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Effect of prey size on the estimation of
behavioral visual resolution of bluegill
(Lepomis macrochirus)

William E. Walton, Jamie A. Emiley, and Nelson G. Hairston, Jr.

Abstract: Unlike larger conspecifics (>35 mm SL), behavioral visual resolution of young-of-the-year bluegitis

macrochirug (11-32 mm SL) measured as visual angle is not independent of prey size. Visual angles based on the maximum
location distances (MLDs) for bluegi#f32 mm SL increased directly with prey size and differed significantly among three

prey size categorie®@phnia pulicaria carapace length 2.3, 1.1, and 0.8 mm). Visual angles of small bluegill viewing their
preferred prey were approximately half those for fish viewing the largest prey and indicate that the behavioral visual
resolution of small bluegill was previously underestimated. Errors in prey size measurements have a much larger effect on
visual angle than do errors in reaction distance. In most instances, MLDs of small bluegill to large prey were significantly
longer than were MLDs to small- and medium-sized prey. MLDs for the smallest prey were about 70% those for the largest
prey; the difference between the MLDs within a fish size category is much less than predicted if visual angle is independent of
prey size. Poor visual and locomotory capabilities of small bluegill probably contribute to the comparatively small differences
in reaction distances to small versus large prey.

Résumé: A la différence de ce qu’on observe chez les conspécifiques de plus grande taille (>35 mm LS), la résolution

visuelle comportementale des jeunes de I'année de crapet arlégpionfis macrochiryg11-32 mm LS) mesurée en tant

gu'angle visuel, n'est pas indépendante de la taille des proies. Les angles visuels calculés a partir des distances maximales de
localisation (MLD) pour les crapet32 mm LS augmentent directement en fonction de la taille des proies et different de

facon significative entre trois catégories de taille des praaphnia pulicaria: longueur de carapace de 2,3, 1,1 et 0,8 mm).

Les angles visuels des petits crapets observant leur proie favorite étaient inférieurs de moitié environ a ceux des poissons
observant les proies les plus grosses, ce qui indique qu’on a jusqu’a maintenant sous-estimé la résolution visuelle
comportementale des petits crapets. Les erreurs dans les mesures de la taille des proies ont un effet beaucoup plus grand sur
I'angle visuel que les erreurs dans la distance de réaction. Dans la plupart des cas, les MLD des petits crapets par rapport aux
proies de grande taille étaient significativement plus longues que les MLD par rapport aux proies de taille petite et moyenne.
Les MLD par rapport aux proies les plus petites correspondaient & environ 70 % de celles observées avec les proies les plus
grosses; la différence entre les MLD au sein d’une catégorie de taille de poissons est nettement inférieure a celle qui serait
prévue si I'angle visuel était indépendant de la taille des proies. Les faibles capacités visuelles et locomotrices des petits
crapets ont probablement un effet sur les différences comparativement faibles dans les distances de réaction a I'égard des
proies de petite taille et de grande taille.

[Traduit par la Rédaction]

Introduction for most diet choice and habitat switching models where the
. . L effective availability of prey in the environment is a function
Understanding the role of visual resolution in predator—prey visibility (Werner and Hall 1974, 1988; O'Brien, 1979;
interactions has important implications for testing foraging ~grien et al. 1976: Mittelbach 1981 1984 Egge,rs 1982
and community-level models for freshwater and marine sys- A, <nas and éiske i990 1993) Youn’g-of-th’e-year are typf—
tems. The retina of a teleost fish grows throughout the animal’s cally the most abundant ,age-class of fish populations (Beard

lifetime (Miller 1952; Johns and Easter 1977; Hairston et al. ; ; : ;
) ' - . R -+ 1982) and can potentially play an important role in structuring
1982; Easter 1992) and the changing visual capabilities of fish zooplankton communities through size-selective predation.

are central to the estimation of encounter probabilities required Ontogenetic changes in the visual system will greatly influ-
ence prey detection ability (Baerends et al. 1960; Blaxter
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NG Hqirston, Jr. Section of Ecology and Systematics, Cornell 30 mm standard length (SL) (Hairston et al. 1982; Breck and
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visual resolution indicates that, in addition to ontogenetic that occupied by the fish. Sham introductions were routinely done to

changes of cone cell spacing and lens focal length, other fac-avoid the fish associating the pipet with food. Reaction distadge (

tors influence the prey detection abilities of small bluegill. Was measured by calculating the distance betweenyfordinates

Prey detection by small bluegill foraging on 2-mBaphnia of the fish’s head at orientation to the prey and at the attack on the
: . : prey. The visual angle9] was calculated as

requires images that are greater than two times the averag

intercone spacing on the retina, and the proportion of prey (1) 6 =2 tarr* (h/2d)

detections with an image size greater than twice the interconewnereh is prey size. Hairston et al. (1982) assumed that prey size was
interval declines with increasing fish size (Walton etal. 1994). equivalent to the average diameter of a sphere having the same vol-
Such behavioral observations suggest that the image of theume as an oblate spheroid with its major axis bedaphnialength

prey on the retina might be blurred in very small sunfish; com- and width and its minor axis equal Rephniathickness; prey size is
paratively poor lens quality, inadequate accommodative equal to the carapace length multiplied by 0.64. This proportion also
mechanisms that move the lens and focus the image on the2PProximates the fraction of ttizaphniacarapace length (excluding
retina, or lower neuronal connectivity (Blaxter 1975; Wagner the tail spine) thatis occupied by the pigmented digestive tract.
1978; Otten 1981; Fernald 1988; Sivak 1990) might cause the e maximum location distance (MLD) is a better behavioral
blurred images. Cognitive factors, such as learning (Meyer measure of visual capabilities than is the mean reaction distance for

. . " fish that use a saltatory search strategy (O’Brien et al. 1990). The
1986), prey recognition (Hughes 1979), and prey size selectiv-yy p s the outer boundary of the distribution of pursuit length within

ity, might also affect the size-related changes of behavioral \hich 90% of the pursuits fall (O’Brien and Evans 1991). The MLD
visual resolution. Our study examines the effect of prey size was calculated using the longest 10% of the reaction distances for
on estimates of behavioral visual resolution for bluegill forag- each prey size — fish length category.
ing on crustacean preyéphnia pulicarig. The angle subtended by the prey at the fish’s eye at the moment of
detection was compared among the thBegphnia size categories
. across the range of fish size-classes by ANCOVA using In-transformed

Materials and methods SL as a covariate. To satisfy the assumptions for a straight-line AN-
COVA model, visual angles were also In-transformed prior to analy-
sis. For each prey size category, visual angles for the entire range of
bluegill were then examined quantitatively by transforming SL to
natural logarithms and fitting In-transformed visual angle to this vari-
able using least squares linear regression. Only visual angles calcu-
lated from the longest 10% of the reaction distance distributions for
each of the prey size —fish length categories were used in these analyses.

To examine how prey selectivity of bluegill changes as fish grow,
we compared prey selection with that expected from random encoun-
ters of fish with zooplankton prey. Preference is any deviation from
random sampling of the prey (Chesson 1983). The preference meas-
ure,a; (Chesson 1983), was calculated as

Bluegill larvae were collected off a nest in Rainbow Springs Lake,
Waukesha County, Wis., U.S.A., and reared in the laboratory on daily
additions of a mixed assemblage (i®nchaetspp.,Polyarthrasp.,
Asplanchnasp.,Bosmina longirostrisCeriodaphniasp.,Leptodiap-
tomus ashlandiandDiacyclops thomagiof nearshore Lake Michi-
gan zooplankton. Juvenile bluegill (>25 mm SL) were caught with a
seine in Lulu Lake (Walworth County, Wis.) and maintained in the
laboratory on a daily ration of Lake Michigan zooplankton and
freeze-driedlubifexworms.

Experiments were carried out in an observation tank (bottom di-
mensions 2k 14 cm; water depth 2 cm) with a grid of 1-cm squares
that was affixed to a sheet of white Plexiglas on the bottom of the

aquarium. To determine the visual angles for bluegill >18 mm SL ri In;

where reaction distances might approximate, or exceed, the dimen{2) & =H—— i=1,...m
sions of the small aquarium, the reaction distances were measured in z v in

a larger aquarium (bottom dimensions @0 cm) at a water depth =y e

of 4 cm. The aquaria were wrapped with white paper to minimize

distractions and provide the fish a uniform visual background. lllumi- wheren; is the expected number of prey typg@resent in the diet

nation was provided by three 40-W warm-white fluorescent lamps assuming random encounters with the prey grid the number of

(Amax= 550 nm) giving ambient light levels at the water’s surface of items of food type in the diet. In contrast with the reaction distance

4.32peinsteing mh—=2. experiments where individual prey were used, prey densities in the
Prey detection by bluegill is indicated by a reorientation of the prey selection experiments ranged from 9 tdll28 The expected

long axis of the body towards the prey (Vinyard and O’Brien 1976). diets for each fish size category (11, 14, 16, 29, 38, 60, and

Reorientation is typically followed by rapid swimming to the location 76 mm SL) studied by Li et al. (1985) and Walton et al. (1992) were

of the prey and capture. Reaction distance is defined as the distanc&omputed using Wetterer and Bishop’s (1985) model for prey selec-

between predator and prey at which the predator exhibits this charac-tion based on apparent size. The expected distributions of attacks

teristic orientation behavior. Visual angle is defined as the angle at thewere corrected for truncation of the visual field by shallow water

fish’s eye subtended by the prey at detection and is a function of prey depth using #a(d?—a?/3) (Werner and Hall 1974) whetks reaction

size and the reaction distance. distance andh is equal to one half the depth of the experimental
The reaction distances of bluegill were measured from videotapes environment.

of fish foraging. The video camera was positioned 88 cm above the

water’s surface. Three fish of similar size were placed into the obser- Results

vation tank because individual fish were skittish and did not readily

feed. The observer watched the fishes’ behavior on a television moni-The visual angles of bluegill for all prey size categories de-

tor that was positioned outside the visual field of the fish. Laboratory- ~raased nonlinearly with increasing fish size (Fig. 1) and were
rearedDaphniawere sieved and then sorted by hand into three size directly related to prey size (Table 1) Visual. angles for

categories (mean lengtisSE: 0.76+ 0.03, 1.1+ 0.1, and 2.3 bl il viewi diff t-sized differed sianificantl
0.1 mm). For each observation period, the body size either of a repre- ueglll viewing difrerent-sized prey difiered signincantly

sentative sampleN = 25-30 individuals) for each prey size-class or (ANCOVA of prey size on In-transforme@lusing In-transformed
of individuals was measured, separated by body size into tissue cul-SL as the covariate; prey size; o;,= 142.4,P < 0.0001; ho-
ture wells, and then used in the experiments. Individual prey were mogeneity of slopest, gs= 0.363,P > 0.697). Behaviorally
placed into the aquarium by a pipet at a position in the tank opposite determined visual angles for bluegill between 11 and
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32 mm SL decreased by 52 and 103 minutes of arc for the Fig. 1. Behaviorally based estimates of visual resolution of juvenile
smallest and largest prey size categories, respectively, used ifpluegill as a function of fish SL. The visual angles were calculated
our experiments. from reaction distances of fisiN(= 36) to three sizes ddaphnia

Visual angles based on the MLD differed significantly small (~0.8 mm, diamonds), medium (~1.1 mm, triangles), and
among the prey size categories, with greatest detection capatarge (~2.3 mm, plus signs). The data for each fish size are spread
bility for the smallest prey (Table 1). The difference in visual out horizontally to facilitate illustration. Least squares regressions
angle between the small and large prey size categories is apof visual angle$, in minutes of arc for the longest 10% of the
proximately 50% (meat SE: 0.50+ 0.11). Visual angles for  reaction distances (MLDs) for a particular prey size — fish
25-mm fish differ from this trend; however, the calculations size-class category on fish length (SL) in millimetres for each prey
are based on only two observations per prey size category. size category are shown: small prey (dotted curve§,#8.33 —

For each bluegill size category, MLD increased directly as 1.90 In SL (SE of slope 0.12,N =33, F = 248.81,P < 0.0001);

a function of prey size (Table 1). MLDs within a particular medium prey (dashed-dotted curve)glr 8.99 — 2.02 In SL (SE
bluegill size category to the smallest prey were on averageof slope=0.11,N = 34,F = 318.58,P < 0.0001); large prey (solid
71% of those for the largest prey (MLRy preyMLD jarge prey curve), In@=9.17 - 1.93 In SL (SE of slope0.06,N = 34,F =
meant SE: 0.71+ 0.13). Reaction distances of bluegill to the 895.46,P <0.0001).

largest prey were significantly longer than to small- and 140 -
medium-sized prey (Tukey’s HSIP, > 0.05). MLD increased

by approximately 12-fold as bluegill grew from 11 to
32 mm SL.

Even though the ratio of the mean reaction distance to small
versus large prey (RRai pre§RDiarge prey Meant SE: 0.70+
0.08) was similar to that for the MLD, mean reaction distances
of bluegill >25 mm SL differed significantly among prey size
categories (Tukey’'s HSDP < 0.05) (Table 1). For bluegill
<25 mm SL, mean reaction distance did not differ signifi-
cantly among prey size categories (Table 1). In contrast with
the mean reaction distance, the MLD for the largest and small-
est prey differed significantly for 75% of the fish size-classes
examined.

The mean reaction distance, the minimum reaction dis-
tance, and the variance around the mean reaction distance in 0
creased directly with fish size (Fig. 2). The reaction distances 5
of 11-mm bluegill ranged narrowly from 1 to 5 cm whereas Length (mm SL)
the reaction distances of 30- to 32-mm bluegill ranged broadly
from 11 to 46 cm.

Prey selection by the three smallest and two largest bluegill determined visual angles are of similar magnitude for a par-
size-classes differs significantly from that predicted from ran- ticular fish size-class reacting to prey of the same apparent
dom encounters with prex¥ tests;P < 0.05, df= 2). Bluegill size, provided that prey do not exhibit size-related differences
<16 mm SL select significantly more small prey, and fewer in coloration, movement patterns, and morphology. The visual
intermediate and large prey, than expected from prey visibility angle subtended by the prey at detection is independent of prey
(Fig. 3). Preference values of bluegill <16 mm SL were high sjze in bluegill >30 mm SL (Hairston et al. 1982; Breck and
(a;> 0.7) for small prey and lowq( < 0.2) for intermediate  Gitter 1983; Li et al. 1985). Visual angles were calculated us-
and large prey. Conversely, bluegib0 mm SL preferentially  ing the mean or median reaction distance in the aforemen-
chose the large§laphniaand consumed fewer small prey than  tioned studies on bluegill (Hairston et al. 1982; Breck and
is expected from random encountedgphniaof intermediate  Gitter 1983; Li et al. 1985); visual angles based on the MLD
size were attacked as encounteragbgetween 0.3 and 0.35).  for bluegill >45 mm SL do not differ appreciably among prey
Prey selection by bluegill of intermediate size (29.3 and sjze categories (see Hairston et al. 1982). For bluegill
38 mm SL) did not differ significantly from that expected on <45 mm SL (Hairston et al. 1982), visual angles based on the
the basis of random encounters with prgy; (° > 0.05, df= MLD differ among prey size categories; although visual angles
2); preference values of intermediate-sized bluegill for the for fish viewing small prey tend to be smaller than for the
three prey size categories were comparatively similar to those|argest prey, the differences are not strongly related to the
of smaller and larger conspecifics (Fig. 3). Daphniasize categories. The data presented here indicate that
behaviorally determined visual angles of small bluegill
(£32 mm SL) are not independent of prey size.

Because visual angle increases directly as a function of prey
The independence of visual angle from prey size is essentialsize, visual resolution of small fish will be underestimated
when making intraspecific (i.e., among fish size-classes) or when large prey are used in behavioral experiments. Visual
interspecific comparisons of the behavioral visual resolution resolution is inversely related to visual angle. To discern indi-
of fish where the prey size used in experiments differs (Wan- vidual Daphniaand reduce errors caused by parallax in the
zenbdck and Schiemer 1989; Browman et al. 1990; Wanzen-estimation of reaction distance during the analysis of video-
bdck 1992; Wahl et al. 1993; Walton et al. 1994). Behaviorally tapes (i.e., use of a long working distance between the video
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Table 1.0ntogenetic change in the visual angles based on the MLDs and mean reaction distances of bluegill (SD in parentheses).

SL N Visual angle @, minutes of arc) MLD (cm) Mean reaction distance (cm)

(mm) (SM,L) Small Medium Large Small Medium Large Small Medium Large
11 3,2,2 58.0(5.2% 90.6(3.0b 116.9(1.0c 2.2(0.4)a 22(0.1)a 35(0.1)b 18(0.5a 1.8(0.3)a 3.0(1.4)a
14 — 1,3 39.9 58.0 (1.6) 6.2 7.4(0.2) 7.0 (16) 9.7 (0.8)a
18 4,5,4 159(1.2% 20.2(1.3b 30.7(1.9xc 10.8(0.8)a 14.0(2.9)ab 15.2(1.0b 7.9(1.6)a 9.7(2.4)a 11.0(2.2)a
19 10,7,7 13.2(1.2» 18.0(3.2b 37.1(2.1) 13.1(1.2)a 13.4(0.8)a 13.7(0.8)a 9.2(2.0)a 9.4(1.8)a 10.5(2.0)a
20 4,4,4 115(1.1% 16.7(1.0b 27.5(1.0xc 149 (1.5)a 15.3(1.0)a 18.6(0.7)b 10.6(2.5)a 11.2(2.1)a 13.2(3.3)a
25 2,2,2 13415 16.6(0.79a 17.4(0.8)a 8.7(0.3)a 13.2(0.6)b 16.9(1.2c 7.8(1.0)a 8.6(2.7)a 11.5(4.1)a
30 4,4,4 6.0(04n 8.1(0.7)b 13.3(0.6)c 29.9(1.9)a 31.5(2.5a 40.0(1.6)b 19.0(5.7)a 22.2(5.6)a 32.3(5.4)b
31 4,4,4 6.6(0.3n 83(06)b 12.7(1.1c 259(1.0)a 30.4(2.3)a 41.6(3.7)b 18.4(4.4)a 229 (5.1)b 28.4(7.2)kc
32 54,4 6409 82(03)b 135(1.1c 29.1(4.0)a 30.0(1.0)a 39.4(3.2)b 20.5(4.0)a 24.6(3.2)b 31.9(4.7)x

Note: N is the sample size for calculations of visual angle and the MLD w8dve andL are the number of observations for small, medium, and large prey
size categories, respectively. Visual angles, MLDs, or mean reaction distances for the three size-dizegslesiafollowed by the same letter do not differ
significantly (Tukey’'s HSDP > 0.05) within a particular fish size category.

Fig. 2. Distribution of reaction distances among bluegill size Fig. 3. Change in prey preferenca;] of bluegill during growth.
categories. The distributions are moving averages of three (bluegill The preferences of fish in six size-classes offered three s$jz#s,
<20 mm SL) or 10 points (bluegill >20 mm SL) for equivalent Daphniaare illustrated. Preference values were calculated from
numbers of attacks on the three prey size categories. The reaction data reported in Li et al. (1983) and Walton et al. (1992} 0.33
distances for 18- to 20-mm bluegill are summed and plotted as is the value for no selectivity; above this value, prey are attacked in
19 mm. The reaction distances for 30- to 32-mm bluegill are greater proportion than encountered and below this value are
summed and plotted as 31 mm. attacked in lesser proportion than encountered.
025 T h Fish length (SL) 1.0
T 'l - == 11mm
- 0.2--“ —--—14mm 0.8 .
& L ——-19mm
= rn -
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eaction distance (cm ' ' )
(cm) 0 1 2 3

. . . Prey Size (mm)
camera and the fish), large prey (2-nraphnig were used in
reaction distance trials by Walton et al. (1994). The visual an-

gles for all bluegill to the largesbaphniaused here are of  ysing the smallest prey size category is approximately three
comparable magnitude with those reported by Walton et al. times larger than when using the largest prey. When 0.79-mm
(1994); however, the results presented here indicate that theprey are used in experiments, visual angle changes by approxi-
behavioral visual resolution of small bluegill was previously mately 13%0.1 mnt. If 2.34-mm prey are used, visual angle
underestimated by approximately twofold (Fig. 1). changes by only 4%.1 mnt™. At visual angles of 58a 0.1-

The difference in visual angles across the fish size-classesmm error in the size of small prey changes visual angle by 7.3
used here for the smallest and largest prey size categories isvhereas a similar error in the size of large prey changes visual
approximately 50%. It is unlikely that measurement errors angle by 2.5 Errors in reaction distance of 0.1 cm change
caused a nearly 50% difference in visual angles for fish within visual angle by a comparatively small and decreasing amount
a particular size-class viewing the smallest versus the largestas visual angle declines. This difference is only about 3 and
prey. The magnitude of errors in visual angle is inversely re- 1% for small and large prey, respectively, when visual angle
lated to prey size and reaction distance. Errors in prey sizeis 58 and <1% for both prey categories when visual angle is
measurements have a much greater effect on visual angle es<13.
timates than do errors in reaction distance. If prey sizeisunder-  Several aspects of our experimental conditions may not dupli-
or overestimated by 0.1 mm, then the error in visual angle cate natural conditions, but as long as the effects are equivalent
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across prey size categories, our conclusions regarding the efprey are incorporated into the diet as the fish grow and capture
fects of prey size on estimates of behavioral visual resolution efficiency increases. Prey size preference shifts markedly for
should remain unchanged. The cues commonly used by visuabluegill between 10 and 29 mm SL (Fig. 3). At 29 and
predators for prey recognition include size, movement, and 38 mm SL, bluegill can effectively capture prey in each size-
shape (McFarland 1985). The probability that a prey will be class and attacRaphniaas encountered when prey density is
detected by a predator is influenced by its angular size andbetween 9 and 20 individudls®. Larger bluegill
velocity, the degree of contrast with the background, and the (i.e., >38 mm SL) exhibit preferences for the largBsiphnia
general level of illumination (McFarland 1985). Fluorescent size-class.

lights do not duplicate the distribution and range of electro-  Our visual angle results suggest that small bluegill are sig-
magnetic spectral components found in nature or provide all nificantly better at detecting their preferred small prey than
wavelengths (e.g., near ultraviolet) possibly used by fishes tothey are at perceiving large prey; however, the difference be-
detect prey (Cameron and Pugh 1991; Guthrie and Muntz tween the MLDs to the smallest and largest prey is smaller than
1993). The white background used in our experiments is likely expected under the assumption of independence of visual an-
to enhance prey visibility relative to that under natural condi- gle on prey size. If visual angle is independent of prey size,
tions where the contrast between the background and the preyhen the MLD to the smallest prey should be approximately
is less. Visual angles based on the MLD (Table 1) are by defi- 34% of the MLD to the largest prey. On average, MLDs to the
nition smaller than those reported previously based on thesmallest prey were only about 70% of the MLDs to the largest
mean or median reaction distance to prey of equivalent sizeprey. Reaction distances of small bluegill to prey of different
(Hairston et al. 1982; Breck and Gitter 1983; Li et al. 1985). sizes do not differ as much as do those of larger conspecifics
Yet, visual angles calculated using the mean reaction distancgfor which visual angle is independent of prey size.

for 30- to 32-mm SL fish(~18 Table 1) are still smaller than Poor visual and locomotory capabilities of small bluegill
those of 37-mm SL bluegill (2y used by Hairston et al.  probably contribute to the comparatively small differences in
(1982). Visual angles (calculated using the MLDs) of 30- to reaction distances to small versus large prey. Bluegill exhibit
32-mm SL bluegill viewing a 0.8-mrDaphniawere nearly 6 saltatory search behavior where repositioning movements oc-
(Table 1) and approach the minimum visual angle found cur between locomotive pauses (Janssen 1982; Ehlinger and
among aquatic predators. Guthrie and Muntz (1993) found thatWilson 1988; O’Brien et al. 1989). Prey selection occurs pri-
aquatic predators (i.e., fish, marine mammals, and cephalo-marily during the pauses. The geometry of the search space
pods) do not have visual acuities better thaad suggested  and the movement patterns of fish utilizing a saltatory search
that visual acuity better than 4-&erves no useful purpose in  strategy change with environmental conditions, prey type
aquatic environments where high spatial frequencies (i.e., the(O'Brien et al. 1989), and ontogeny (Browman and O’Brien
fine detail of objects being viewed) are heavily attenuated. 19923, 199). Although visual resolution is initially poor,

To date, planktivorous fish have not been shown to estimate vision improves rapidly in young-of-the-year bluegill (Walton
absolute prey size; yet, prey selection often differs from that et al. 1994). The reaction distance and the distance over which
predicted by apparent size alone (Fig. 2). Wetterer (1989) sug-attacks are carried out increase directly with fish size. Brow-
gested that sunfish use apparent size to direct their attention tonan and O’Brien (199%) found, however, that white crappie
a prey item when prey encounters are simultaneous and ther{(Pomoxis annulariglarvae did not efficiently moderate the
evaluate actual prey size. Ewert and Burghagen (1979) founddistance between locomotive pauses; the distance between
that at about 2 weeks after metamorphosis, midwife toads pauses was longer than the location distance. Search behavior
(Alytes obstetricansuse apparent size to judge prey size and became more energetically efficient as fish grew. The swim-
that 6 months later, toads make prey size judgments inde-ming movements of large juveniles (>20 mm SL) are about
pendently of the visual angle. Object size constancy has also40% of the MLD and are directly related to prey size (O’Brien
been observed other anuraf&fa pipiengIngle 1968) and et al. 1989).

Bufo bufo(Ewert and Gebauer 1973). To estimate absolute  Several factors might lessen the distance over which a small
prey size, fish must use retinal size and an estimate of distancebluegill will react and initiate an attack on prey. Small bluegill
Several mechanisms for how fish perceive distance have beersearch comparatively small visual volumes, may require a
suggested: parallax while moving through the water (assumesminimum distance before initiating an attack because of poor
sunfish search during repositioning movements; Li et al. attack ability, and may be learning to recognize prey. Further,
1985), binocular disparity (Wetterer 1989), and a combination attacks by small fish are more deliberate than those of larger
of stimulus recognition (e.g., learned allometric relationships juveniles, and the attack posture (i.e., sinuous posture) of lar-
for morphology) and visual angle (Tegeder and Krause 1995). vae requires that the fish be located close to prey before initi-
The ability of fish to estimate distance as travel time, or the ating an attack (Browman and O’Brien 1992The variance
inverse of encounter rate, is important in optimal foraging around the mean reaction distance and the minimum reaction
models where prey encounters are simultaneous (Stephens andistance increased directly with bluegill size (Fig. 2).

Krebs 1986). Larval fish also often track the movement of individual prey

In situations where more than one prey is visible at a par- (Browman and O’'Brien 1999, and while this may give the
ticular time, a progressive shift in prey preference to larger fish an indication of distance and (or) prey size, a small
prey occurs as planktivorous bluegill grow (Fig. 3). Small bluegill may not immediately exhibit the characteristic reac-
bluegill (<17 mm SL) preferentially attadRaphniasimilar in tion behavior when it sees a prey. The fact that the minimum
size to the smallest size-class used here (Fig. 3), but smallreaction distance increases directly as a function of fish size
bluegill will also attackDaphniain the largest size-class when  suggests that bluegill might be assessing prey location prior to
they are the only prey available (Walton et al. 1992). Larger the terminal pause before initiating an attack, perhaps at the
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penultimate pause or during transits. That is, if a 31-mm distance and visual angle studies, and their application to en-
bluegill were searching for prey only during pauses, then by counter rates, particularly for small fishes in nature. Prey size
chance alone one might expect the fish to pause within 11 cmpreferences and search behavior must be taken into account
of a prey. Yet, reaction distances <11 cm were not observedwhen using small fish and comparing behavioral measures of
for 31-mm bluegill. vision among species.

Are our findings biologically significant or merely a statis-
tical error (i.e., a Type Il error)? Use of the MLD reduces sam-
ple size and the power of the statistical comparisons. The
power of the comparisons of MLDs to the largest prey versus This research was supported by NSF grants OCE-9200753 and
the two other prey categories for bluegill >20 mm SL is >0.75. DEB-9318402 and by U.S. Department of Agriculture Hatch
The power of similar comparisons for the mean reaction dis- Project NY(C)-183424. We benefitted from discussions with
tance was >0.8 for all bluegill size catgeories. Comparisons of F. Binkowski, T.J. Ehlinger, J. Janssen, and J. Wetterer. We
MLDs to small- versus medium-sized prey are generally less thank T.J. Ehlinger and C.D. Sandgren for lending equipment
powerful (power <0.5) as are comparisons for the mean reac-and for their help with various aspects of this study. The Center
tion distance (power ranged from 0.1 to 0.99). The statistical for Great Lakes Studies, University of Wisconsin—Milwaukee,
significance of the comparisons is opposite that expected fromprovided space and logistic support.

a reduction in sample size: the mean reaction distance to
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