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Abstract

We present the second in a series of experiments investigating the behavioural mechanisms used by Helicoverpa
armigera caterpillars to fund the increased nutrient requirements associated with growth and development. In the work
reported here, we measured ontogenetic changes in the rate of ingestion (amount of an artificial food ingested per unit
time when the insect is actually feeding) in fourth and fifth (penultimate and ultimate) instar caterpillars. These data are
used together with those obtained in a previous study on ontogenetic changes in the proportion of time spent feeding to
estimate the total amount of food ingested over three 33.3% temporal segments of the period from ecdysis to the
cessation of feeding in the two stadia. Overall, the rate of ingestion in the fifth stadium was about three times that in the
fourth. Rate of ingestion was constant over the fourth stadium but increased over the course of the fifth. Total
consumption in the fifth stadium was about 3.5 times greater than in the fourth, mainly due to the greater rate of
ingestion. In the fourth stadium, consumption in the third segment was greater than in either of the first two segments
because the time spent feeding was greater. In the fifth stadium, consumption in the second segment was greater than in
the first because of an increase in time spent feeding. In contrast, the greater intake in the third segment as compared
with the second was due to an increase in the rate of ingestion. Our results demonstrated that the larvae, through
increasing the rate of ingestion, were able to satisfy their increasing nutritional requirements without there being,
necessarily, a commensurate increase in the time spent feeding. ©2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The nutritional requirements of an insect change throughout development and such changes are
typically reflected in changes in food consumption and feeding behaviour (Barton Browne, 1995). In a
larval insect, the nutritional requirements over different developmental periods are positively
correlated with growth over the period, since growth is directly funded by nutrients. It is likely, also,
that nutritional requirements would be positively correlated with the mass of the insect. This
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is because the nutritional requirements for maintenance could be expected to be correlated with tissue
mass (Schroeder, 1981; Phillipson, 1981). The factors determining nutrient availability for growth and
maintenance over a given period of development are the amount and type of food consumed and the
efficiency with which it is utilized. The amount of food consumed by an insect over a given period is,
in turn, determined by two factors; the total time spent feeding and the mean rate at which food is



ingested while the insect is actually feeding.

What this all amounts to is the fact that a number of interacting factors determines the amounts of
nutrient provided for use by the tissues of an animal, and changes in various combinations of these
could be used to meet the increased nutrient requirements due to growth. Pre-
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cisely which combination of parameters changes with development in a given instance is, however,
probably not arbitrary, but is likely to have important ecological and nutritional implications. For
example, ecological studies have shown that the risk of predation to caterpillars is greatly increased
when feeding (Bernays, 1991, 1997), giving rise to the expectation that for these insects it might be
advantageous to maximize the rate of ingestion, so minimizing hazardous exposure. On the other
hand, some herbivorous insects rely on mandibular crushing of plant tissue for the extraction of
nutrients (Bernays, 1991). When this is the case, insects are likely to be more constrained in the extent
to which they can profitably increase the rate of ingestion, and so might more readily meet their
growing nutrient requirements by increasing the time spent feeding.

We have previously (Raubenheimer and Barton Browne, 2000) examined ontogenetic changes in
temporal patterns of feeding over the fourth and fifth (penultimate and ultimate) stadia of Helicoverpa
armigera. The data obtained in that study allowed us to estimate one of the major factors determining
the amount eaten, the time spent feeding over defined developmental stages. In the present paper we
extend this work, presenting data on the ontogenetic changes over the same two stadia of H. armigera
in the second factor determining the amount eaten, the rate of ingestion while feeding. By combining
the data on ingestion rates and time spent feeding we were, furthermore, able to estimate the changes
in food consumption across defined temporal segments in each stadium. The data showed that
ingestion rate is a major factor underlying ontogenetic changes in food intake by H. armigera, thus
confirming expectations derived from ecological studies of predation that caterpillars should minimize
the amount of time spent feeding (Bernays, 1991, 1997). However, there were also increases across
some developmental stages within stadia in the time spent feeding, suggesting that the story is not
simple but possibly involves age or size-specific selection factors or constraints.

2. Materials and methods
2.1. Insects

Larvae of H. armigera were from the same source as those used in our study of developmental
changes in the temporal patterns of feeding (Raubenheimer and Barton Browne, 2000). They were
obtained from a long established culture maintained in the laboratories of the Division of Plant
Protection, Queensland Department of Primary Industries (QDPI), Indooroopilly, QId. In this culture,
larvae were routinely reared on a navy bean-based diet modified from that of Teakle and Jensen
(1985) by increasing the amount of all dry ingredients by a factor of 1.25 (not 0.25 as erroneously
stated by Raubenheimer and Barton Browne (2000)).

2.2. Rates of ingestion

2.2.1. Estimation of rates of ingestion

Larvae, obtained from QDPI in the second stadium, were allowed to remain feeding in groups until
the afternoon of the day before they were expected to undergo ecdysis into the fourth instar. Forty
such larvae were set up individually in chambers consisting of a 50 mm square celluloid base and an
inverted, lidless, cylindrical clear plastic pot 40 mm in diameter and 65 mm high (referred to as ‘type



1’ chambers in the description that follows). The individual larvae were placed on a block of the bean-
based diet (30x20x20 mm) which had already been placed on the celluloid base under the inverted
pot. Frass was removed from the chambers and the larvae were given fresh diet at 0700 and 1900 h
each day. They were weighed at the latter time and these data were used to establish fresh mass
trajectories. Otherwise, the larvae remained in these chambers continuously except for the time they
spent in ‘type 2° chambers (see below) for assessment of rate of ingestion.

At the beginning of the observation period each day, a 10 mm cube of diet on a 15 mm square ‘tray’
of celluloid was placed into each of several chambers (type 2 chambers) which differed from the type
1 chamber in that the base was a 250 mm diameter glass Petri dish instead of a celluloid sheet. The
array of larvae in their type 1 chambers was scanned every few minutes throughout the daily
observation period (circa 0700- 1900 h) and any larvae feeding were noted. When a larva was
observed to cease feeding, the diet on its celluloid tray was removed from one of the type 2 chambers
and the larva placed in it. The assembly consisting of Petri dish, inverted pot and larva was then
weighed to an accuracy of 0.1 mg. Following the weighing, a fresh block of medium on a celluloid
tray was introduced into the chamber. Larvae set up in the type 2 chambers were scanned
continuously, there being no more than four of these chambers in use at any one time. When a larva
started to feed on the diet, the time was recorded to the nearest second. The feeding larva was then
watched continuously. In most instances a larva, having begun feeding, ingested food continuously for

€1 min. The time at which this period of continuous ingestion ended was recorded. Henceforth, we

refer to the period of continuous ingestion as the feed and its duration as feed duration. As soon as the
larva was observed to cease feeding, it was lifted off the diet and the diet on its tray removed from the
chamber. The pot was immediately replaced over the larva and the assembly consisting of Petri dish,
plastic pot, larva and any faecal pellets produced during the larva’s period of occupancy of the type 2

chamber weighed. The difference between the post
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feeding and pre-feeding weights of the assembly was taken as the amount ingested during the feed.
The rate of ingestion in mg/min was calculated by dividing this figure by feed duration. Immediately
following this post-feeding weighing, the larva was removed from the chamber and was itself
weighed, to give an additional point on its mass trajectory, prior to its being replaced in its original
type 1 chamber. A fresh cube of diet was then placed in the just vacated type 2 chamber.

Disposable gloves were worn whenever any part of the assembly was being handled to ensure that
no moisture or other material was transferred to any of the glass or plastic surfaces. Diet was kept in
the type 2 chambers at all times (other than during the pre-and post-ingestion weighings) to minimize
variation in the amount of water adsorbed on their internal surfaces. Observations were made for at
least 12 h on each of 5 days following that on which the 40 larvae were originally set up in their type 1
chambers. These 5 days encompassed the feeding periods of larvae in their fourth and fifth stadia. The
number of occasions on which estimates of ingestion rate were obtained varied among larvae, ranging
from more than one in each stadium to a single estimate over the course of the two stadia.

All observations were carried out at 27+1°C wunder constant artificial illumination.

2.2.2. Binning of data into stadium segments

Data on rates of ingestion for each of the two stadia were assigned to three bins according to
elapsed time since the estimated time of ecdysis, expressed as a percentage of the whole period from
ecdysis to the cessation of feeding within the stadium. This enabled us to use similar analyses for rates
of ingestion as we used to investigate ontogenetic changes in the temporal patterns of feeding
(Raubenheimer and Barton Browne, 2000), and thus directly to interrelate the two data sets.

In our previous study on temporal patterns of feeding we binned the data obtained for each
individual larva, in each stadium, according to whether it applied to the first 33.3% (0-33.3%) of the
total duration of the period from ecdysis to the cessation of feeding, to between 33.4 and 66.6% or to
between 66.7 and 100% of this period. In the present study of rate of ingestion, because we did not
observe the insects continuously as in our previous study, we rarely knew when an individual insect



took its last meal within a stadium. Thus, in assigning the data on rate of ingestion to bins, we used the
median durations of the interval from ecdysis to the cessation feeding obtained for the two stadia in
our earlier study, viz, 37.8 h for the fourth stadium and 56 h for the fifth stadium. Thus, in the fourth
stadium, the period from 0 to 12.6 h after the estimated time of ecdysis into the fourth stadium was

designated segment 1, from 12.7 to 25.3 h after ecdysis segment 2, and any time after ecdysis €25.4 h
segment 3. In the fifth stadium, segment 1 was considered to be from 0 to 18.7 h, segment 2 from 18.8
to 373 and segment 3 @378 h after ecdysis into the fifth  stadium.

2.2.3. Analysis of within-stadium comparisons

Ontogenetic changes in rate of ingestion within each of the two stadia were examined by carrying
out nonparametric Spearman’s correlation analyses with the independent variable being hours since
the estimated time of the previous ecdysis.

In addition to these correlation analyses, we tested for changes within the stadia by comparing rates
in segment 3 with those in segment 1. We carried out Mann-Whit-ney tests on rates in the two
segments and paired Wilcoxon tests when we had data for the same insect in the two segments. In
each case, if an insect provided more than one data point in a particular segment, one of these was
randomly selected and included in the analysis, while the other was excluded. It should be noted that
numbers of paired observations were very low in some cases, giving low statistical power, so
instances in which there were statistically significant outcomes are, in this respect, more informative
than non-significant comparisons.

2.2.4. Analysis of between-stadium comparisons

Mann-Whitney tests (two-tailed) were performed between like segments in the two stadia, i.e. rates
in fourth stadium segment 1 were compared with fifth stadium, segment 1 etc. In addition, to
investigate any overlap between stadia, the rates of ingestion in segment 3 of the fourth stadium were
compared with those in segment 1 of the fifth stadium.

2.3. Estimation of consumption in segments within stadia

To obtain estimates of consumption, we multiplied estimates of median time spent feeding in each
of the three equal segments of the fourth and fifth stadia, derived from the data obtained in our
previous study of ontogenetic changes in temporal patterns of feeding (Raubenheimer and Barton
Browne, 2000), by the median rates of ingestion in the same six temporal segments obtained in the
present study. Estimates of time spent feeding (in minutes) in each segment were obtained by
multiplying the median proportion of time spent feeding in that segment by the median length in
minutes of the segment (Raubenheimer and Barton Browne, 2000). The median length of each
segment in the fourth stadium was 756 (range, 600-900) min and in the fifth stadium 1120 (range,
980-1240) min. Since estimates of consumption were derived from data from two separate, even if
closely parallel studies, we made no attempt to analyse statistically the calculated estimates of

consumption shown in Fig. 1.
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Fig. 1. Median estimates of consumption in milligrams (open bars) and of time in minutes spent feeding (hatched bars) across
successive 33.3% segments of the feeding periods of the fourth and fifth stadia of H. armigera caterpillars.

2.4. Fresh mass trajectories

Fresh mass trajectories over the two stadia were constructed by plotting fresh mass against
estimated time since ecdysis into the stadium. Readings of fresh mass were obtained from (1)
weighings carried out in association with the estimation of rate of ingestion (see above) and (2)
routine weighings made at 1900 h on each day of the observation period when the larvae were
supplied with fresh medium. There was no suggestion of statistical differences between trajectories
obtained from the two categories of weighings (p=0.662 for fourth instars, and p=0.601 for fifth
instars), so they were combined for the final analysis. Estimates of the timing of ecdyses that were not
actually observed were obtained in the manner described by Raubenheimer and Barton Browne
(2000).

Fresh mass increased only over the feeding period of each stadium. Because of this, readings of
mass were used in the analysis of the trajectories only if they were obtained in association with an
estimation of rate of ingestion (in which case the insect was, by definition, within the feeding period of
the stadium) or, in the case of readings of mass obtained in routine weighings at 1700 h, if the
estimated time after ecdysis did not exceed the minimum duration seen in our previous study of tem-
poral patterns of feeding (Raubenheimer and Barton Browne, 2000).

We refer to trajectories obtained using the sequential mass determinations as mass trajectories
rather than growth trajectories. This is in recognition of the fact that gut contents account for a very
significant proportion of whole insect fresh mass in caterpillars [e.g. ca 40% in fifth instar Manduca
sexta (Reynolds et al., 1985)]. Thus, whole insect mass trajectories do not equate to tissue growth
trajectories.

Separate analyses were performed for linearity in the mass trajectories of fourth and fifth instar
larvae using stepwise linear regression including the linear, quadratic and cubic exponents of insect
age. This analysis was performed separately using both absolute time since ecdysis and percentage
time into the stadium as independent variables. Since there were no qualitative differences in the
outcomes of these analyses, we present only the data for absolute time.

Comparison of mass trajectories were performed using analysis of covariance on insect mass
including the linear, quadratic and cubic exponents of age as covariates and stadium as factor. In this
model, differences in rates of mass increase (i.e. slope differences in the relationship between age and
mass) would be detected as significant covariate-stadium interactions. To comply with the assumption
of independence of data points, in cases where individuals were measured more than once only a
single randomly selected measure was included in the analysis.



3. Results
3.1. Rate of ingestion

Table 1 shows, for three equal segments of the fourth and fifth stadia, summary statistics (medians
and ranges) for amounts eaten in feeds, feed durations, and ingestion rates, as well as Mann-Whitney
probabilities for between-stadium comparisons. Statistical tests for within stadium changes are
presented in Table 2.

3.1.1. Within-stadium changes

The data show that rate of ingestion in the fourth stadium was independent of time since ecdysis,
whereas in the fifth stadium it increased significantly over the course of the stadium. These
conclusions are supported by the three kinds of analyses presented in Table 2. Ingestion rate correlated
significantly with insect age in the fifth but not the fourth stadia. Both Mann-Whitney tests and paired
Wilcoxon tests showed that in the fifth stadium ingestion rate was significantly higher in segment 3
than in segment 1, but there was no such difference in the fourth stadium.

The data suggest that the mechanism for developmental changes in ingestion rate within the fifth
stadium was primarily alteration in the time taken to eat a similar amount of food per feed. This can be
seen in the fact that the pattern of statistical significance in feed duration, but not amount ingested,
closely paralleled that for ingestion rate (Table 2).

3.1.2. Between-stadium changes

Comparison of rates of ingestion in equivalent time segments of the two stadia (e.g. segment 1 of
the fourth stadium versus segment 1 of the fifth stadium) showed that, in all segments, the rate of
ingestion in fifth stadium was significantly and appreciably (at least twofold)

Table 1Medians and ranges (in italics) for consumption, feed duration (see text) and ingestion rates of H. armigera caterpillars fed
artifi cial food during the fi rst, second and third 33% segments of the fourth and fi fth larval stadia Stadium % period within stadium

0-33.3

Mass eaten Feed duration Ingestion
rate  Mass eaten (mg) (min)
(mg/min) (mg)
66.7-100

Feed duration Ingestion rate Mass eaten Feed duration
Ingestion rate (min) (mg/min) (mg) (min) (mg/min)

43.103.800.81 2.60 4.28 0.71 2.90 3.05 0.77
1.4-6.0 1.75-6.98 0.44-1.53 1.2-6.4 2.52-9.03 0.19-0.88 0.40-6.9 0.75-11.6 0.36-1.7
[15] [9] [11]

55.93.711.938.24.08 1.88 7.80 2.44 3.06
0.95-18.4 1.5-8.5 0.41-5.0 1.3-16.7 1.17-6.25 0.59-8.4 0.3-17.5 1.0-6.1 0.21-6.4

[27] [19] [14] p 0.002 0.906 €0.001 €0.001 0.530 €0.001 0.011 0.120 €0.001



The number of observations is presented in square brackets in the fi rst column for each time segment. p refers to two-tailed Mann—
Whitney probability.

greater than that in the fourth (Table 1). An additional comparison showed that the rate in segment 1
of the fifth stadium was significantly greater in that in segment 3 of the fourth stadium. The rate of
ingestion in the fifth stadium was greater than the fourth stadium because greater amounts were eaten
in feeds of similar duration.

3.2. Estimates of consumption across segments of the fourth and fifth stadia

Fig. 1 shows estimates of consumption across the three equal temporal segments of the two stadia,
as obtained by multiplying the median time spent feeding in each segment (derived from data from
Raubenheimer and Barton Browne, 2000) by the median rate of ingestion in the same segments
(measured in the present study). Equivalent calculations using means provided very similar estimates,
but we decided to present median data to maintain continuity.

3.2.1. Within-stadium changes

In the fourth stadium, estimated consumption was similar in the first two segments but was
substantially (ca 1.4-fold) greater in segment 3. In the fifth stadium, estimated consumption increased
progressively over the three segments, that in segment 3 being about 1.7 times that in the segment 1.

3.2.2. Between-stadium changes

Overall, estimated consumption in the fifth stadium is ca 3.5 times greater than that in the fourth.
Differences were apparent in all comparisons of corresponding segments of the two stadia, with the
factor by which estimated consumption in the fifth stadium exceeded that in the fourth being ca 2.8 in
segment 1, 4.1 in segment 2 and 3.7 in segment 3.

3.3. Fresh mass trajectories

Fresh mass trajectories of fourth and fifth instar larvae are linear. In both cases only the linear term
was retained in the stepwise linear regression (using stepping method entry criterion of p=0.05).

Regression statistics for the fourth and fifth stadium, respectively, were F(1,24)=147.2, p€0.0001 and

F(1,33)=556.2, p€0.0001. Inhomogeneity of variances prevented a direct comparison of the slopes in

a single ANCOVA model, so we used separate linear regressions to obtain parameter
estimateststandard error for rates of mass increase in the two stadia. The best-fit equation for the
fourth and fifth stadia, respectively, were: size (mg)=3.8+0.316, age (h)+22.5+6.15 and size
(mg)=9.5+0.4, age (h)+153+10.7.

According to estimates based on these equations, larval mass increased by 144 mg (from ca 22 to
ca 166 mg) over the 37.8 h median feeding period in the fourth stadium and by 532 mg (from 153 to

685 mg) over 56
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Table 2 Developmental changes in amount eaten within a feed (see text), feed duration and ingestion rate for fourth and fifth stadium
H. armigera caterpillars

Spearman’s correlation (independent Mann-Whitney Wilcoxon

variable=percentage)



Coefficient

(© n p(c=0) p(seg. 1=seg. n(1e3) n(3e1) p(seg. 1=seg.
3) 3)
Fourth Mass eaten -0.074 35 0.673 0.716 3 2 0.686
stadium
Feed duration  -0.205 35 0.238 0.169 2 3 0.686
Fifth Ingestionrate  —0.041 3560 0.814 0.932 0.979 0.891 17 44 0.225
stadium Mass eaten 0.011 0.328
Feed duration  -0.258 60 0.047 0.019 9 3 0.023
Ingestionrate  0.312 60 0.015 0.009 3 9 0.041

Data were processed such that no animal was represented more than once within a
33.3% segment of the stadium, but animals could be represented in two or in all three 1/3
segments (see text). Within-stadium comparisons of the initial and final one-third
segments of the stadia (i.e. 0-33.3% versus 66.7-100%) were made both using an
independent samples design (Mann-Whitney test) and, for those animals represented in
both segments,

a matched pairs design (Wilcoxon test).

h in the fifth. The 3.7 times greater increase in mass in the fifth stadium than in the fourth is the result
of a 2.5-fold increase in the rate of mass increase (size/age slope of 9.5 versus 3.8 mg/h) for a 1.5 fold
greater period (37.8 h versus 56 h). Mass increased 7.5-fold over in the fourth stadium and 4.5-fold in
the fifth.

4. Discussion

Our data show that an important factor accounting for the developmental increase in food intake in
H. armigera is the rate of food consumption, which increased between the fourth and fifth stadium,
and also within the fifth stadium in the run-up to pupation. The story is, however, not a simple one,
since an increase in the time spent feeding rather than ingestion rate was associated with increased
food intake over fourth and the early stages of the fifth stadia.

We begin by considering our estimates of consumption, and then turn to a detailed discussion of the
observed changes in feeding rates, including possible mechanisms and their relation to the data on
feeding time reported in Raubenheimer and Barton Browne (2000). We end with a brief consideration
of the possible ecological significance of our findings.

4.1. Estimates of consumption

In deriving our estimates of consumption by combining rates of ingestion measured in the present
study with measures of time spent feeding from the previous study (Raubenheimer and Barton
Browne, 2000), we have made two assumptions. The first is that the batches of larvae providing the
two data sets had similar ontogenetic trajectories. We made every attempt to ensure this by carefully
standardizing experimental conditions, including the same observers in the same constant temperature
room using larvae from the same colony (only one or two generations removed) feeding on the same
diet. There are strong indications that we were successful, because the fresh mass trajectories seen in
the two studies were very similar and the duration of the fourth stadium (the only stadium for which
there was this datum in the present study) seen in the two studies were almost identical.



Our second assumption is that the rates of ingestion recorded in the present study were typical of
the whole meal. In the earlier study which provided the data for total time spent feeding, a meal was
considered terminated only following a pause of 240 s. We tried in preliminary experiments to
measure ingestion rate over meals so-defined but found that this approach gave highly variable results,
because once the initial concerted feed had been broken by a pause the larvae often acted indecisively
making it difficult to identify periods of actual ingestion. We therefore decided to measure ingestion
rates only over the first uninterrupted period of feeding, and assume that they were representative of
the meal. Although there must be some doubts as to the strict validity of this assumption, we believe
the any consequential inaccuracies are minimal. For one, in our experimental setup there are relatively
few breaks within meals, so the feeding bouts used to measure ingestion rates were a substantial
proportion of the total period of ingestion in meals seen in our earlier study (ranging from median
value of 40% in segment 3 of the fourth stadium to 80% in segment 2 of the fifth stadium). Therefore,
even if there was a systematic change in rate of ingestion within a meal [e.g., a slowing over the
course of a meal (Moorhouse et al., 1976)], this would not greatly affect the relativity of the estimates,

and thus the patterns of
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ontogenetic change. We are thus confident that patterns in food intake we derived across the fourth
and fifth stadia are representative.

Our estimates showed that food consumption increased from the fourth to the fifth stadium by a
factor of 3.5. Within the fourth stadium, there was no difference in estimated total consumption
between the first two segments, but a ca 1.4-fold increase was observed from the second to the third
segments. In the fifth stadium, intake increased progressively from the first to the third segments.

4.2. Mechanisms of developmental changes in intake

The observed 3.5-fold increase in intake in the fifth than the fourth stadium could have been
achieved by one or a combination of the following: extending the feeding period of the stadium,
increasing the amount of time spent feeding within the stadium, and increasing the rate at which food
is ingested. When the whole stadium is considered, the observed difference is largely accounted for by
the rate of ingestion being three times greater in the fifth than in the fourth stadium. The total time
spent feeding in the fifth stadium was only ca 1.2 times that in the fourth. The 1.5 times longer period
from ecdysis to the cessation of feeding in the fifth stadium was largely offset by a 21% reduction in
the proportion of time spent feeding (Raubenheimer and Barton Browne, 2000).

The pattern seen over the whole stadium is reflected to varying degrees when comparisons are made
between the corresponding segments of the two stadia. The most extreme case is seen in the segment
3, where estimated consumption in the fifth stadium was ca 3.5 times that in the fourth stadium. This
difference was more than fully accounted for by a 3.9 times greater rate of ingestion. In this instance,
the total time spent feeding in this segment of the fifth stadium was only 89% of that in that of the
fourth. The effect of the 1.5-fold greater duration of the fifth stadium segment was more than on offset
by a 40% reduction in proportion of time spent feeding as compared with the same segment of the
fourth stadium.

Unlike between-stadium comparisons, changes within stadia could have involved feeding rate
and/or feeding time, but not alterations to the time available for feeding, since our comparisons were
made between equal (33.3%) time bins. In the fourth stadium estimated total consumption was fairly
similar in the first two segments. This similarity resulted from there being similar rates of ingestion
and similar times spent feeding in the two segments as opposed to differences of opposite sign in the
two component variables. The ca 1.4 times greater estimated consumption in segment 3 than in
segments 1 and 2 is fully accounted for by a ca 1.4-fold increase in the time spent feeding with rate of
ingestion remaining similar across the three segments.

In the fifth stadium, estimated consumption increased progressively from segment to segment, but
the basis for the increase between segments 2 and 3 was different from that for the increase between



segments 1 and 2. The 1.3-fold greater estimated consumption in segment 2 than in segment 1 was the
result of a 1.3-fold increase in time spent feeding, with rate of ingestion not differing significantly
between the segments. On the other hand, the ca 1.3-fold increase between segment 2 and segment 3
occurred despite an ca 22% reduction in time spent feeding which was more than offset by a 1.6-fold
increase in rate of ingestion.

4.3. Mechanisms of altered time feeding and rates of ingestion

A major component of the increase in food intake by
H. armigera with development was increased rate of ingestion, but increased feeding time was also
observed between the second and third segments of the fourth stadium, and the first and second
segments of the fifth.

Previously, we have determined that the mechanism underlying the increase in time spent feeding in
both of these periods is a decrease in the duration of inter meal intervals (i.e. an increase in the number
of meals taken per unit time) (Raubenheimer and Barton Browne, 2000).

Although we made no attempt to measure the fine-scaled behavioural events underlying the changes
we observed in ingestion rate, they could involve an increase in the rate of biting and/or an increase in
bite size. Because the head capsule of fifth instar larvae is substantially larger than that of fourth instar
larvae (twofold difference in linear dimensions, unpublished observation), it is almost certain that bite
size is larger in fifth stadium. Thus, if bite frequency were similar in these two stadia, as it is for M.
sexta (Reynolds et al., 1986), increased bite size would explain the greater rate of ingestion in fifth
instar larva. In contrast, the increased rate of ingestion observed within the fifth stadium clearly cannot
be attributed to a change in the size of the head capsule. It could, nonetheless, be due to an increase in
bite size which is somehow achieved despite the fixed size of the head capsule. One possibility is that
larger bites are achieved due to an increase in the size of the mandibular muscles, which are known in
caterpillars to change markedly with development (Bernays, 1986). The question would remain,
however, as to why there was no similar increase in ingestion rate over the fourth stadium, where
presumably the mandibular muscles also increased in size. Indeed, there was a greater proportionate
increase in fresh mass over the feeding period of fourth stadium than over the fifth (ca 7.5-fold versus
4.4-fold), and the fresh mass trajectory is linear in both stadia.

Alternatively, increased feeding rates with develop
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ment could have been due to an increase in bite frequency. As far as we are aware the only data
relating bite frequency to stage of development within a stadium in a caterpillar are those obtained
with fifth instar M. sexta by Reynolds et al. (1986) and Bowdan (1988), which are somewhat
conflicting. Reynolds et al. reported that there was no significant variation over the course of the
stadium in rate of ingestion or bite frequency when larvae were feeding either on an artificial diet or
foliage, and concluded that bite size must be constant throughout. In contrast, Bowdan (1988) reported
that bite frequency was positively correlated with insect mass in larvae feeding on foliage, and from
this it seems plausible that the same might have been true in our study. There is, however, clearly need
for a study of bite frequency and bite size (amount consumed over a feed divided by the number of
bites) over the course of the two stadia.

4.4. Might changes in ingestion rate be adaptive?

An interesting feature of our results is the indication that the larvae can vary the amount of food
consumed over a defined developmental period by varying the rate of ingestion, without there being,
necessarily, a commensurate variation in time spent feeding (Fig. 1). Might these changes in the rate
of ingestion be adaptive? We consider this possibility with particular reference to our finding that the
rate of ingestion increased between segments 2 and 3 of the fifth stadium to such an extent that larvae



consumed more food in segment 3 than in segment 2 despite a reduction in time spent feeding.

Predators and parasitoids are a major source of selection on caterpillars, with estimates for losses
due to parasitoids alone ranging from 30% to 95% (Salazar and Whitman, 2001). It is, furthermore,
almost certainly the case that caterpillars are particularly at risk when feeding. Bernays (1997) for
example found that larvae of the two species of caterpillars suffered much higher rates of predation
while feeding than while not feeding. This was demonstrated for early instars of Uresiphita reversalis
being preyed upon by anthocorid bugs and third instar
M. sexta being preyed by a vespid wasp. Similarly, Gotthard (2000) showed that larvae of the wood
butterfly (Pararge aegerua) that were manipulated using photoperiod to grow fast suffered higher
predation than slower-growing controls, possibly because of the increased foraging activity required to
sustain a higher growth rate. These results suggest that a benefit of rapid ingestion might be to enable
the insect to satisfy its nutritional needs while minimizing the time spent feeding and, thus, reducing
the risk of attack by natural enemies.

Predation might thus be one selective factor underlying the increase in feeding rate rather than
feeding time that we observed in fifth instar larvae. A problem with this hypothesis, however, is that it
begs the question of why it was the time spent feeding, rather than the rate of ingestion, that increased
towards the end of the fourth stadium and again from the first to the second segment of the fifth. A
functional explanation that took account of this would need to posit stage-specific cost-benefit
relationships, and/or constraints on the rate of ingestion in H. armigera.

One possible constraint that prevented the smaller larvae from increasing the rate of ingestion is
limitations on the strength of the mandibles and associated musculature. We consider this possibility
unlikely, however, partly because the artificial diets we used were softer than most natural plant
tissues, and so would not likely pose appreciable demands on the feeding apparatus. Also, Bernays
(1986) demonstrated that the head and chewing musculature of the caterpillar Pseudaletia unipunctata
was half the size when raised on soft artificial foods compared with hard grass even though body size
was similar, showing that caterpillars have the developmental capacity to adapt their feeding apparatus
to the nature of their foods. Since the caterpillars in our study had been reared on artificial foods from
hatching (and for several generations), it would seem most likely that if maximizing feed rate was
important the necessary adaptation would have taken place by the end of the penultimate larval
stadium.

Rather than, or in addition to, constraints it might be that there are stage-specific selection pressures
that explain the data. For example, caterpillars are known to face different sets of natural enemies as
they grow (Salazar and Whitman, 2001), and the behaviour of different aged H. armigera might be
adapted to the characteristics of their predominant enemies. There is good evidence that larger
caterpillars are more vulnerable to predation by birds, while smaller size classes are more frequently
taken by arthropod predators and parasitoids (reviewed by Montllor and Bernays, 1993; see also
Cogni et al., 2002). Because birds are primarily visual foragers (Heinrich, 1993), there would be
particularly strong incentive for the larger, late fifth instar, caterpillars to minimize the time during
which they are feeding and so exposed to being seen by birds. Arthropod predators and parasitoids, by
contrast, tend to use odour to locate their hosts (Salazar and Whitman, 2001). Fast feeding would
result in high rate of release of volatiles from leaves, so creating a stronger odour plume, and is likely
also messier than slower feeding. Slow feeding might have the additional benefit of increased
digestive efficiency, if it results in the swallowing of more thoroughly chewed food (Slansky and
Scriber, 1985; Slansky, 1993). Small larvae might thus on balance benefit from feeding more slowly
compared with larger caterpillars.

While these suggestions remain speculative, they do serve to illustrate how data on the
microstructure of feeding in insects can point the way towards interesting studies on the ecology of

plant-insect interactions.
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Further work which integrates the microstructure of caterpillar feeding with their ecology would likely
yield important insights into  the evolution of  plant-insect interactions.
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