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Synopsis

Animals that forage for discrete, isolated resources are often characterized as either ‘ambush’ (sit-and-wait)
or ‘cruise’ (active) searchers. Juvenile white crappie, Pomoxis annularis, search for zooplankton prey using a
saltatory search (SS) strategy. Unlike ambush and cruise search, SS involves scanning for prey only during
the brief stationary periods that punctuate repositioning movements. If prey are not found, these fish swim a
short distance, stop, and scan again. In this paper, we describe the ontogeny of prey search in the white
crappie and compare the search pattern that they employ with that of juveniles. White crappie larvae
searched for prey throughout the search space and only during the pauses that punctuated swimming
movements. Prey location distances increased with fish size, as did several other components of the
predation cycle. We conclude that white crappie larvae employ a search strategy similar to that exhibited by
juveniles. We emphasize that, to obtain an accurate assessment of the feeding ecology of early life history

stages, the search pattern that they employ must be characterized, and its components quantified.

Introduction

The larvae of many fish species are visually guided
zooplanktivorous predators and their foraging be-
havior has been studied extensively (Hunter 1980,
Blaxter 1986, Noakes & Godin 1988). Ontogenetic
changes in specific aspects of foraging behavior
have been investigated: for example, a fish’s ability
to locate and capture prey improves markedly and
rapidly during ontogeny (Blaxter 1986, Drost 1987,
Meyer 1986, 1987, Noakes & Godin 1988, Wan-
zenbock & Schiemer 1989, Wanzenbdck 1992).
However, ontogenetic changes in the prey search
strategies of fish larvae, and how these relate to
those of juveniles and adults, have not been ex-
plored.

Animals that forage for discrete, isolated re-
sources, such as zooplanktivorous fish larvae, are
generally characterized as either ‘ambush’ (sit-and-
wait) or ‘cruise’ (active) searchers (Schoener 1971,
Huey & Pianka 1981, McLaughlin 1989, Bell 1990,
O’Brien et al. 1990). Ambush foragers move in-
tfrequently, and search for prey at the periphery of
their strike range, waiting for prey to cross into it
before attacking. Cruise foragers move more-or-
less continuously and scan for prey at the outer
boundary of their search space. An intermediate
search strategy, termed ‘saltatory’ search by
O’Brien et al. (1989, 1990), and ‘pause-travel’
search by Tye (1989), has recently been described
in several species of zooplanktivorous fishes and in
several other taxonomic groups (see Andersson



182

1981, Janssen 1982, Ehlinger & Wilson 1988, Eh-
linger 1989, 1990, Tye 1989, Bell 1990, O’Brien et
al. 1990). Saltatory searching animals scan for prey
throughout the search space, but only during the
brief stationary periods that punctuate reposition-
ing movements. If prey are not located, the animal
moves a short distance, stops, and scans again
(O’Brien et al. 1986, 1989, 1990, Evans & O’Brien
1988, Tye 1989).

Zooplanktivorous juveniles of the white crappie,
Pomoxis annularis, are saltatory searchers; they
search briefly while stationary and, if they do not
locate a prey, swim a short distance before stopping
to scan again (O’Brien et al. 1986, 1989, 1990). In
this paper, we report on the development of forag-
ing behavior in white crappie larvae, compare it to
the search strategy of juveniles, and discuss how
accurate search strategy characterizations are es-
sential in assessments of the feeding ecology of
early life history stages.

Materials and methods
Study species

White crappie are approximately 3—4 mm in length
at hatching and growth in the first several days is
rapid (Browman 1989). Fish < 16 mm TL are con-
sidered larvae, while individuals of 1627 mm TL
are considered juveniles (Auer 1982). White crap-
pie are zooplanktivorous until 12-15cm TL, after
which they are almost exclusively piscivorous
(Marcy 1954, O’Brien et al. 1984, Heidinger et al.
1985). Smaller individuals (< 12-15cm TL) forage
in the pelagic zones of warm water lakes and reser-
voirs throughout North America. The species is a
littoral zone nest spawner (Scott & Crossman
1973).

General procedures

Adult white crappie were collected using fyke nets
in late May and early June 1988 from Clinton Lake,
a reservoir 4 km west of Lawrence, Kansas. Eight
pairs of ripe adults were collected on each of three

dates. Four pairs were placed in each of two 450 1
indoor holding tanks. The tanks had gravel-cov-
ered bottoms and were supplied with filtered and
UV sterilized water. Water temperature was main-
tained at 20°C in a climate-controlled room on a
14L : 10D cycle. One or more adult pairs spawned
during their first night in captivity. Adults were
kept with the eggs for two days to allow paternal
fanning of the embryos. Embryos hatched 2-3 days
after fertilization. Eleutheroembryos were 2.74 +
0.04mm long (x TL = SD, N = 5). Prey items were
first observed in the gut on day 9 after hatching.
These fish were 4.49 + 0.08 mm in length (N = 5).

Larvae were fed on fresh zooplankton (500 prey
1I7"), collected from local reservoirs, until they
reached a size of 15mm. Individuals >15mm,
were fed a mixture of zooplankton and Artemia
nauplii (Argent Laboratories’, Argentemia Sil-
ver). Total prey abundance was 50017,

Experimental protocol

In order to evaluate size-related changes in search
patterns, experiments were conducted on an onto-
genetic series of fish. Observations began when
tood was first observed in the gut. First-feeding fish
were 447+ 0.22mm (N= 5). The mean total
lengths (+=SD, N = 5) of fish observed in later
experiments were: 7.31% 0.27mm, 9.03+
0.69mm, 12.07 £ 0.33 mm, 14.37 £ 0.33mm, and
19.61 + 1.41 mm. The largest fish observed were 56
days post-hatch. According to the criteria summa-
rized in Auer (1982), two of the five fish in the
19.61 mm size class were recently transformed ju-
veniles. When larvae reached 9mm TL their num-
bers had been greatly reduced by mortality. As a
result, surviving fish were used in several experi-
ments as they grew.

In all experiments, three fish were placed in a
30 x 30 x 30 cm glass observation tank at least 12 h
prior to an experiment. The tank was filled with 121
of water and was devoid of prey items. Its sides
were covered with black plastic. Light intensity
(diffused sunlight) at the water surface was 100 lux
(£ 10) and water temperature was 20°C.

At the beginning of an experiment, food items



(< 100 pum size-class) were introduced into the ob-
servation aquarium at an abundance of 100 prey
I71. No clumping of prey was visible on the video
tapes. Prey consisted of copepod nauplii or early
copepodites for fish <15mm. White crappie lar-
vae feed almost exclusively on these items in the
wild (Marcy 1954, Mathur & Robbins 1971). Arte-
mia nauplii were included for fish > 15 mm. Total
prey abundance remained 10017!, The abundance
of prey items introduced in the experiments was
determined by calculating the mean number of
items in three 1 ml subsamples of the source pop-
ulations and introducing the volume required to
yield 100 items ™! in the 121 observation tank. In
each experiment, foraging behavior was video-
taped until the three fish had attempted at least 15
attacks on prey. All experiments were conducted
between 1100 and 1300 h.

Observations and analysis of foraging and search
behavior

Silhouette video photography was used to record
the behavior of crappie larvae (Arnold & Nutall-
Smith 1974, Edgerton 1977). This method has sev-
eral advantages over standard cinegraphic or video
techniques. First, it can be used to make detailed
observations of small transparent organisms such
as fish larvae (e.g. Hunter 1972, Drost 1987, Ar-
nold & Holford 1990). Second, events can be film-
ed in a large depth of field (approximately 15 cm)
with a relatively large field of view (18cm); free-
swimming predators and their prey can be observ-
ed under laboratory conditions. Third, magnifica-
tion is independent of distance from the camera,
and the resolution of the system is extremely good;
objects as small as 0.2 mm in diameter can be re-
solved. The system used here is described in detail
elsewhere (Browman et al. 1989).

The videotapes were analyzed frame-by-frame
on a video monitor using a Panasonic AG-1950
video tape machine. All time intervals were mea-
sured in increments of 0.033 sec. For each experi-
ment, a videotaped ruler established conversions
from monitor units to milimeters. Sequences in
which movement in the vertical plane exceeded
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Fig. 1. The predation cycles for (a) white crappie larvae, and (b)
juveniles. The primary differences are the presence of a pro-
nounced aiming sequence and the possibility for aborted attacks
in the larva’s cycle.

5° from horizontal were not analyzed (approxi-
mately 5% of all sequences).

Search behavior was analyzed by assigning the
activities of the fish to one of the components of
their predation cycle: pause, move (swim), pursuit
(aiming), or attack (Fig. 1). The fish’s swimming
movements are abbreviated by pauses, during
which the fish is stationary. Pauses can be followed
by moves or by pursuits. A move is operationally
defined as a swimming movement that is not fol-
lowed by an attack on prey. A pursuit is a swim-
ming movement that precedes an attack on prey.
Pauses prior to moves are termed unsuccessful
search times (USST). Pauses prior to pursuits are
termed successful search times (SST). The distance
from the point at which the fish first reacted to a
prey item (determined a posteriori) and the posi-
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Fig. 2. A typical search path and attack sequence for white crappie larvae, sketched directly off of the television screen, illustrating the
measurements drawn from it. The solid dots along the dashed line (the path of motion) represent stationary pauses, the open dot a prey

item.

tion of the prey itself, is the location distance. Once
located, crappie larvae move slowly towards their
prey before assuming an attack posture (described
below). The distance from the point at which a prey
item is first located to the point at which the attack
posture is assumed is the aiming distance (Fig. 2).
The distance from the tip of the snout just prior to
the lunging attack on a prey item is the attack
distance.

Move, location, aiming, and attack distances and
angles were marked on the monitor with a grease

pencil and measured. The longitudinal body axis of
the fish was defined as the central axis of the for-
ward-directed visual field (i.e. 0° from forward-
directed). Location angle is defined as that angle
between the central axis of the fish prior to pursuit,
and the line connecting the fish’s rostrum to the
position of the prey (determined a posteriori as the
point at which the fish attacked the prey item, or
directly when the prey item could be seen on the
screen). Attack angles and distances were deter-
mined in an analogous manner (Fig. 2). Move turn



angles were measured as the angle between the
tish’s body axis at one position and the position of
its rostrum at the next. The duration of these
events, as well as that of stationary pauses between
them, were also measured. Move, aiming and at-
tack speeds were calculated from these measure-
ments. The number of aborted attacks, in which a
fish assumed the attack posture but did not follow
through with it, were also enumerated.

A multivariate analysis of variance, with a re-
peated measures design (SPSS/PC +, routine MA-
NOVA), was used to test for the overall effect of
tish size on all of the components of the predation
cycle (Barker & Barker 1984, SPSS/PC + Ad-
vanced Statistics Guide 1987). All MANOVA
parametric assumptions were tested for and met.
The univariate F-tests calculated from the MANO-
VA were used to evaluate whether fish size had an
effect on any individual component of the preda-
tion cycle.

Since the data were categorical, size-related
trends in the components of the predation cycle
were evaluated using discriminant functions analy-
sis (SPSS/PC +, routine DSCRIMINANT). Dis-
criminant functions analysis attempts to separate
populations (here fish of different sizes) using some
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combination of the variables observed. In discrimi-
nant analysis, a linear combination of the inde-
pendent variables (the components of the search
cycle) is formed and serves as the basis for assigning
cases to groups (fish size). The linear discriminant
equations produced are similar to multiple linear
regression equations (Lachenbruch 1975, SPSS/
PC + Advanced Statistics Guide 1987).

Results

Fish size had a significant overall effect on the
components of the white crappie larvae predation
cycle (MANOVA, F= 4.773, p< 0.001, df = 75).

Swimming in crappie larvae was punctuated by
frequent pauses (every 1-4s) and turns (Fig. 2).
For larvae <14mm, 1-10% of pauses were fol-
lowed by attacks on prey. For larvae > 14 mm,
10-25% of pauses were followed by attacks on
prey.

The entire predation sequence, from prey loca-
tion to attack, took an average of 2 sec. Its duration
did not significantly vary with fish size.

Swimming (move) speed increased significantly
with fish size (Table 1, 2, Fig. 3a). Although the

Table 1. Univariate F-tests (5,62df), produced from a multivariate analysis of variance. testing for the effect of fish size on each

component of the white crappie larvae predation cycle.

Variable Hypothesis Error Hypothesis Error F-Value Significance of
S.S S.S. M.S. M.S. F-value
Location pause (SST) 0.448 3.841 0.090 0.062 1.448 0.22
Location distance 538.602 356.364 107.720 5.748 18.741 <0.001
Location angle 4531.099 27519.648 906.220 443 865 2.042 0.085
Aiming distance 677.887 379.786 135.577 6.126 22,133 <0.001
Ailming time 21.201 34.059 4.240 0.549 7.719 < 0.001
Aiming speed 225.126 102.527 45.025 1.654 27.228 < 0.001
Attack distance 5.558 15.786 1.112 0.255 4.366 0.002
Attack angle 495.103 6905.614 99.021 111.381 0.889 0.494
Attack time 0.009 0.031 0.002 0.001 3.384 0.009
Attack speed 9015.684 29741.655 1803.137 479.704 3.759 0.005
Move pause (USST) 6.141 19.570 1.228 0.316 3.891 0.004
Move distance 204.684 1470.028 40.937 23.710 1.727 0.142
Move angle 25025.768 32989.685 5005.154 532.092 9.407 < 0.001
Move time 99.760 296.052 19.952 4.775 4.178 0.002
Move speed 484.502 782.709 96.900 12.624 7.676 < 0.001
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largest larvae (19.61 mm) had a greater mean move
distance than that for any of the other size classes
(Fig. 5), move distance was not affected by larval
body size (Table 1, 2). The duration of pauses
preceding moves (USST) decreased with fish size
(Table 1, 2, Fig. 3b), as did move angle (Table 1, 2,
Fig. 5).

Crappie larvae typically turned toward a located
prey item and approached it by means of rapid tail
beats. Location distances increased significantly
with fish size (Table 1, 2, Fig. 6). The duration of
pauses preceding pursuits-attacks on prey (SST)
tended to decrease with fish size (Fig. 3c), although
the trend was not statistically significant (Table 1,
2). There was a negative, although non-significant
trend between mean location angle and fish size
(Table 1, 2, Fig. 6). The frequency of locations at
angles > 20° from forward-directed decreased with
increasing fish size (Fig. 6).

As crappie larvae approach prey their tail ceases
to beat and they typically assume a sinuous posture
(S-posture). The fish continue to move toward the
prey by sculling the pectoral fins and undulating the
finfold, while maintaining the S-posture. This clos-
ing of distance between the larva and its prey (aim-
ing distance) increased significantly with fish size

(Table 1, 2, Fig. 4a). Swimming speed during aim-
ing also increased significantly with fish size (Table
1, 2, Fig. 4b). Occasionally, and while maintaining
the attack posture, larvae moved a short distance (a
few mm) backwards to track a prey item.

During aiming, larvae attempted to keep prey
directly in front of their snout by making slight
adjustments in orientation using the pectoral fins.
The direction of attack was related to the laterality
of the S-posture. That is, if the § bows to the left,
the larva is propelled slightly to the right, and vice
versa. In some cases, the laterality of the S-posture
was altered by the fish during aiming. This oc-
curred when prey items moved out of range to the
side opposite that the tail would have propelled the
larva in its original posture.

Larvae did not always follow prey movements
and, in such cases, the S-posture was released,
sometimes after several changes in its laterality.
These events were enumerated as aborted attacks.
The proportion of aborted attacks decreased with
fish size (Fig. 4c).

When prey were a short distance away (2-4 mm
from the snout), larvae opened their mouths and
rapidly (<30 msec) straightened, driving forward
through the volume of water containing the prey

Table 2. Summary of discriminant analysis testing for the effect of fish size on the components of the white crappie larvae predation

cycle.
Variable Canonical ~ Wilks’ ¥’ df Significance Regression equation

correlation Lambda
Location pause 0.3082 0.9050 7.235 5 0.204 -
Location distance  0.7440 0.4465 60.873 5 <0.0001 Size = —2.659+ 0.403 (L distance)
Location angle 0.3628 0.8684 10.654 5 0.059 Size= —1.382+ 0.494 (L angle)
Aiming distance 0.7467 0.4424 57.490 5 < 0.0001 Size= —1.655+ 0.328 (Aim distance)
Aiming time 0.6575 0.5677 39.916 3 < 0.0001 Size= —3.055+ 1.328 (Aim time)
Aiming speed 0.7206 0.4807 51.637 5 <0.0001 Size = — 1.362+ 0.542 (Aim speed)
Attack distance 0.5251 0.7243 24.357 5 0.0002 Size= —4.252+ 1.918 (Atk distance)
Attack angle 0.2549 0.9350 5.071 3 0.4073 -
Attack time 0.4845 0.7652 17.792 5 0.0032 Size = —2.227 + 45.566 (Atk time)
Attack speed 0.4962 0.7538 18.797 5 0.0021 Size= —2.465+ 0.466 (Atk speed)
Move pause 0.4865 0.7634 19.036 5 0.0019 Size= —1.063+ 1.829 (Move pause)
Move distance 0.3314 0.8902 8.202 3 0.1454 -
Move angle 0.6146 0.6223 33.443 5 < 0.0001 Size = —1.266+ 0.398X107! (Move angle)
Move time 0.5113 0.7386 20.151 5 0.0012 Size= —0.742+ 0.460 (Move time)
Move speed 0.6502 0.5773 38.733 5 < 0.0001 Size= —2.000+ 0.286 (Move speed)
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Fig. 3. Size-related changes in (a) move speed, (b) the duration
of pauses prior to moves (unsuccessful search time), and (c) the
duration of pauses prior to prey locations (successful search
time) for white crappie larvae. Error bars represent SE.

item. Attack speeds ranged from 36.42-68.86 mm
sec™!. All attacks by fish < 14 mm TL were of the
S-posture type. Fish > 14 mm assumed a reduced
S-posture and used the tail to advance on prey. In
20mm fish, <10% of attacks employ the S-pos-
ture, and these appeared to be directed at copepo-
dites that continuously swam out of the fish’s path.
In all other attacks, prey were sucked into the fish’s
buccal cavity.

Attack distance, time, and speed all increased
significantly with fish size (Table 1, 2, Fig. 7).
There was no significant relationship between at-
tack angle and fish size (Table 1, 2). Only three size
classes are presented in Figures 5, 6 and 7 because
the distributions of move, location, and prey attack
angles and distances were similar for the intermedi-
ate size classes. Although the trend was not signif-
icant, the range of attack angles decreased with fish
size; all attacks on prey by the largest fish (19.61 mm)
were straight ahead (Fig. 7).
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Discussion
Foraging behavior of white crappie larvae

The sinuous attack posture employed by white
crappie larvae is similar to that described for an-
other centrarchid, the black crappie, Pomoxis ni-
gromaculatus (Brown & Colgan 1985). Sinuous at-
tack postures have also been reported for northern
anchovy larvae, Engraulis mordax (Hunter 1972,
1977), herring larvae, Clupea harengus (Rosenthal
1969, Rosenthal & Hempel 1970), whitefish larvae,
Coregonus wartmanni (Braum 1964), northern
pike larvae, Esox lucius (Braum 1963, Drost 1987),
and the larvae of the cichlid, Cichlasoma mana-
guense (Meyer 1986, 1987).

White crappie larvae up to approximately 14 mm
TL use the sinuous posture exclusively in attacks on
prey. Fish of 14-20mm TL employ both a full
(termed ‘lunge’ by Brown & Colgan 1984) and a
reduced S-posture (termed ‘snap’ by Brown & Col-
gan 1984). This size range represents the transition
from the larval to the juvenile period. The reduced
S-posture was employed in attacks on all of the
prey types present in our experiments, including
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Fig. 5. Size-related changes in move distances (both left- and right-directed) and angles for white crappie larvae are plotted on the right,
and the percent frequency of locations in each 10° increment of the horizontal visual field are plotted on the left. The points are plotted as
if the fish’s eyes were positioned in the centre of the polar projection.
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Fig. 6. Size-related changes in location distances (both left and right-directed) and angles for white crappie larvae are plotted on the
right, and the percent frequency of locations in each 10° increment of the horizontal visual field are plotted on the left. The points are
plotted as if the fish's eyes were positioned in the centre of the polar projection.
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Fig. 7. Size-related changes in attack distances (both left- and right-directed) and angles for white crappie larvae are plotted on the right,
and the percent frequency of attacks in each 10° increment of the horizontal visual field are plotted on the left. The points are plotted as if
the fish’s eyes were positioned in the centre of the polar projection.



Artemia. Full S-postures appear to have been em-
ployed mostly in attacks on evasive prey such as
copepodites. S-posture attacks are no longer exhib-
ited at sizes < 20 mm; feeding strikes are incorpo-
rated into more typical swimming movements, as is
true for larger juveniles. Meyer (1986, 1987) re-
ported that larvae of the cichlid Cichlasoma mana-
guense did not always employ an S-posture in at-
tacks on prey and that the degree to which an
S-posture was assumed by these larvae appeared to
be modulated by the relative difficulty of capturing
prey. The morphological and hydrodynamic as-
pects of such transitions have recently been ad-
dressed in some detail (Drost 1987, Osse 1990).

In general, the size-related changes in the com-
ponents of the white crappie predation cycle and
attack posture that we observed are similar to those
reported for other species. For example, swimming
speeds, attack speeds, and location and attack dis-
tances increase with size in anchovy larvae (Hunter
1972), asis the case for white crappie larvae. Atlan-
tic herring larvae locate prey at angles < 70° from
forward-directed (Rosenthal 1969), as we observed
for crappie larvae. Increasing attack success with
fish size has been reported for the early life history
stages of several species (e.g. Houde & Schekter
1980, Hunter 1980, Blaxter 1986, Meyer 1986,
Drost 1987, Meyer 1987). This corresponds to our
observation that the proportion of aborted attacks
decreased with fish size in white crappie.

Aborted or incomplete attacks, although they
are sometimes mentioned (e.g. Braum 1963, Blax-
ter & Staines 1971, Hunter 1972, Meyer 1986,
1987), have not generally been included in esti-
mates of size-related changes in over-all feeding
efficiency. For first-feeding white crappie larvae, a
high proportion of all attacks initiated were not
followed through. Clearly, aborted attacks must be
considered when estimating the feeding efficiency
(units: energy, sensu Meyer 1987) of fish larvae.

Search style of white crappie larvae
In fishes, size-related changes in the components of

the predation cycle have not been evaluated from
the perspective of search styles. In the following
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sections, we describe the prey search pattern em-
ployed by white crappie juveniles and address the
question of whether, at any given size, white crap-
pie larvae exhibit a similar search pattern.

When does search occur?

White crappie juveniles search for prey only during
the frequent stationary pauses between swimming
movements (O’Brien et al. 1986, 1989, 1990). Sev-
eral lines of evidence support this interpretation.

The duration of stationary pauses in white crap-
pie juveniles is related to the difficulty of locating
prey; pause duration is short for large, easily locat-
ed prey, and longer for small prey that are more
difficult to locate (O’Brien et al. 1986, 1989). Fur-
ther, Ehlinger (1989, 1990) has reported that sta-
tionary search time (which he terms ‘search-hover’
time) in bluegill sunfish, Lepomis macrochira, was
longer when they were searching for prey in vege-
tated vs. open-water areas. Assuming that prey are
more difficult to locate in structured habitats, Eh-
linger’s results are consistent with our data for
white crappie juveniles feeding on large vs. small
prey.

Since visual acuity in young fishes improves rap-
idly with size (Blaxter 1986, Noakes & Godin 1988,
Zaunreiter et al. 1991), the visibility of a given size
of prey will increase as a fish grows. The duration of
location pauses (SST) in white crappie larvae de-
creased with fish size, particularly for fish > 14 mm
(Fig. 3c). Although the use of Artemia in experi-
ments with larger fish may have contributed to this
decrease in SST, we consider it preliminary evi-
dence that crappie larvae >14mm moderate
search time as a function of the difficulty in locating
prey.

A characteristic feature that distinguishes salta-
tory from cruise or ambush foragers is the distribu-
tion of pursuits within the search space. Assuming
that they simultaneously scan the entire search
space, both cruise and ambush searchers would be
expected to pursue prey at its boundary. Crappie
juveniles pursue prey throughout the search space
(O’Brien et al. 1986, 1989). So do larvae (Fig. 6).
The large variation in reaction distances reported
for the early life history stages of three cyprinid
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species examined by Wanzenbodck & Schiemer
(1989, their fig. 2) can also be interpreted as evi-
dence that these fish search for prey throughout the
search volume.

Pauses between swimming movements may have
a function other than search, e.g. time to orient
towards a prey located while swimming or to initi-
ate the attack phase of the predation cycle. If either
of these were the case, all or most pauses would be
followed by attacks on prey. This is never the case.
Only 10-25% of all pauses by white crappie juve-
niles are followed by attacks on prey (O’Brien et al.
1986). For white crappie larvae, this level is 1-10%.
Further, for every case in which prey were located,
orientation towards it did not occur during the
stationary pause, but immediately after it, while
the fish was engaged in its aiming-attack on prey.
These observations are consistent with the saltato-
ry search hypothesis but do not support other in-
terpretations for the function of stationary pauses.
We conclude that white crappie larvae search for
prey only while stationary.

Relationship between distance moved and search
space geometry

Animals project a scan space while foraging
(O’'Brien et al. 1989, Tye 1989, O’Brien et al.
1990). The geometry of this space is species-specific
and plastic, varying with environmental conditions
(background contrast and complexity, light intensi-
ty) or prey type (crypsis, size, motility pattern)
(Dunbrack & Dill 1984, O’Brien et al. 1986, Evans
& O’Brien 1988, Browman et al. 1990). For saltato-
ry searching fishes, which are not searching while
moving, the swimming movements between sta-
tionary pauses serve to bring the animal into un-
scanned water. If this is the case, there should be a
relationship between the distance traveled and the
geometry of the space previously scanned. For ex-
ample, if after an unsuccessful search an animal
moves a small distance relative to the maximum
distance to which it can locate prey, much of its
search volume will be scanned again (see O’Brien
et al. 1989). Similarly, it would be energetically
wasteful for an animal to move a distance that

would take it far beyond the search space it had just
scanned (O’Brien et al. 1989).

In white crappie juveniles, the gecometry of the
scarch space changes with prey type (O’Brien et al.
1986, 1989). Further, the length of swimming
moves is directly related to these changes. For ex-
ample, in juvenile crappie, the maximum location
distance for small prey averages 8cm. The mean
move distance for fish searching for small prey is
5.2 cm. Crappie juveniles can locate large daphnid
prey at about 20cm. The mean move distance for
fish searching for large daphnids is 9.8cm. Thus,
juveniles make swimming movements that are, on
average, about 40% shorter than the maximum
distance to which they can detect a prey item. A net
energy gain simulation model showed these dis-
tances to be optimal (O’Brien et al. 1989).

For crappie larvae, maximum location distance
increased with fish size (Fig. 6). Crappie larvae
< 12mm did not efficiently moderate move dis-
tance as a function of location distance: for fish in
this size range, move distances are longer than
location distances (Fig. 5, 6). However, in fish
> 12 mm move distances were slightly shorter than
location distances, indicating that these fish have
began to modulate their swimming movements in
the same manner as juveniles. Thus, after a brief
initial period, white crappie larvae appear to mod-
ify move distances to minimize redundant search
efforts.

The geometry of the search space is also impor-
tant in determining efficient move distances. When
the horizontal dimension of the search space is
< 180° (90° on each side of forward-directed),
short moves yield a high proportion of unsearched
space (see O'Brien et al. 1989). White crappie juve-
niles exhibit a pie-shaped location space and on
average move only 60% of their maximum location
distance for any given prey. Because of the geom-
etry of the pie-shape, swimming movements of this
distance provide a high proportion of unsearched
space (O’Brien et al. 1989).

Maximum search angles in crappie larvae (90°
from forward-directed), although smaller than
those exhibited by juveniles, are similar to those
reported for other fish larvae (Hunter 1972, Wan-



zenbock & Schiemer 1989, Arnold & Holford
1990). However, most locations occur in the first
30°-40° from forward-directed (Fig. 6) and, there-
fore, for crappie larvae, swimming movements that
are relatively close to maximum pursuit distances
will vield a high proportion of unsearched space.
Mean move distances in fish > 14 mm are indeed
only slightly shorter than mean location distances
(Fig. 5, 6). We conclude that, at least for larger
white crappie larvae, movement patterns are relat-
ed to search space geometry in a manner similar to
that described for juveniles.

Ontogeny of the search style: general considerations

Virtually all characterizations of search styles in
fish larvae imply that they are cruise searchers.
Specific examples include the description of her-
ring larvae as ‘tube searchers’ that swim through
the water projecting a tube-shaped search space
(Rosenthal 1969, Rosenthal & Hempel 1970). This
characterization implies cruise search. Similarly,
plaice, Pseudopleuronectes platessa, larvae have
been described as projecting an elliptical search
space as they swim through the water column (Ar-
nold & Holford 1990). Further, in simulation mod-
els of foraging in fish larvae it is common practice to
calculate search rate (or the volume of water
scanned) as the product of mean (continuous)
swimming speed and the cross-sectional area of the
perceptual field (e.g. Wanzenbock & Schiemer
1989, Arnold & Holford 1990, reviewed in Blaxter
1986). These search rates, along with estimates of
prey abundance, are used to establish prey encoun-
ter rates for the larvae. Such calculations assume
that the fish is searching continuously as it swims: a
cruise search strategy is implied.

QOur results indicate that at least some crappie
larvae are not cruise searchers. Rather, the search
pattern that they employ is much like the saltatory
search strategy that we have described for juvenile
zooplanktivores. This distinction has important
ramifications for measuring and interpreting,
among other things, predator-prey encounter fre-
quencies, ingestion rates, prey choice and dietary
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preferences, and the efficiency of movement pat-
terns associated with foraging (see O’Brien et al.
1989, 1990, Tye 1989). Some specific examples fol-
low.

For a saltatory searching fish, which searches
only while stationary, the calculation of prey en-
counter rate described above will not accurately
reflect the true rate. Rather, it is the mean duration
of the stationary periods that punctuate swimming
movements, and their frequency, that should be
used to estimate search time. Vlymen’s (1977) sim-
ulation model of foraging behavior and growth rate
in anchovy larvae characterizes their search behav-
ior as occurring in a series of discrete steps that he
refers to as ‘excursions’. Such a model, which ap-
pears to incorporate a stop-and-go search pattern,
should produce more realistic estimates of prey
encounter. More precise evaluations of encounter
rate will allow more accurate estimations of in-
gestion rates (see MacKenzie et al. 1990).

All else being equal, a saltatory searching fish
entering a prey patch should begin to pause more
often (although the duration of each pause should
decrease), make shorter swimming movements
and turns of greater angle. As a result, its mean
swimming speed will decrease. Hunter & Thomas
(1974) reported that anchovy larvae swam more
slowly in patches of Gymodinium than when out-
side such patches. They also suggested that ancho-
vy larvae responded to the density and distribution
of Gymnodinium by continual modification of the
speed and directional components of their search-
ing behavior. The result of these modifications was
an expansion of searching area at low density and a
reduction of the area searched at higher food densi-
ties. These observations are consistent with the
search pattern that we report here and indicate
that, when interpreting the results of experiments
conducted under conditions of varying prey abun-
dance and distribution, using the fish’s average
swimming speed to calculate its rate of encounter
with prey will yield incorrect estimates.

In summary, we have presented evidence that
white crappie larvae search for prey only while
stationary and that the search style they employ is
similar to that described for juveniles of the spe-
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cies. We suggest that careful attention must be paid
to size-related changes in the search pattern exhib-
ited by a fish if accurate estimates of feeding rate,
growth rate, and other associated variables, are to
be obtained. However, we do not advocate use of
the saltatory search pattern described herein as an
alternate category of prey search that can be used
to indiscriminately characterize the search pattern
employed by other fishes. We emphasize that accu-
rate evaluations of size-related changes in search
patterns require quantifying the components of the
search cycle.
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