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Abstract. We provide an exemplar study for investigating the manner and extent to
which plant secondary metabolites (PSMs) influence nutritional regulation in herbivores
selecting among multiple foods. Two experiments were performed using the African mi-
gratory locust, Locusta migratoria (L.). In both cases, locusts were given access to multiple
synthetic foods that varied in their concentration of the two most strongly regulated nutrients
(protein and digestible carbohydrate) and a carbon-based PSM, tannic acid (TA). Insects
in the first experiment were given two suboptimal but complementary foods: a high-protein,
low-carbohydrate food and a low-protein, high-carbohydrate food. Tannic acid was then
added to one food type but not the other, to both, or to neither food type. Here we could
see how the addition of TA to a food with a specific protein : carbohydrate profile influenced
nutritional regulatory responses. In a second experiment, locusts were given a high-protein,
low-carbohydrate food and a low-protein, high-carbohydrate food, both of which contained
TA. A third TA-free food containing one of five different protein : carbohydrate ratios was
also provided. This experiment provided an opportunity to measure the extent to which a
TA-free resource would be incorporated into the diet in relation to its nutrient content.
Results indicated that the extent to which locusts regulated their protein : carbohydrate intake
depended on the protein : carbohydrate composition of the TA-free foods in their environ-
ments. It was evident that TA is more effective as a feeding deterrent than as a post-
ingestive toxin, but its effectiveness as a feeding deterrent is strongly linked to the protein :
carbohydrate composition of the food in which it occurs. We discuss these findings within
the context of plant defense theory and models of foraging behavior.

Key words: African migratory locust; chemical heterogeneity; feeding deterrent; foraging; her-
bivores; Locusta migratoria; nutrition; plant secondary metabolites; protein : carbon ratio; state–space
models; tannic acid.

INTRODUCTION

Two hypotheses are regularly invoked in the litera-
ture to explain patterns of food selection by herbivores.
The first states that herbivores are physiologically con-
strained in their capacity to detoxify plant secondary
metabolites (PSMs) and, as a result, base their feeding
decisions on a need to dilute the intake of any single
PSM (Freeland and Janzen 1974). The second hypoth-
esis states that because plants are nutritionally variable,
both spatially and temporally, the overriding criterion
driving food selection is the need to acquire an appro-
priate balance of nutrients (Pulliam 1975, Westoby
1978, Rapport 1980). It seems unlikely, however, that
these two hypotheses would be mutually exclusive.
Rather, herbivores probably select a mix of foods that
represent a trade-off between minimizing the con-
sumption of toxic PSMs and balancing nutrient intake,
with the nature of the trade-off between toxic PSMs
and nutrients reflecting the kind and range of host
plants eaten. However, simply framing herbivore for-
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aging as a trade-off between toxin intake and nutrient
regulation can itself be problematic, because it is not
always a straightforward issue to characterize specific
plant metabolites as either toxins or nutrients (Bernays
and Chapman 1987, Bernays 1991, Berenbaum 1996,
Behmer and Elias 1999).

A few attempts have been made to disentangle the
influence of PSMs and nutrients on the foraging be-
havior of herbivores (e.g., Pennings et al. 1993, Ber-
nays et al. 1994, Hägele and Rowell-Rahier 1999, Dear-
ing et al. 2000). However, the lack of quantitative in-
formation on the PSM and nutrient levels in the ex-
perimental foods has left interpretations somewhat
incomplete. Quantifying a plant’s chemical content and
the amounts of tissue that a herbivore has eaten can be
both difficult and time consuming, but the failure to do
so prevents us from properly understanding how her-
bivores, particularly those that are mobile, confront the
decisions of how much of a given food to eat and how
to distribute feeding among a range of different food
types. Despite its obvious ecological importance, from
the viewpoint of both herbivore and plant evolution
(Atsatt and O’Dowd 1976), there exist no studies that
give a clear description of the interactive effects of
PSMs and nutrients on herbivores that are foraging in
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environments with multiple foods that vary orthogo-
nally in both their PSM and nutrient content.

Part of the challenge in establishing the relative im-
portance of nutrient balancing and toxin dilution to the
foraging patterns of herbivores is to develop an ex-
perimental approach that identifies key variables and
quantifies their interactions. Given that the relationship
between nutrients and PSMs comprises interactions
among a suite of nutrients (proteins, carbohydrates, lip-
ids, salts, vitamins, sterols, etc.) and classes of PSM
(carbon-based, nitrogen-based, etc.), as well as be-
tween the behavioral and physiological control systems
of herbivores, there is a need to break this complex
system into manageable units. Our approach to dealing
with the complexity of nutrient–nutrient and nutrient–
PSM interactions and their impact on herbivore for-
aging behavior is founded on a set of state–space graph-
ical representations of the animal within its nutritional
environment, the ‘‘geometric framework,’’ (Simpson
and Raubenheimer 1993, Raubenheimer and Simpson
1999). This approach has features in common with the
resource allocation models of Tilman (1982) and with
ecological stoichiometry (Reiners 1986), but places
more emphasis on the physiology and behavior of in-
dividual animals. Our broad aim is to develop and test
an experimental technology that can serve as an ex-
emplar for ecologists and other scientists concerned
with animal foraging and resource acquisition and al-
location.

The first step in our program required choosing a
model herbivore, and we selected the African migratory
locust, Locusta migratoria. This mobile grass specialist
is a particularly appropriate subject for a study on nu-
trient–nutrient and nutrient–PSM interactions for at
least three reasons. First, it is the best known of all
insect herbivores with regard to the physiological
mechanisms controlling feeding behavior (Simpson
and Raubenheimer 2000). Second, it is not specifically
adapted to deal with most PSMs, yet is not extremely
sensitive to their presence (Bernays and Barbehenn
1987). Third, there is a chemically defined artificial
diet that supports excellent nymphal development
(Dadd 1960). In our program to date, it has been nec-
essary to work with synthetic diets, because only these
offer the required level of control over the chemical
composition of experimental foods. What follows is a
summary of our research aims. The first three of these
have been achieved and the fourth is the subject of the
current paper.

1. To identify the key nutrients that herbivores reg-
ulate, and the optimal intake of these over given periods
in development.—Protein and carbohydrate have been
shown to be the most strongly regulated nutrient groups
in insects, and much is now known of the physiological
bases for such responses (Simpson and Raubenheimer
2000). Extensive studies have been undertaken on fifth-
instar locust nymphs, which have been shown to pre-
cisely regulate the intake of both protein and carbo-

hydrate when faced with different pairings of individ-
ually unbalanced but complementary foods (Chambers
et al. 1995), and to compensate for both a fivefold
dilution of their diet with cellulose (Raubenheimer and
Simpson 1993) and for variation in the frequency with
which two complementary foods occur in the environ-
ment (Behmer et al. 2001). Locusts also regulate their
intake of salt and sterols (see Behmer et al. 1999, Simp-
son and Raubenheimer 2000), but these appear to be
subservient to the mechanisms controlling protein and
carbohydrate intake (e.g., see Trumper and Simpson
1993).

2. To quantify the nature and fitness consequences
of the trade-offs between ingesting too much of some
nutrients and too little of others.—There are fitness
costs to an animal of not achieving its optimal intake
of nutrients (Raubenheimer and Simpson 1997; S. J.
Simpson, R. M. Sibly, K. P. Lee, S. T. Behmer, and D.
Raubenheimer, unpublished manuscript). An animal
may not be able to reach its intake target for various
ecological reasons. One is that nutritionally suitable
foods are not available, due either to absence of a nu-
tritionally optimal food or of complementary food
items that can be mixed to provide an optimal diet. In
such cases, animals must balance eating an excess of
some nutrients against a deficit of others. The GF (geo-
metric framework) has provided a means of exploring
and quantifying these trade-offs and relating them to
the nutritional ecology of animals (Raubenheimer and
Simpson 1997, Simpson et al. 2002).

3. To quantify the influence of PSMs on nutrient
trade-offs when herbivores are provided with single
foods differing in nutritional composition.—The pres-
ence of plant secondary metabolites provides another
reason for failing to reach the intake target. In a recent
study (Simpson and Raubenheimer 2001), we began an
experimental analysis of the interaction between nu-
trients and PSMs by confining L. migratoria nymphs
to a single food that varied in the content of dietary
protein (P), digestible carbohydrate (C), and tannic acid
(TA). We chose TA to begin the study of nutrient–PSM
interactions because it is known to influence behavior
and growth in L. migratoria both as a feeding deterrent
and, post-ingestively, as a toxin (Bernays 1978, Ber-
nays et al. 1980, Raubenheimer 1992), as it does in
many other animals (Bernays et al. 1989, Schultz et al.
1992). Results showed that, for locusts, the conse-
quences of ingesting TA varied depending on the ratio
of protein to carbohydrate (P:C) in the food. When the
P:C ratio was near optimal, addition of TA up to 10%
by dry mass had no measurable deleterious impact,
whereas addition of lower concentrations had marked
negative effects when the P:C ratio was suboptimal. At
lower than optimal P:C ratios, TA had a deleterious
effect primarily as an antifeedant, whereas it served as
a post-ingestive toxin when the P:C ratio was higher
than optimal.

4. To establish the extent to which herbivores con-
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tinue to regulate nutrient intake when they are able to
select among foods of differing nutritional and PSM
composition.—This is the aim of the experiments in
the current study. We have undertaken two experi-
ments. Locusts in the first experiment were given two
suboptimal, but complementary, foods: a high-protein,
low-carbohydrate food and a low-protein, high-car-
bohydrate food. Tannic acid was then added to one food
type but not the other, to both, or to neither food type.
If regulation of nutrient intake was paramount, then the
presence of TA would not distort the pattern of intake
between the two food types and locusts would achieve
the same point of protein and carbohydrate intake ir-
respective of TA. If the effects of TA were asymmet-
rical, then its presence in one food type would have
more impact on patterns of food intake than would its
addition to the other food. In a second experiment,
locusts were given a dish of a high-protein, low-car-
bohydrate food and a dish of low-protein, high-car-
bohydrate food, both of which contained TA. A third
dish containing TA-free food (one of five different pro-
tein : carbohydrate ratios) was also present. This pro-
vided an opportunity to measure the extent to which a
TA-free resource would be incorporated into the diet
in relation to its nutritional quality.

We are also using the experimental designs and re-
lationships established using TA to investigate the ef-
fects of nitrogen-based PSMs on locusts, and extending
them to the study of other insect species. These data
will be reported elsewhere. Having established and
quantified the key variables and relationships under
very controlled circumstances, we will be in a position
to use our approach under more natural conditions. A
useful bridge between chemically defined synthetic
foods and the complexity of natural environments has
been provided by single-gene mutants of Arabidopsis
(Wright et al. 2000).

The ultimate goal of our research program is to use
knowledge of the relationships established under aims
(1) through (4) to explain in greater detail patterns of
resource use by herbivores, allocation of resources in
plants to defenses, and the consequences of these on
herbivore populations and nutrient flow through eco-
systems. Our contention is that the detailed understand-
ing of the interactions among nutrients and PSMs aris-
ing from the GF provides unique insights into higher
level processes (see Wright et al. 2001).

METHODS

Insects and experimental chambers

Experimental locusts came from a culture kept under
crowded conditions and maintained on a diet of seed-
ling wheat and wheatgerm at the Department of Zo-
ology, University of Oxford. Following ecdysis to the
fifth stadium (day 0), locusts were removed from the
culture, weighed, and placed singly into circular Plex-
iglass arenas (23 cm in diameter and 16 cm high). Each

arena contained synthetic food in small plastic dishes
(modified 3.5 cm and 5.5 cm diameter Petri dishes ar-
ranged to minimize spillage; Raubenheimer and Simp-
son 1990) and a small plastic container (7 3 4 3 2 cm
with two 1.5 cm holes in the top) that provided drinking
water. Within each arena, the water container was po-
sitioned centrally and the food dishes surrounded it in
an equidistant and symmetrical arrangement. Expanded
aluminium perches were positioned directly behind
each food dish to permit the locusts to roost. Partitions
were placed around the outside of each arena to screen
the locusts from one another. All experiments were
conducted in a constant-temperature room at 29–318C
under a L:D 12:12 h photo regime. Approximately
equal numbers of male and female locusts were used
in each experiment.

Synthetic foods

Dry, granular, chemically defined foods were made
in a similar manner to those developed by Dadd (1961)
and further modified by Simpson and Abisgold (1985).
In total, we made five foods that varied in the ratio of
protein (P) to digestible carbohydrate (C), expressed
on a dry mass basis (P31:C11; P25:C17; P19:C23; P13:
C29; P7:C35). The protein component of the diets was
a 3:1:1 mix of casein, albumen, and peptone that close-
ly matches the amino acid profile of seedling wheat
(see Simpson and Abisgold 1985). Digestible carbo-
hydrate comprised a 1:1 mix of sucrose and dextrin.
The P19:C23 formulation is near nutritionally optimal
for L. migratoria (Chambers et al. 1995), whereas the
other foods represent suboptimal mixtures that are sym-
metrically imbalanced on either side of the P19:C23
food. All five foods contained the same total concen-
tration of protein and carbohydrate (42%) and also con-
tained identical percentages of the other ingredients
(54% cellulose, with the remaining 4% consisting of
salts, vitamins, and sterols). To some of the food dishes
we added tannic acid powder (Sigma-Aldrich Com-
pany, Dorset, UK) at a concentration of 10% (dry
mass), as described by Raubenheimer and Simpson
(1990). We selected this concentration based on results
from an earlier study, in which it was found that 10%
TA had no measurable deleterious effects when in a
near-optimally balanced food, but was detrimental
when present in foods with a suboptimal P:C ratio
(Simpson and Raubenheimer 2001). The tannic acid
(TA) was added to the dry food, rather than being in-
corporated earlier in the mixing procedure, to avoid
complexing with the dietary protein and cellulose
(Mole and Waterman 1987, Raubenheimer and Simp-
son 1990).

Experimental protocol

Two separate experiments were performed. In the
first, each arena contained two dishes of P31:C11 food
(henceforth, ‘‘P’’) and two dishes of P7:C35 food
(henceforth, ‘‘C’’); alone these foods are nutritionally
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suboptimal, but together they are complementary. Tan-
nic acid was then added to the different food types
yielding four different treatments: (1) no TA added to
either food type (treatment code NTA), (2) TA added
to the P31:C11 food (PTA), (3) TA added to the P7:
C35 food (CTA), and (4) both food types containing
TA (BTA). After treatments had been assigned to the
individual arenas using a randomized block design,
each individual food dish within an arena was given a
number (1–4). This allowed us to identify the nature
of the contents of individual dishes and to return dishes
after they had been removed for weighing to the same
location in the arena. After each dish had been allocated
its synthetic food and allowed to equilibrate under sta-
ble ambient room humidity levels for ;24 h, it was
weighed to the nearest 0.1 mg. Control food dishes
indicate that this procedure provides errors in esti-
mation of consumption of #1%. Locusts were then
allowed to feed for 48 h. At the end of this period,
each dish within an arena was removed and replaced
with a new pre-weighed dish of the same food. The
dish that had been removed was then allowed to equil-
ibrate to room humidity levels before it was reweighed.
We repeated this procedure at the end of day 4. At the
end of day 6 (the last day of the experiment), locusts
were removed and their individual wet mass was re-
corded. We changed the food at 2-d intervals to deter-
mine whether food preference changed over time.

In the second experiment, the setup was similar ex-
cept that each arena had one dish of TA-containing
P31:C11 food, one dish of TA-containing P7:C35 food,
and one dish of TA-free food (P31:C11, P25:C17, P19:
C23, P13:C29, or P7:C35). As in the previous exper-
iment, each food dish was labeled with a number; prior
to being weighed, the foods were allowed to equilibrate
to ambient humidity levels. This experiment ran for the
duration of the fifth stadium and the amount of food
eaten from each dish was recorded on the third, fifth,
eighth, and last day of the fifth stadium. After locusts
had successfully moulted to the adult stage, their wet
mass was recorded. They were then dried in a desic-
cating oven at 408C. Following desiccation, carcasses
were weighed to the nearest 0.1 mg and were lipid-
extracted in three 24-h changes of chloroform. At the
end of the third chloroform wash, they were redried
and reweighed to calculate lipid content. This chlo-
roform extraction procedure had earlier been shown to
be .98% efficient relative to Soxhlet distillation
(Simpson 1983). The lipid-free carcasses were then an-
alyzed for nitrogen content using the micro-Kjeldahl
procedure.

To calculate lipid and nitrogen growth in our test
insects, we first had to accurately estimate their starting
body lipid and nitrogen content. We did this by per-
forming lipid and nitrogen analyses, as previously de-
scribed, on newly moulted fifth-stadium locusts. Re-
gression equations, with locust mass on the x-axis and
lipid or nitrogen mass on the y-axis, were then gen-

erated from these data (for body lipid, y 5 0.034x 1
1.662; for body nitrogen, y 5 0.023x 1 1.066) and
were used to calculate our test insect’s starting body
lipid and nitrogen content.

Statistical analysis

Various aspects of food consumption and insect per-
formance were analyzed using analysis of covariance
(ANCOVA), multivariate analysis of covariance (MAN-
COVA), and failure time analysis (PROC LifeReg) tech-
niques. For MANOVA analyses, we used the Pillai’s test
statistic, which is considered to be the most robust to
violations of assumptions (Scheiner 1993). All analyses
were performed using the statistical package SAS 6.12
(SAS Institute 1989). When it was necessary, the data
were log-transformed to meet underlying assumptions.
For most ANCOVA analyses, initial mass of locusts was
used as a covariate to correct for size differences among
the experimental animals (on average, females are larger
than males). Where significant effects were observed,
post hoc comparisons were performed using contrasts.
For MANOVAs, contrasts followed the techniques em-
ployed by Scheiner (1993). Where multiple contrasts
were made, a levels were adjusted using the Bonferroni
method. For all ANCOVA and MANCOVA analyses,
tests for heterogeneity of slopes were performed; in no
case were significant effects observed.

RESULTS

Experiment 1: Paired complementary foods with or
without tannic acid

Consumption patterns.—Our primary interest was to
compare how the presence of tannic acid (TA) in the
different food types influenced consumption patterns
relative to the NTA treatment (with no TA in either
food). Locusts on the CTA treatment ate relatively
more P food and less C food across the 6-d experiment
compared to locusts from the NTA treatment, whereas
locusts on the PTA and BTA treatments did not differ
from those on NTA (Table 1, Fig. 1A). This pattern of
results was evident across days 0–2 and 2–4. During
days 4–6, however, locusts from the BTA treatment ate
more C food and less P food compared to those from
the NTA treatment, whereas CTA and PTA treatments
did not differ statistically from the NTA treatment (Ta-
ble 1, Fig. 1B–D). Additionally, during days 0–2, a
significant treatment-by-sex interaction was detected,
revealing that females on the CTA treatment ate sig-
nificantly less of the C food with 10% TA than did
males. A significant covariate effect was also observed
during this period, with larger insects eating more than
smaller ones. However, the interaction term and co-
variate were not significant for days 2–4 and 4–6.

Nutrient intake.—Fig. 2 shows a bi-coordinate plot
of the cumulative amounts of protein and carbohydrate
eaten by fifth-stadium Locusta migratoria over the en-
tire experiment (days 0–6), with locusts on the control
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TABLE 1. Results of MANCOVA for food consumption by
locusts from the first experiment.

Source

df
(hypoth-

esis,
error)

F values

Days
0–6

Days
0–2

Days
2–4

Days
4–6

A) Amounts consumed from the different food dishes
Treatment
Sex
Treatment 3 Sex
Initial mass

6, 66
2, 32
6, 66
2, 33

2.93**
0.29
2.10
2.78

3.59**
0.05
3.27*
4.12*

2.46*
1.03
1.94
2.33

3.05**
0.50
0.73
0.77

B) Multivariate contrasts
NTA vs. PTA
NTA vs. CTA
NTA vs. BTA

2, 32
2, 32
2, 32

0.65
4.74†
0.95

0.93
7.49†
0.22

0.20
6.12†
0.73

1.20
1.33
6.55†

Notes: Part (A) reports overall F values (Pillai’s Trace) for
the entire time period (days 0–6) and for each of the different
time intervals. Treatment refers to the four possible combi-
nations of C and P food with or without tannic acid. Initial
mass was used as a covariate to adjust for size differences
among insects. Part (B) reports F values for multivariate con-
trasts between specific treatments: NTA, no tannic acid; PTA,
tannic acid added to the protein 31 : carbohydrate 11 food;
CTA, tannic acid added to the protein 7 : carbohydrate 11
food; CTA, tannic acid added to the protein 7 : carbohydrate
35 food; BTA, tannic acid added to both types of food.

* P; , 0.05; ** P , 0.01.
† Significant difference with a 5 0.05/3 (divided by three

because there are three comparisons).

FIG. 1. The total amount of protein, P (P31:C11) and
carbohydrate, C (P7:C35) food eaten (mean 1 1 SE) from the
first experiment, where locusts encountered two dishes each
of P and C food, with or without 10% tannic acid (TA). Panel
(A) represents consumption over the entire experiment (days
0–6); panels (B), (C), and (D) represent consumption over
days 0–2, 2–4, and 4–6, respectively.

treatment (NTA) indicated by the solid circles and solid
lines. MANOVA for the entire experiment revealed that
a significant difference in protein and carbohydrate in-
take was observed among treatments. When specific
comparisons were made, using contrasts, it was re-
vealed that the protein–carbohydrate intake of locusts
on the CTA and BTA treatments differed from that of
locusts on the NTA treatment. For locusts on the CTA
treatments, carbohydrate intake was low compared to
that of NTA locusts. For BTA locusts, both protein and
carbohydrate intake were reduced compared to those
of NTA locusts. No statistical difference in protein–
carbohydrate intake was observed between the PTA-
and NTA-reared locusts.

Nutrient intake for each time period was also ana-
lyzed (see Fig. 2). As shown in Table 2A, significant
differences among treatments in protein–carbohydrate
intake were observed for each time period. Addition-
ally, a significant treatment-by-sex interaction and co-
variate effect were detected during days 0–2; females
on the CTA treatment ingested less carbohydrate than
did males. A significant covariate effect was also found
during the first time period, with larger insects having
higher protein–carbohydrate intakes than smaller ones.
Significant differences in protein–carbohydrate intake
between the NTA and CTA treatments were observed
during the first two time periods, whereas a difference
between the NTA and BTA treatments was observed
during the last time period. No differences in protein–
carbohydrate intake were observed between the PTA
and NTA treatments for any of the time intervals.

Total intake and growth.—Over the duration of the
experiment, similar total amounts of food were eaten,
on average, by insects on the different treatments (Table
3), but significant differences among the treatments
were found in the total amount of tannic acid ingested
(Table 3, Fig. 3). Above a threshold intake of tannic
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FIG. 2. Bivariate means (6 1 SE) for protein (P) and car-
bohydrate (C) intake for locusts from the first experiment.
The solid line indicates the intake ‘‘trajectory’’ for locusts
from the treatment containing no tannic acid (NTA) in either
food type. The intake trajectories for treatments with tannic
acid in one or both food types are indicated by dashed lines.
The first, second, and third points along each trajectory in-
dicate the cumulative intake points reached after two days,
four days, and six days, respectively. For comparisons of
intake points, see Table 2.

TABLE 2. Results of MANCOVA for locust protein and car-
bohydrate intake from the first experiment.

Source

df
(hypoth-

esis,
error)

F values

Days
0–6

Days
0–2

Days
2–4

Days
4–6

A) Protein and carbohydrate intake
Treatment
Sex
Treatment 3 Sex
Initial mass

6, 66
2, 32
6, 66
2, 32

6.10**
0.97
1.83
1.82

4.50**
0.31
2.63*
3.96*

3.52**
0.52
1.43
0.85

3.75**
0.71
0.68
0.13

B) Multivariate contrasts
NTA vs. PTA
NTA vs. CTA
NTA vs. BTA

2, 32
2, 32
2, 32

1.93
6.86†
4.95†

1.66
8.60†
0.34

0.60
6.15†
2.20

2.91
0.81
9.92†

Notes: Part (A) reports overall F values (Pillai’s Trace) for
the entire time period (days 0–6) as well as for each of the
different time intervals. Treatment refers to the four possible
combinations of C and P food with or without tannic acid.
Initial mass was used as a covariate to adjust for size differ-
ences among insects. Part (B) reports F values for multivariate
contrasts between specific treatments, identified in Table 1.

* P , 0.05; ** P , 0.01.
† Significant difference with a 5 0.05/3 (divided by three

because there are three comparisons).

TABLE 3. ANCOVAs for the first experiment comparing the
total amount of food consumed, the amount of tannic acid
consumed, and body mass gained by locusts.

Source df

F values

Total
consump-

tion

Tannic acid
consump-

tion
Mass
gain

Treatment
Sex
Treatment 3 Sex
Initial mass‡
Error

3, 2†
1
3, 2†
1

33, 24†

1.40
2.87
1.43
2.72

27.17**
2.95
1.28
4.84*

3.30*
0.09
1.89
1.99

* P , 0.05; ** P , 0.01.
† Degrees of freedom for tannic acid consumption.
‡ Initial mass was used in each of these analyses as a co-

variate to adjust for size differences among individuals.

acid (;50 mg), mass gain was low relative to the NTA
treatment (Fig. 3). To determine whether reduced
growth was a direct effect of high tannic acid intake
(toxicity) or, alternatively, an indirect result of reduced
nutrient intake (deterrence), ANCOVAs were per-
formed using total protein intake and total carbohydrate
intake as covariates (see Raubenheimer and Simpson
1994). Our first analysis revealed that when both pro-
tein and carbohydrate intake were included as covar-
iates, the difference among treatments became nonsig-
nificant (Table 4A), suggesting that growth differences
were due to differences in nutrient intake among treat-
ments. To determine whether protein or carbohydrate
intake was more of a determining factor explaining
body mass gain, we conducted two separate ANCO-
VAs. Results from these analyses showed that protein
intake (Table 4B), not carbohydrate intake (Table 4C),
was more important in explaining mass gain.

Experiment 2: Multiple food types with and without
tannic acid

Consumption patterns.—When consumption pat-
terns of the three different food types (P 1 10% TA
(PTA), C 1 10% TA (CTA), and a TA-free food) were
analyzed over the entire fifth stadium (Fig. 4A), con-
sumption of the TA-free food increased as the protein :
carbohydrate ratio of the TA-free food increased (Table

5). Additionally, as the protein : carbohydrate ratio of
the TA-free food increased, consumption of CTA food
increased while consumption of PTA food decreased.

During days 0–3, a quadratic increase in consump-
tion of the TA-free food was observed as the protein :
carbohydrate ratio of the TA-free food increased. Con-
sumption of the PTA food decreased in a quadratic
fashion, however, as the protein : carbohydrate ratio of
the TA-free food increased (Table 5B, Fig. 4B). Over
days 3–5, consumption of the TA-free food again in-
creased in a quadratic fashion, but now consumption
of the PTA and CTA food decreased and increased,
respectively, in a linear fashion (Table 5B, Fig. 4C).
From day 5 until the ecdysis, no trend in consumption
of the TA-free food was observed. There were, how-
ever, trends in consumption of the CTA and PTA foods.
As the protein : carbohydrate ratio of the TA-free food
increased, we observed a linear increase and decrease
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FIG. 3. Total tannic acid (TA) intake (bars)
and mass gained (diamonds) by fifth-stadium
locusts during the first experiment. Different
letters at the base of the bars indicate significant
differences in tannic acid intake (Tukey test, a
5 0.05). An asterisk above a diamond indicates
a significant difference in mass gain compared
to the no tannic acid treatment (Dunnett’s test,
a 5 0.05).

TABLE 4. ANCOVAs for the first experiment, using intake
of specific nutrients as covariates to explore the physio-
logical basis of differences in growth (mass gain) in locusts:
(A) the effect on growth of both protein and carbohydrate,
and the separate effects of (B) protein and (C) carbohydrate.
Values in boldface indicate significant effects.

Source df MS F P

A) Growth corrected for both protein and carbohydrate intake
Treatment
Sex
Treatment 3 Sex
Protein intake
Carbohydrate intake
Error

3
1
3
1
1

33

1151.1
6654.0
5680.3

300 303.5
64 161.1

5755.1

0.20
0.63
0.99

52.18
11.15

0.896
0.431
0.411

,0.001
0.002

B) Growth corrected for protein intake
Treatment
Sex
Treatment 3 Sex
Protein intake
Error

3
1
3
1

42

3792.6
1975.1
8834.4

356 166.8
254 079.8

0.51
0.26
1.18

47.66

0.680
0.611
0.331

,0.001

C) Growth corrected for carbohydrate intake
Treatment
Sex
Treatment 3 Sex
Carbohydrate intake
Error

3
1
3
1

42

92 680.6
37 201.2
35 366.9

120 024.4
1 195 051.9

6.43
2.58
2.45
8.32

0.001
0.118
0.080
0.007

in consumption of CTA and PTA food, respectively
(Table 5B, Fig. 4D).

Nutrient intake.—There was a significant difference
among treatments in protein : carbohydrate intake (Table
6A, Fig. 5). Locusts from the treatment with TA-free
P19:C23 food regulated protein : carbohydrate intake to
the same point as locusts reared on TA-free P and C
foods (data taken from experiment 1). For this reason,
we used the TA-free P19:C23 treatment as the reference
point to which protein-carbohydrate intake from the oth-
ers treatments is compared. Three comparisons were
made. First, the difference in protein : carbohydrate in-
take between the reference treatment (TA-free P19:C23)
and the treatment with the lowest P:C intake (TA-free
P13:C29) was not significant. Next, protein : carbohy-
drate intake on the TA-free P25:C17 treatment differed
significantly from the reference treatment. Additionally,
intakes on the TA-free P19:C23 and P31:C11 treatments
were significantly different.

Protein : carbohydrate intake across the stadium is
also plotted in Fig. 5. As shown in Table 6A, significant
differences in protein : carbohydrate intake were ob-
served for each time period. When we compared pro-
tein : carbohydrate intake on the different treatments to
the TA-free P19:C23 treatment, though, the only dif-
ference detected was with the TA-free P31:C11 treat-
ment, and only up until day 5. Among the remaining
treatments, protein : carbohydrate intake for each time
period did not differ statistically from that achieved by
locusts on the TA-free P19:C23 treatment.

Total intake and growth.—Similar total amounts of
food were eaten among the different treatments, but
significant differences in the amount of tannic acid con-
sumed were observed (Table 7). Intake of TA was high-
est for locusts from the TA-free P7:C35 treatment and
was significantly greater than from any of the other
treatments, but no differences were observed among
these other treatments (Fig. 6A). A significant treat-
ment effect was noted in mass gain (Table 7), with the
TA-free P25:C17 treatment yielding greater mass than
all but the TA-free P31:C11 (Fig. 6B); no other dif-
ferences among the treatments were observed. The ef-
fect of sex was also significant, with females gaining
more mass during the fifth stadium than males. An

ANCOVA was performed to determine whether nutri-
ent intake or tannic acid consumption might explain
differences in mass gain. This analysis revealed that
protein intake as a covariate was significant (F 5 8.72,
df 5 1,34, P 5 0.006); when protein intake was in-
cluded in the model, the treatment effect, but not the
sex effect, became nonsignificant. With regard to de-
velopmental time, no significant difference among the
treatments was observed (failure time analysis, x2 5
7.39, df 5 4, P 5 0.117).

Total body nitrogen (N) and lipid gain during the
fifth stadium were also compared across treatments.
MANOVA revealed a significant treatment effect (F 5
2.97, df 5 8,66, P 5 0.007), but sex, the treatment-
by-sex interaction, and initial mass as the covariate
were not significant. Post hoc comparisons showed that
N and lipid gain on the TA-free P7:C35 and P13:C29
treatments differed significantly from the TA-free P31:
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FIG. 4. The total amount of P (P31:C11) 1 TA, C (P7:
C35) 1 TA, and TA-free (P7:C35, P13:C29, P19:C23, P25:
C17, or P31:C11) food eaten by locusts (mean 1 1 SE). Panel
(A) represents consumption over the entire fifth stadium; pan-
els (B), (C), and (D) represent consumption over days 0–3,
3–5, and 5–end, respectively.

C11 treatment. The TA-free P19:C23 and P25:C17
treatments did not differ from the three previously men-
tioned treatments. One-way ANOVAs and subsequent
contrasts showed, however, that differences in lipid
gain existed between the TA-free P31:C11 treatment
and the TA-free P25:C17 and P19:C23 treatments (P31:
C11 vs. P25:C17, F 5 5.45, df 5 1,35, P 5 0.020;
P31:C11 vs. P19:C23, F 5 3.806, df 5 1, P 5 0.030).
Finally, we analyzed the efficiency of conversion of
ingested protein and carbohydrates into nitrogen (N)
and lipid gain, respectively, using two ANCOVA de-
signs (see Raubenheimer and Simpson 1994): (1) lipid
gain as the dependent variable and carbohydrate as the
covariate, and (2) nitrogen gain as the dependent var-
iable and protein intake as the covariate. The rationale
for using carbohydrate intake as a covariate for an anal-
ysis of lipid gain is that sugars and dextrose are the
only nutrients in the experimental foods that are used
for lipogenesis: lipids are present in trace quantities,
and L. migratoria do not use ingested proteins to any
significant extent for lipogenesis (D. Raubenheimer
and S. J. Simpson, unpublished manuscript). Similarly,
protein intake was used as a covariate in the analysis
of nitrogen gain because casein, albumin, and peptone
were the sole source of nitrogen in the foods. Results
demonstrate that when N gain was reanalyzed in this
manner, protein intake as a covariate was significant
(F 5 13.187, df 5 1,35, P 5 0.001), but the main
treatment effect (protein–carbohydrate ratio of the TA-
free food) now became nonsignificant. Similarly, when
lipid gain was reanalyzed, carbohydrate as a covariate
was found to be significant (F 5 4.246, df 5 1,35, P
5 0.048), but the main treatment effect became non-
significant. However, sex as a main effect then became
significant (F 5 6.438, df 5 1,35, P 5 0.016), with
males showing greater lipid gain over the final stadium.

DISCUSSION

When the plants available to an herbivore vary in
both their nutritional and PSM composition, foraging
decisions should represent a trade-off between the ben-
efits gained from obtaining an optimal balance of nu-
trients and the costs of ingesting PSMs that may be
deleterious. In the current study, we have addressed
this question by presenting locusts with multiple foods
that vary in their protein, carbohydrate, and tannic acid
content, and by examining locust foraging decisions
within the context of the geometric approach.

Before investigating the ways in which the chemical
constituents of different foods in an herbivore’s envi-
ronment might interact to influence foraging decisions,
it is important first to identify which nutrient intake
point (‘‘intake target’’) is regulated in the absence of
PSMs. For example, locusts on the NTA (no tannic
acid) treatment in the first experiment regulated to a
protein–carbohydrate intake target of 21.3% protein
and 19.4% digestible carbohydrate, which is similar to
what has been demonstrated in previous studies (Rau-
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TABLE 5. Results of MANCOVAs for food consumption by locusts for the entire fifth stadium
(days 0 to end) and for three time intervals (days 0–3, 3–5, and 5–end) within the stadium.

Source

df
(hypothesis,

error)

F values

Days 0–end Days 0–3 Days 3–5 Days 5–end

A) Amounts consumed from the different food dishes
Treatment
Sex
Treatment 3 Sex
Initial mass

12, 99
3, 31

12, 99
3, 31

3.87**
0.33
0.77
0.59

2.63**
0.31
0.90
0.19

3.50**
0.38
0.76
0.69

3.22**
1.20
1.23
1.10

B) Linear and quadratic contrasts (* significant one-tailed test, a 5 0.05)
P31:C11 1 10% TA

Linear
Quadratic

1
1

8.27*
2.05

···
3.52*

3.55*
0.60

4.86*
0.99

P7:C35 1 10% TA
Linear
Quadratic

1
1

10.91*
2.15

0.21
2.37

7.81*
0.01

8.76*
2.33

TA-free
Linear
Quadratic

1
1

···
11.07*

···
10.07*

···
11.26*

0.05
0.61

Notes: Part (A) reports overall F values (Pillai’s Trace) for the entire fifth stadium and for
each of the three different time intervals. Treatment refers to the P:C (protein : carbohydrate)
ratio of the TA (tannic acid)-free food, and initial mass was used as a covariate to adjust for
size differences. Part (B) reports F values for linear and quadratic trends in consumption among
the three different food types. When higher order trends are significant, lower order trends are
not reported and are replaced by ellipses.

* P , 0.05; ** P , 0.01.

TABLE 6. Results of MANCOVAs for protein and carbohydrate intake by locusts from the
second experiment.

Source

df
(hypothesis,

error)

F values

Days 0–end Days 0–3 Days 3–5 Days 5–end

A) Protein and carbohydrate intake
Treatment
Sex
Treatment 3 Sex
Initial mass

8, 66
2, 32
8, 66
2, 32

4.95**
1.59
0.76
1.06

4.16**
0.22
0.92
0.19

6.93**
0.32
0.79
0.97

4.17**
3.12
1.08
2.50

B) Multivariate contrasts
P19:C23 vs. P13:C29
P19:C23 vs. P25:C17
P19:C23 vs. P31:C11

2, 32
2, 32
2, 32

1.98
4.94†

15.46†

0.66
0.45

16.70†

1.57
3.27

16.43†

3.25
3.48
4.20

Notes: Part (A) reports overall F values (Pillai’s Trace) for the entire time fifth stadium as
well as for each of the three different time intervals. Treatment refers to the P:C ratio of the
third food dish, which contained no tannic acid; initial mass was used as a covariate to adjust
for size differences among insects. Part (B) reports F values for multivariate contrasts between
specific treatments.

* P , 0.05; ** P , 0.01.
† Significant difference with a 5 0.05/3.

benheimer and Simpson 1993, 1997, Chambers et al.
1995, Simpson and Raubenheimer 2000, Behmer et al.
2001). Having identified this reference intake target, it
was next possible to explore how the addition of TA
to the different food types influenced foraging patterns.
A key finding of the first experiment was that the nature
of the influence of TA on foraging decisions depended
on which food type contained it. For instance, when
TA was present only in the C (high-carbohydrate) food
(CTA treatment), much more of the P food was eaten
relative to the C food and the intake target was not
reached. In contrast, when TA was present only in the

P (high-protein) food (PTA treatment), the ratio of P
and C foods eaten remained similar to that on the NTA
treatment and the intake target was reached. However,
the PTA-reared locusts ingested a greater quantity of
TA than did the CTA-reared locusts. When locusts
could not limit TA intake because it occurred in both
foods (BTA treatment), the amounts of P and C foods
eaten were similar to amounts eaten in the NTA treat-
ment. However, because a portion of the total mass of
the food was TA, the total amounts of protein and car-
bohydrate ingested between these treatments were un-
equal. Nonetheless, BTA-reared locusts did regulate to
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FIG. 5. Bivariate means (6 1 SE) for protein (P) and car-
bohydrate (C) intake for locusts from the second experiment.
Treatment groups are represented by the type of TA-free food
available. The solid line indicates the intake trajectory for
locusts from the treatment containing the TA-free P19:C23
food (the near-optimal food). Intake trajectories for the other
treatments are indicated by dashed lines. The first, second,
and third points along each trajectory indicate the cumulative
intake points reached after day 3, day 5, and the end of the
experiment, respectively. Finally, for reference, the thin dot-
ted line represents the intake trajectory selected by locusts
on the TA-free treatment from the first experiment. For com-
parisons of intake points, see Table 6.

TABLE 7. Results of ANCOVAs for the second experiment
comparing the total amount of food eaten, tannic acid con-
sumed, and mass gained by locusts.

Source df

F values

Total
consump-

tion

Tannic
acid con-
sumption Mass gain

Treatment
Sex
Treatment 3 Sex
Initial mass
Error

4
1
4
1

83

0.29
3.04
0.36
1.98

2.97*
0.02
1.11
0.01

4.15**
10.30**

1.28
0.38

Notes: Treatment refers to the P:C (protein : carbohydrate)
ratio of the third food dish, which contained no tannic acid.
All values were recorded over the duration of the fifth sta-
dium. Initial mass was used as a covariate to adjust for size
differences among insects.

* P , 0.05; ** P , 0.01.

FIG. 6. Mean (1 1 SE) total tannic acid (TA) consumption
(A), mass gain (B), and stadium duration (C) of fifth-stadium
locusts from the second experiment. Different letters above
a bar indicate a significant differences.

a protein : carbohydrate intake ratio similar to that of
the NTA-reared locusts.

Why should locusts regulate their nutrient intake on
the PTA and BTA treatments, but not on the CTA treat-
ment? There are two likely explanations, one mecha-
nistic and the other functional, as discussed in detail
in Simpson and Raubenheimer (2001). First, because
protein and TA can complex once they enter the preoral
cavity, TA is likely to have a greater deterrent effect
on feeding when combined with low-protein foods, be-
cause more unbound TA will be available to interact
with mouthpart taste receptors. Second, perhaps for
locusts the costs of undereating protein and overeating
carbohydrate (as would happen if intake of the P food
were to be reduced when it contained TA) are greater
than the costs of ingesting the amount of TA required
to reach the target level of protein intake. In contrast,
the costs of overeating protein and undereating car-
bohydrate (by avoiding the C food when it contains
TA) are less than the deleterious effects of ingesting
the amount of TA associated with achieving the intake
target for carbohydrate.

With regard to the first of these explanations, it has
been shown that TA is most deterrent to locusts and
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other animals when combined in a food with a low
protein : carbohydrate ratio (Raubenheimer 1992, see
discussion in Simpson and Raubenheimer 2001). How-
ever, this cannot be the entire explanation, because such
an effect would predict that the locusts with TA in both
the P and C foods (BTA treatment) should also have
failed to achieve their intake target.

With regard to the second explanation, it may be
relevant that protein may be deaminated and used to
supplement limited carbohydrate intake, whereas in-
gested carbohydrate cannot substitute for protein.
There is some evidence that Locusta migratoria has a
limited ability to subject protein to gluconeogenesis
(Zannotto et al. 1993, Simpson and Raubenheimer
2001), although this seems to be better developed in
the polyphagous desert locust, Schistocerca gregaria
(D. Raubenheimer and S. J. Simpson, unpublished
manuscript). Specifically, L. migratoria does not to any
significant extent convert ingested amino acids to lipid
stores (see Methods), whereas S. gregaria does. De-
tailed biochemical studies in caterpillars (Thompson
1997, 1998, 1999) have shown that gluconeogenesis is
most pronounced on foods with an excess of protein.

The effect on forging of interactions between foods
with different nutrient and TA content was further ex-
plored in the second experiment by increasing the num-
ber of food types available in the arenas. Here, locusts
had access to one dish each of TA-containing C and P
foods and a dish of TA-free food of varying protein :
carbohydrate ratio. Results from this experiment showed
that whether locusts regulated to their intake target de-
pended on the protein : carbohydrate ratio of the TA-free
food available to them. When the protein : carbohydrate
ratio of the TA-free food was below the intake target
ratio (21.3% protein:19.4% digestible carbohydrate), lo-
custs reached the intake target, largely by substituting
the TA-containing C food with the TA-free food. By
contrast, when the protein : carbohydrate ratio of the TA-
free food was above the intake target ratio, animals per-
sisted in avoiding the TA-containing C food and, hence,
overingested protein. These responses are very similar
to those observed in the first experiment and confirm
the importance of the relationship between TA and pro-
tein : carbohydrate ratio in determining the deterrent
properties of the food, with TA exerting a more powerful
deterrent effect when foods contain a low protein : car-
bohydrate ratio. Consumption of C food with TA was
relatively low in all treatments. By contrast, TA-con-
taining P food was eaten in relatively large quantities
and tended to increase as the protein : carbohydrate ratio
of the TA-free food decreased (Fig. 4A). This was prob-
ably due to the need to maintain protein intake, forcing
insects to ingest more of the TA-containing P food, rath-
er than allowing them to attain protein from the TA-free
food without concurrently over-ingesting carbohydrate.

Another factor that might affect the deterrence of a
PSM is an herbivore’s current nutritional needs, which
are known to change both quantitatively and qualita-

tively during growth, development, and reproduction.
For example, cuticle growth, fueled by protein, dom-
inates the first half of the fifth stadium in L. migratoria
(Hill and Goldsworthy 1968), whereas fat body car-
bohydrate growth, particularly glycogen, dominates the
latter half of the stadium (Hill and Goldsworthy 1968,
Simpson 1982). In the second experiment, nutritional
requirements associated with these shifts in growth
may explain the trend of locusts during the second and
third time periods (days 3–5 and 5–end, respectively)
to increase their consumption of TA-containing C food
as the protein : carbohydrate ratio of the TA-free food
increased. This was particularly the case during the last
time period.

It is interesting to note that, in experiment 1, CTA-
reared locusts, which did not regulate to the intake
target, had gained more mass by the end of the exper-
iment (day 6) than had the PTA- and BTA-reared lo-
custs. At first glance, this difference might be attributed
solely to direct toxic effects of TA because PTA- and
BTA-reared locusts ingested more TA than did the
CTA-reared locusts. However, an ANCOVA indicated
that differences in mass gain were best explained by
differences in protein intake, with the CTA-reared in-
sects ingesting more protein as a result of avoiding the
TA-containing C food (Table 4). In experiment 2, lo-
custs that regulated to their intake target (the TA-free
P7:C35, P13:C29, and P19:C23 treatments) also had
lower body mass than those on the TA-free P25:C17
treatment that did ingest more protein. Again, however,
ANCOVA shows that this outcome was best explained
by the indirect influence of TA on protein intake, and
not by the amount of TA ingested. There may, however,
be a potential cost of failing to regulate carbohydrate
intake, because lipid storage reserves tended to de-
crease as locusts ingested excess protein (experiment
2; see Fig. 7). One manner in which this cost can ex-
press itself is in decreased resistance to starvation
(Raubenheimer and Simpson 1997). Failing to regulate
carbohydrate intake during nymphal development may
also have serious repercussions for adults because lip-
ids provide a source of fuel for flight (important for
either migration or mate seeking).

Finally, our data may have important implications
for plant defense theory, particularly when viewed in
the context of the availability of resources to plants
(Coley et al. 1985, Bazzaz et al. 1987). For example,
it is predicted that plants in resource-poor habitats will
be slow growing, have low leaf protein content, and
will be defended by carbon-based compounds such as
tannins, whereas resource-rich habitats will result in
the use of nitrogen-based defensive compounds in con-
junction with fast growth rates and high leaf nitrogen
contents. A major premise underlying this prediction
is that low nitrogen availability in resource-poor en-
vironments will place constraints on the types of de-
fense that will be favored through evolutionary time.
Our results suggest that a fundamentally important ad-
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FIG. 7. Bivariate means (6 1 SE) for body nitrogen (N)
and lipid accumulation during the fifth stadium for locusts
from the second experiment. Different letters for the five food
types in the figure key indicate significant differences.

ditional factor favoring carbon-based defensive com-
pounds (or at least those that act in the manner dem-
onstrated here by tannic acid) in resource-poor envi-
ronments is that their anti-herbivore effects are stron-
gest when food protein content is low. The results also
support the suggestion that, by providing a heteroge-
neous spatial distribution of PSMs and nutrients, plants
can redistribute feeding within the canopy and offer a
form of protection even though the total amount of
feeding is unchanged (Edwards et al. 1992, Hoy et al.
1998). We are currently analyzing the interactions be-
tween nutrients and nitrogen-based PSMs and com-
paring them with the present data on a carbon-based
compound.
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