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Summary. A key assumption of conventional opti-
mal diet theory is that foragers cannot search for
prey while already handling one prey item. Some
foragers, however, can handle multiple-prey loads;
i.e., they can search for, attack and handle further
prey when already handling one or more prey. We
examined diet selection by small-mouthed sala-
mander larvae, Ambystoma texanum, that can
search while handling up to two prey at a time.
We gave A. texanum larvae a choice between two
size classes of Daphnia pulex at two prey densities.
Larval A. texanum diet choice did not fit the pre-
dictions of conventional optimal diet theory; but
fit very well with the predictions of a multiple-prey
model. At low prey density, 4. texanum larvae
were nonselective. At high prey density, larvae
were non-selective when their mouths were empty,
but showed a strong preference for larger, more
valuable prey when larvae already had prey in their
mouths. In 16 out of 18 instances, foragers either
accepted or rejected small prey in keeping with
a multiple-prey model’s predictions.

Introduction

A key assumption of conventional optimal diet
theory is that search and handling are mutually
exclusive activities; i.e., the handling of a prey item
precludes opportunities to encounter other items.
The “opportunity cost” of an item is defined as
the benefit lost due to opportunities missed while
handling that item (see Winterhalder 1983). A low
value food item should be rejected if the benefit
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derived from it is less than its associated “‘ opportu-
nity cost”. To emphasize, the handling of a given
item only has an energetic opportunity cost if the
process of handling that item temporarily pre-
cludes search and capture of other items.

Many predators, however, can search for and
capture additional prey while handling a given
prey. This fact has been accounted for in some
recent optimal foraging models. We refer to these
models as “multiple-prey models”’. McNair (1983)
and Lucas and Grafen (1985) examined the effects
of simultaneous search and handling on optimal
allocation of time to patches (including prey items
as patches). They predicted that foragers that can
search while handling should stay longer in patches
than would foragers that cannot search while han-
dling. An unstated corollary is that some patches/
prey that would otherwise be rejected, should be
accepted by a forager that can search while han-
dling. Stephens and Krebs (1986) followed similar
reasoning in suggesting, without an explicit model,
that ““ the ability to encounter items when pursuing
others will tend to make rate-maximizing foragers
less fussy about the items they pursue.”” Juliano
(1987; personal communication) explicitly mo-
deled the effects of simultaneous search and han-
dling on optimal diets. He assumed that foragers
can “fill up” (our term) to a point where handling
precludes search, but that it takes more than one
prey item to do so. His model predicted that: 1)
If high quality prey are abundant, and foragers
are unoccupied (not already handling a prey item)
then foragers should attack low quality prey; 2)
If high quality prey are abundant, and foragers
are occupied (already handling an item) then for-
agers should reject low quality prey; and 3) If high
quality prey are scarce, then regardless of whether
foragers are occupied or not, they should always
attack low quality prey.
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Juliano’s predictions make intuitive sense if we
compare benefits and opportunity costs associated
with low quality prey. If high quality prey are
scarce, then opportunity costs are low and poor
prey should be attacked. If high quality prey are
abundant, but the forager is empty, then poor prey
can still be attacked with relatively little risk of
precluding better prey. If, however, high quality
prey are abundant and the forager’s capacity is
partially filled, then the opportunity cost of attack-
ing a low quality item is relatively large, and low
quality prey should be rejected.

To our knowledge, no previous empirical stu-
dies have tested a multiple-prey model. We report
here on a quantitative test of optimal diet theory
using small-mouthed salamander larvae, Ambys-
toma texanum, that can search while handling
zooplankton prey, Daphnia pulex. A. texanum lar-
vae commonly feed on Daphnia in nature (Smith
and Petranka 1987). Large A. texanum (ca. 0.4 g)
can handle.up to ten Daphnia at a time; small
A. texanum (ca. 0.06 g) can only handle two Daph-
nia at a time. We used small A. texanum in our
tests. Using observed encounter patterns, we calcu-
lated optimal diet strategies using: 1) a convention-
al model that does not account for simultaneous
search and handling and multiple-prey loads; and
2) a multiple-prey framework that accounts for
search while handling. As discussed above, only
multiple-prey models make predictions on how
patterns of selectivity should change depending on
whether the forager’s mouth is empty or partially
full. Observed diets were then compared to both
sets of predictions.

Methods

Eggs of A. texanum were collected from two field sites within
25 miles of Lexington, KY and hatched in the laboratory. Lar-
vae were reared at 21 C in a 16L:8D photoperiod and fed
ad libitum zooplankton and frozen brine shrimp. They were
tested when they were about two weeks old (wet weight, =
0.061 g, SE=0.0067). D. pulex were collected from a pond
about 5 miles from the campus of the University of Kentucky.
They were sieved repeatedly to yield two size classes: large
(1.0-1.18 mm length) and small (0.6-0.71 mm length). Using
Burns (1969) length-mass conversions, the mean masses for
large and small prey were 0.0151 and 0.0039 mg respectively.

Experiments were run in 9 cm diameter (63.6 square cm
bottom area) plastic petri dishes filled with 60 ml of ionically
balanced freshwater. Both prey size classes were offered simul-
taneously at one of two densities: high (100 large, 100 small)
or low (20 large, 20 small). These densities are both very high
when calculated as total number/volume (high=3333/1, low=
667/1). However, because small A. texanum are essentially
benthic feeders, the total number/area (high =3.14/cm?, low =
0.63/cm?) is probably a more useful measure.

Within 5 minutes after prey were counted into a petri dish,
a single predator was added. In all cases, experienced predators
(see below) began feeding almost immediately. A run lasted
for 10 minutes during which time we recorded the time (to the
second) of each prey encounter, attack, capture, and the end
of handling. We previously determined that most attacks and
captures occurred when prey came within 2 mm of the preda-
tor’s mouth provided that the prey was not at the water’s sur-
face. We thus used these criteria for determining when en-
counters occurred. One of us (JWP) always called out en-
counters. Although we did not use strictly quantitative methods
(e.g., videotapes) for evaluating encounters, we feel confident
that other observers would make similar assessments. The end
of a handling period was reasonably clearcut. During handling,
larvae chewed vigorously with ample movement of gills. The
end of handling was marked by swallowing accompanied by
particularly vigorous gill movements.

A given predator was tested at the same prey density once
per day for four consecutive days. After each run, predators
were fed ad libitum for eight hours and then starved for 16 hours
until the next run. On the first day, several predators appeared
unacclimated to experimental conditions; they moved contin-
uously without feeding. By the fourth day, all predators fed
voraciously. Thus the first three days were considered training
runs. Only data from the fourth day were used in analyses.
Eight different predators were run at each prey density.

To measure selectivity we used a=p(ar)/(p(ar)+ p(as)),
where p(a;) and p(as) are the probabilities of attack given an
encounter with large and small prey respectively. o varies from
zero to one. A value close to one signifies a strong preference
for large prey whereas a value close to zero indicates a strong
preference for small prey; random foraging is indicated by an
a-value of 0.5. a need not be transformed to fit the assumptions
of parametric tests (Chesson 1983).

The conventional optimal diet model predicts that foragers
should attack low value prey if A1 <E2/(E1 H2 - E2 H1), where
Al is the encounter rate with high value prey; and E1, E2 and
H1, H2 are expected energy returns and handling times for
high and low value prey, respectively (Stephens and Krebs
1986). Mean energy return per attack is the product of prey
energy content and probability of capture given an attack. En-
ergy content (in biomass terms) was estimated, as given earlier,
from Burns (1969). Mean capture probabilities and handling
times were directly observed. Using observed encounter rates,
we predicted diet choice for each forager using the conventional
equation given above.

To identify optimal diet strategies for predators that can
search while handling, we used observed encounter patterns
to calculate energy intake rates associated with various possible
multiple-prey foraging strategies. Calculations showed that en-
ergy maximizers should always attack large prey. Small prey
can either be accepted or rejected, and acceptance or rejection
can depend on whether the forager’s mouth is empty or partially
full. For predators that can handle up to two prey at a time,
the possible strategies are: (accept, accept), (accept, reject), (re-
ject, accept), and (reject, reject), where for example, (accept,
reject) means that a forager accepts small prey when its mouth
is empty, and rejects small prey when its mouth is partially
full. To calculate reward rates, we simply applied each strategy
to observed encounter patterns and measured the energy intake
that foragers would have had, if they had used that strategy.
The optimal strategy is the one that yields the highest energy
intake rate.

The optimal strategy turned out, in all cases, to be either
(accept, accept) or (accept, reject). We calculated the ““net ef-
fect” of accepting small prey in the following way. We define
E to be the energy intake rate associated with a given strategy.



If the optimal strategy was (accept, accept), then the net effect
of attacking small prey was: {E(accept, accept) — E(reject, ac-
cept)} when the forager’s mouth was empty, and {E (accept,
accept) — E (accept, reject)} when the forager’s mouth was par-
tially full. If the optimal strategy was (accept, reject), then the
net effect of attacking small prey was: {E (accept, reject) — E (re-
ject, reject)} when the forager has an empty mouth, and {E(a-
ccept, accept) — E(accept, reject)} when the forager’s mouth
was partially full. If the net effect of attacking small prey was
positive, then they should be attacked and a should be 0.5;
if net effect was negative, then small prey should be rejected
and a should be 1.0.

Results

For small prey, mean p(capture) was 0.899 (SE=
0.032, n=16 predators), whereas for large prey
it was 0.683 (SE=0.037, n=16). (Calculations
weighing all attacks equally, rather than all preda-
tors equally yielded almost identical results: p(cap-
ture) of 0.888 and 0.685 respectively). Mean energy
return per attack (estimated in terms of biomass)
was then 0.0103 and 0.0035 mg respectively for
large and small prey. Mean handling times for
large and small prey respectively were 14.86 sec-
onds (SE=0.91, n=44 observed handling periods
on single prey) and 12.43 seconds (SE=0.57, n=
42). Mean prey value (biomass return/handling
time) was then 6.93 x 10~ * mg for large prey and
2.82x10™* mg for small prey. Large prey should
thus be preferred.

The conventional model predicted that small
prey should be accepted only if the encounter rate
with large prey was lower than 0.046 per second;
i.e., fewer than 27.6 encounters over a 10 minute
run. At low prey density, large prey were encoun-
tered, on average, only 9.38 times (SE=1.40, n=28)
per 10 minutes; none of the predators had more
than 16 encounters/10 min with large prey. Thus
the conventional model predicted that at low prey
density, all foragers should accept small prey in
the optimal diet. The multiple-prey model also pre-
dicted that at low prey density, small prey should
be accepted, regardless of whether the forager’s
mouth was empty or partially full. The net effect
of attacking small prey was 0.0149 mg (SE =0.026;
paired t-test vs. zero: 1=4.19, df=7, P<0.01)
when forager’s mouths were empty, and 0.0036 mg
(SE=0.015; paired t=2.40, df=7, P<0.05), when
forager’s mouths were partially full. Thus both
models predicted that at low prey density, foragers
should be non-selective; o should be 0.5.

As predicted, at low prey density, when their
mouths were empty, larval A. texanum were nonse-
lective (x=0.530, SE=0.021, n=38; r-test versus
(x=0.5:1=1.40, P>0.10). At low prey density, all

337

8 predators combined had only 22 instances where
they encountered prey (9 small, 13 large) when
their mouths were partially full. Sample sizes were
too small to calculate meaningful a-values. A chi-
square test (pooling data for all 8 predators)
showed no significant effect of prey size on the
probability of attack (y>=1.31, df=1, P>0.20).
Overall, both models predicted that foragers
should be non-selective, and indeed foragers were
non-selective. Because the models did not differ
in their predictions and because a prediction of
random foraging is not very powerful, these data
do not provide a strong test of the multiple-prey
model.

At high prey density, all predators encountered
large prey at a high enough rate that the conven-
tional optimal diet model predicted rejection of
small prey (number of encounters per 10 minutes:
x=46.13, SE=4.41, range=34-74); i.e., predicted
a=1.0. In contrast, the multiple-prey model pre-
dicted that all foragers should accept small prey
when their mouths are empty, and most (6/8) for-
agers should reject small prey when their mouths
are partially full; i.e., predicted a=0.5 when their
mouths are empty and, for most foragers, a=1.0
when their mouths are partially full.

Observed diet choice at high prey density
agreed well with the predictions of the multiple-
prey model. When their mouths were empty, for-
agers were nonselective (x=0.533, SE=0.026; -
test versus o=0.5:1=1.27, P>0.10), whereas
when their mouths were partially full they general-
ly showed a strong preference for large prey (a=
0.878, SE=0.080; t¢-test versus a=0.5:r=4.73,
P<0.01). A paired t-test comparing o-values for
a given predator when its mouth is empty versus
partially full showed a significant increase in pref-
erence for large prey when a forager’s mouth was
partially full (paired 1=4.76, P<0.01). None of
these patterns was predicted by the conventional
optimal diet model. Overall, at high prey density,
foragers showed a slight preference for large prey
(x=0.582, SE=0.030; ¢-test versus o=0.5:t=
2.73, P<0.05; t-test versus a=1.0, r=13.93, P<
0.001).

A more precise way of testing the multiple-prey
model is to separately examine the predicted and
observed diets of individual foragers under the two
conditions (mouth empty versus partially full). Fig-
ure 1 shows the relationship between the net effect
of attacking small prey and the preference for large
prey. The bold line is the predicted preference
based on the multiple-prey model. 16/18 points fall
on or close to the predicted line. This result is not
quite as astounding as appears at first glance. In
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Fig. 1. The relationship between the net effect of attacking small
prey and preference for large prey. The line indicates predicted
preference based on an energy-maximization multiple-prey
framework. Circles=high prey density, triangles=Ilow prey
density ; open symbols = mouth empty, closed symbols =mouth
partially full

14/16 instances, the model predicted that foragers
should have accepted small prey when their
mouths were empty and rejected small prey when
their mouths were partially full. In 13/14 of these
cases, foragers obeyed that relatively simple rule.
As mentioned above, in two instances, foragers
should have accepted small prey even when their
mouths were partially full. In 1/2 of these cases,
the forager actually was non-selective despite the
fact that its mouth was partially full.

Discussion

Diet selection by Ambystoma texanum was well ex-
plained by an optimal diet framework that ac-
counts for simultaneous search and handling and
the capacity for handling more than one prey at
a time. How broadly applicable is this framework
likely to be? The capacity for handling more than
one prey at a time should often occur when preda-
tors are much larger than prey, or when predators
capture and quickly incapacitate prey and then
consume their food over relatively long periods.
One or the other of these criteria would appear
to be often satisfied; in fact, they probably apply
in many, if not most, situations where vertebrates
feed on invertebrates. The simultaneous search and
handling criterion might be more restrictive. We
suspect that simultaneous search and handling are
easier to reconcile if predators search from ambush
(e.g., web spiders, some frogs). Although 4. tex-
anum larvae stalk their prey to some degree, at

high prey density, they are essentially ambush pre-
dators. To simultaneously search and handle, ac-
tively searching predators must be capable of mov-
ing while handling prey (e.g., some planktivorous
fish or insectivorous birds). Although we have re-
ferred to it as a multiple-prey framework, it should
not be applied to foragers that gather and handle
multiple-prey during separate time periods. e.g.,
squirrels that gather nuts, carry them in cheek
pouches, and then process them in a hiding place.

The fact that at high prey density, most 4. tex-
anum larvae employed a relatively sophisticated
feeding strategy that fit predictions based on an
energy-maximization premise raises an interesting
issue concerning selection pressures and the evolu-
tion of optimal foraging strategies. It has been sug-
gested that natural selection should only result in
optimal responses to environmental conditions if:
1) selection pressure favoring such responses is
strong (Wiens 1977; Sih 1982); and 2) the popula-
tion has had a history of selection under similar
conditions. Selection pressure for maximizing the
rate of net energy intake ought to be strong if pre-
dators are food-limited, and relatively weak if pre-
dators have superabundant food. A. texanum lar-
vae are often food-limited (Petranka 1984; Pe-
tranka and Sih 1986). Reduced food intake de-
creases larval growth and developmental rates (un-
published data) and thus decreases survivorship
relative to habitat drying (Petranka and Sih 1986,
1987). A. texanum larvae thus typically experience
strong selection pressure favoring efficient forag-
ing.
The specific conditions of our experiment, how-
ever, are probably rarely seen by A4. texanum in
nature, and are conditions where there was prob-
ably little cost to sub-optimal foraging. Although
zooplankton can be found in dense patches, to our
knowledge, A. texanum larvae relatively rarely ex-
perience prey densities as high as those found in
our high density treatment. Furthermore, at high
prey density, even sub-optimal foragers can prob-
ably achieve near maximum feeding rates, and the
cost (in fitness terms) of a small reduction in feed-
ing rate is generally low when overall feeding rate
is very high (Sih 1982). Calculations based on ob-
served encounter rates in our experiment showed
that if 4. texanum larvae had chosen either of two
simple but sub-optimal strategies (always reject or
always accept small prey), at high prey density,
the mean cost of these suboptimal strategies would
have been only a 2-5% reduction in energy intake.

Although we have no direct evidence on evolu-
tion in the sense of a historical pathway of change,



the above points suggest that for 4. texanum, selec-
tion favoring high energy intake rates under food-
limited conditions has resulted in the evolution of
proximate mechanisms that produce efficient for-
aging, even under conditions that are rarely seen
in nature and where the cost of sub-optimal forag-
ing is low.

Our results also have potentially important
ecological implications. The effect that predators
have on prey communities is often heavily depen-
dent on patterns of predator selectivity (Paine
1966; Connell 1978; Zaret 1980; Sih et al. 1985).
Predators that can search and handle prey simulta-
neously are likely to have a generalized diet even
at very high prey densities. In general, these for-
agers should be non-selective when their mouths
are empty and should only specialize when prey
density is high and their mouths are partially full.
For A. texanum larvae, even at extremely high prey
density (higher than is usually seen in nature), most
encounters with prey still took place when preda-
tors’ mouths were empty. Thus although these lar-
vae specialized on large prey when their mouths
were partially full, over the entire run, they showed
only a slight tendency to prefer large prey. Our
experiments were done using predators that handle
only two prey at a time. Predators that can handle
more than two prey simultaneously should show
an even greater tendency to be non-selective.
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