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Abstract We examined factors maintaining extreme diet
specialization in the snail kite (Rostrhamus sociabilis),
a medium-sized hawk which feed almost exclusively
on Pomacea snails, by determining why during some
months kites eat crabs (Dilocarcinus dentatus) in the
Hanos of Venezuela. We offered snails and crabs of dif-
ferent sizes to wild free-flying birds to develop estimates
for a prey choice model. Handling times of Pomacea
doliodes snails averaged 90+£39 s and were positively
correlated with snail size. Handling times for crabs
(x=353%130 s) were significantly longer and exhibited
greater variation than for snails, and were not correlated
with crab size. Edible crab tissues had greater dry
weights and contained more energy (25.37 kl/g) than
tissues of snails (16.91 kJ/g). Total energy of crabs was
much greater than that of snails, and total energy of both
foods was highly related to body length. We constructed
an allometric equation for profitability of snails and
crabs. Snails were more profitable than all but the largest
crabs, but estimates of variance in profitability were
greater for crabs. Predictions from the model were tested
by offering crabs that represented equal, greater and
much greater profitability than snails, to determine
whether kites chose prey according to profitability. Only
15.6% of 289 food items chosen were crabs. Half of the
18 kites tested did not eat crabs and only 3 birds
switched from snails to more profitable crabs. Four
fledglings showed no preference for snails. The role of
neophobia in food choice was investigated by offering
unfamiliar snails (Pomacea urceus) to kites. Kites exhib-
ited neophobic behaviors, and 5 of 12 birds chose not to
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capture P. urceus. Two-thirds of the 12 snails chosen
were rejected immediately, but the others were handled
efficiently (¥=133%89 s). Although morphological adap-
tations allow kites to specialize on snails, the costs of
specialization were overcome for kites when the profit-
ability of alternative food increased sufficiently. Our re-
sults suggest a role for behavioral conservatism, in the
form of risk-averse foraging and neophobia, in maintain-
ing severe diet specialization in the snail kite.

Key words Behavioral conservatism - Cost of
specialization - Diet specialist - Profitability - Risk-averse
foraging

Introduction

Optimal foraging theory predicts that the diet of preda-
tors should be composed of food items that maximize
long-term average energy or nutrient intake, or minimize
the risk of starvation or predation (Schoener 1971; Pyke
1984; Stephens and Krebs 1986). The decision to include
a potential prey item in the optimal diet depends on the
current physiological state of the forager (Caraco 1981;
Richards 1983), and on the time and energy costs to cap-
ture and consume the food item, the energy and nutrient
benefits obtained, and the predation risk compared to
other potential food items available (Pyke etal. 1977;
Krebs 1980; Sih 1980; Stephens and Krebs 1986). Under
some circumstances, foragers are concerned not only with
maximizing net energy intake per unit time (Schoener
1971), but also avoiding starvation and minimizing the
variance in energy intake — so called “risk-sensitive for-
aging” (Caraco etal. 1980; Real and Caraco 1986).
However, foraging success of predators is often con-
strained by a variety of factors that decrease encounters
with profitable prey: food resources may exhibit tempo-
ral or seasonal fluctuations in abundance, predation pres-
sure leads to selection of predation-avoidance behavior
or adaptations by prey, and most environments are suffi-
ciently complex to permit prey to hide or escape from



predators. Thus, it is not surprising that diets of most
predators are not composed exclusively of the most prof-
itable food item but include a variety of different foods
(Martin et al. 1951).

Animals that eat only one or two kinds of foods are
rare among vertebrates, although invertebrate diet spe-
cialists are more common (Strong et al. 1984). Vertebrate
diet specialists often have trophic appendages that are
adapted for efficient processing of their preferred foods.
Such morphological specialization is thought to carry a
cost in the form of a decrease in efficiency when pro-
cessing alternative foods (Levins 1968; Schoener 1971;
MacArthur 1972). This cost of specialization has been
suggested to reinforce diet specialization in vertebrate
predators (Partridge and Green 1987; Benkman 1988;
Meyer 1989), and is fundamental to nearly all models
of specialization (Levins 1968; Futuyma and Moreno
1988).

Diet specialization is likely to lead to selection for
particular kinds of foraging behaviors, since “behavior is
often the mechanism by which specialization is exer-
cised” (Futuyma and Moreno 1988). Often there is a
“psychological” basis of specialization expressed as a
neophobia or fear of new situations. This results in spe-
cialized foragers ignoring potential food items or forag-
ing sites in favor of familiar ones (Coppinger 1969,
1970; Greenberg 1983, 1985). Likewise, generalists may
form a search image that acts as a temporary psychologi-
cal mechanism for specialization (Tinbergen 1960; but
see Guilford and Dawkins 1987). Thus, it is not clear
whether vertebrate diet specialization is a result of preda-
tory behavior maintained by the costs of specialization,
by behavioral sterotypy (Klopfer 1967), or by some com-
bination of these forces.

We investigated the roles of profitability, risk and
neophobia in prey choice by an extreme diet specialist,
the snail kite (Rostrhamus sociabilis). This medium-
sized hawk hunts in wetlands and feeds almost exclu-
sively on one genus (Pomacea) of freshwater apple snails
(Howell 1932; Snyder and Snyder 1969; Beissinger et al.
1988). Snail kites possess a long, slender, decurved bill
that is adapted for extracting the body of a snail from its
shell. The bill permits kites to cut the collumelar muscle
attachment inside the first whorl of a snail’s shell (Sny-
der and Snyder 1969; Voous and van Dijk 1973; Snyder
and Kale 1983). The kite’s bill morphology is much
more strongly specialized for extracting snails than the
bill morphology of other birds which eat snails as well as
other food items (Snyder and Snyder 1969). Because of
its trophic morphology, the snail kite might be expected
to exhibit a cost of specialization when feeding on alter-
native foods.

Throughout most of its range, snail kites usually take

alternative foods only when apple snails are unavailable.
In Florida, the kite’s diet is restricted to one species of
snail (Pomacea paludosa) and only rarely have they been
observed to eat other foods (small turtles, rats and other
species of snails), mainly when apple snails were scarce
during severe droughts or cold weather (Sykes and Kale
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1974; Woodin and Woodin 1981; Beissinger et al. 1988,
1990a). Kites eat several species of Pomacea snails in
Central and South America (Harverschmidt 1962, 1970;
Weller 1967; Beissinger 1983; Snyder and Kale 1983),
and upon occasion have eaten Marisa snails (Snyder and
Kale 1983; Alves de Magalhdes 1990).

Only in the Hanos of Venezuela have snail kites been
regularly observed to eat food other than apple snails
(Mader 1981). Here snails (Pomacea doliodes) com-
posed over 90% of the diet and freshwater crabs (Di-
locarcinus dentatus) comprised the remainder (Beissing-
er 1990a). To consume crabs, kites quickly removed the
abdomen, sometimes discarded the legs or claws, and
spent long periods of time removing and eating very
small bits of meat and organs from the exoskeleton
(Beissinger 1990a). Crabs appeared unable to injure kites
with their claws.

It is not clear why snail kites included crabs in their
diet. Crabs were eaten primarily on a seasonal basis.
They were rarely eaten in July and August, but increased
to as much as 37% of the diet in September and October
(Beissinger 1990a), when crabs had grown to their maxi-
mum size (Donnay and Beissinger 1993). Snails and
crabs inhabit the same seasonal and permanent wetlands
at similar, albeit variable, densities (Donnay and Beissinger
1993), so both should be encountered by foraging kites.
But in some years snail abundance declined after August
(Donnay and Beissinger 1993) and this might account for
the increased occurrence of crabs in the diet of kites. On
the other hand, kites might prefer crabs to snails, even
though crabs require more time to eat (Beissinger 1990a),
because crabs are larger and perhaps more profitable.

In this paper we analyze the factors maintaining diet
specialization in the snail kite by experimentally examin-
ing why kites choose to include crabs in their diet. Food
choice experiments were conducted with wild free-flying
birds to estimate parameters for a prey choice model of
profitability and risk for snails and crabs of different siz-
es. Predictions from the model were tested with wild
free-flying kites by conducting behavioral titrations — di-
chotomous tests designed to examine the trade-offs in
profitability between foods using snails and crabs of dif-
ferent sizes. Finally, the role of neophobia in food choice
by kites was investigated by offering a congeneric snail
species that kites have not been known to eat.

Material and methods

Field studies were conducted in the llanos of Venezuela at the
ranch Hato Masaguaral (8° 34" N, 67° 35" W), 45 km south of Ca-
labozo in the state of Guarico, and on other ranches along the
main highway 30 km to the north and 80 km to the south. Descrip-
tions of the area and climatological conditions are available in
Eisenberg (1979), Beissinger et al. (1988), and O’Connell (1989).
Our studies were conducted with wild free-flying snail kites in
their natural environment. They were induced to hunt from a perch
and choose food from feeding trays described below. The experi-
mental set-up mimicked one of the two dominant modes of forag-
ing (“still-hunging”) used by kites (Beissinger 1983): individuals
land on a perch 2 m above the water, sit and wait, and then pounce
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on a desirable prey. When still-hunting, kites may encounter prey
items simultaneously and/or sequentially.

All kites were completely unrestrained and their behavior was
uncontrolled. During these studies, individual kites fed mostly
from the trays, but sometimes captured snails or crabs away from
the experimental set-up or used the perches intermittently. We as-
sumed that all adult kites had been exposed to both food types pri-
or to our study, which is likely to be true for most birds (Beissin-
ger 1990a, 1990b; Donnay and Beissinger 1993). Because we used
free-flying birds, we were unable to control for their state of hun-
ger, except by restricting our experiments to the morning and late
afternoon hours, which are the periods when kites forage most ac-
tively (Beissinger 1983). Individuals were identified by a combi-
nation of geographic location, plumage differences, and behavior
patterns. Kites hunt solitarily, and in nearly all cases only one kite
fed from the feeding trays. Although they do not defend all-pur-
pose territories, kites sometimes defend rich patches of snails
(Snyder and Snyder 1970) and defended the feeding trays during
occasional visits by other kites.

Field trials

Field trials were conducted from July through November 1988 to
estimate parameters for a model of profitability for spails and
crabs of various sizes. Free-flying adult snail kites were provided
with two floating 80x80x15 cm trays positioned on either side and
in front of a perch, and filled with 810 cm of clear water and ei-
ther snails or crabs of various sizes (after R. Chandler, personal
communication; Bourne 1985a). The sides of the trays slanted at
an angle of approximately 100° for kites to view clearly all prey
items in the trays when looking down from above. We randomly
chose trays in which to place the crabs and snails for a bird’s first
trial, and then alternated thereafter. Each food item was individu-
ally marked and measured (snail shell length and crab carapace
length in mm) prior to placement in the trays. Length was used as
an estimator of size because it could be easily determined from
both living and dead animals, was more highly related to dry
weight than either width or wet weight, and was the dimension
used by the birds to grip crabs with their talons during capture.
Sizes of snails (30—70 mm) and crabs (24-45 mm) offered to kites
were determined from the range of food items recovered from be-
neath kite feeding perches. Although the range of lengths for crabs
was smaller than for snails, crabs were actually larger than most
snails because they were wider.

Fourteen individually identifiable kites were separately al-
lowed to feed from the trays, each containing 5-10 food items, for
up to 3 days. The food items chosen and the time required to eat
them after perching (handling time) were recorded, the latter mea-
sured to the nearest second. When possible, we timed the compo-
nents of the handling process for snails to determine which was
the most time-consuming (Snyder and Snyder 1969): removing the
snail’s operculum, extracting the snajl’s body from its shell, or eat-
ing the body. No consistent, equivalent handling processes were
distinguishable for crabs because the steps to process them were
inconsistent and different (Beissinger 1990a). The identity of a
chosen food item was determined by either observing its number
using a 15-60 x spotting scope while it was being eaten, retrieving
its discarded shell after it had been eaten, or checking the trays
to determine which food item was missing. We also recorded
whether the kite consumed each food item wholly or partially, fed
it to its young or mate, or dropped it.

Allometric model of profitability for snails and crabs

We modeled profitability of snails and crabs of different sizes by
developing allometric relationships for energy content and han-
dling time for each food type from data collected during field tri-
als. Profitability of a food item was defined as its total energy con-
tent [dry weight (g) x energy/g] divided by its handling time. Dry
weights of snails and crabs were obtained by extracting the body
tissues that kites normally consume and drying them at 50° C until

weights had stabilized. Kites completely consumed snails, except
for parts of the digestive and reproductive tracts, whereas only the
soft parts in the crab’s body cavity were ingested and the legs and
claws were never eaten (Snyder and Snyder 1969; Beissinger
1990a). Estimating energy value of crabs by recovering eaten prey
and determining the remaining energy would have greatly overes-
timated energy intake because kites ripped uneaten parts into
many small pieces that were impossible to recover. Energy content
was determined by bomb calorimetry for snail tissue by Beissinger
(1983) and for crab tissue by Lancaster Laboratories, Lancaster,
Pennsylvania.

We defined handling time as the time required to open and
completely eat a food item after perching with it. We did not in-
clude the time required to find and capture the prey (search and
pursuit time) or to fly with the food item to a perch after capture
(returning time), although such costs are sometimes included in
diet choice models (Stephens and Krebs 1986). The use of feeding
trays standardized prey availability, so that search and pursuit time
was limited to a pounce from the perch for both snails and crabs.
Returning time is usually a minor component of a foraging bout
(Beissinger 1983) and was not influenced by food type, but varied
considerably among experimental locales, because it was affected
by the distance from feeding trays to extraction perches (unpub-
lished data). Since the goal of our model was to determine the en-
ergetic costs and benefits inherent to eating snails and crabs of dif-
ferent sizes, and our behavioral titration experiments controlled
prey availability but not other environmental variables, we exclud-
ed search, pursuit and returning times from our measure of profit-
ability. Inclusion of these time components would change the ab-
solute values of profitability of snails and crabs slightly (since in
our experiment search and pursuit costs were trivial relative to
handling time) and introduce uncontrolled variation, but would not
alter the predictions of which food items should be chosen in the
behavioral titration experiment.

Allometric relationships between snail or crab body length, and
dry weight, total energy content or handling time were determined
by linear regression and inspection of residual plots using SYSTAT
(Wilkinson 1990). To develop the best predictive allometric mod-
els, we examined linear, semilog, and log-log functions (Schoener
1979). While all fit the data well, we chose to employ the model
with the highest 72 value that best met the assumptions of normality
for the dependent and independent variables and the residuals, pay-
ing particular attention to the upper and lower end of the range of
lengths as their values played an important role in subsequent ex-
periments. Profitability was estimated by evaluating total energy
and handling time from the allometric equations for snails and
crabs of various sizes. For the regression of handling time versus
snail length, 3 of the 169 observations were considered outliers and
were eliminated, because the handling times were extremely long
(200250 s) and they had an undue effect on the regression coeffi-
cients as tested by Cook’s D (Wilkinson 1990).

An estimate of the variance of profitability was calculated in
two steps. First, we estimated the variance in total energy or han-
dling time associated with a particular length (L) of snail or crab.
In this procedure, statistics from the regression of length versus
total energy or handling time were used to derive estimates of
probable values for new cases of total energy or handling time for
a given length, and the variance applicable to such a forecast. Such
a variance is called a “forecast” because it predicts a likely dis-
tribution of a dependent variable based on its relation to an inde-
pendent variable (Ezekiel and Fox 1963). It is also known as the
“tolerance limits” of a regression equation. The variance of the
forecast is concerned with possible differences between estimated
values (derived from the regression) and actual values for new ob-
servations. The individual forecast of energy and handling time
was calculated for snails and crabs of length L from statistics de-
rived from regression equations using the formula of Ezekiel and
Fox (1963):

(s2), = MSE + MSE/n + 52 *(L — L)

where MSE is the residual mean square error, 2 is the sample size,
s, is the standard error of the regression coefficient, and Lis the



mean size. The second step in this procedure used these estimates
of variance for energy and handling time in a Monte Carlo simula-
tion. We generated a distribution of the profitability of 1000 snails
and crabs of a given length from which the variance in profitability
was directly calculated.

Behavioral titration experiment

A behavioral titration experiment was used to test predictions of
the profitability model from July through November 1989. A be-
havioral titration is a set of dichotomous tests designed to deter-
mine how large a difference in the pay-offs or trade-offs between
two options is required to elicit a change in behavior. Our experi-
ment examined whether differences in profitability between snails
and crabs could induce kites to include crabs in their diet.

Eighteen free-ranging adult snail kites were simultaneously of-
fered ten snails and ten crabs in the feeding trays. Sizes of snails
and crabs were selected to serve as a behavioral titration to deter-
mine the roles of profitability in diet choice by offering three tests:
(1) profitability of crabs = snails, (2) profitability of crabs > snails,
and (3) profitability of crabs >> snails. Test 1 used medium-sized
snails (43-52 mm) and crabs (37.0-38.9 mm) of equal profitabili-
ty (0.193-0.268 kl/s), test 2 used the largest crabs (39.0-45.0 mm)
and medium-sized snails so that the profitability of crabs
(0.269-0.664 kJ/s) > snails, and test 3 used the largest crabs and
small snails (30—40 mm) so that the profitability of crabs >> snails
(0.201-0.218 kJ/s).

After two 3-h trials to allow the birds to habituate to feeding
from the trays, each individual was run through a series of three
tests over 2 days, and given a simultaneous choice of snails and
crabs of different sizes. A 3-h test was long enough to permit kites
to feed until satiation, since kites typically eat only 10-15 snails a
day (Beissinger 1987). Tests were considered complete when at
least three food items (the minimum number to demonstrate a
preference) and no more than eight (ten is the absolute allowable
maximum but 1-2 prey items might be less visible or in the cor-
ners of the feeding trays) were chosen within a 3-h period. The or-
der in which tests were conducted was randomized. No more than
one experiment per kite was conducted per morning (0630-1300
hours) or afternoon (1400-1900 hours) period. The identity of a
chosen food item, order chosen, and handling time were noted.
Between consecutive tests, trays were emptied and left in place.

We developed diet choice predictions for the behavioral titra-
tion experiment following the approach of Schoener (1969a, b)
and Stephens et al. (1986). Our experiment is similar to the exam-
ple of a hawk choosing among two prey types in a flock used by
Stephens et al. (1986) to develop their model for prey encountered
both simultaneously and sequentially. When sitting on an experi-
mental perch, a kite looked down and viewed both trays simulta-
neously as one patch with 20 food items of two types. Within a
prey type, each animal was approximately the same size and of
equal profitability. Thus, kites had to make a choice between prey
types rather than among prey items of a given type. In each forag-
ing bout, a kite could choose either one snail or one crab, and the
choice of a prey item was a mutually exclusive outcome. The long
term average rate of energy intake (R) during tests of the behavior-
al titration experiment was calculated (Stephens et al. 1986) for
different proportions of the diet composed of crabs (r):

B re, +(1-r)e,
C AT+ + (= 1rh

where A is the encounter rate of food items, e is the energy and 4 is
the handling time for snails (s) or crabs (c). This approach deter-
mines the energy and involvement time consequences (R) of vari-
ous tactics () for exploiting the clump of 20 food items. Since each
kite had the opportunity to encounter prey again after it finished
eating by returning to the experimental perch, the experimental ap-
paratus acted to ensure that encountering prey in the next bout
could be instantaneous (A=1). Ideally this experiment might have
been designed to offer kites a choice of only one crab and one snail
at a time, instead of multiple snails and crabs. However, it was usu-
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ally impossible to refill experimental trays with prey after a capture
without ending the experiment by scaring away the kite.

Novel food experiment

To test the effect of novel food items on food choice by kites, a
large congeneric snail (Pomacea urceus) was offered in trays to 12
adult kites at the conclusion of their field trial in 1989. Kites have
not been observed to eat P. urceus, which is found in deeper water
than P. doliodes (Burky 1975; Burky and Burky 1977), although
twice we found empty P. urceus shells under feeding perches. Be-
cause P. urceus is known to be eaten by other snail-eating birds
such as limpkins (Aramus guarauna) (Beissinger, personal obser-
vation), it is unlikely to be noxious or distasteful to kites. Neither
are there any striking physical characteristics of P. urceus, other
than size, that differ from P. doliodes, which might discourage
kites from eating them. The shell of P. urceus is a slightly darker
brown and has many raised ridges compared to P. doliodes, which
has a smooth and lighter brown shell.

Kites were offered five-ten medium to large sized P. urceus
ranging in shell length from 50-110 mm, as large as or larger than
P. doliodes but within the size and weight range of crabs. Data col-
lected were identical to those collected during the behavioral titra-
tion experiment.

Table 1 The amount of time (s) required by 14 snail kites to open
and eat Pomacea doliodes snails during field trials, broken into the
three components of handling time. Correlations with snail size (»)
were performed on natural log transformed data

Components of N Mean  Median Range r
handling snails +SD
Remove operculum 138 28424 21 6-208  0.110
Extract body 132 2510 24 3-61 0.093
Eat body 160 4025 35 1-168  0.659*
Total handling time 169  90x39 80 22-249  0.469%
* P<0.001
800 | . . -
700 Field Trials 1988
.. 600 r a .
L
g 500
—
o 400
£
2 300
T
200
100

Snail or Crab Length (mm)

Fig. 1 The relationship between the amount of time required to
open and eat a food item (handling time) by snail kites, and the
size of Pomacea doliodes snails (circles) and Dilocarcinus dent-
atus crabs (triangles) during field trials. The regression line and
95% confidence interval are shown for snails. No significant cor-
relation was found for crabs. See text for results of the statistical
tests. Although the range of crab lengths was smaller than snail
lengths, crabs were actually larger than most snails because they
were wider
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Results time. The relationship between handling time and snail
size was primarily a result of the strong correlation
Field trials between snail size and the amount of time required to

Handling times of P. doliodes snails by kites averaged
90 s (Table 1). The most time consuming component of
handling a snail was the amount of time required to eat
the body once it was removed from the shell. This often
required tearing the body into several pieces and swal-
lowing them one at a time, and on average comprised
44% of the total handling time. Eating the snail’s body
required significantly more time than removing the oper-
culum or extracting the body from the shell (F,4,; =
19.2, P<0.001); the latter two components of handling
time did not differ from each other (Tukey hsd, P =
0.75).

The amount of time to open, extract and consume a
snail was positively related to snail size (Fig. 1). Snail
size alone accounted for 22% of the variation in handling

consume the body (Table 1); the other two components
of handling time were not correlated with snail size
(Table 1). Handling time was positively and consistently
correlated with snail size (Fig. 2) for six individuals ob-
served repeatedly (n=13, 0.34<r<0.77, P<0.06; ANC-
OVA for slopes: F=0.5, P=0.75), although differences in
efficiency of processing snails existed among individual
birds (ANCOVA for intercepts: F=7.8, P<0.001).

Few crabs were selected by kites during field trials
(n=42) and they took nearly 4 times as long to eat as
snails (¥=353 s). This difference was significant (¢.=23.5,
P<0.001). Handling times for crabs had a larger range
(162-706 s) and exhibited greater variation (SD=130 s)
than for snails (Table 1). Furthermore, the amount of
time required by kites to eat crabs was not related to crab
size (r’=0.02, n=30, P=0.43) (Fig. 1).
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Fig. 3 The relationship between snail (circles) or crab (triangles)
size and the total energy content of the animal based on the dry
weight and energy content of parts ingested by snail kites. The
natural log of energy content was strongly related (P<0.001) to
snail length (#2=0.65) and to the natural log of crab length
(r2=0.77). See the methods section for criteria for choosing
different functions for snails and crabs

Modeling profit and risk for snails and crabs

Crab tissue had a higher encrgy value (25.37 kJ/g) than
snail tissue (16.91 kJ/g). Crabs were also heavier and
had greater dry weights of edible flesh than snails. Dry
weights (d) were highly related (P<0.001) to body length
for both snails (s) and crabs (c):

In d, =0.042 x L, —1.765; (+2 = 0.65,n = 36)
Ind, =6.31x1InL, —21.80; (+2=0.77,n=16).

Thus, the total energy of crabs was generally much great-
er than that of snails, and the total energy of both foods
was highly related to body length (Fig. 3).

Relationships between food size and handling time
were used for foraging costs. The best regression be-
tween handling time (f) and snail length (¥2=0.22,
n=166) was:

t,=2.05% L —10.74.

For crabs, an average handling time (1.=353 s) was used
because handling times were not significantly related to
crab size.

Equations for profitability (P) were constructed using
the expected values for energy content and handling time
for food items as a function of size:

16.91 % 6(0'042XL5_1'765)
k=@ osx L, —10.7%)

which was simplified to

o(0.042XL +1.063)
E=tmosxr,—10.7%)
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and

In P, =1n25.37+(6.31x1In L, —21.8)—1n 353
which was simplified to

L6‘31
P =l
¢ 0244329

Snails were more profitable than all but the largest crabs,
which yielded the highest net energy returns (Fig. 4).
Profitability rose slowly as snails got larger, primarily be-
cause energy returns only slightly outpaced handling
costs as size increased. However, profitability of crabs in-
creased rapidly with size because handling time did not
depend on crab size, and small changes in crab size re-
sulted in large changes in crab dry weight and total ener-
gy (Fig. 3).

Although large crabs were more profitable than snails,
they were also likely to be more variable than snails in
their reward rates to kites. Such variance depends on the
perception of the forager (Real 1991) and may have two
components for kites. First, variance in reward rate dif-
fers between food types. Variation in handling time is
much greater for crabs than snails, so the variance in
profitability should be greater for large crabs than for
snails. Monte Carlo simulations found that variation in
profitability of large crabs (SD=0.18 kJ/s) was greater
than snails (SD=0.12 kJ/s). This difference, when cumu-
lated over the handling time for a food item, becomes
even more exaggerated because the time required for
handling crabs is nearly 6 times more than for snails.
Second, variance differs among food items of different
sizes. Variation in reward is much larger among sizes of
crabs than among snails due to the slopes of the profit-
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Fig. 4 Allometric relationships for profitability for Pomacea dol-
iodes snails and Dilocarcinus dentatus crabs selected by free-
flying snail kites. See text for the profitability equations. To com-
pare profitability between snails and crabs of different sizes, the
size of food items was standardized within food type by dividing
the size range into nine equal intervals (snails: 30, 35, 40, ... 70;
crabs: 25.0, 27.5, 30.0, ... 45.0) for graphical purposes. Arrows
indicate the midpoint of snail and crab sizes offered to kites during
the behavioral titration experiment, and numbers indicate the
particular test
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ability curves (Fig. 4). A misperception of size leads to
greater differences in expected reward rates for crabs
than for snails. This can be seen by comparing the rate of
change of profitability among snails and crabs of differ-
ent sizes (Fig. 4). Because kites specialize on snails, er-
ror in estimating true size is likely to be greater for crabs
than for snails. Thus, reward rates for large crabs may
always be more variable or risky than for snails.

Testing diet predictions
with a behavioral titration experiment

A behavioral titration experiment was conducted to test
if kites chose food on the basis of profitability by offer-
ing crabs that were equally, more, and much more profit-
able than snails (Fig. 4). Predictions of diet choice for
this experiment can be made, based on the rate of energy
gain from diets differing in the proportion of snails and
crabs (Fig. 5). If snail kites try to maximize their short-
term energy intake, they should choose the most profit-
able food item (Waddington and Holden 1979; Stephens
etal. 1986). Thus, kites would maximize short-term
energy intake by taking either snails or crabs in test 1,
and switching to crabs in test 2 and especially in test 3
(Fig. 5). For long-term rate maximization, crabs should
be chosen in all three tests (Fig. 5), because all crabs of-
fered contained more energy than snails (Fig. 3) and
were of equal or greater profitability (Fig. 4). A mixed
diet of crabs and snails would be less profitable than a
diet of only crabs, but would yield greater mean energy
than eating only snails (Fig. 5). These predictions also
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Fig. 5 The long-term average rate of energy intake (R) for poten-
tial diets composed of differing proportions of crabs and snails
based on typical sizes of food offered to snail kites during the
three tests of the behavioral titration experiment. See the methods
section for calculation of R. Each test controlled the sizes of snails
and crabs offered. Test 1 used medium-sized snails and crabs of
approximately equal profitability (0.26 kJ/s), test 2 used the lar-
gest crabs and medium-sized snails so that the typical profitability
of crabs (0.43 kl/s) was greater than snails, and test 3 used the
largest crabs and small snails so that the average profitability of
crabs was much greater snails (0.20 kJ/s). See Fig. 4 for a graphi-
cal representation of the profitability of spails and crabs offered in
the three tests

follow general rules for maximizing the long-term rate of
energy intake when encountering two prey types simulta-
neously (Stephens et al. 1986). However, kites might
avoid choosing large crabs if eating crabs resulted in a
large variance in reward rates (i.e. risk-averse foraging).
Thus, if kites foraged in a risk-sensitive manner, they
should choose snails over crabs in all three test.

Snail kites rarely chose crabs when also given the op-
portunity to feed on snails (Fig. 6). Of 289 food items
chosen, only 45 (15.6%) were crabs. Half of 18 kites
tested did not eat crabs, and only 3 birds chose more
crabs than snails. When offered snails and crabs of equal
profitability (test 1), 15 of 16 kites chose snails more fre-
quently than crabs and the other individual chose equal
numbers of the two foods (Fig. 6). When offered crabs
that were more or much more profitable than snails, only
2 of 16 birds and 3 of 18 birds ate more crabs than snails
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Fig. 6 Food items chosen by 18 free-flying adult snail kites dur-
ing behavioral titration experiments to determine the role of profit-
ability and risk in diet choice. The order that each food item was
chosen is shown for snails (open squares) and crabs (closed squa-
res). Individual birds are arranged on the x-axis by chronological
order of testing (month in parentheses). Test 1 used medium-sized
snails and crabs of equal profitability, test 2 used the largest crabs
and medium-sized snails so that the profitability of crabs>snails,
and test 3 used the largest crabs and small snails so that the profit-
ability of crabs>>snails



in tests 2 and 3, respectively. Kites that often chose crabs
(Fig. 6) had not learned to handle them more efficiently
(=0.5, P=0.6) than kites that rarely ate crabs. Although
the percentage of crabs chosen increased from 10.3% in
test 1 to 13.9% ion test 2 and 23.1% in test 3 (%2=6.2,
df=2, P<0.05), the increase was mostly due to the three
individuals who switched from snails to crabs according
to profitability rules (cp2, htl, fel; Fig. 6). Most other
birds ate crabs at approximately the same frequency
throughout the three tests. However, crabs were eaten
more frequently during the latter part of the study than
during earlier months (Fig. 6).

Handling times were measured during the choice ex-
periments as a check to determine if model parameters
and assumptions (Fig. 4) were upheld. As in field trials,
handling times were positively related to snail length
(r2=0.47, n=105, P<0.001) and also for five individuals
observed repeatedly (0.60<r<0.88, P<0.01). However,
the slope of the regression was higher (£,=5.5xL~150.9),
which would result in increased and decreased snail
profitability estimates for small and large snails, respec-
tively, and yield a flatter profitability function across
snails of all sizes (Fig. 4). Unlike field trials, crab size
was significantly related (r2=0.31, n=37, P<0.01) to
handling time during the experiments. If a regression of
handling time on crab size for both years combined
(1.=17.3xL~220.1) was used instead of a mean handling
time to estimate profitability (Fig. 4), crab profitability
would be lower but it would still be equal or greater than
snail profitability for the largest crabs. These analyses
indicate that neither the basic predictions of the model
nor the expected outcomes of the three tests would be
changed.

During the course of the behavioral titration experi-
ment, four young kites that had just fledged from the
nest captured food from the feeding trays. Their choice
of prey is interesting because it yields insight into the
ontogeny of diet choice in kites. The fledlings chose 42
food items from our trays. Three of the four birds
showed no preference for snails, choosing nearly equal
or greater numbers of crabs, while one fledging fed only
on snails.

Novel food experiment

Five of the 12 kites chose not to capture P. urceus snails.
The other 7 birds captured 14 snails of which we were
able to observe the fate of 12 snails. Eight of the 12
snails that were chosen were dropped immediately (<10 s)
after capture, without attempting to extract the snail from
its shell. Once snails were dropped, the birds made no
effort to retrieve them. P. doliodes was rarely dropped
after capture, and when this did occur, kites usually de-
scended to the water’s surface to retrieve the snail. The
four novel food items that were eaten were handled as
efficiently as P. doliodes (x=133+89's) when compared
to crabs. During these tests, kites sometimes exhibited
behaviors typical of neophobia (Coppinger 1969, 1970):
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escape behavior (flying away), alarm calls (vocaliza-
tions), and displacement behavior (preening). Thus,
despite being offered a new food similar in appearance,
behavior, and handling time to their preferred food, few
kites chose to consume it.

Discussion

Snail kites may be preadapted to feed on crabs and fre-
quently ate them during months when crabs attained
their largest sizes (Beissinger 1990a; Donnay and Beis-
singer 1993). Since large crabs were more profitable than
snails (Fig. 4), the inclusion of crabs in the diet might
have occurred because kites switched to the more profit-
able food (Figs. 4, 5). But when given the choice, most
kites preferred sizes of snails that were much less profit-
able than crabs (Fig. 6), avoided food with more variable
reward rates (crabs), and rejected novel food items.

These results do not exclude other factors that could
affect diet choice in this situation, but we believe such
factors are unlikely to explain why snail kites ate or
avoided eating crabs. Although crabs were eaten more
frequently during the last months (October — December)
than during the first months (July — September) (Fig. 6),
sudden seasonal changes in diet needs seem unlikely
since kites survive and reproduce well in Florida on di-
ets composed completely of snails (Beissinger and Sny-
der 1987). A search image (Tinbergen 1960) should
have been formed before three-quarters of the birds
were tested, because crabs had already grown to large
sizes by September (Donnay and Beissinger 1993) and
were presumably encountered while hunting (Beissinger
1990a). It seems unlikely that kites would choose food
to minimize time (Schoener 1969a, 1971) because non-
breeding birds can exceed their energy needs by spend-
ing less than 20% of their daylight hours foraging (Beis-
singer 1983), and nesting birds spend less than half of
their day foraging (Beissinger and Snyder 1987; Beis-
singer 1987). To minimize time, kites should have cho-
sen large crabs since eating crabs offered 3-6 times
more energy (Fig. 3) and 3-5 large crabs would fullfill a
kite’s daily energy needs (400-700 kJ/day; Beissinger
1987) in 10-90% less time than eating snails (10-16
large or 30-50 small snails). Snail kites might have
avoided eating crabs if they lacked the ability to digest
them (Martinez del Rio and Stevens 1988), although
such adaptations are not known for flesh-eating birds of
prey. Moreover, adults from several populations have
eaten crabs, turtles and small mammals, and have been
kept in captivity on commercial zoo diets (Mader 1981;
Beissinger etal. 1988, 1990b; Alves de Magalhies
1990). Also, some crabs were fed to nestlings or eaten
by adults at 66% of the 80 nests that we observed in
Venezuela (unpublished data). Finally, crabs did not ap-
pear dangerous to eat (Forbes 1989) because adult kites
in our tests were never injured and had no difficulty
avoiding the claws, although juveniles occasionally
dropped crabs while handling them.
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Snail kites were reluctant to switch from their special-
ized food to a prey that was more profitable when both
foods were offered in abundant quantities. Profitability
for large crabs was estimated to be 15-75% greater than
profitability for large snails and 1-3 times greater than
for small snails (Fig. 4), so it seems likely that the food
items offered to kites were above a point that should
have elicited a switch. Such a switch was noted for only
3 of 18 individuals (Fig. 6). Even when the profitability
model was parameterized using values obtained during
the behavioral titration experiments, profitability esti-
mates for large crabs remained equal to or greater than
those for large snails. We conclude that kites apparently
did not choose among prey types based only on profit-
ability rules, although kites tended to select the largest
snails first from the feeding trays (Bourne 1985a; Beis-
singer, unpublished data). Bourne (1985b) likewise sug-
gested that kites might not use profitability as a cue in
patch choice decisions. However, he calculated profit-
ability assuming that handling time was unrelated to
snail size (also see Beissinger 1983), which was clearly
refuted in this study (Figs. 1, 2).

Inherent variation in reward rates and diet choice

The avoidance by kites of a food that was more profit-
able, yet more variable in its reward to the forager, sug-
gests that risk-averse behavior could serve to maintain
specialization on snails. Few studies have demonstrated
the avoidance of variable reward rates with a predator in
its natural environment (Cartar 1991), although risk-
averse behavior in the laboratory has been shown to af-
fect foraging decisions of diet generalists under varying
conditions of food availability (Caraco 1981; Real and
Caraco 1986; Wunderle and Cotto-Navarro 1988; Tuttle
et al. 1990). In those situations, risk of reward was equat-
ed with variance in food (gross energy) intake rates in-
fluenced by variable encounter rates, and foragers were
most affected by risk under conditions of starvation. How-
ever, it is often difficult to ascertain how animals view
risk because of our superficial understanding of animal
cognition. We have invoked risk in a different manner
but similar to that of Sutherland and Anderson (1987)
and Cartar (1991). “Risk of reward” for foraging kites
could have resulted from inherent variation in net intake
rates due to differences in (1) the variability in efficiency
of processing food (handling time) between snails and
crabs (Fig. 2), and (2) the rates of change of profitability
among snails and crabs of different sizes (Figs. 3, 4).
Variation in handling time was consistently greater for
crabs than for snails. Furthermore, uncertainty in reward
was magnified for crabs because handling time was
poorly related to size and hence was much less predict-
able than handling time for snails, which increased with
size (Figs. 1, 2). The relationship between handling time
and snail size was primarily a function of the time re-
quired to eat the body and not the time needed to open
the snail or extract the meat (Table 1). This result should

not be surprising. The specialized trophic morphology of
the kite should permit it to be equally skilled at prepar-
ing (e.g. removing the operculum and detaching the body
from the shell) most sizes of snaiis to be eaten, whereas
the time required to tear pieces of meat and swallow
them should increase with snail size irrespective of any
trophic specialization. Handling time can influence diet
choice decisions (Keating et al. 1992) and variation in
handling time should be an additional universal risk for
foragers (Sutherland and Anderson 1987). However,
variance in handling time may often be relatively pre-
dictable, and is probably easy for predators to assess
compared to variation in encounter rate.

Variation in the rates of change of profitability was
higher among crabs than snails of different sizes (Fig. 4),
and results in uncertainty in reward if prey size is easily
misconstrued. Snail kites may have difficulty determin-
ing the true size of snails and crabs because they must
assess prey size by looking down through the water sur-
face. The inability to discriminate between prey types
when foraging at 3-6 m above the water has been sug-
gested to cause kites to mistake Marisa snails for
Pomacea snails (Snyder and Kale 1983). Looking from
air into water causes size distortion and presents prob-
lems for other aquatic foragers (Labinger et al. 1991;
Lotem et al. 1991). The consequences of such errors are
much greater for crabs than for snails because the rate of
energy gain for crabs is much more strongly affected by
changes in size (Fig. 3). Risk from mistakes in assessing
prey may be important only in situations where assessing
prey size is difficult and when the profitability ranking of
prey can become transposed due to changes in profitabil-
ity with prey size (Fig. 4).

Neophobia and diet choice

In addition to minimizing risk of reward, snail kites may
have avoided crabs simply because many kites were not
willing to sample new or different foods. Tests with a
novel food item showed that very few kites would eat it,
even though the novel food (P. urceus) was very similar
in general appearance and phylogenetic characteristics to
their preferred food. Sometimes during these tests kites
exhibited behaviors typical of neophobia (Coppinger
1969, 1970; Greenberg 1983). Nevertheless, kites may
not always have distinguished that the food item was
novel until after capturing it, when they should have
been able to feel the raised ridges of the P. urceus shells
and their extra weight. Kites usually responded to these
cues by dropping the unfamiliar snails without even try-
ing to open them. Avoidance of food based on novelty is
difficult to demonstrate because it depends on the ab-
sence of selection. A more conclusive test for neophobic
responses would have been to offer kites a wider variety
of food types and compare their responses to a predator
with a broader diet (e.g. Greenberg 1987). But it is un-
likely that kites would have eaten most other food items,
given the rarity of other foods in their diet (Beissinger et



al. 1988, 1990a) and the difficulty in getting most free-
flying kites to select a congeneric snail, or a crab they
were known to eat.

Avoidance of new food items may be a response that
is learned by snail kites. Kites newly fledged from the
nest did not. display a preference for P. doliodes snails
but instead frequently took crabs from the feeding trays,
whereas half of the adults tested never sampled crabs. To
understand diet choice decisions by this specialist, it may
be important to understand more about the ontogeny of
diet selection. Trial-and-error frequently plays an impor-
tant role in the development of food recognition and diet
selection in young birds (Edwards 1989; Wunderle
1991). Typically, juveniles are less proficient than adults
at the foraging maneuvers which require the most skill or
time to master, and often for raptors this involves prey
recognition and capture (Wunderle 1991). Fledgling
kites quickly learn to catch snails as efficiently as adults,
but do not become as proficient as adults at handling
snails until 3 months after fledging (S. R. Beissinger,
personal observations). We have no comparable data on
the ontogeny of kite handling times for crabs. However,
if juvenile kites respond to variance in handling time
when sampling different food items, or if the handling
time of juveniles improves for snails but not for crabs,
then handling time could play a role in the ontogeny diet
specialization in snail kites.

Behavioral conservatism, morphological costs,
and diet specialization

Although morphological adaptations allow kites to spe-
cialize on snails, extreme specialization in this predator
does not appear to be maintained solely by the costs of
specialization (Levins 1968; Schoener 1971; MacArthur
1972). Costs of specialization imposed by morphology
on the efficiency of food processing may occur (Benk-
man 1988; Meyer 1989), but such costs were overcome
for kites when the profitability of alternative food in-
creased sufficiently. Yet kites rarely chose large crabs
over snails (Fig. 6). Thus, such trade-offs alone may not
be required to maintain specialization. Instead, our study
suggests that behavioral conservatism may also play a
role in maintaining diet specialization in the snail kite.
Behavioral conservatism is a syndrome of responses
that individuals can display when they encounter risks,
or face new or less familiar situations. Individual- and
species-specific differences in risk-taking or responses
towards novel stimuli are indicative of different degrees
of willingness to incur variation. For a forager, the per-
ception of risk derives not only from the variance in re-
ward rates but also from a variety of cognitive processes
including the forager’s proficiency in estimating relevant
prey qualities, its recent experience with alternate prey
items, and its evolutionary “memory” of those items that
are most likely to result in the highest rewards (Real
1991). These cognitive processes are nested within an
individual’s or species’ psychological predisposition to-
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ward novelty. Such a predisposition will depend upon the
degree that an organism is sensitive to, aware of, and ex-
hibits a preference for, a limited range of a larger com-
plex stimuli (Klopfer 1967; Greenberg 1983). Species
that choose a smaller range or avoid risk are behaviorally
conservative. Although behavioral conservatism acts as a
proximate factor in diet choice, it is also an evolutionary
process under the direction of natural selection because
it can increase efficiency or survival by limiting exposure
to new food items, which are likely to be less profitable,
or new situations, which are likely to be risky.

For snail kites, both minimization of risk-of-reward
and avoidance of new food items appear to play a role in
maintaining extreme diet specialization. That kites rarely
chose crabs in our experiments when snails were avail-
able is in accord with field observations that alternative
foods are eaten by kites primarily when snails are un-
available (Beissinger 1990a). Under conditions of food
shortages, even the most risk-averse forager will choose
a risky item if the reward is high enough (Real and Cara-
co 1986; Cartar 1991). Differences between individuals
in the perception of when a reward is “high enough”
might have caused some kites to switch to crabs before
others. The inclusion of crabs in the diet of kites oc-
curred during months when crabs had grown to full size
and the ratio of small to large crabs was at its lowest
(Donnay and Beissinger 1993). Also during these
months the foraging areas of kites become choked with
vegetation, which hinders the capture of snails (Beissin-
ger 1983). Thus, kites seemed more willing to incur the
risks of eating crabs under conditions of lower snail en-
counter rates and when the chance of capturing a large,
profitable crab was the greatest. During other times, kites
may simply prefer snails because they are more profit-
able (Fig. 4) and more abundant than crabs (Donnay and
Beissinger 1993). Nevertheless, some individuals in our
experiment might have switched to crabs because they
were able to eat them efficiently. But kites that often
chose crabs did not require less time to handle them than
birds that rarely ate crabs. Calculating profitabilities of
snails and crabs for individual kites might help to refine
diet choice predictions, but our data were not sufficient
to address this.

Behavioral conservatism may have important implica-
tions for the evolution of specialization in vertebrate pre-
dators. It is easy to imagine how specialization in certain
foraging techniques or behaviors by individuals within a
population (e.g. Price 1987; Werner and Sherry 1987)
could develop and be maintained by the establishment of
conservative behavioral repertoires that limit the vari-
ance in reward rates or exposure to new (most likely less
profitable) food items. If diet specialization is main-
tained in vertebrate predators by behavioral conserva-
tism, then specialization may be reversible (Futuyma and
Moreno 1988) only if the behaviors that reinforce spe-
cialization are eroded.

Unfortunately, a role for behavioral conservatism in
diet specialization only adds to the confusion of whether
morphological evolution is driven by behavior, or wheth-
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er behavioral specialization is a result of morphological
specialization, or both (Sutherland 1987; Krebs 1991).
Given the close links sometimes observed between varia-
tion in trophic morphology and foraging behaviors (e.g.
Price 1987), it is possible that selection on one trait
could drag along the other. For example, selection for
behavioral conservatism should be strong in species that
are least likely to be able to handle or digest new food
efficiently, such as those with morphological specializa-
tions, and more relaxed in species that are better
equipped morphologically or physiologically to process
a greater variety of food items relatively cfficiently.
It may, however, be difficult to untangle if one process
came first, and past studies have incompletely ap-
proached the problem.

For example, the maintenance of severe diet special-
ization by behavioral conservatism in snail kites appears
to be the antithesis of the historical conditions of mor-
phological novelty that are thought to promote the evo-
lution of specialization in crossbills (Benkman and
Lindholm 1991). Do these results reflect differences in
evolutionary scenarios, or were they simply due to dif-
ferent emphases and methodological approaches? We
evaluated the profitability of alternative foods, offered
both alternative and novel foods to adult and juvenile
kites, and then noted their diet selection, whereas Benk-
man and Lindholm (1991) altered the bills of crossbills
for comparison to a generalist seedeater to uncover the
costs of different morphologies on feeding efficiency.
Crossbills were more efficient than generalist feeders
and small changes in bill size were related to food pro-
cessing efficiency, but crossbills were not offered a si-
multaneous choice between preferred and alternative
foods to compare profitabilities and test for behavioral
constrains. In Kites, conservative behavior constrained
diet choice because alternative foods were actually more
profitable than preferred foods, but the feeding efficien-
cy of kites was not compared with the efficiency of a
generalist raptor predator.

These two approaches — tests for behavioral conser-
vatism and interspecific comparisons of morphological
costs — should be incorporated in future research de-
signed to understand the causes and consequences of
ecological specialization. In some cases, either morpho-
logical costs or behavioral conservatism may clearly
emerge as factors maintaining specialization. Results
that support both would uphold the notion that both traits
have roles in the maintenance of ecological specializa-
tion. When neither morphological costs nor behavioral
conservatism can be demonstrated, other causes of spe-
cialization such as interspecific competition or resource
availability constraints should be examined.
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