the larva-
containing and control dishes were left in these conditions for 24 h.
At the end of this time the number of paramecia left in each dish
was manually counted under a dissecting microscope.

Infrared (IR) Imaging Experiments. Larvae (6-8 days post-fer-
tilization) were placed into a 35 mm Petri dish containing a 10%
Hanks solution and many paramecia. The experimental conditions
were identical to those used during the prey-capture recordings ex-
cept for the lighting conditions. Larvae were imaged and recorded
under normal lighting conditions until a prey capture event was
observed. This was confirmed by frame-by-frame playback of the
recording. The dish containing the larva was then placed on a 50 x
50 mm infrared light source emitting at 880 nm * 20 nm (LED
Backlight, 880 nm, Edmund Industrial Optics, Barrington, N.J.,
USA). The behaviors performed under IR light were imaged with
a Zeiss dissecting microscope attached to a high-speed camera
(Redlake, San Diego, Calif., USA). Because the light intensity dur-
ing the IR recordings is lower than during the visible-light record-
ings, IR behaviors had to be recorded at a slower frame rate of 150
frames/s. However, this did not affect our ability to classify the re-
corded behaviors. To record behaviors occurring in the dark (i.e.,
under IR illumination) a light-impenetrable cloth was placed over
the entire imaging apparatus and each larva was imaged for 2 h.

Statistical Analyses

T tests and linear regression analyses were performed using Mi-
crosoft Excel statistical routines, with the least-squares method be-
ing used for the linear regressions. SPSS 11.0 (Chicago, Ill., USA)
was used to determine p values for the linear regressions. Wilcoxon,
Mann-Whitney, and ANOVA statistics were calculated using
GraphPad Prism Software, version 4.0 (GraphPad Software, Inc.,
San Diego, Calif., USA).

Fig. 1. Prey tracking and capture sequence. This larva (7 dpf) per-
forms two tracking movements (turns) separated by a brief pause
(episodes 1 and 2), along with a forward swimming movement (end
of episode 2). The turning movements consist of unilateral J-bends
that orient the larva towards the paramecium. In the second track-
ing sequence, after the J-bends, there is a mild undulatory swim-
ming pattern (bottom two rows). Paramecia can be difficult to see
in still images and are highlighted by white circles in select frames;
in movies the targeted paramecium is easier to see because of its
motion. In the capture swim bout, the paramecium is seen imme-
diately in front of the larva’s mouth in the first frame. The parame-
cium enters the larva’s mouth during the first two frames in the
bottom row. The total elapsed time from the onset of tracking is
shown at the end of each row. Images were collected at 600 frames/
s. Every 6th frame is shown in Track 1, every 10th frame in Track
2 and every 5th frame in the Capture Swim. Lower panels: The
distance (lower left panel) and angle (lower right panel) between the
larva and the paramecium decreases throughout this tracking se-
quence.

Prey Tracking by Larval Zebrafish

Results

Prey Tracking Behavior

Each prey tracking episode is comprised of a variable
number of discrete turning and swimming movements
(from one to seven, n = 17) that occur prior to a final dis-
crete swim bout, termed a capture swim. Because the cap-
ture swim bout is distinct from the tracking movements,
and had been analyzed in detail previously [Borla et al.,
2002], it 1s not included in the present analysis (the cap-
ture swim was defined operationally as the discrete bout
in which the paramecium is captured, but its distinct ki-
nematic nature makes it easily distinguishable from the
tracking maneuvers described here). The individual com-
ponents of the tracking behavior are typically separated
by brief pauses, allowing individual tracking movements
to be identified and analyzed. Figure 1 illustrates a repre-
sentative feeding sequence. The first panel (tracking epi-
sode 1) shows a series of asymmetric bends (turns) that
orient the larva towards the paramecium (the parame-
cium is highlighted by a white circle in select frames). The
second panel (tracking episode 2) shows a similar se-
quence of asymmetric bends (top two rows), followed by
a pause and then a slow, symmetrical forward swimming
pattern that is quite similar to a previously described slow
swim pattern [Budick and O’Malley, 2000]. For com-
pleteness, the final capture swim bout is shown (bottom
panel of images). Each discrete tracking movement con-
sists of multiple bends that primarily decrease either the
distance or the angle between the larva and paramecium,
thus allowing the larva to approach and align with the
paramecium. The bottom two plots show the declining
distance and angle between the larva and the paramecium
that was being tracked; the corresponding turning and
swimming phases from the above images are indicated
on the plots. Such behavioral sequences were not ob-
served in the absence of paramecia.

The tracking movements could be categorized based
upon whether they consisted of serial, asymmetric bends
(shown in tracking episode 1 and the first half of tracking
episode 2) or a symmetrical slow-swim bout (bottom two
rows of tracking episode 2). These two distinct tracking
maneuvers are employed in varying combinations to ap-
proach a paramecium, but when summed over all ana-
lyzed feeding episodes they were used in about equal
numbers (fig. 2a). In an analysis of 17 separate feeding
episodes, there was no significant difference between the
average number of turns 1.82 (+ 1.13 SD) and slow
swims 1.59 (% 1.23 SD) used during prey tracking. Turn-
ing behaviors were observed during tracking when the
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paramecium was at an angle of between 8 and 130 degrees
away from the larva’s heading. Turns were not observed
when tracking was initiated at angular deviations of less
than 8 degrees (n = 8). The tracking behavior decreases
the distance and angle separating the larva from its prey
as shown for an individual larva (fig. 1) and for the ag-
gregate data from 19 larvae (fig. 2b). At the onset of track-
ing, the average distance between the larvae and the par-
amecium was 1.42 mm (* 0.74 mm SD), which was sig-
nificantly further than the average distance at the onset
of the capture swim bout (0.59 mm; * 1.63 mm SD;
fig. 2b; p < 0.001, t = -5.09, d.f. = 18). The tracking be-
havior was also analyzed to determine if the number of
tracking movements per feeding episode was correlated
with the initial separation distance between larva and
paramecium. Larvae were binned according to the total
number of tracking movements performed, and the dis-
tance between larva and prey at the onset of tracking was
then averaged for each group (fig. 2c). We observed a
positive correlation (r* = 0.849, p < 0.001) between the
number of tracking movements, and the initial distance,
showing that more tracking movements were used when
larvae began tracking from a greater distance.

J-Turns and Slow Swims

Tracking behaviors that involve substantial changes in
orientation are generally accomplished by repetitive, uni-
lateral, far-caudal bends that gradually orient the larva
toward the side on which the bending is occurring. Due
to the ‘J” shape of the tail, the individual bends are re-
ferred to as J-bends (fig. 1 and 3). Because each discrete
turning bout typically consisted of multiple unilateral J-
bends, used in smooth succession, we refer to the overall
turning bout as a J-turn. Approximately 95% of J-turns
involve two to four J-bends, i.e., two to four unilateral

Fig. 2. Tracking decreases the distance and angle between larva and
paramecium. A Larvae use on average about the same number of
turning tracks (1.82 + 1.13 SD) and swimming tracks (1.59 *+
1.23 SD) in each feeding episode. B Tracking decreases the distance
between the larva and the paramecium prior to the onset of the
capture swim. € With an increasing starting distance between larva
and prey, the average number of tracking movements used per feed-
ing episode is also greater. Larvae were binned according to the
number of tracking movements used during a feeding episode. The
distance separating the larva and the prey at the onset of the first
tracking movement was then averaged within each group.
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contractions of the tail. Figure 3 illustrates two J-turns
used in succession in a single tracking behavior. Each
consisted of three successive unilateral contractions, i.e.,
J-bends, whose peaks are indicated by asterisks. Note that
the tail does not return back to its original (unbent) posi-
tion in between successive J-bends. Generally, the tail will
remain slightly bent to the side on which the J-bends are
occurring. These repetitive unilateral bends make J-turns
unique and distinguish them from routine turns, the most
similar larval behavior that had been previously analyzed
[Budick and O’Malley, 2000]. To quantify these differ-
ences we compared J-turn kinematics with spontaneous-
ly occurring routine turns performed by the same larvae;
routine turns were recorded in the absence of paramecia.
J-turns were almost exclusively associated with the prey
capture behavior. Of the 20 recorded sequences that in-
cluded J-turns, 19 (95%) occurred in the context of feed-
ing, i.e., in the presence of paramecia. Furthermore, 79%
of feeding sequences contained one or more J-turns. In
contrast, no routine turns were observed during these
same feeding sequences.

J-turns were compared to routine turns in regards to
several kinematic variables of relevance to the underlying
neural controls. Specifically, we compared maximal bend
location, angular velocity, linear velocity and orientation
between routine turns and J-turns that were recorded
from the same larva (fig. 4 and 5). In figure 4a paired ex-
amples from the same larva illustrate the maximum bend
during a routine turn and a J-bend. Figure 4b shows im-
age sequences of turns from two different larvae. Routine
turns appear to involve the near simultaneous bending of
a major fraction of the trunk and appear to be initiated
in rostral axial musculature. In contrast, J-bends show a
more caudal locus of bending that involves fewer body

Fig. 3. Example J-turns. This larva (7 dpf; 4 mm total length, TL)
performed two successive J-turns, each composed of rhythmic uni-
lateral J-bends. The J-shaped bending of the trunk indicates a far-
caudal locus of contraction. Successive maximal bends are indi-
cated by asterisks and three are present in each of the two J-turns
shown. Within a J-turn, the tail relaxes between consecutive con-
tractions, but does not return to its original position. Between the
first and second J-turn, there is a pause of about 200 ms. The mid-
line of the larvae at the onset of the first and second J-turn is indi-
cated by a solid and dashed line respectively; comparison with the
final position of the larva (last frame) indicates the total change in
orientation. The number of J-bends per J-turn, and the number of
J-turns per tracking behavior are variable between feeding epi-
sodes.

Prey Tracking by Larval Zebrafish
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tiated in a more caudal region of the trunk, in comparison to routine
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turns. Note the greater initial head movement in the routine turn.
Also note that routine turns involve more substantial bending of
the rostral trunk. Although the J-bend is far caudal, it is a high-am-
plitude bend in comparison to the bending that occurs during slow
swims (see fig. 7).
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Fig. 5. J-Turns have low linear velocities and small orientation
changes. A The peak linear velocities of routine turns, which can
approach 30 pm/ms, are markedly faster than those of J-turns
which ranged between 5 and 10 pm/ms. Each panel illustrates a
paired tracking sequence and routine turn from an individual larva.
All larvae are between 6-9 dpf, and are approximately 4 mm in
total length. The peak linear velocity for all routine turns analyzed
was 27.5 pm/ms (x 6.3 um/ms SD) and for J-turns it was
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11.5 pm/ms (+ 4.3 pm/ms SD, n = 4). B Routine turns result in
greater orientation changes compared to J-turns. Routine turns can
alter the orientation of the larva by >90 degrees [Budick and
O’Malley, 2000]. J-turns, in contrast, tend to be considerably small-
er, with most turns shown here being less than 15 degrees (but see
fig. 6). Complete orientation profiles were determined for 4 differ-
ent larvae. A running average of n = 3 was used to smooth the
data.
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segments. Quantification of maximal bend location con-
firms that the bends are more caudal in J-turns (85.5%
TL * 3.6% SD) vs. routine turns (66.9% TL * 5.2% SD;
p<0.001,t=11.82, d.f. = 46).

Both angular and linear velocities tended to be small-
er for J-turns as compared to routine turns (in similarly
sized larvae). The average angular velocity of the routine
turns was 5.37 degrees/ms as compared to 3.57 degrees/
ms for tracking J-turns. A comparison of linear velocities
between J-turns and routine turns in paired recordings
from the same fish is shown for 3 different larvae in fig-
ure 5a. For each larva, the linear velocity of the routine-
turn, measured at its center of mass (19-29 wm/ms), was
much higher than that of the J-turns (5-10 pm/ms; p <
0.001, t = 5.31, d.f. = 11). Also, routine turns produce
orientation changes that often exceed 30 degrees [fig. 5b
and see Budick and O’Malley, 2000] in as little as 20 ms.
The middle panel illustrates a routine turn in which the
larva changed direction by 45 degrees in about 20 ms.
Such turns are not considered escape turns (C-starts) be-
cause they do not achieve the angular velocities apparent
in C-starts and also do not exhibit the pronounced coun-
ter-turn and high-yaw burst swim that accompanies typi-
cal larval C-starts [Budick and O’Malley, 2000]. In this
instance, after the initial large turn the larva follows a
relatively constant heading with moderate yaw about this
heading: 4 cycles of bending are evident in the trace. In
contrast, in the J-turn examples rhythmic yaw is lacking.
Individual J-turns result in more modest orientation
changes than routine turns, in the range of 10-25 degrees.
However, when J-turns occur in succession, the cumula-
tive orientation changes can equal or surpass that ob-
served during routine turns (fig. 5b, bottom panel). In
each of these 3 paired examples, the larva has the ability
to produce routine turns, but in the context of prey cap-
ture consistently uses the smaller J-turns to orient, per-
haps to avoid hydrodynamic disturbance of the targeted
prey item (see Discussion).

The number and magnitude of J-turns executed per
feeding episode was correlated with the initial angular
difference between the larva and paramecium. Figure 6a
shows that when larvae initiate tracking at greater angular
deviations, they tend to use larger numbers of J-turns
(each vertical bar represents the number of turns used in
a complete feeding episode for a single larva). Likewise,
at greater angular deviations, individual J-turns tend to
result in greater orientation changes (fig. 6b). In regards
to further distinguishing J-turns from routine turns, we
determined their temporal association with other loco-
motive behaviors (fig. 6C). J-turns occurred on average
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within 113 ms (% 121 ms SD, n = 47) of other axial lo-
comotor behaviors (including capture swims, slow swims
and other J-turns). This contrasts with the routine turns
that occurred within an ‘average’ of 615 ms (+ 399 ms
SD, n = 14) of other locomotor behaviors. But the routine
turn average is only a lower limit because of the finite du-
ration of our high-speed recording procedures. Many re-
corded routine turns occurred in isolation of any other
recorded locomotive behaviors. To be conservative we
excluded from our analysis those routine turns that oc-
curred in isolation (see fig. 6 legend). In spite of this re-
striction, the difference in the temporal association of
these two turn types with other behaviors was statisti-
cally significant based on a one-tailed t test (p < 0.001,
t =-4.63, d.f. = 14). J-turns are thus used in temporal
proximity to other locomotive behaviors and specifically
in conjunction with slow and capture swim maneuvers
that lead to successful prey capture.

Slow swims are one of two previously-described class-
es of spontaneous forward-swimming patterns, that is
they occur in the absence of overt stimulation of the lar-
vae. Spontaneous slow swims (fig. 7a) are characterized
by minimal yaw, low forward velocities, short distances
of travel, small bend amplitudes and a more caudal locus
of bending than the far more vigorous burst swims that
occur spontaneously, but more typically accompany es-
cape behaviors [Budick and O’Malley, 2000; Thorsen et
al., 2004]. The slow swim bouts observed during prey
tracking (fig. 7b) appear similar to the previously de-
scribed slow swims in all these respects. In our observa-
tion of 28 slow swim bouts that were integral to prey
tracking episodes, we did not detect any kinematic fea-
tures that were notably different from spontaneous slow
swims. The slow swim bout thus appears to be a common
locomotive maneuver that occurs both spontaneously
and as part of prey tracking [it also constitutes an early
part of the capture swim bout; Borla et al., 2002]. In both
tracking and prey capture swims, the slow swim compo-
nent has clear ethological significance, but the function of
spontaneous slow swim bouts is less certain. Spontaneous
bouts could serve a developmental purpose, ¢.g., helping
to establish appropriate neural connections for future per-
formance of the same locomotor pattern, but they might
also, within their natural environment, serve a localized
exploratory or navigational purpose.

Vision and Prey Capture

The role of vision in prey capture was examined by
evaluating the extent of feeding in total darkness and by
imaging locomotive behaviors under infrared light (880-
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nm band-pass filter). Larvae kept in total darkness fed
markedly less than larvae kept in lit conditions for 24 h
(fig. 8a). Larvae in total darkness left an average of about
67% of the paramecia in the dish after 24 h, whereas lar-
vae kept in the lit condition consumed almost every par-
amecium. A non-parametric, paired one-tailed Wilcoxon
test indicated that larvae kept in darkness fed significant-
ly less than larvae in visible light (p < 0.001). The number
of paramecia remaining in darkened dishes that con-
tained a single larva was not statistically different from
control dishes that lacked larvae, as determined by a one
way ANOVA analysis: 66.8% (*38.3% SD) of the para-
mecia remained in the darkened dishes containing larvae,
whereas the percentages were 88.8% (% 28.6% SD) for
the dark control dishes and 99.4% (+ 29.8% SD) for the
lit control dishes (p > 0.05). These data cannot rule out
the possibility that a small of number of paramecium
were being consumed in the dark, perhaps by a suction
feeding mechanism after either random encounters or as
a result of prey detection by other sensory modalities.
Larvae were also imaged under infra-red (IR) illumi-
nation to determine if prey tracking and capture maneu-
vers would be performed under dark conditions. Because
it can take a variable and substantial amount of time for

Fig. 6. Size and numbers of J-turns. Both the number of J-turns
and their angular size increase with increasing angular deviation
between larva and paramecium. A The number of J-turns executed
during single feeding episodes (vertical bars, 1 per larva) is corre-
lated with the initial angular deviation between the larva and para-
mecium at the onset of prey tracking: larvae tend to execute more
J-turns at increased angular deviations (1> = 0.334, p<0.01). B The
orientation change produced by each J-turn is also increased at
greater angles between the larva and paramecium (1> = 0.392, p <
0.001). €. J-turns are temporally associated with other axial behav-
iors whereas routine turns occur in a more isolated context. J-turns
occurred on average within 113.3 ms (* 120.5 ms SD) of other
behaviors including other J-turns, slow swims and the capture
swim. Routine turns were more isolated occurring within 615 ms
(* 400 ms SD) of other behaviors, for those recording sequences
in which other locomotive behaviors were observed. Many routine
turns occurred in complete isolation from other locomotive behav-
iors and we took the conservative approach of not including such
routine turns in our analysis. Had we included those routine turns,
and assigned them a temporal proximity value equal to the full du-
ration of the recording period, the calculated difference in temporal
proximity would have been much greater. In contrast, all of the
observed J-turns occurred in close temporal proximity to other lo-
comotive maneuvers.
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A. Spontaneous Slow Swim

B. Tracking Slow Swim

Fig. 7. Tracking slow swims and spontaneous slow swims exhibit similar axial patterns. Although a detailed anal-
ysis comparing spontaneous slow swims (A) to tracking slow swims (B) has not been performed, the basic axial
patterns seem similar: there were no obvious differences in the rostral-to-caudal pattern of wave propagation,
bend amplitude or bend location. Tail-beat frequency and linear velocity also appeared similar for the two behav-
iors. Tracking slow swims (B) can be used alone, or in conjunction with J-turns to approach the paramecium.

a larva’s first-feeding event to take place, and to demon-
strate that each larva was capable of feeding, larvae were
first observed with paramecia under normal lighting con-
ditions until they captured one paramecium, which took
on average 80 min (fig. 8b). Following the initial prey
capture, the dish containing the larvae and the remaining
paramecia was either kept under normal lighting or placed
under IR light; subsequent behaviors were recorded with
the high-speed camera. Larvae kept in the light consumed
a second paramecium, on average, within about 25 min.
In contrast, none of the 5 larvae observed under IR light
fed within a 2-hour recording period and so if any of them
could have fed, it would have taken in excess of the
120 min indicated by the black bar in figure 8b. These
larvae that failed to feed in the dark were observed dur-
ing the same recording periods performing normal non-
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feeding behaviors including spontaneous slow swims (fig.
9a), spontaneous routine turns (fig. 9b), and spontaneous
escapes (fig. 9¢). The total amount of spontaneous activ-
ity recorded with IR light appeared similar to that re-
corded under visible light (these experiments were re-
corded about mid-day in the larva’s circadian time).
Thus, the failure to exhibit feeding-specific locomotive
maneuvers (J-turns and capture swims) in the dark can-
not be explained by some non-specific disturbance of the
larvae, but more likely reflects an inability of the larvae
to see and track paramecia in the dark.

Other Locomotive Maneuvers Associated with

Feeding

Although each tracking episode generally resulted in a
successful capture event, in rare instances larvae ap-
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Fig. 8. Darkness impairs prey capture. A In constant light (lit lar-
vae), zebrafish larvae consume almost every paramecium in the
dish over 24 h, with only 0.7% remaining (*+ 1.76% SD). In dark-
ness, a majority of the paramecia survive a 24-hour incubation with
a larva (dark larvae, 66.8% remaining * 38.3% SD). Fewer para-
mecia remained in the dish of the ‘dark’ larvae compared to the
dark control (24 h, no larva) 88.8% (% 28.6% SD) or the lit control
99.4% (£ 29.8% SD) but this difference was not statistically sig-
nificant. B Following their first feeding episode, larvae begin to feed
more frequently. It took an average of 80 min (% 55 min SD) for
alarva to begin feeding after paramecia were first pipetted into the

peared to miss the paramecium. Following such failed
feeding attempts, three separate individuals were ob-
served ‘backing up’. In the instance shown in figure 10,
the larva moved backwards and appeared to reorient to-
wards the paramecium (highlighted by white circle). Sev-
eral J-turns were utilized, resulting in backwards motion
relative to a marker shown on the image (vertical white
bar shown in the first frame of sequence A and the last
frame of sequence B). Each J-turn was directed towards
the side on which the missed paramecium was located.
This behavior was observed too rarely for statistical anal-
ysis, but the larvae appeared to use synchronized pectoral
fin extensions (arrows in B) as well as J-bends to move
backwards and re-orient towards the prey. After reorient-
ing towards the prey, larvae were again observed tracking
the paramecium, and were sometimes successful, as was
observed later in this tracking episode (capture not
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recording dish. This time is variable and can extend to 150 min, or
beyond (at which point the recording was terminated). In contrast,
after the first feeding episode, the time to the next feeding, in the
presence of light, occurred on average in 25 min (% 32 min SD).
Following a successful first feed under visible light, five larvae were
transferred into a darkened environment (by gently moving the
Petri dish to a nearby microscope stage) and observed under IR il-
lumination. None of the 5 larvae were observed feeding during a
2-hour observation period, although they did exhibit a variety of
non-feeding locomotive behaviors.

shown). One reason why this noticeable degree of back-
ing-up was rarely observed is that from the first recorded
feeding episodes, zebrafish larvae are highly successful in
capturing paramecium, showing an overall success rate
of 82% (71 successes out of 87 recorded feeding attempts).
In the more typical J-turns used during tracking, a very
slight backwards motion was sometimes observed. Such
backwards movements appear to be a side effect of the
caudal trunk moving forward and pushing against the
water; they were almost imperceptible in size and did not
result in consequential repositioning with respect to the
paramecium’s location.

In regards to other usage of the pectoral fins, there was
no apparent coordination between J-turn trunk move-
ments and fin movements. Although the pectoral fins ab-
ducted bilaterally at the outset of some J-turns, the sub-
sequent alternating fin movements were not performed
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in synchrony with ongoing axial trunk movements. There
was inter-fish as well as inter-trial variability with regard
to the pattern of pectoral fin usage and a consistent pat-
tern was not detected. This is in contrast to the usage of
pectoral fins during the capture swim where these fins are
used in alternation during the propulsive phase and then
extended bilaterally in a braking maneuver at the comple-
tion of prey capture [Borla et al., 2002]. Another behav-
ior-specific usage of pectoral fins by zebrafish larvae was
recently reported for different speeds of forward swim-
ming [Thorsen et al., 2004]. Our observations are limited
by the tradeoffs inherent in recording axial movements
vs. fin movements: to record the entire larva and its track-
ing of the paramecium requires a low magnification that
is not well suited for the high-resolution analysis of fin
movements.

Discussion

High-speed recording of predation by larval zebrafish
revealed a prey-tracking phase that consists of a variable
number of swimming and turning maneuvers. These ma-
neuvers enable the larva to orient towards and approach
a slow moving prey item, such as a paramecium, in prep-
aration for a final capture swim. Our previous study of
the capture swim [Borla et al., 2002] revealed the presence
of descending motor signals that dynamically modulate
spinal neural circuits during prey capture locomotion.
The present study reveals further capabilities of the de-
scending motor control system and extends the known
locomotive repertoire of this model organism. Notably,
the far-caudal bend location observed during J-turns con-
firms that larvae can exert fine rostral-caudal control over
axial musculature. Also, the directed nature of the overall

Fig. 9. Larvae exhibit a normal locomotor repertoire under IR light.
Larval swimming and turning behaviors recorded in total ‘dark-
ness’ using IR illumination (880 nm) appear the same as the behav-
iors observed under visible light. A A slow swimming behavior of
a larva recorded under IR illumination appears similar to normal
slow swims (see fig. 7). The tail rhythmically alternates from side-
to-side with a rostral-to-caudal propagating wave of bending. B A
routine turn from the same larva as in A (8 dpf) appears quite sim-
ilar to those recorded under visible light. € Another larva (also
8 dpf) performs a spontaneous escape behavior. The C-bend has
reached its maximum angle in frame #2. It subsequently performs
a counter-bend and burst swimming bout with kinematics similar
to those observed under visible light [see e.g., Budick and O’Malley,
2000].

Prey Tracking by Larval Zebrafish

Fig. 10. Use of J-bends to back up and reorient towards a parame-
cium. This larva (approximately 4 mm in length and 7 dpf) used a
series of J-bends, along with a synchronized extension of the pec-
toral fins (arrows in B), to back up and reorient towards a parame-
cium (high-lighted by the white circle). The bar shown in the first
frame of A is in the same location as that in the last frame of B and
is provided to indicate the changing position of the larva. This
episode consisted of two J-turn maneuvers, the first in A lasting
140 ms, and the second in B lasting 110 ms.
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prey capture sequence, from initiation of tracking through
to the moment of prey capture, demonstrates that at this
early larval stage, zebrafish are able to execute a complex,
well-coordinated and adaptive locomotor sequence. Their
ability to do this from varying angles and distances, and
using variable combinations of turns and swims, suggests
the persistent activation of a goal-oriented motor ‘pro-
gram’ that is regularly updated by current sensory infor-
mation.

The Tracking Behavior

Because capture swims are executed only when larvae
are closely aligned with and in close proximity to the par-
amecium (fig. 1, 2), the apparent function of tracking is
to guide the larva to a location from which the capture
swim can be triggered. The number and types of tracking
movements used by larval zebrafish to approach the par-
amecium is variable from fish to fish (fig. 2, 6), as well as
within individuals (data not shown). Variability in motor
output during feeding has been reported previously [Sand-
erson, 1988; Wainwright et al., 1989, 2001; Wainwright
and Friel, 2000], but in the case of the larval zebrafish,
the variable combinations of swimming and turning ma-
neuvers used can be explained, at least in part, by the
variety of distances and angles from which the larvae be-
gin tracking. Indeed, the number of tracking movements
performed per feeding episode increases with increasing
initiation distance (fig. 2¢), and the number of J-turns in-
creases with increased angular deviation between the lar-
va’sheadingand the direction to the paramecium (fig. 6a).
Likewise, the size of the individual J-turns is correlated
with increasing angular deviation (fig. 6b).

The scenario that emerges is that a specific stimu-
lus - e.g., a moving object of a certain size (spanning a
certain visual angle at a certain distance) and within a
certain angle from the larva’s heading — will trigger the
overall prey capture behavior. Slow swims and J-turns
reduce the angle and distance to the paramecium until
the sensory criteria for triggering the capture swim are
met. The capture swim trigger might consist of a bilat-
eral and fairly symmetrical stimulation of the two retinas
by an object that appears sufficiently close and small that
it has a good probability of being captured. In making the
earlier decision to track, the larval brain has to determine
if the stimulus is predator, prey or neither [Hart, 1993;
Miklosi and Andrew, 1999]. It might do this by integrat-
ing multiple sensory modalities, as the Mauthner cell
does when triggering the escape behavior [Faber et al.,
1991; Canfield and Rose, 1996; Eaton et al., 2001; Can-
field, 2003], but it is presently unknown if non-visual
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stimuli (olfactory, mechanical or electrical) contribute to
either the decision to track or the release of the capture
swim. Once a decision to track has been made, the larva
seems to perform a further series of binary decisions: at
each step of the tracking behavior it must perform either
a slow swim or a J-turn. The brief pauses between track-
ing movements might be used to visually update the
tracking program, with greater angular deviation biasing
the decision towards a J-turn and greater straight-line
distance triggering slow swim bouts. This serial decision-
making process is terminated when the larva attains an
orientation and proximity sufficient to release the cap-
ture swim behavior. The capture swim bout takes less
than 50 ms, so there is insufficient time for further vi-
sual updating of the larva’s position relative to the prey
during this bout. Although this scenario appears to be the
simplest explanation for the observed behavior, it is pres-
ently unknown (at the cellular level) how the initial pred-
ator-prey-neither decision is made, nor how the motor
programs for J-turns, slow swims and capture swims are
stored and selected.

Function of J-Turns

The J-turn is a distinctive locomotive maneuver that
had not previously been described, to our knowledge, for
any aquatic vertebrate. These repetitive, J-shaped bends
are unlike any turning or swimming behavior previously
reported for zebrafish larvae [Kimmel et al., 1974; Fui-
man and Webb, 1988; Budick and O’Malley, 2000; Borla
et al., 2002, Schneider et al., 2003; Miiller and van Leeu-
wen, 2004; Watkins et al., 2004; Larson et al., 2004;
Thorsen et al. 2004; O’Malley et al., 2004] or other larval
fishes [see e.g., Blaxter, 1968; Munk and Kiorboe, 1985;
Drost, 1987; Batty et al., 1990; Coughlin et al., 1992].
Because J-turns consist of multiple, unilateral J-bends
(fig. 3), they must be driven by a highly asymmetric con-
trol signal that is distinct from the more symmetrical neu-
ral activity underlying forward swimming [Stein et al.,
1997; Kiehn et al., 1998; Grillner and Wallen, 2002;
Grillner, 2003]. Compared to routine turns, J-turns have
a more caudal bend location (fig. 4), are of lower linear
velocity (fig. 5a), and result in smaller orientation chang-
es (fig. 5b). They are associated almost exclusively with
prey tracking (fig. 6¢). In contrast, routine turns are al-
most never observed when paramecia are present, and so
are unlikely to play any substantive role in prey tracking
or capture, at least for slow moving prey items.

Why, during tracking, do larvae use a J-turn rather
than a routine turn? Routine turns tend to be larger and
faster and so would allow, in principle, a more rapid ap-
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proach towards a prey item. The exclusive use of J-turns
suggests a significant adaptive advantage over routine
turns. One possibility is that J-turns (and capture swims
as well) are designed to minimize hydrodynamic distur-
bance at the paramecium’s location. As seen in figures 1
and 2, zebrafish larvae are often within one body length’s
distance from the paramecium when turning. If the high-
er velocity routine turn were used, that might generate a
forward hydrodynamic disturbance that could push the
paramecium away. There is no direct evidence for this
because routine turns are not used during prey tracking
or capture, but interruption of small sets of descending
nerve fibers can perturb feeding maneuvers and result, in
some instances, in abnormal yaw that sends a targeted
paramecium tumbling away [Borla et al., 2004]. In the
case of the normal J-turn, its lower angular velocity and
more caudal bend location seem to minimize forward
disturbance of the water surrounding the paramecium —
this seems true independently of the size of the J-turn or
the larva’s proximity to the targeted paramecium.

Neural Control Schemes for J-Turns

The J-bend, with a maximal bend location of about
86% of total body length, is further caudal than any other
larval bending pattern. Several possible neural mecha-
nisms might explain this pattern of bending. First, if a
specific class of descending neurons was found to give off
axonal terminals only in far caudal spinal cord, such neu-
rons could (in principle) selectively activate far-caudal
musculature. Intracellular labeling experiments, howev-
er, have thus far failed to reveal descending neurons with
such an arborization pattern in zebrafish or any other
vertebrate species [see Discussion in Gahtan and O’Mal-
ley, 2003]. An alternative means of generating J-bends
might be accomplished, in part, by bilaterally activating
the rostral trunk to stiffen it. Descending neurons that
project just to rostral cord in larval zebrafish have been
reported. In this scenario, the rostral trunk would be stiff-
ened bilaterally, while the caudal trunk would be unilat-
erally and rhythmically activated by other neurons that
arborized along the entire rostral-caudal extent of cord.
Neurons with this latter termination pattern were de-
scribed in Gahtan and O’Malley [2003] and should be
able to selectively and unilaterally bend the caudal trunk,
as long as the rostral trunk remains rigid [modeled in Hill
et al., 2005]. Such a mechanism could, in principle, oper-
ate independently of the spinal segmental oscillators, but
it is also possible that spinal CPGs participate in the be-
havior, albeit with gating of their output so as to not excite
motoneurons contralateral to the J-bend. The same spinal
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CPGs might be used during slow swims, but the rostral-
to-caudal strength of excitation must vary between the
two behaviors given the more extreme bending of the
caudal trunk during J-turns.

However J-turns are generated, there must be some
mechanism whereby spinal neurons are rhythmically and
unilaterally activated, perhaps as a consequence of a
lateralized, visually-modulated hindbrain signal, which
might have originated in the optic tectum [Bass, 1977;
Meek, 1981; Bosch and Paul, 1993]. In lamprey, lateral
turning movements are produced by asymmetric activa-
tion of either left or right reticulospinal neurons which in
turn provide asymmetric excitation to spinal cord there-
by increasing bend amplitude on one side [Kozlov et al.,
2002; Grillner and Wallen, 2002]. Several variations on
this theme have been advanced in more detailed models
of lamprey turning [McClellan and Hagevik, 1997]. Al-
though the lamprey’s body form and swimming style dif-
fer greatly from that of the zebrafish, the architecture of
the underlying CPG might be similar. CPGs are found in
all vertebrate spinal cords [Kiechn et al., 1998] and spinal
interneuron types appear similar in anamniotes [Fetcho,
1992]. If the larval zebrafish possesses a spinal architec-
ture similar to that of other vertebrates, such as lamprey,
Xenopus and cat [Stein et al., 1997; Roberts et al., 1998;
Butt et al., 2002], then the descending control strategies
used to dynamically modulate the spinal circuitry might
also be conserved.

Visual Control of Prey Tracking

In comparison to larvae kept in the light, larvae in the
dark fed dramatically less, and perhaps not at all, over a
24-hour time period (fig. 8a). This indicated that prey
tracking was impaired during dark conditions. Zebrafish
larvae are unable to see at wavelengths above 800 nm
[Saszik et al., 1999; McDowell et al., 2004; and R. Baker,
personal communication] and fishes in general have poor
or no ability to image small objects at wavelengths above
800 nm [Govardovskii et al., 2002; Neumeyer, 2003].
Thus, IR imaging with 880-nm light should not allow the
larvae to visually detect or track a paramecium. In dark
conditions, during subjective day, there was no apparent
decrease in the overall locomotor activity as compared to
that observed under normal light conditions, in agree-
ment with studies of larval circadian activity [Hurd and
Cahill, 2002]. Larvae spontaneously performed slow
swims, routine turns and escape behaviors in the dark
(fig. 9). But over 2 h of continuous IR observation for each
examined larva, we never observed an apparent feeding
behavior, such as a J-turn or capture swim. These larvae
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had all fed at least once previously under visible light —
which is important because once larvae feed on their first
paramecium they are more likely to continue feeding
within a short time frame (fig. 8b); such larvae are appar-
ently far from satiated. Collectively, these data indicate
that the visual system is the primary sensory system used
in prey tracking and is necessary for successful larval feed-
ing. Although the use of suction feeding to capture a small
number of paramecium in the dark has not been ruled
out (fig. 8a), we did not observe, during the periods of di-
rect IR observation, any instances of suction feeding.

Our results correspond well with other reports in the
teleost literature. Batty et al. [1990] used IR video imag-
ing to study the effects of light intensities on the feeding
of herring (Clupea harengus). At light intensities exceed-
ing 0.001 lux, fish fed using a biting technique. In dark-
ness, herring were unable to bite their prey, and could
only filter-feed. Unpublished observations by George
Streisinger’s group had suggested that zebrafish larvae
feed as a function of both paramecium concentration and
light intensity; blind larvae did not consume a detectable
amount of paramecium [reviewed in Neuhauss, 2003].
The possibility of suction feeding in the dark is suggested
by observations of suction feeding in zebrafish larvae
[Hernandez, 2000; Budick and O’Malley, 2000; Borla et
al., 2002] and other teleost larvae [Lauder, 1980; Drost
and Van den Boogaart, 1986; Drost et al., 1988; Coughlin,
1991; Ferry-Graham, 1998]. Although vision appears
critical for survival of zebrafish larvae, such visually-guid-
ed feeding might be augmented by the lateral line [New
et al., 2001; Montgomery et al., 2002] or olfactory system
[Friedrich et al., 2004], especially in the case of the cap-
ture swim which is initiated in very close proximity to the
paramecium.

Evolution of the Prey Capture Behavior

How has the neural control of prey capture evolved in
the vertebrate lineage? As noted in our introduction, fish-
es use a variety of sensory systems to detect and track prey
including electroreception, lateral line, chemical cues and
vision. The extent to which common locomotor controls
might be used in diverse strategies of prey capture is of
interest in that such controls might represent the ancestral
condition. One thing these capture strategies have in
common is the need for the predator to align itself with
the prey item - this requirement is independent of the
sensory modality used. Some of these studies have de-
scribed axial kinematics using high-speed imaging, but
there has not been a concerted effort to record and ana-
lyze such behaviors with the specific intent of inferring
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details of the underlying neural controls. Nonetheless,
these studies collectively demonstrate a powerful compu-
tational skill set that enables fast sensorimotor transfor-
mations and the execution of fast and precisely controlled
sequences of axial and jaw movements.

How do the neural controls used by the larval zebrafish
relate to these widespread capture capabilities? One pos-
sibility is that the neural circuits used by larval zebrafish
to track and capture prey represent conserved computing
elements that are present in many fish clades, as opposed
to being a derived characteristic of, for example, the oto-
physan grouping. Orienting towards and tracking a prey
item appears to require precise modulation of spinal cir-
cuitry. In regards to swim-rhythm generation, the spinal
circuitry in anamniotes has conserved features dating to
the earliest vertebrates studied [Fetcho, 1992]. To the
extent that spinal cord is conserved, the descending con-
trol of spinal circuits underlying tracking and prey cap-
ture might also be conserved and should rely upon the
oldest pathways projecting from brainstem to spinal cord,
including nMLF and the reticulospinal and vestibulospi-
nal pathways.

In larval zebrafish the entirety of the descending pro-
jection appears to consist of about 300 neurons [O’Malley
et al., 2003]. Larval tracking maneuvers must therefore
be controlled by some subset of this discrete neuronal
population. This ‘minimal’ teleost locomotor control
system appears capable of producing almost any desired
pattern of bending, being able to modulate laterality of
bending, bend amplitude, bend location and tail-beat fre-
quency in a dynamic and goal-oriented fashion [present
findings and Borla et al., 2002]. We suggest that this ca-
pability of fine axial motor control is a primitive trait
exhibited by all clades of vertebrates, at least beginning
with lamprey [Zelenin et al., 2000, 2001]. It is presumably
elaborated upon in adult fishes, given that adult zebrafish,
for example, have a far more elaborate forebrain and cer-
ebellum than their larvae [Wullimann et al., 1996]. Adult
systems should therefore enable greater locomotive dex-
terity and perhaps more powerful tracking strategies.

Acknowledgments

We thank Matt Beverly for technical assistance and Richard
Marsh for help with statistics. We also thank Rich Marsh and two
anonymous reviewers for helpful comments on the manuscript.
Support was provided by the Center for Interdisciplinary Research
in Complex Systems at Northeastern University, by a GAANS fel-
lowship to MBM and by NINDS (NS37789; DMO).

McElligott/O’Malley



References

Bass AH (1977) Effects of lesions of the optic tec-
tum on the ability of turtles to locate food stim-
uli. Brain Behav Evol 14:251-260.

Bass AH, Baker R (1997) Phenotypic specification
of hindbrain rhombomeres and the origins of
rhythmic circuits in vertebrates. Brain Behav
Evol 50:3-16.

Batty RS, Blaxter JHS, Richard JM (1990) Light
intensity and the feeding behaviour of herring,
Clupea harengus. Mar Biol 107:383-388.

Bernhardt RR, Chitnis AB, Lindamer L, Kuwada
JY (1990) Identification of spinal neurons in
the embryonic and larval zebrafish. J Comp
Neurol 302:603-616.

Blaxter JHS (1968) Light intensity vision and feed-
ing in young plaice pleuronectes-Platessa. J
Exp Mar Biol Ecol 2:293-307.

Borla MA, O’Malley DM (2002) High-speed imag-
ing of tracking swims used in the larval zebraf-
ish prey capture behavior. Soc Neurosci Abst
28:361.18.

Borla MA, Hill SA, Jose JV, O’Malley DM (2004)
Disruption of the neural controls mediating
prey capture in the larval zebrafish, Danio re-
rio. Soc Neurosci Abst 30:601.1.

Borla M, Palecek B, Budick S, O’Malley DM
(2002) Prey capture by the larval zebrafish: Ev-
idence for fine axial motor control. Brain Be-
hav Evol 60:207-229.

Bosch TJ, Paul DH (1993) Differential responses
of single reticulospinal cells to spatially local-
ized stimulation of the optic tectum in a teleost
fish, Salmo trutta. Eur J Neurosci 5:742-750.

Buchanan JT (1999) The roles of spinal interneu-
rons and motoneurons in the lamprey locomo-
tor network. Prog Brain Res 123:311-321.

Buchanan JT (2001) Contributions of identifiable
neurons and neuron classes to lamprey verte-
brate neurobiology. Prog Neurobiol 63:441-
466.

Budick S, O’Malley DM (2000) Locomotive reper-
toire of the larval zebrafish: swimming, turn-
ing, and prey capture. J Exp Biol 203:3033-
3043.

Butt SJ, Lebret JM, Kiehn O (2002) Organization
of left-right coordination in the mammalian lo-
comotor network. Brain Res Brain Res Rev 40:
107-117.

Canfield JG (2003) Temporal constraints on visu-
ally directed C-start responses: behavioral and
physiological correlates. Brain Behav Evol 61:
148-158.

Canfield JG, Rose GJ (1996) Hierarchical sensory
guidance of Mauthner-mediated escape re-
sponses in goldfish (Carassius auratus) and
cichlids (Haplochromis burtoni). Brain Behav
Evol 48:137-156.

Cook A (1996) Ontogeny of feeding morphology
and kinematics in juvenile fishes: a case study
of the cottid fish Clinocottus analis. J Exp Biol
199:1961-1971.

Coombs S, New JG, Nelson M (2002) Information-
processing demands in electrosensory and
mechanosensory lateral line systems. J Physiol
Paris 96:341-354.

Coughlin DJ (1991) The ontogeny of feeding be-
havior in first feeding Atlantic salmon (Salmo

Prey Tracking by Larval Zebrafish

salar) alevins. Can J Fish Aquat Sci 48:1896—
1904.

Coughlin DJ, Strickler JR, Sanderson B (1992)
Swimming and search behavior in clownfish,
Amphiprion perideraion, larvae. Anim Behav
44:427-440.

Downing G, Litvak MK (2001) The effect of light
intensity and spectrum on the incidence first
feeding by larval haddock. J Fish Biol 59:
1566-1578.

Drapeau P, Buss RR, Declan AW, Legendre P, Ro-
tundo RL (2001) Limits to the development of
fast neuromuscular transmission in zebrafish.
J Neurophysiol 86:2951-2956.

Driever W, Solnica-Krezel L, Schier AF, Neuhauss
SCF, Malicki J, Stemple DL, Stainier DYR,
Zwartkruis FL, Abdelilah S, Rangini Z, Belak
J, Boggs C (1996) A genetic screen for muta-
tions affecting embryogenesis in zebrafish. De-
velopment 123:37-46.

Drost MR (1987) Relation between aiming and
catch success in larval fishes. Can J Fish Aquat
Sci 44:304-315.

Drost MR, van den Boogaart JGM (1986) The en-
ergetics of feeding strikes in larval carp, Cypri-
nus carpio. J Fish Biol 29:371-379.

Drost MR, Osse JWM, Muller M (1988) Prey cap-
ture by fish larvae water flow patterns and the
effect of escape movements of prey. Neth J
Zool 38:23-45.

Eaton RC, Lee RKK , Foreman MB (2001) The
Mauthner cell and other identified neurons of
the brainstem escape network of fish. Prog
Neurobiol 63:467-485.

Eisen JS (1999) Patterning motoneurons in the ver-
tebrate nervous system. Trends Neurosci 22:
321-326.

Faber DS, Fetcho JR, Korn H (1989) Neuronal net-
works underlying the escape response in gold-
fish: general implications for motor control.
Ann NY Acad Sci 563:11-33.

Faber DS, Korn H, Lin JW (1991) Role of medul-
lary networks and postsynaptic membrane
properties in regulating Mauthner cell respon-
siveness to sensory excitation. Brain Behav
Evol 37:286-297.

Ferry-Graham LA (1998) Feeding kinematics of
hatchling swell sharks, Cephaloscyllium ven-
triosum (Scyliorhinidae): the importance of
predator size. Mar Biol 131:703-718.

Ferry-Graham LA, Lauder GV (2001) Aquatic
prey capture in ray-finned fishes: A century of
progress and new directions. J Morphol 248:
99-119.

Fetcho JR (1992) The spinal motor system in early
vertebrates and some of its evolutionary chang-
es. Brain Behav Evol 40:82-97.

Fetcho JR, O’Malley DM (1995) Visualization of
active neural circuitry in the spinal cord of in-
tact zebrafish. J Neurophysiol 73:399-406.

Fetcho JR, Cox K, O’Malley DM (1998) Monitor-
ing activity in neuronal populations with sin-
gle-cell resolution in a behaving vertebrate.
Histochem J 30:153-167.

Finger TE (1997) Evolution of taste and solitary
chemoreceptor cell systems. Brain Behav Evol
50:234-243.

Finger TE (2000) Ascending spinal systems in the
fish, Prionotus carolinus. ] Comp Neurol 422:
106-122.

Friedrich RW, Habermann CJ, Laurent G (2004)
Multiplexing using synchrony in the zebrafish
olfactory bulb. Nat Neurosci 8:862-871.

Fuiman LA, Webb PW (1988) Ontogeny of routine
swimming activity and performance in zebra
danios (Teleostei: cyprinidae). Anim Behav
36:250-261.

Gahtan E, Baier H (2004) Of lasers, mutants and
see-through brains: functional neuroanatomy
in zebrafish. J Neurobiol 59:147-161.

Gahtan E, O’Malley DM (2001) Rapid lesioning of
large numbers of identified vertebrate neurons:
applications in zebrafish. J Neurosci Meth 108:
97-110.

Gahtan E, O’Malley DM (2003) Visually guided
injection of identified reticulospinal neurons in
the zebrafish: A survey of spinal arborization
patterns. J Comp Neurol 459:186-200.

Gahtan E, Sankrithi N, Campos JB, O’Malley DM
(2002) Evidence for a widespread brainstem
escape network in larval zebrafish. J Neuro-
physiol 87:608-614.

Gibb A (1997) Do flatfish feed like other fishes? A
comparative study of percomorph prey-cap-
ture kinematics. J Exp Biol 200:2841-2859.

Govardovskii VI, Fyhrquist N, Reuter T, Kuzmin
DG, Donner K (2000) In search of the visual
pigment template. Vis Neurosci 17:509-528.

Granato M, van Eeden FJ, Schach U, Trowe T,
Brand M, Furutani-Seiki M, Haffter P, Ham-
merschmidt M, Heisenberg CP, Jiang YJ,
Kane DA, Kelsh RN, Mullins MC, Odenthal
J, Niisslein-Volhard C (1996) Genes control-
ling and mediating locomotion behavior of the
zebrafish embryo and larva. Development 123:
399-413.

Grillner S (2003) The motor infrastructure: from
ion channels to neuronal networks. Nat Rev
Neurosci 4:573-586.

Grillner S, Wallen P (2002) Cellular basis of a ver-
tebrate locomotor system- steering, interseg-
mental and segmental co-ordination and sen-
sory control. Brain Res Rev 40:92-106.

Hairston NG, Li KT, Easter SS (1982) Fish vision
and the detection of planktonic prey. Science
218:1240-1242.

Hale ME, Ritter DA, Fetcho JR (2001) A confocal
study of spinal interneurons in living larval ze-
brafish. J Comp Neurol 437:1-16.

Harper DG, Blake RW (1991) Prey capture and the
fast-start performance of northern pike Esox
lucius. J Exp Biol 155:175-192.

Hart PJB (1993) Teleost foraging: facts and theo-
ries. In: Behavior of Teleost Fishes (Pitcher TJ,
ed), pp 253-284. London: Chapman and
Hall.

Hernandez LP (2000) Intraspecific scaling of feed-
ing mechanics in an ontogenetic series of ze-
brafish, Danio rerio. J Exp Biol 203:3033-
3043.

Hill SA, Liu X-P, Borla MA, Jose JV, O’Malley
DM (2005) Neurokinematic modeling of com-
plex swimming patterns of the larval zebrafish.
Neurocomputing 65:61-68.

Brain Behav Evol 2005;66:177-196

195



Hurd MW, Cahill GM (2002) Entraining signals
initiate behavioral circadian rhythmicity in
larval zebrafish. J Biol Rhythms 17:307-314.

Job SD, Bellwood DR (1996) Visual acuity and
feeding in larval Premnas biaculeatus. J Fish
Biol 48:952-963.

Job SD, Shand J (2001) Spectral sensitivity of lar-
val and juvenile coral reef fishes: Implications
for feeding in a variable light environment.
Mar Ecol Prog Ser 214:267-277.

Kajiura SM, Holland KN (2002) Electroreception
in juvenile scalloped hammerhead and sand-
bar sharks. J Exp Biol 205:3609-3621.

Kanwal JS, Finger TE (1997) Parallel medullary
gustatospinal pathways in a catfish: possible
neural substrates for taste-mediated food
search. J Neurosci 17:4873-4885.

Kiehn O, Harris-Warrick RM, Jordan LM, Hult-
born H, Kudo N (eds) (1998) Neuronal Mech-
anisms for Generating Locomotor Activity.
New York: Ann NY Acad Sci.

Kimmel CB, Metcalfe WK, Schabtach E (1985) T-
reticular interneurons: a class of serially repeat-
ing cells in the zebrafish hindbrain. J Comp
Neurol 233:365-376.

Kimmel CB, Patterson J, Kimmel RO (1974) The
development and behavioral characteristics of
the startle response in the zebrafish. Dev Psy-
chobiol 7:47-60.

Kimmel CB, Powell SL, Metcalfe WK (1982) Brain
neurons which project to the spinal cord in
young larvae of the zebrafish. J Comp Neurol
205:112-127.

Kozlov AK, Ullen F, Fagerstedt P, Aurell E,
Lansner A, Grillner S (2002) Mechanisms for
lateral turns in lamprey in response to descend-
ing unilateral commands: a modeling study.
Biol Cybern 86:1-14.

Larson ET, O’Malley DM, Knyshevski I, Melloni
RH (2004) Aggression and vasotocin are asso-
ciated with dominant subordinate relation-
ships in zebrafish. Soc Neurosci Abst 30:
88.10.

Lauder GV (1980) The suction feeding mechanism
in sunfishes (Lepomis): an experimental analy-
sis. J Exp Biol 88:49-72.

Lee RKK, Eaton RC (1991) Identifiable reticulo-
spinal neurons of the adult zebrafish, Brachy-
danio rerio. J Comp Neurol 304:34-52.

Lee RKK, Eaton RC, Zottoli SJ (1993) Segmental
arrangement of reticulospinal neurons in the
goldfish hindbrain. J Comp Neurol 329:539-
556.

Liu KS, Fetcho JR (1999) Laser ablations reveal
functional relationships of segmental hind-
brain neurons in zebrafish. Neuron 23:325-
335.

Masino MA, Fetcho JR (2005) Fictive swimming
motor patterns in wildtype and mutant larval
zebrafish. J Neurophysiol 93;3177-3188.

McClellan AD, Hagevik A (1997) Descending con-
trol of turning locomotor activity in larval lam-
prey: neurophysiology and computer model-
ing. J Neurophysiol 78:214-228.

McDowell AL, Dixon LJ, Houchins JD, Bilotta J
(2004) Visual processing of the zebrafish optic
tectum before and after optic nerve damage.
Vis Neurosci 21:97-106.

Meek J (1981) A Golgi electron microscopic study
of goldfish optic tectum. I. Description of af-
ferents, cell types, and synapses. J Comp Neu-
rol 199:149-174.

Miklési A, Andrew RJ (1999) Right eye use associ-
ated with decision to bite in zebrafish. Behav
Brain Res 105:199-205.

Montgomery JC, McDonald F, Baker CF, Carton
AG (2002) Hydrodynamic contributions to
multimodal guidance of prey capture behavior
in fish. Brain Behav Evol 59:190-198.

Montgomery JC, McDonald F, Baker CF, Carton
AG, Ling N (2003) Sensory integration in the
hydrodynamic world of rainbow trout. Proc R
Soc Lond B Biol Sci 270(Suppl 2):S195-S197.

Miiller UK, van Leeuwen JL (2004) Swimming of
larval zebrafish: ontogeny of body waves and
implications for locomotor development. J
Exp Biol 207:853-868.

Munk P, Kiorboe T (1985) Feeding behavior and
swimming activity of larval herring Clupea
harengus in relation to density of copepod nau-
plii. Mar Ecol Prog Series 24:15-22.

Nelson ME, Maclver MA, Coombs S (2002) Mod-
eling electrosensory and mechanosensory im-
ages during the predatory behavior of weakly
electric fish. Brain Behav Evol 59:199-210.

Neuhauss SCF (2003) Behavioral genetic ap-
proaches to visual system development and
function in zebrafish. J Neurobiol 54:148-
160.

Neumeyer C (2003) Wavelength dependence of vi-
sual acuity in goldfish. J Comp Physiol A 189:
811-821.

New JG, Alborg FL, Khan AN (2001) Strike feed-
ing behavior in the muskellunge, Esox masqui-
nongy: contributions of the lateral line and
visual sensory systems. J Exp Biol 204:1207-
1221.

O’Malley DM, Fetcho JR (2000) The zebrafish
hindbrain: a transparent system for imaging
motor circuitry. In: Imaging Living Cells
(Yuste R, Lanni F, Konnerth A, eds), pp 14.1-
14.12. Cold Spring Harbor Laboratory Press.

O’Malley DM, Kao Y, Fetcho JR (1996) Imaging
the functional organization of zebrafish hind-
brain segments during escape behaviors. Neu-
ron 17:1145-1155.

O’Malley DM, Zhou Q, Gahtan E (2003) Probing
neural circuits in the zebrafish: a suite of opti-
cal techniques. Methods 30:49-63.

O’Malley DM, Sankrithi NS, Borla MA, Parker S,
Banden S, Gahtan E, Detrich HW (2004) Opti-
cal physiology and locomotor behaviors of
wild-type and nacre zebrafish. In: The Zebra-
fish: Cellular and Molecular Biology (Detrich
HW, Westerfield M, Zon LI, eds), pp 261-284.
San Diego, CA, Academic Press.

Pettigrew JD, Collin SP, Fritsches K (2000) Prey
capture and accommodation in the sandlance,
Limnichthyes fasciatus (Creediidae; Teleostei).
J Comp Physiol A 186:247-260.

Rand DM, Lauder GV (1981) Prey capture in the
chain pickerel Esox niger: correlations between
feeding and locomotor behavior. Can J Zool
59:1072-1078.

Ritter DA, Bhatt DH, Fetcho JR (2001) In vivo
imaging of zebrafish reveals differences in the
spinal networks for escape and swimming
movements. J Neurosci 21:8956-8965.

196

Brain Behav Evol 2005;66:177-196

Roberts A, Soffe SR, Wolf ES, Yoshida M, Zhao
F-Y (1998) Central circuits controlling loco-
motion in young frog tadpoles. In: Neuronal
Mechanisms for Generating Locomotor Activ-
ity, Vol 860 (Kiehn O, Harris-Warrick RM,
Jordan LM, Hultborn H, Kudo N, eds), pp 19-
34. New York: New York Academy of Sci-
ences.

Roeser T, Baier H (2003) Visuomotor behaviors in
larval zebrafish after GFP-guided laser abla-
tion of the optic tectum. J Neurosci 23:3726—
3734.

Sanderson SL (1988) Variation in neuromuscular
activity during prey capture by trophic special-
ists and generalists (Pisces: Labridae). Brain
Behav Evol 32:257-268.

Saszik S, Bilotta J, Givin CM (1999) ERG assess-
ment of zebrafish retinal development. Vis
Neurosci 16:881-888.

Schneider H, Karakoc M, Eliasz K (2003) Aggres-
sive behavior in zebrafish mutants. Soc Neuro-
sci Abst 29:839.20.

Stein PSG, Grillner S, Selverston Al, Stuart DG
(1997) Neurons, Networks and Motor Behav-
iors. Cambridge, MA: MIT Press.

Thorsen DH, Cassidy JJ, Hale ME (2004) Swim-
ming of larval zebrafish: fin-axis coordination
and implications for function and neural con-
trol. J Exp Biol. 207:4175-4183.

Wainwright PC, Friel JP (2000) Effects of prey type
on motor pattern variance in tetraodontiform
fishes. J Exp Zool 286:563-571.

Wainwright PC, Shaw SS (1999) Morphological
basis of kinematic diversity in feeding sunfish-
es. J Exp Biol 202:3101-3110.

Wainwright PC, Ferry-Graham LA, Waltzek TB,
Carroll AM, Hulsey CD, Grubich JR (2001)
Evaluating the use of ram and suction during
prey capture by cichlid fishes. J Exp Biol 204:
3039-3051.

Wainwright PC, Sanford CP, Reilly SM, Lauder
GV (1989) Evolution of motor patterns: aquat-
ic feeding in salamanders and ray-finned fishes.
Brain Behav Evol 34:329-341.

Watkins J, Mikldsi A, Andrew RJ (2004) Early
asymmetries in the behaviour of zebrafish lar-
vae. Behav Brain Res 151:177-183.

Westerfield M (1995) The Zebrafish Book: A Guide
for the Laboratory Use of Zebrafish Brachyda-
nio rerio, 39 Ed. Eugene, OR: University of
Oregon Press.

Westerfield M, McMurray JV, Eisen JS (1986)
Identified motoneurons and their innervation
of axial muscles in the zebrafish. J Neurosci 6:
2267-22717.

Wilkens LA, Hofmann MH, Wojtenek W (2002)
The electric sense of the paddlefish: a passive
system for the detection and capture of zoo-
plankton prey. J Physiol Paris 96:363-377.

Wullimann MF, Rupp B, Reichert H (1996) Neu-
roanatomy of the Zebrafish Brain: A Topolog-
ical Atlas. Basel, Birkhduser-Verlag.

Zelenin PV, Deliagina TG, Grillner S, Orlovsky
GN (2000) Postural Control in the Lamprey:
A study with a neuro-mechanical model. J
Neurophysiol 84:2880-2887.

Zelenin PV, Grillner S, Orlovsky GN, Deliagina
TG (2001) Heterogeneity of the population of
command neurons in the lamprey. J Neurosci
21:7793-7803.

McElligott/O’Malley



Copyright: S. Karger AG, Basel 2005. Reproduced with the permission of 5. Karger
AG, Basel. Further reproduction or distribution (electronic or otherwise) is prohibited
without permission from the copyright holder.





