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Food choice causes interrupted feeding in the generalist
grasshopperSchistocerca americana: further evidence for

inefficient decision-making
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Abstract

Individual grasshoppers were observed foraging on either single food plant species or binary mixtures of them. Individuals ate
slightly less on the mixtures, but grew faster on them. In the mixtures, individuals fed regularly from both plant species, typically
eating both within a single meal. Feeding bouts were longer on the preferred plant species in the mixture. The pattern of foraging
behavior was markedly different in mixtures and single food treatments. In mixtures, although the total length of time engaged in
ingestion over the day was slightly less than in single food treatments, there were relatively more short feeding bouts and more
gaps between feeding bouts within meals, so that the time spent in activities associated with the food was markedly longer on
mixtures. This is discussed in terms of efficiency and the problem of choice that faces individual generalists. The efficiency factor
and its impact on vigilance is added to the other costs of being a polyphagous herbivore. 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Generalists make choices, and with respect to feeding,
several benefits may be expected, with the ready avail-
ability of resources being an obvious advantage. Also,
the selection of a variety of foods with complementary
nutrients can certainly benefit individuals (e.g. Clark,
1982). Dilution of particular, potentially deleterious,
plant secondary metabolites is another likely benefit
(Freeland and Janzen, 1974). Among generalist grass-
hoppers, there is some evidence that each of these factors
plays a role in maintaining polyphagy (Joern and Gaines,
1990; Bernays et al. 1992, 1994; Simpson et al., 1995).

Presumably, among grasshoppers where generalists
predominate (Chapman and Sword, 1997), the benefits
outweigh the many potential disadvantages that have
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been generally associated with broad diets (Futuyma and
Moreno, 1988). Yet, even within this taxon, the actual
foraging tactics of generalists vary greatly; some species
mix their foods minute by minute, while others move
between larger resources infrequently (Chambers et al.,
1996). The differences may be driven partly by intrinsic
differences among grasshopper species (Chambers et al.,
1996) and partly ecological factors such as the grain of
the food resource structure (Howard et al., 1994). Thus
for species whose food resources are limited and patchy,
the distance between them can be a constraint in food
mixing (Bernays et al., 1997a).

A less obvious constraint that may be associated with
food mixing involves the actual process of making a
choice (Bernays and Wcislo, 1994). For example, it has
been demonstrated that individual grasshoppers reared
with a choice of six foods, each with the proper balance
of nutrients but with distinctive flavors, were less
efficient in their foraging behavior than those reared on
a mixture of the same foods but having identical flavors;
suggesting that the persistent availability of a choice of
flavors presented some problem (Bernays, 1998). Thus,
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the benefits of mixing foods, such as obtaining an
improved nutrient balance, may be off-set to some extent
by the problems associated with making the choice. Such
problems may have little significance in laboratory stud-
ies, but translated into the natural world can be expected
to have profound effects on levels of vigilance, poten-
tially increasing ecological risks, particularly the risk of
predation (Dukas, 1998).

To investigate the relative importance of decision
making in a generalist species that normally mixes its
food items, we examined foraging behavior by a gen-
eralist grasshopper,Schistocerca americana, in con-
trasting habitats—a simple resource structure (one plant
species) and a more complex resource structure (two
plant species). Individual grasshoppers grow well on all
experimental foods alone but significantly better on the
binary mixtures (Bernays et al., 1994). We ask the fol-
lowing questions: (i) Do individuals with a choice
always feed on both species? (ii) Is there evidence of
nonrandom feeding by individuals offered a mixture that
could suggest intake of optimal proportions of each
food? (iii) Are individuals more, or less efficient in their
foraging patterns in the complex habitat than in the sim-
ple habitat? We discuss the findings in relation to the
possible constraints in decision-making by generalists,
and the costs and benefits of being a generalist.

2. Methods

2.1. The study organisms

We conducted the study on the grasshopper,Schisto-
cerca americana Drury (Orthoptera, Acrididae,
Cyrtacanthacridinae). This species occurs naturally over
most of southern and eastern North America. It is pol-
yphagous, with a predilection for woody plants (Otte,
1975; Capinera, 1993). We used two pairs of plant spec-
ies for the study in two separate experiments:

Experiment (1). Mesquite (Prosopis velutina) and
mulberry (Morussp), which both occur in the normal
geographical range ofS. americana. Both plant spec-
ies grow on the University of Arizona campus and
were obtained fresh daily.
Experiment (2). Cotton (Gossypium hirsutum) and
kale (Brassica oleracea), which represent domesti-
cated plants highly palatable toS. americana.Cotton
was grown in a University of Arizona greenhouse and
kale was purchased from a local store.

Cultures of grasshoppers were kept in standard cages
with wire mesh walls and fed a mixture of romaine let-
tuce, wheat seedlings and wheat bran. Conditions were
L:D 16:8, 24–28: 18–23°C. Tungsten lamps in the cage

provided the light and, in addition, radiant heat allowing
insects to thermoregulate.

2.2. Experiments

We placed females that had molted to the final larval
instar during the previous 24 h into inverted clear plastic
cups (11.5 cm high, 7.5 cm diameter at base) with a
ventilation hole at the top and a wire mesh strip for
roosting. A Petri dish provided the floor of each cup.
Each individual was provided with similar quantities of
food ad libitum, either single plant species, or two plant
species provided together. Fresh leaves were used with
their stems in water and these were replaced daily. Care
was taken to provide similar quantities of each food type
in the mixture (judged by eye). Cups were held in a
walk-in environmental chamber with L:D 12:12,
30:30°C.

We recorded when individuals molted to the adult
stage and each was weighed within 24 h and dried at
60°C for a final dry weight. This was compared with the
initial dry weight of a group of similar individuals at the
beginning of the sixth instar. From these data growth
rate was calculated for each insect. The weight range of
the insects used in each experiment did not vary by more
that 5% at the start of the experiment. Observations were
made on the individuals three days into the sixth instar,
when feeding rates are maximal (see Simpson, 1982a).

Up to 12 insects in separate cups could be observed
at one time, and each cup was shielded from the ones
on either side to prevent mutual visual disturbance. On
any one day we observed similar numbers of the two
single plant treatments and a mixed plant treatment con-
sisting of each of the plants used in the single plant treat-
ments. In total we observed 10 individuals on each of
the six treatments (total 60), each for 10 h, approxi-
mately 07.30 to 17.30.

On the observation day cups were removed to an
observation room held at 30°C. Fluorescent lights above
the cups ensured that insects were brightly illuminated
with the observers in relative darkness to reduce disturb-
ance.

2.3. Observation parameters

We recorded all observations on a Hewlit Packard
hand-held computer programmed as an event recorder.
Walking, resting and feeding were recorded as continu-
ous “states”; palpation and biting as “events”. Individ-
uals usually roosted at the top of the cup and walked
down to the food at intervals, whereupon they palpated
or bit the food, and then either fed upon, or rejected it.
If it was rejected the individual might try one or more
additional samples of leaves, before feeding or leaving
the vicinity of food altogether. When individuals fed,
they had one or more feeding bouts separated by short



65E.A. Bernays, K.L. Bright / Journal of Insect Physiology 47 (2001) 63–71

gaps or pauses; such groups of bouts are termed meals
(see below). At the end of a period of feeding or when
the food was completely rejected, insects usually moved
away from it and returned to the roost. For all analyses
single values (mean or media) for each parameter per
insect were used.

2.4. Analyses

Growth rates were compared using two-way ANOVA.
The factors were experiment (cotton and kale or mul-
berry and mesquite) and treatment (mixed food, or single
food 1 and 2). Within an experiment Dunnett’s test was
used to compare single plants vs the mixture.

Feeding occurred in bouts (periods of continuous
ingestion), which were commonly grouped together in
meals. A meal was defined as a series of bouts in which
no interbout gap exceeded a certain minimum number
of minutes—this criterion, based on log survivor analysis
(Simpson, 1982b), varied from 0.9 to 4 min, depending
on the treatment.

Proportions of feeding bouts of different lengths and
gaps of different length were compared using a non-
parametric two-way ANOVA (Scheirer-Ray-Hare exten-
sion of the Kruskal-Wallis test, Sokal and Rohlf, 1995),
since all these data were not normally distributed. Pro-
portions of bouts and interbout gaps less than 30 s and
5 min, respectively, are illustrated, and comparison
between single food and mixed food treatments made
with t-tests.

Numbers of rejections, meal lengths, total time spent
feeding, and proportion of time spent in interbout gaps
were each compared using two-way ANOVA. The fac-
tors were experiment (cotton and kale; mulberry and
mesquite) and treatment (mixed food, single food 1 and
2). Within an experiment Dunnett’s test was used to
compare the effect on single plants vs the mixture.

3. Results

All individuals fed regularly during the observation
period and all survived to molt, reaching adulthood
within two to three days of one another. All six food
regimes result in good growth although individuals given
the mixed diets had significantly higher growth rates
than those given single foods (Fig. 1).

In the mixtures, all individuals fed from both foods.
On some occasions, one whole meal consisted of one
food plant, but in 83% of all meals both foods were
eaten. The food mixing varied from a single bout on
each, a small bout of one embedded in a meal of the
other, or an alternation between the two foods (see
below).

In the mulberry-mesquite mixture individuals ate 58
to 93% mesquite (mean±S.E.M., 76±11). In the cotton-

Fig. 1. Growth rates of insects on mixtures of two foods is greater
than on either food alone. ANOVA on the combined data—Experi-
ment,F1,56=0.161,P,0.05; Treatment,F1,56=9.482,P,0.001; Interac-
tion, F1,56=0.704,P.0.05. Dunnett’s test on single vs mixedP,0.05
in each case (*).

kale mixture individuals ate 65 to 87% kale
(mean±S.E.M., 75±8). All individuals in the mixed-food
treatment biased their feeding time towards one of the
two plant species in each experiment (sign test,P,0.05).
This nonrandom food selection may result from intrinsic
differences in plant acceptability or may result from
feedbacks and learning that improve the decision in
favor of the best plant (or the best plant at that particular
time). Growth rates of individuals over the whole instar
were weakly but significantly positively correlated with
increased proportions of the minor food being eaten dur-
ing the observations (Spearman’sr: mulberry/mesquite
0.23, P,0.05; cotton/kale 0.44,P,0.05).

The general pattern of feeding bouts over the 10 h
observation period were different in single and mixed
food treatments. Examples of these are shown in Fig. 2.
Single feeding bouts, whether as uninterrupted meals or
parts of multibout meals, were shorter when insects had
a mixture of foods than when they had only one. This
was largely due to the fact that mixed-food insects had
a relatively high proportion of bouts less that 30 s (Fig.
3). Most of the short feeding bouts were grouped into
multibout meals, so that there were many short gaps rep-
resenting the pauses between bouts during meals. As a
result, mixed-food insects also had a relatively high pro-
portion of interbouts of less that 5 min (Fig. 4).

Mixed-food insects had longer meals (i.e. a series of
feeding bouts separated by no more than 5 min) than
single-food insects, but the total time spent in ingestion
over the whole observation time of 10 h was slightly
less than for single-food insects (Fig. 5).
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Fig. 2. Examples of individual patterns of feeding by six insects on single or mixed foods. Vertical lines represent lengths of feeding bouts.
Horizontal scale represents the 10 h of observation. Note that in some cases feed bouts are grouped together to form meals (see text).

In both experiments all individuals rejected the single
food plant (single food treatment), or each of the two
food plants (mixed food treatment), on some occasions.
When presented in mixtures however, the foods were
rejected significantly more often than when the same
foods were presented alone (Fig. 6). In the mixtures the
numbers of contacts on each of the two foods were simi-
lar as were the numbers of rejections (Fig. 7) suggesting
that insects were not, overall, discriminating among the
foods early in the ingestion process. However, as shown
in Fig. 3 the food eaten in the mixtures was eaten in
shorter bouts, indicating that a distinction was made after
ingestion began.

Most insects took at least some of their meals as
groups of smaller bouts rather than a single long feeding
bout. Bout criteria to determine which bouts should be
included within a meal varied from 0.9 to 4 min
depending on the treatment, but larger numbers of
interbouts would be needed to obtain certainty on these

figures. The overall bout criterion on all pooled data was
approx 2 min (Fig. 8). This figure was used for compar-
ing feeding efficiency across treatments. The proportion
of meals having pauses as well as the lengths of the
pauses taken in a meal (up to 2 min) were greater in
mixed treatments than single treatments. Thus, insects
provided with a mixture spent a large and significantly
greater proportion of all meal time in pauses during feed-
ing (Fig. 9).

4. Discussion

4.1. Mixing

It was clear that mixing of plant foods invariably
occurred when a choice was available, although it did
not occur in every meal. Nonetheless, a large proportion
of the mixing in the 10 h observation period occurred
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Fig. 3. Prevalence of short bouts is greater in the mixtures than in
the single-food treatments, illustrated here as the proportion of very
short bouts in each case. Mean and standard error given. Studentt-
tests show that this is significant in each case: *P,0.05, **P,0. 01.
Nonparametric ANOVA on the combined data on all bouts—Experi-
ment d.f. 1,56 H=2.401, P.0.05; Treatment d.f. 1,56 H=8.670,
P,0.001; Interaction d.f. 1,56 H=0.839,P.0.05. Mann–Whitney test
on single vs mixedP,0.05 in each case.

within meals. That is, most meals consisted of both
available plant species, whether the choice was mesquite
and mulberry, or cotton and kale. It is difficult to
imagine that the grasshoppers could use food nutritional
characteristics to make a precisely informed choice
because (i) nutrient needs are believed to be monitored

Fig. 4. Prevalence of short interbouts is greater in the mixed treat-
ments relative to each of the single food treatments. Mean and standard
error given. Studentt-tests show that this is significant in each case: *
P,0.05, **P,0.01. Nonparametric ANOVA on the combined data on
all interbouts—Experiment d.f. 1,56 H=6.676,P.0.05; Treatment d.f.
1,56 H=7.147,P,0.05; Interaction d.f. 1,56 H=5.512,P.0.05. Mann–
Whitney test on single vs mixedP,0.05 in each case.

over a time frame much longer than the minute-by-
minute process of taking a single meal (Simpson and
Raubenheimer, 1993), and (ii) learning to associate a
plant taste or smell with its specific postingestive quality
would be negated by the presence of a mixture in the gut.

In each plant pair, one species was eaten more than
the other by all individuals. Since it is difficult to attri-
bute mixing to any specific feedback or learning process
under these circumstances, we assume that the plant
eaten most in each case was the one with an intrinsically
greater palatability, due to the presence of higher levels
of phagostimulants, lower levels of deterrents, or both
of these. There is evidence of such differences in palat-
ability among these food plants published elsewhere:
kale is preferred to cotton (Bernays et al., 1997a); mes-
quite is preferred to mulberry and the latter contains
deterrent leaf surface waxes (Chapman and Sword,
1993). Nonetheless, that individuals ate a less preferred
plant in the presence of a preferred one, clearly conferred
an advantage since individuals having both plants to eat
showed a faster growth rate than those having only one;
here and in other studies (Bernays et al., 1994). Thus,
there is a potential fitness advantage obtained from mix-
ing the foods.

It is possible that in the mixed-food treatments feeding
on each food was a more or less random process, but
with one food being more acceptable than the other,
because of different relative phagostimulatory powers of
the two food and/or the attraction of novelty. While the
former is perhaps self evident, the latter has been demon-
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Fig. 5. Meal lengths and overall time spent feeding were influenced
by treatment. (a) Average meal lengths were longer for insects in the
mixed-food treatments than for insects in the single-food treatments.
ANOVA on the combined experiments—ExperimentF1,56=0.595,
P.0.05; TreatmentF1,56=14.122, P,0.005; InteractionF1,56=1.362,
P.0.05. Dunnett’s test on single vs mixedP,0.05 (*). (b) Total time
spent feeding (sum of all individual bouts) was shorter for insects in
the mixed-food treatments than for insects in the single-food treat-
ments. ANOVA on the combined experiments—Experiment d.f. 1,
F=0.385,P.0.05; Treatment d.f. 1,F=7.711,P,0.05; Interaction d.f.
1, F=1.362,P.0.05. Dunnett’s test on single vs mixedP,0.05 (*).

Fig. 6. Numbers of rejections of foods is greater in the mixed treat-
ments relative to each of the single food treatments. ANOVA on the
combined experiments—ExperimentF1,56=0.151,P.0.05; Treatment
F1,56=17.774, P,0.001; InteractionF1,56=0.491, P.0.05. Dunnett’s
test on single vs mixedP,0.05 (*) or P,0.01 (**).

Fig. 7. Individual contacts and rejections on the two foods in the
mixture treatment of each experiment. There were no differences
between the plants within each of the two mixed treatments.

strated in this and other species of polyphagous grass-
hoppers (Bernays et al., 1992; Bernays et al., 1997b) and
could be important in increasing the opportunity for util-
izing nutritionally rewarding foods that are relatively
unpalatable. An ability to make use of inconspicuous or
unpalatable nutritious resources would provide a benefit
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Fig. 8. Log survivor analysis of interbout lengths from all insects
and treatments, showing a bout criterion at about 2 min (arrow).

Fig. 9. Using 2 min criterion across all insects, insects having a mix-
ture of foods spent a greater proportion of meal time in gaps. ANOVA
on the combined experiments—ExperimentF1,56=0.139, P.0.05;
TreatmentF1,56=34.028, P,0.001; InteractionF1,56=0.155, P.0.05.
Dunnett’s test on single vs mixedP,0.01 (**).

for generalists and the necessary advantage allowing for
the co-occurrence of generalists and specialists in mod-
els (Wilson and Yoshimura, 1994). Perhaps the process
of investigating the alternative food in a mixture is at

least partly driven by the attraction of novel or diverse
sensory inputs, even though the proportions eaten reflect
at least partly the intrinsic levels of palatability. A result
of this type of mixing, due to the attraction of novelty,
may be a fortuitous improvement in nutritional status,
and therefore greater growth rate. However, we cannot
exclude the alternative possibility that this mixing of
food plants within meals is a result of chemosensory
changes resulting from experience. This may have
caused varying palatability such that the food providing
more of a currently needed nutrient was eaten in longer
bouts than the alternative as suggested by the work of
Simpson (1995). We believe this is unlikely however,
because of the short time frame over which the switching
between foods occurred.

4.2. Foraging pattern

The detailed observations of foraging pattern demon-
strated that the presence of two food types had major
effects, causing more rejections, more short feeding
bouts, fewer long feeding bouts, and more short
interbouts than occurred with only one food type present.
This more interrupted feeding pattern was associated
with a slight overall reduction in feeding time on the
mixture compared with single foods, even while the mix-
tures allowed insects to grow faster, suggesting that there
was complementarity in the two foods in each experi-
ment (Bernays et al., 1994).

Thus the advantages of mixing food, a faster growth
rate, and slightly less time spent ingesting food, also
came together with a potential cost, interrupted feeding
patterns. The repeated rejection of both foods in the mix-
ture suggests that the grasshoppers may have had some
difficulty in focusing on eating a particular food. Such
apparent lack of decisiveness is of no consequence in a
laboratory setting, but the consequences could be more
important in the field where predators and other dangers
exist. Individual meals, as determined by the log sur-
vivor analyses, were extended in grasshoppers provided
with a mixture of foods, there being five times more of
the meal time being spent in pauses than by grasshoppers
given single foods. Part of this time was spent with
investigating the alternative available food, but surpris-
ingly, grasshoppers then often rejected the alternative
food and returned to the first food. This study investi-
gates a situation in which the two alternative foods were
very close together, and this will occur to varying
degrees depending on the species of grasshopper species
and the habitat. WithS. americana, nymphs of all ages
have been observed in very complex vegetation with
interdigitating herbaceous plant species in summer in
North Carolina (personal observation), but there is no
information on how typical this situation may be.

We propose, that in the presence of a choice, the more
complex sensory environment may make choice diffi-
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cult, or cause distraction from feeding initiated on the
first food accepted. Difficulty in decision-making has
been suggested as a problem for generalists (e.g. Levins
and MacArthur, 1969; Krebs and Davies, 1981; Ste-
phens, 1987; Bernays and Wcislo, 1994; Kotler and Mit-
chell, 1995; Dall and Cuthill, 1997) because of a need
to deal with information that is more diverse and com-
plex. If there are costs in being a generalist, they could
relate to longer decision times, or poorer decision qual-
ity, or both (Bernays, 1996). With grasshoppers reared
as generalists rather than specialists, decision times were
increased in the generalists (Bernays, 1998) and in more
generalist clones of the aphidUroleucon ambrosiaethan
in specialist clones (Bernays and Funk, 1999). In
addition, decision quality was shown to be poorer in gen-
eralist relative to specialist butterflies (Janz and Nylin,
1997).

Apart from decision-making, the level of attentiveness
to feeding activity during foraging on a particular sub-
strate when additional food-related stimuli are present
may also be affected by a more complex sensory
environment. Selective or heightened attention should
prevent distraction and allow uninterrupted feeding,
which would be expected to be greater among specialists
than among generalists. In the case of grasshoppers with
a variety of different odors in a mixture of artificial
foods, there was more intermittent feeding during the
course of one meal, relative to the situation where only
one food odor was present (Bernays, 1998), just as it
was in the present work with two vs one food plant. In
the aphid, Uroleucon ambrosiae, specialists worked
more diligently at reaching the phloem of the principal
host after probing began than did the generalists
(Bernays and Funk, 1999). Studies with the generalist
whitefly, Bemisia tabaci, showed that individuals suf-
fered an unsettled pattern of activity in the presence of
a mixture of hosts, leading to relatively very poor per-
formance compared to when only one host was present
(Bernays, 1999). These studies are consistent with the
hypothesis that complex sensory stimuli reduce “decis-
iveness”, and/or allow distraction.

There is evidence among other taxa that selective
attention or focussing of attention is a critical need for
all animals (Dusenbery, 1992; Dukas, 1998) and the
ability to process complex food information while main-
taining vigilance has been demonstrated to be difficult
in some species (Milinski, 1990). This general problem
has led to the hypothesis that neural constraints could
be one of the underlying reasons for the relative abun-
dance of specialists among phytophagous insect species
where clear host vs non-host signals may make contrasts
strong and the choice therefore simpler (Bernays and
Wcislo, 1994; Bernays, 1996).

Among species with sophisticated processing abilities,
mechanisms to deal with the problem of neural con-
straints may allow more effective use of a variety of

available foods than is possible for species with simpler
processing neural and behavioral repertoires. For
example, many nectar-feeding insects show floral con-
stancy, rapidly learning floral colours, shapes, and
odours, and, in the case of bees, categorizing them in
ways that enhance recognition of similar sensory inputs
(Dukas and Waser, 1994). While learning may seem to
have obvious value for foraging on flowers, another view
of floral constancy is the need to attend selectively to
subsets of the available resources in order to make
efficient decisions (Dukas and Real, 1993). This may be
aided by innate tendencies to show selective attention to
particular colors with no associated rewards (Hill et al.,
1997). Among generalist herbivores, little is known
about how attentiveness is achieved, while it seems
likely that among specialists there may be much sharper
or clearer signals, such as the presence of sign stimuli to
which specialists’ receptors are often highly tuned (e.g.
Schoni et al., 1987). Such signals would automatically
cause an individual to attend to its host (Bernays, 1996).

Trade-offs in relation to diet breadth probably differ
with taxon. Among insects, life history differences will
affect which factors have greater impact—for example
the feeding stage may be separated from the food selec-
tion stage as in many moths and butterflies, or be the
same stage as in grasshoppers. There may be more
important attentional factors for an ovipositing butterfly
or a foraging honeybee than for their larvae which feed
throughout their development on a predetermined food.

The benefits of polyphagy probably reside in resource
availability for all generalists, while for species that
actively move among resources and feed on a variety of
them, there are potential advantages in food mixing by
individuals (such as obtaining complementary nutrients
and diluting toxins). Set against these benefits are the
many possible costs that have been much discussed in
the literature, both physiological and ecological (e.g.
Futuyma and Moreno, 1988; Bernays and Graham, 1988;
Jaenike, 1990). In addition, we suggest a cost of poly-
phagy that has not generally been weighed in these dis-
cussions: the difficulty of being decisive, efficient in the
details of foraging, and vigilant with respect to potential
ecological risk. Our present data suggest that this is the
case and adds to the evidence presented in related studies
on neural constraints (Janz and Nylin, 1997; Bernays
1998, 1999; Bernays and Funk, 1999).
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