
Journal of Insect Physiology 49 (2003) 1161–1171
www.elsevier.com/locate/jinsphys

A correlation between macronutrient balancing and insect
host-plant range: evidence from the specialist caterpillar

Spodoptera exempta (Walker)

Kwang Pum Leea,∗, David Raubenheimera, Spencer T. Behmera, Stephen J. Simpsona,b

a Department of Zoology, University of Oxford, South Parks Road, Oxford OX1 3PS, UK
b University Museum of Natural History, University of Oxford, South Parks Road, Oxford OX1 3PW, UK

Received 20 May 2003; received in revised form 28 August 2003; accepted 28 August 2003

Abstract

In an earlier study, we showed that the ingestive responses of the generalist caterpillarSpodoptera littoralis to foods imbalanced
in their protein:carbohydrate content is similar to generalist locusts, but differs from that of specialist-feeding locusts. Here we
further pursued the comparison by repeating the experiments using a closely related specialist caterpillar,Spodoptera exempta.
First, caterpillars were allowed to self-compose a diet of preferred protein:carbohydrate balance by mixing between nutritionally
complementary foods. Then, they were confined to one of five imbalanced foods, in which we measured the trade-off between
over- and under-ingesting the two nutrients. On complementary foods, the caterpillars actively regulated their protein and carbo-
hydrate intake. In the no-choice experiment, those fed excess-protein foods ingested small surpluses of protein compared with
generalist feeders, thus showing a pattern of nutrient balancing similar to that observed in specialist locusts. Utilisation data indicated
that ingested excesses and deficits were to some extent offset by differential utilisation. Evidence also showed that post-ingestive
responses of the specialistS. exempta were less flexible than those observed in the generalistS. littoralis, a pattern which is again
in accordance with comparisons of acridids differing in their host-plant range.
 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

While some insect herbivores feed on a broad range of
host-plant families, the majority are host-plant specialists
(Bernays and Chapman, 1994; Schoonhoven et al.,
1998). The diets of specialists and generalists differ in
aspects of their chemistry, most notably secondary plant
metabolites (Ehrlich and Murphy, 1988; Rosenthal and
Berenbaum, 1992). Although not explicitly tested, it is
also likely that, on average, generalists experience a
greater degree of nutritional heterogeneity in their diets
than do specialists. This would be the case if the variance
in nutritional quality was greatest at higher levels in the
hierarchy of food items (plant species, individual plants,
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ramets, branches, shoots and leaves), and some evidence
for this does exist (Suomela and Ayres, 1994; Suomela
et al., 1995, 1997; Suomela, 1996). Such differences
would be expected to influence the evolution of stra-
tegies for nutrient balancing (Raubenheimer and Simp-
son, 1999, 2003; Simpson et al., 2002).

In recent years, we have begun an investigation of the
differences between specialist and generalist species in
responses to macronutrient imbalance. A comparative
study conducted with two grasshopper species, one the
grass-specialist African migratory locustLocusta
migratoria (L.) and the other the extreme generalist
desert locustSchistocerca gregaria (Forskål), revealed
significant differences in the regulatory responses to
macronutrient imbalance. When restricted to single
nutritionally imbalanced foods, gregarious phaseL.
migratoria over-ingested protein to a lesser extent than
did the highly polyphagous gregarious form ofS. grega-
ria (Raubenheimer and Simpson, 1999, 2003). The same



1162 K.P. Lee et al. / Journal of Insect Physiology 49 (2003) 1161–1171

difference in feeding response was also found between
the gregarious phase of S. gregaria and the more special-
ised solitarious phase, with the solitarious insects
responding to imbalance in a manner that was more
similar to L. migratoria than to their gregarious conspe-
cifics (Simpson et al., 2002). These observations suggest
that for grasshoppers, host-plant range is a likely predic-
tor of responses to nutritional imbalance, with generalist
feeders ingesting larger nutrient excesses than those with
narrower host range.

In a previous study (Lee et al., 2002), we investigated
various aspects of nutritional regulation in the highly
polyphagous cotton leafworm Spodoptera littoralis
(Boisduval). S. littoralis responded to protein:carbo-
hydrate imbalance in a manner that closely resembled
that for generalist-feeding locusts (Lee et al., 2002). In
the present paper we took the opportunity offered by a
closely related grass-feeding specialist, Spodoptera
exempta (Walker), to further test the relationship
between host range and nutritional regulatory responses
in insects. We used the same protocols as the earlier
studies to measure ingestive, post-ingestive and perform-
ance responses of S. exempta to foods that are
nutritionally balanced and imbalanced with respect to
their protein:carbohydrate content. As predicted, S.
exempta showed patterns of regulation that were similar
to specialist grasshoppers, and different from the gen-
eralist-feeding caterpillar S. littoralis. For the first time
this broadens the evidence beyond locusts for distinct
patterns of nutrient regulation by generalists and special-
ists. We discuss the possible reasons underlying this
emerging correlation.

2. Materials and methods

2.1. Insects and experimental arenas

Caterpillars (gregarious phase S. exempta) came from
a culture at the NERC Centre for Ecology and
Hydrology, Oxford, and were reared on a wheat-germ
based semi-artificial diet containing approximately 33%
protein and 28% carbohydrate (Hoffman et al., 1966)
until they had reached their final (6th) stadium. During
this pre-experimental rearing period, they were cultured
under crowded conditions at a density of 150–200
insects per container (25 × 25 × 45 cm). Upon moulting
to the final stadium, caterpillars were weighed to the
nearest 0.1 mg (initial fresh mass), and each was placed
into its own experimental arena, a 9 cm diameter Petri
dish that had five 1 mm diameter perforations in the
upper lid (Lee et al., 2002). The insects were maintained
throughout the experiment at 27 ± 5 °C under a
12L:12D photoregime.

2.2. Synthetic foods

Seven foods differing in their content (%) of protein
(p) and digestible carbohydrates (c) were prepared:
p35:c7, p28:c14, p21:c21, p21:c4.2, p14:c28,
p12.6:c12.6 and p7:c35. The protein content of all the
foods consisted of a 3:1:1 mixture of casein, peptone
and albumen (a mixture which provides a closely similar
amino acid profile to seedling wheat), while sucrose was
the digestible carbohydrate. Other nutrient components
included micronutrients such as Wesson’s salt (2.4%),
cholesterol (0.5%), linoleic acid (0.5%), ascorbic acid
(0.3%) and a vitamin mix (0.2%) (Dadd, 1961). The
remaining portion of the food was comprised of the non-
nutritive bulking agent, cellulose. The chemical compo-
sitions of the foods were identical to those used during
our previous study on S. littoralis (Lee et al., 2002), thus
allowing a direct comparison of the nutritional regulat-
ory responses between S. exempta and S. littoralis. The
foods were presented to the insects suspended in a 1%
agar solution in a 6:1 agar solution:dry ingredients ratio
(83% water content).

2.3. Experimental design and protocol

Two separate experiments were designed. In the first,
caterpillars were given a choice between two
nutritionally complementary but imbalanced foods (Lee
et al., 2002). One of two protein-biased foods that con-
tained five times higher protein than carbohydrate (PB-
food: p35:c7 or p21:c4.2) was paired with one of two
foods with equal ratios of protein to carbohydrate (ER-
food: p21:c21 or p12.6:c12.6). These combinations
resulted in four food-pair treatments. The second experi-
ment was a no-choice design in which we presented the
caterpillars with one of five foods differing in their pro-
tein to carbohydrate ratio but containing the same total
nutrient concentration (P + C% = 42%): p35:c7, p28:c14,
p21:c21, p14:c28 and p7:c35.

Both experiments started when the caterpillars had
ecdysed to the final larval stadium. Throughout the
experimental period, individual insects received either
two blocks (choice experiment) or a single block of food
(no-choice experiment). Each block was weighed to the
nearest 0.1 mg before being presented to the insects. The
mass of the blocks was between 1300 and 2000 mg, an
amount that slightly exceeds the insects’ daily consump-
tion. Hence, caterpillars had continuous access to food,
and yet the surplus was minimal thus improving the
accuracy of intake estimates (Schmidt and Reese, 1986).
Feeding dishes were sealed with a strip of Parafilm to
prevent rapid desiccation of the food block. After 24 h,
any food still remaining was collected and replaced with
a fresh, pre-weighed block. Removed blocks were then
dried to constant mass at 50 °C and subsequently
weighed to the nearest 0.1 mg. This procedure was
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repeated daily until each caterpillar ceased to feed prior
to pupation. Stadium duration was measured to within 6
h from pupation. Pupae were dried at 50 °C to constant
mass and weighed to the nearest 0.1 mg. Dried pupae
were lipid extracted in three, 24 h changes of chloro-
form. At the end of the third chloroform wash, pupae
were re-dried and re-weighed. Lipid content was esti-
mated from their mass change. Finally, analysis of nitro-
gen content in lipid-free pupae was performed using the
micro-Kjeldahl procedure. To estimate daily food intake
(dry mass) for individual caterpillars, control arenas
were established that contained only pre-weighed blocks
of food. These controls were run concurrently with the
other experimental arenas and were used to construct a
regression equation from which the initial dry mass of
the blocks of food was back calculated. Twelve repli-
cates were used in all four treatments in the choice
experiment and in treatments p28:c14 and p14:c28 in the
no-choice experiment. However, we assigned twenty-
five replicates to the remaining three treatments in the
no-choice experiment (p35:c7, p21:c21 and p7:c35) to
increase the statistical power of comparisons with the
other treatments.

2.4. Statistical analyses

Analysis of covariance (ANCOVA) was used to
examine how the protein and carbohydrate content of the
different foods related to intake, growth and utilisation
efficiencies (i.e. utilisation indices; Raubenheimer and
Simpson, 1992). In addition, multivariate nutrient intake
data were analysed by multivariate analysis of covari-
ance (MANCOVA), using Pillai’ s trace statistic, which
is considered to be the most robust to violation of
assumptions (Scheiner, 1993). For MANCOVA analy-
ses, the initial fresh mass of the insect was used as a
covariate to adjust for size differences (Raubenheimer
and Simpson, 1992). The normality and homoscedastic-
ity of the data were inspected with Kolmogorov–
Smirnov and Bartlett’ s tests, respectively, before per-
forming parametric analyses. Where necessary, data
were transformed. Accelerated failure-time analysis
(PROC LIFEREG using Weibull distribution) was used
to test for differences in stadium duration among treat-
ments (Fox, 1993). All statistical analyses were perfor-
med using SAS version 6 (SAS Institute, 1990).

3. Results

3.1. Experiment 1: Selected diet

3.1.1. Nutrient and food intake
To test for effects of food pairing on macronutrient

intake by self-selecting insects, we used a MANCOVA
with cumulative protein-carbohydrate intake as depen-

dent variable and dilution level of the ER- and PB-foods
as factors. Concentrations of the PB- and ER-food sig-
nificantly affected nutrient intake, but there was no sig-
nificant effect due to the interaction between the two
main factors (Table 1). Fig. 1b shows that the effect of
diluting the ER-food was to shift the intake trajectories
towards higher protein intake. Fig. 1 also shows that the
protein–carbohydrate intakes of all treatments were
actively regulated, since their trajectories differed sig-
nificantly from hypothetical trajectories expected if the
caterpillars were to have fed indiscriminately between
the two foods in their choice treatment.

Food intake patterns between the PB-food and ER-
food were affected by the concentration of the ER-food
but not by that of the PB-food (Table 1). There was no
significant interaction between the two main factors. In
all four treatments, caterpillars ate more of the ER-food
than the PB-food (Fig. 2). Total food intake was signifi-
cantly higher for caterpillars provided with the more
dilute ER-food (p12.6:c12.6) than with the concentrated
food (p21:c21) (ANOVA: F1,39 = 36.36, P � 0.001).
However, the concentration of PB-food had little effect
on total food intake (F1,39 = 0.41, P = 0.525).

3.1.2. Performance and utilisation
During the experiment, five insects (one each from

treatment p35:c7 vs. p21:c21 and treatment p21:c4.2 vs.
p21:c21 and three from treatment p35:c7 vs.
p12.6:c12.6) failed to pupate and were discarded from
all analyses. There was no difference in stadium duration
among treatments (accelerated failure-time analysis: c 2

= 0.03, d.f. = 3, P = 0.999). Dry pupal mass was affected
by the concentration of the ER-food (ANCOVA: F1,38

= 9.98, P = 0.003) but not by that of the PB-food
(F1,38 = 0.90, P = 0.348). In general, caterpillars pro-
vided with p21:c21 as the ER-food produced heavier
pupae than those with p12.6:c12.6. The initial fresh mass
(covariate) had little effect on the pupal mass (F1,38 =
2.04, P = 0.161). No significant interaction was found
between the effects of ER-food and PB-food on dry
pupal mass (F1,38 = 0.00, P=0.963).

A bicoordinate plot for nitrogen (protein-derived) and
lipid (carbohydrate-derived) pupal content under choice
conditions is presented in Fig. 3. The positions of nitro-
gen–lipid content in the plane were strongly affected by
the ER-food, such that those experimental groups given
the concentrated ER-food had higher lipid content irres-
pective of the concentration of the PB-food with which
it was paired (lack of statistical interaction, Table 2). In
addition, insects provided with p35:c7 had higher body
nitrogen content than those with p21:c4.2, but the effect
of the PB-food concentration on the overall carcass
nitrogen–lipid content was not as great as that of the ER-
food. Initial fresh mass had a just significant effect on
the nutrient composition of the dry pupae (Table 2).

Utilisation plots (Raubenheimer and Simpson, 1992,
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Table 1
MANCOVA results for macronutrient (protein and carbohydrate) and food (PB- and ER-food) intake in the choice experiment. Initial fresh mass
was used as a covariate to adjust for size differences between insects

Source d.f. Macronutrient Intake Food Intake
Num., Den.

F-value P-value F-value P-value

PB-food 2, 37 10.64 0.000 0.93 0.403
ER-food 2, 37 22.73 0.000 30.12 0.000
PB-food × ER-food 2, 37 1.50 0.237 1.40 0.260
Initial mass 2, 37 0.45 0.640 0.92 0.406

Fig. 1. Bivariate means (±SE) for protein–carbohydrate intake of
caterpillars in the choice experiment. Points along each trajectory rep-
resent the cumulative intake of protein and carbohydrate over success-
ive days, up to the last day of feeding. The two solid lines represent
nutrient ‘ rails’ and indicate the protein:carbohydrate ratio of the PB-
food (5:1) and the ER-food (1:1). The long-dashed and dotted lines
indicate the expected protein-carbohydrate intake trajectories on the
treatments with p21:c4.2 and p35:c7 foods, respectively, if feeding had
occurred indiscriminately between two complementary foods, PB-and
ER-foods.

1994) showing the conversion of ingested nitrogen to
body nitrogen are presented in Fig. 4a and b, where
nitrogen eaten is estimated as protein consumption/6.25.
The effect of the concentration of each food (PB- or ER-
food) on nitrogen utilisation was analysed separately.
When the homogeneity of slopes was tested in each, we
did not find any significant interaction between ingested
nitrogen (covariate) and either of the main factors
(ingested nitrogen × PB - food: F1,39 = 2.10, P =
0.155; ingested nitrogen × ER - food: F1,39 = 0.28, P
= 0.601). Subsequent ANCOVA for each food treatment
indicated that the amount of nitrogen eaten was the only

Fig. 2. Mean (±SE) of the PB-, ER-food and the total food eaten by
caterpillars in the choice experiment.

factor affecting pupal nitrogen content (for differing PB-
food treatment: F1,40 = 27.95, P � 0.001; for differing
ER-food treatment: F1,40 = 38.02, P � 0.001), with no
residual effect due to the concentration of each food (PB-
food: F1,40 = 0.07, P = 0.798; ER-food: F1,40 = 1.21,
P = 0.278). Thus, there was no difference among treat-
ments in nitrogen utilisation efficiency.

The conversion of ingested carbohydrate to body lipid
content according to the level of PB- and ER-food is
shown in Fig. 4c and d, respectively. For the PB-food,
we detected a significant interaction between the concen-
tration of the PB-food and the covariate (Fig. 4c;
ingested carbohydrate × PB - food: F1,39 = 8.82, P =
0.005), whereas no such covariate-by-treatment interac-
tion was found for treatments that differed in their ER-
food nutrient content (Fig. 4d; ingested carbohydrate ×
ER - food: F1,39 = 0.13, P = 0.725). When the slopes of
regression lines were compared, we observed that body
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Fig. 3. Bivariate means (±SE) of body nitrogen–lipid content of
pupae in the choice experiment.

Table 2
MANCOVA results for body nitrogen-lipid content in the choice
experiment. Initial fresh mass was used as a covariate to adjust for
size differences between insects

Source d.f. Body Composition
Num., Den.

F-value P-value

PB-food 2, 37 3.43 0.043
ER-food 2, 37 18.36 0.000
PB-food × ER-food 2, 37 0.41 0.664
Initial mass 2, 37 3.50 0.041

lipid content increased more rapidly with carbohydrate
intake in the low PB-food (p21:c4.2) than in the high
PB-food (p35:c7) (Fig. 4c), while no detectable differ-
ence in such rate of conversion was found between the
treatments with differing ER-food concentration level
(Fig. 4d). ANCOVA on the data presented in Fig. 4d
revealed a significant residual effect of diet on lipid
growth once carbohydrate intake had been statistically
removed, suggesting that the cellulose-mediated dilution
effect of ER-food reduced the body lipid content per unit
carbohydrate eaten (F1,40 = 4.49, P = 0.040). A similar
reduction in the utilisation efficiency of ingested carbo-
hydrate with dietary cellulose content has been demon-
strated for S. littoralis (K.P. Lee, D. Raubenheimer and
S. J. Simpson, submitted), and there we discuss possible
reasons for this.

3.2. Experiment 2: Imbalanced diets

3.2.1. Nutrient and food intake
In the no-choice experiment, caterpillars were con-

fined to one of five foods differing in their P:C ratios.
Cumulative protein–carbohydrate intake data across the
stadium are shown in Fig. 5, with the intake points
across the five foods on each day connected to describe
the shape of intake arrays. As can be seen from Fig. 5,
the intake arrays on day 2 and day 3 are distinctly arc-
shaped. Polynomial contrasts in MANCOVA revealed
significant quadratic effect on the intake arrays at these
stages (day 2: F2,90 = 20.48, P � 0.001; day 3: F2,90

= 28.94, P � 0.001). Most caterpillars ceased feeding
by day 4 except those confined to extremely carbo-
hydrate-biased food (p7:c35). Caterpillars on this food
continued to eat beyond day 4, thus prolonging their
development and causing the cumulative intake array to
straighten in the later stages of development. Food intake
was thus greatest on the p7:c35 food but gradually
reduced as the P:C ratio was increased.

3.2.2. Performance and utilisation
Only two insects, one each from treatment p35:c7 and

p21:c21, failed to pupate and were discarded from the
analyses. Dry pupal mass was significantly affected both
by the food P:C ratio (ANCOVA: F4,91 = 50.27, P �
0.001) and by the initial mass (F1,91 = 10.72, P =
0.002). Post-hoc (Tukey) multiple comparisons showed
that pupal mass was greatest on p14:c28 and smallest on
p35:c7, but no difference was found between the three
intermediate-sized treatments (p28:c7, p21:c21 and
p7:c35) (Fig. 6). Stadium duration was also influenced
by the P:C ratio of the food (Fig. 6), showing that cater-
pillars reared on p7:c35 took longer to pupate than the
others (accelerated failure-time analysis: c 2 = 126.35,
d.f. = 4, P � 0.001).

Lipid content is plotted against nitrogen content in
Fig. 7. Results from MANCOVA analysis indicate that
the P:C ratio of the food had a significant impact on
pupal nitrogen and lipid content (F8,182 = 70.58, P �
0.001). Nutrient composition was also affected by the
initial mass of larvae (F2,90 = 4.98, P = 0.009). When
the two extreme treatments (p35:c7 and p7:c35) were
excluded from the analysis, there was no difference in
body nitrogen content between the three moderately bal-
anced treatments (p28:c14, p21:c21 and p14:c28)
(ANCOVA: F2,44 = 0.82, P = 0.449), suggesting regu-
lation of nitrogen growth. In contrast to nitrogen, body
lipid content increased with the carbohydrate level in the
food (F4,91 = 171.79, P � 0.001).

Utilisation plots were used to analyse the efficiency
of conversion of ingested nitrogen to body nitrogen and
of ingested carbohydrate to body lipid (Fig. 8). When
homogeneity of slopes was analysed for nitrogen utilis-
ation, a significant covariate (ingested nitrogen)-by-treat-
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Fig. 4. Utilisation plots describing the conversion of ingested nitrogen to body nitrogen content according to the nutrient concentration of (a) the
PB-food and to that of (b) the ER-food in the choice experiment. Similar plots also describe the utilisation of ingested carbohydrate to body lipid
content in different levels of (c) the PB- and (d) the ER-food concentration. Each point represents an individual insect that pupated. In each plot,
simple linear regressions are fitted to demonstrate the efficiencies at which ingested nutrients are converted to body content.

ment (P:C ratio) interaction was detected (F4,87 = 6.65,
P � 0.001). Simple linear regression lines were thus fit-
ted for each P:C ratio to describe the rate of increase in
nitrogen growth with nitrogen intake (Fig. 8a). The plot
distinguishes three groups in terms of the relationship
between nitrogen intake and nitrogen retention: three
moderately balanced diets (p28:c14, p21:c21 and
p14:c28) formed a central cluster, which was distinct
from the two extreme diets. Animals fed the most nitro-
gen-rich food (p35:c7) had lower nitrogen retention for
nitrogen intake values that broadly overlapped with the
central cluster, demonstrating a lower nitrogen utilisation
efficiency. Those fed the most nitrogen-deficient diet
(p7:c35) had roughly similar nitrogen growth to the
p35:c7 insects for substantially lower nitrogen intake,
suggesting greater efficiency of nitrogen utilisation.
Compared with the three moderate diets, the p7:c35
insects both ate and retained less nitrogen, and also
showed a markedly steeper slope in the relationship
between nitrogen intake and retention. These results are
consistent with homeostatic regulation of body nitrogen

growth, where the null hypothesis would be that the data
for the four foods form a continuous relationship with
an initial phase of high efficiency of utilisation for
intakes below the intake target, followed by a phase of
low utilisation efficiency as the intake target is exceeded
and excess ingested nitrogen is removed from the body
(Raubenheimer and Simpson, 1994). The point of
inflection in the relationship between intake and growth
lies in the region of a nitrogen intake of 4–6 mg with
an associated pupal nitrogen content of 2.5–3 mg (Fig.
8a), which comfortably encompasses the results for the
self-selecting insects (nitrogen intake of c. 5.6 mg, and
pupal content of c. 2.75 mg; Fig. 3).

From Fig. 8b, it appears as if the slope of the line
relating carbohydrate eaten to lipid content was slightly
steeper for the extreme carbohydrate-limiting diet
(p35:c7) than for the other diets, but there was no sig-
nificant covariate (ingested carbohydrate)-by-treatment
(P:C ratio) interaction (F4,87 = 0.32, P = 0.861), suggest-
ing that lipid content increased linearly with the amount
of carbohydrate intake across treatments. It is clear that
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Fig. 5. Means (±SE) of protein-carbohydrate intake of caterpillars in
the no-choice experiment where caterpillars were restricted to one of
five protein:carbohydrate ratio foods. Solid lines represent nutrient
ratios (’ rails’ ) for the five food treatments. Each point shows the cumu-
lative nutrient intake over successive days. Open squares indicate the
point of self-selected intake of protein and carbohydrate from the
choice experiment. The shape of the arrays for cumulative intake up
to day 2, 3 and the final feeding day are represented as long-dashed,
short-dashed and dash-dotted lines, respectively.

Fig. 6. Means (±SE) of dry pupal mass and stadium duration of cater-
pillars across five dietary treatments in the no-choice experiment.

the range of body lipid contents across treatments was
considerably larger than for nitrogen (Fig. 8a), suggest-
ing tighter regulation for the latter.

4. Discussion

Various aspects of nutrient regulatory responses in the
caterpillars of S. exempta were investigated in the

Fig. 7. Bivariate means (±SE) of body nitrogen–lipid content of
pupae in the no-choice experiment.

Fig. 8. Utilisation plots describing the conversion of (a) ingested
nitrogen to body nitrogen and of (b) ingested carbohydrate to body
lipid in the no-choice experiment. Each point represents an individual
insect that pupated. In these plots, simple linear regressions are fitted
across the five treatments to demonstrate the conversion efficiencies
of ingested nutrients to body content.
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present study. Here they will be compared with those
from the previous results for S. littoralis (Lee et al.,
2002).

4.1. Dietary self-selection

Data from the choice experiment demonstrate that lar-
val S. exempta regulated their intake of protein and
carbohydrate through nonrandom selection between two
complementary foods. This was not surprising since the
presence of such regulation of macronutrient intake had
been described for other lepidopterans (Waldbauer et al.,
1984; Stockhoff, 1993; Telang et al., 2001), including S.
littoralis (Simpson et al., 1988; Lee et al., 2002). How-
ever, regulation was not complete, i.e. the points of pro-
tein–carbohydrate intake did not converge to a statisti-
cally indistinguishable point in nutrient space. Insects
offered the higher concentration PB-food had slightly
higher protein intake regardless of the concentration of
the paired ER-food. Similarly, caterpillars reared on
higher concentration ER-food ate more carbohydrate
than did those on the more diluted ER-food. It seems
that diluting food with a large amount of cellulose may
have prevented complete compensation for both protein
and carbohydrate (K.P. Lee, D. Raubenheimer and S. J.
Simpson, submitted).

It is also evident that the self-selected ratio of protein
to carbohydrate tended to lie close to the 50:50 ratio
present in the ER-foods; i.e. insects fed predominantly
from the ER-food (Fig. 2). There is, therefore, the possi-
bility that the intake target actually lies to the left of
this rail in nutrient space (i.e. a ratio that contains more
carbohydrate than protein): a region that was not encom-
passed by the two food ratios offered in the choice
experiments (ER and PB). We based the expectation that
the intake target ratio is protein-biased on existing data
from other larval Lepidoptera (Waldbauer et al., 1984;
Simpson et al., 1988; Telang et al., 2001; Lee et al.,
2002), but perhaps S. exempta are an exception. This
possibility needs to be borne in mind in future experi-
ments of this sort on larval Lepidoptera.

When the composition of the average selected P:C
ratio for S. exempta in treatments that had p21:c21 as
the ER-food was analysed, we found that the ratio for
S. exempta (c. 54%: 46%) was slightly lower than that
demonstrated for S. littoralis, which we previously
showed selected a mixture of 57% protein and 43%
carbohydrate when tested under the same conditions
(Lee et al., 2002). Counterbalancing this difference in
protein intake, S. littoralis appeared to utilise ingested
protein less efficiently than did S. exempta as indicated
by the fact that less ingested nitrogen (3.44 mg) was
required to compose a unit body nitrogen mass (1 mg)
in the latter species than in the former (5.06 mg). There
are interesting similarities here with the finding that the
grass-specialist locust L. migratoria selected a target diet

lower in protein than did the grass-generalist S. gregaria,
but utilised the ingested nitrogen more efficiently
(Raubenheimer and Simpson, 2003). Unlike L.
migratoria, S. gregaria was able to maintain body lipid
content on foods containing excess protein relative to
carbohydrate, or even devoid of carbohydrates, demon-
strating that they are capable of de-aminating amino
acids and channeling the carbon skeletons into energy
metabolism (via gluconeogenesis). Raubenheimer and
Simpson (2003) postulated that this capacity for glu-
coneogenesis might explain the selection of higher nitro-
gen intake by S. gregaria, since it imparts a premium
for the generalist species on obtaining the dual-purpose
macronutrient protein (which, unlike carbohydrate, can
be used both as a source of reduced carbon and
nitrogen). Could the same be true in the comparison
between generalist and specialist caterpillars? While the
present data are strongly suggestive, a direct test will
require biochemical measurements of the gluconeogenic
capacities of the two caterpillar species.

More extreme than the difference in the proportion of
protein in the selected diet of the generalist and specialist
caterpillars was the manner in which they responded to
the dietary dilution of the ER-food. As described in our
previous study (Lee et al., 2002), S. littoralis gradually
shifted their protein–carbohydrate intake from their
intake target (P57%:C43%) to a position closer to the
protein axis when the concentration of the ER-food fell
and, concurrently, the concentration of the paired PB-
food rose. In other words, rather than increasing con-
sumption on a diluted food containing a close-to-optimal
balance of protein to carbohydrate, they switched to
feeding on less-dilute, protein-biased foods. In contrast,
when the same experiment was conducted with S.
exempta, no such pronounced divergence in protein–
carbohydrate intake was found in S. exempta caterpillars.
In this case, the caterpillars consistently ate more of the
ER-food than the PB-food across all four treatments.
One possible explanation for this, which would accord
well with the above discussion on the position of the
intake target, is that the generalist-feeding S. littoralis is
more adept at de-aminating protein and subjecting the
carbon skeleton to gluconeogenesis than the specialist S.
exempta (Thompson, 1998; Thompson and Redak,
2000).

One point which needs further explanation is the dis-
crepancy between larval performance and the diet
choice; dry pupal mass was greatest on p14:c28 while
the self-selected ratio of protein to carbohydrate was
proximate to p21:c21. This further suggests that the
intake target for S. exempta is carbohydrate-biased, in
contrast with other species of larval Lepidoptera studied
so far (see above).
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4.2. Responses to imbalanced diets

When restricted to a range of single foods (the no-
choice experiment), there was a marked difference in the
macronutrient balancing rules between S. exempta and
S. littoralis. In contrast to the linear intake array seen in
S. littoralis and gregarious S. gregaria, the array of S.
exempta was closely similar to the arc-shape patterns of
L. migratoria and of solitarious S. gregaria
(Raubenheimer and Simpson, 1999, 2003; Simpson et
al., 2002). This pattern is anticipated by the nutritional
heterogeneity hypothesis, which predicts that the
response adopted in trading-off excess of one mac-
ronutrient against a deficit of the other is determined by
the probability of encountering foods of complementary
nutritional composition (see Simpson et al., 2002). The
caterpillars of the generalist S. littoralis not only feed
upon a variety of host-plant families but also a wide
range of plant tissues, including leaf, stem, bud, flower
and fruit, which vary greatly in nutritional composition
(Hill, 1987). In contrast, caterpillars of S. exempta feed
exclusively on grasses, and mainly on the upper leaves
of these plants (Simmonds and Blaney, 1986). Hence, it
seems most probable that larval S. exempta will, on aver-
age, experience less nutritional heterogeneity than will
the highly polyphagous S. littoralis.

Such differences in balancing rules between the two
species are highlighted in Fig. 9 which plots nutritional
errors (excesses and deficits in relation to the self-selec-
ted intake target). The nutritional error plot for S. lit-
toralis is almost identical to that described for gregarious
S. gregaria (Simpson et al., 2002). In contrast, the plot
of S. exempta was similar to that of the more specialist
solitarious phase of S. gregaria, with the exception that
S. exempta ingested greater relative excesses of carbo-
hydrate than did the specialist grasshoppers (Simpson et
al., 2002; Raubenheimer and Simpson, 2003). It is
important to note that these conclusions from the error
plot in Fig. 9a remain essentially unchanged even if the
position of the intake target for S. exempta is shifted to
a ratio that is carbohydrate-biased (e.g. P45%:C55%).

A possible explanation for this difference in the extent
to which carbohydrate is overeaten by S. exempta and
solitarious S. gregaria concerns the mobility of the two
animals. S. exempta larvae used for this study were in
the gregarious phase, the adults of which are known to
have higher migratory potential than the adults of the
solitarious phase (Riley et al., 1983; Parker and Gate-
house, 1985; Woodrow et al., 1987). Larval feeding is
the major stage for accumulating lipid reserves for flight
(Gunn and Gatehouse, 1987; Woodrow et al., 1987),
although these can be supplemented through adult nectar
feeding (Mensah and Gatehouse, 1998). It has, in
addition, been reported that under the same feeding con-
dition the gregarious phase of S. exempta larvae contain
higher lipid reserves than does the solitarious phase

Fig. 9. Error plots comparing the nutrient error (extent to which pro-
tein or carbohydrate were over- or under-eaten) relative to the intake
target (solid lines) across the five dietary treatments in (a) S. exempta
and in (b) S. littoralis (latter data adapted from Lee et al., 2002). Nutri-
ent intake data up to day 3 and day 5 were used for each insect, respect-
ively. Dotted lines represent the hypothetical minimum nutritional
error (the minimum sum of the absolute distance to the self-selected
nutrient intake for the two nutrients). The hatched regions thus illus-
trate the amount of nutrient over-eaten relative to the minimum. Open
squares, filled circles and filled squares stand for the self-selected point
of intake, protein and carbohydrate, respectively.

(Gunn and Gatehouse, 1987). It might be, therefore, that
the ability of these animals to tolerate large excesses of
ingested carbohydrate is related to their role as accumu-
lators of fuel reserves for migration (Zera and Larsen,
2001; Zhao and Zera, 2002). Interestingly, the gregarious
phase of the specialist-feeding African migratory locust,
L. migratoria, showed a similar pattern of regulation to
S. exempta, with a greater reluctance to over-ingest pro-
tein than carbohydrate (Raubenheimer and Simpson,
2003). We are pursuing the possible link between
migratory behaviour and carbohydrate nutrition further
by comparing the regulatory responses of non-migratory,
solitarious S. exempta and L. migratoria with their greg-
arious counterparts.

Analysis of the body nitrogen content of S. exempta
showed that the insects maintained on the two extreme
diets had significantly less body nitrogen than those on
the three more moderate foods. Lower nitrogen content
in the most extremely carbohydrate-biased food treat-
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ment (p7:c35) was mainly due to low nitrogen intake of
the insects on this food, as shown on the consumption
axis of the utilisation plot presented in Fig. 8a. For the
caterpillars on the most extremely protein-biased food
(p35:c7), reduced body nitrogen content resulted from
reduced conversion efficiency of ingested nitrogen into
body nitrogen (i.e. high rates of nitrogen excretion),
since nitrogen growth was low relative to animals on the
more moderate foods despite similar levels of nitrogen
intake (Fig. 8a). A likely explanation for the low nitro-
gen utilisation efficiency of these animals is that the
deficit of carbohydrate in the p35:c7 food caused them
to channel a portion of ingested protein to carbohydrate
metabolism via gluconeogenesis (Thompson, 1998;
Thompson and Redak, 2000), thus generating high levels
of nitrogenous wastes.

In our earlier experiment (Lee et al., 2002), the gen-
eralist-feeding S. littoralis similarly showed reduced
nitrogen utilisation efficiency of the p35:c7 food. How-
ever, unlike S. exempta they experienced no loss of body
nitrogen content on this food relative to animals on the
self-selecting treatments (Fig. 10). The reason for this is
that the generalist S. littoralis ingested a greater excess
of protein than did S. exempta (see Fig. 7 in Lee et al.,

Fig. 10. Carcass nitrogen content (means ± SE) of self-selecting
insects vs. those fed the most extreme surplus-protein food (p35:c7)
for (a) S. exempta and (b) S. littoralis. Data for the latter are taken
from Lee et al. (2002). In each species, an unpaired t-test was carried
out to compare the difference in nitrogen content between the treat-
ments (S. exempta: t = 3.87, d.f. = 44, P � 0.001; S. littoralis: t =
�1.81, d.f. = 33, P = 0.079)

2002), and were therefore able to allocate excess
ingested protein to carbohydrate metabolism, rather than
sacrifice body nitrogen content to maintain energy
metabolism. This provides a clear illustration of how the
interaction of behaviour and physiology might be differ-
entially shaped by selection in association with key
aspects of the nutritional environment, such as breadth
of host range.

This result also suggests a compatible reason from the
nutritional heterogeneity hypothesis as to why generalist
feeders might over-ingest protein to a greater extent than
insects with narrow host ranges. Like the generalist-
feeding locust S. gregaria (Raubenheimer and Simpson,
2003), S. littoralis are able to divert the carbon compo-
nents of excess ingested protein to energy metabolism
while excreting the nitrogenous residues. In so doing,
they are simultaneously reducing the ingested protein
surplus and, effectively, supplementing the carbohydrate
deficit incurred on high-protein foods.

5. Conclusions

Comparison of the results of this study on a specialist-
feeding caterpillar S. exempta with those of Lee et al.
(2002) on the closely related generalist S. littoralis are
remarkably consistent with previous comparisons of
generalist and specialist-feeding grasshoppers (Simpson
et al., 2002; Raubenheimer and Simpson, 2003). In both
cases the generalist selected a diet richer in protein, but
utilised protein less efficiently, and when confined to
imbalanced foods ingested a greater excess of protein
than did the specialist. Greater ingestion of protein was
associated with the physiological ability to use amino
acids both as a source of nitrogen and, via gluconeogen-
esis, reduced carbon. Such physiological flexibility
makes adaptive sense if viewed as part of an evolved
suite of behavioural and physiological responses to high
levels of nutritional heterogeneity in the environment of
generalist feeders.

Finally, the present study introduces the possibility
that the patterns of ingestive trade-offs might be influ-
enced by ecological factors other than host range, such
as migratory capacity. Together, these data provide
further evidence for the role of the ecological environ-
ment in influencing the nutritional responses of herbivor-
ous insects, and emphasise the need to broaden the study
of the ways that regulatory systems have been shaped in
different evolutionary circumstances.
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