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Abstract. 1. Although it is well established that the deposition of melanin pig-
ment in the cuticle of larval Lepidoptera is influenced by both environmental and
genetic factors, few studies have examined intra-individual regional variation in
the degree of melanism or the ontogenetic dynamics of this trait. Here, heritable
and density-dependent effects on within-individual and stage-specific variation in
melanism were examined in caterpillars of the Egyptian cotton leafworm,
Spodoptera littoralis (Boisduval).
2. Using quantitative spectrometric methods, it is shown that cuticular melan-

ism changes dramatically within larval stadia, showing the highest and lowest
levels of melanism early (first day) and late (final day) in each larval stadium
respectively. However, solitary-reared caterpillars were significantly paler than
those reared gregariously at all stages of development and maintained greater
levels of variation in melanism. This variation in melanism was repeatable and
exhibited a significant heritable component (narrow sense heritability based on
offspring–parent regressions: h2 ¼ 0.18–0.30).
3. The degree of melanism was correlated negatively with larval body weight in

solitary caterpillars, but not gregarious ones. Melanism also varied spatially, with
the lateral longitudinal band being consistently darker than the dorsal or dorso-
lateral bands. Crowd-rearing increased melanism in all regions of larval cuticle,
but the extent of crowding-induced melanism was more pronounced in the dorsal
and dorso-lateral bands than in the lateral one.
4. These results indicate that although cuticular melanism is a highly dynamic

trait, ontogenetic changes in relative cuticular melanism are both predictable and
repeatable within individuals and genotypes. This has implications for our under-
standing of the evolution of melanism and for applying artificial selection on the
basis of colour.

Key words. Caterpillar, cuticular melanism, density dependence, development,
phenotypic integration, phenotypic plasticity.

Introduction

Melanism (the occurrence in a species of dark or black
forms) has intrigued evolutionary biologists for over a
century (Kettlewell, 1973; Majerus, 1998). Numerous

hypotheses have been proposed to explain the origin and

maintenance of melanic phenotypes. Melanism has been
particularly well studied in insects, and industrial melanism
in the peppered moth (Biston betularia) has now become a

classic textbook example of rapid evolution in the field
(summarised in Majerus, 1998). Melanism in this species
is the result of a simple, genetically based polymorphism,

but in many insects it is determined by a sometimes com-
plex interaction between genetic and environmental factors.
Melanism in larval Lepidoptera has been particularly well
studied, and previous work has shown that the expression

of melanism may be affected by a range of environmental
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factors, including temperature (Goulson, 1994; Gunn,
1998; Hazel, 2002; Solensky & Larkin, 2003), light (Faure,
1943), humidity (Goulson, 1994), diet (K. P. Lee &

K. Wilson, unpublished data), and population density
(Long, 1953; Kazimirova, 1992; Goulson & Cory, 1995;
Gunn, 1998). For example, in the African armyworm

(Spodoptera exempta), larvae are generally pale green or
brown at low population densities and jet black under
crowded conditions, but the magnitude of the response to

population density also has a significant genetic component
(Wilson et al., 2001).
The adaptive significance of density-dependent melanism

remains to be established. However, in many insects, mela-
nism is due to the deposition of melanin, a nitrogen-rich
quinone polymer that is known to have potent antimicro-
bial activity (St Leger et al., 1988; Nappi & Vass, 1993;

Ourth & Renis, 1993). It has therefore been suggested
that the increased deposition of melanin in the cuticle at
high population densities is an adaptive countermeasure to

cope with the greater risk of disease transmission in
crowded environments (‘density-dependent prophylaxis’;
Wilson & Reeson, 1998; Reeson et al., 1998; Barnes &

Siva-Jothy, 2000; Cotter et al., 2004a). Other hypotheses
for the evolution of density-dependent melanism invoke
possible thermoregulatory benefits of melanism (Goulson,
1994; Gunn, 1998) and a potential role for melanism in

aposematic signalling (Iwao, 1968; Wilson, 2000).
Regardless of the precise mechanisms maintaining

density-dependent melanism in the field, the potential for

either natural or artificial selection to result in realised
changes in the expression of melanism depends critically
on the heritability of the propensity of individuals to

become melanic in response to appropriate cues. This, in
turn, is constrained by the repeatability of the trait. In
previous studies of melanism in insects, it has generally

been assumed that the expression of melanism is a fixed
trait or one that essentially changes monotonically with age
(e.g. Thompson et al., 2002). However, in larval
Lepidoptera and other soft-bodied insects, it is likely that

melanism is a dynamic trait both within and between larval
instars. This is because, following ecdysis, the surface area
of the cuticle increases markedly as the insect feeds and

grows (e.g. during the final instar of Manduca sexta larvae,
the cuticle surface area increases by approximately four-
fold; Chapman, 1998). Therefore, because melanin is

deposited in the cuticle just prior to ecdysis (Curtis et al.,
1984; Hiruma et al., 1984), the expression of melanism is
likely to change following moulting as cuticular melanin is

dispersed within the expanding cuticle as the insect grows.
This means that melanism is likely to be a highly dynamic
and plastic trait, and this has potential implications not
only for quantifying melanism in individual insects, but

also for understanding the adaptive value of melanism
and the selection pressures associated with it.
Spodoptera littoralis (Boisduval) (Lepidoptera:

Noctuidae) is a polyphagous moth (Brown & Dewhurst,
1975), and larvae of this species exhibit a form of density-
dependent polyphenism similar to that described for

S. exempta: under low density conditions the larvae are
generally pale brown or grey whereas under crowded con-
ditions they may become dark brown or black, due to the

deposition of melanin in the cuticle (Hodjat, 1970; Altstein
et al., 1994; Cotter et al., 2004a). Thus, the aim of the
present study was to use a quantitative spectrometric tech-

nique to examine density-dependent effects on develop-
mental and regional variation in cuticular melanism in
S. littoralis caterpillars, as well as to determine the repeat-

ability and heritability of melanism in this species. The
motivation behind the present study was to determine
some of the developmental and genetic constraints acting

on the evolution of melanism in the field, and to identify
any potential problems associated with applying artificial
selection on the basis of colour in the laboratory. These
sorts of issues are at the heart of the study of phenotypic

integration, an area of growing interest amongst evolution-
ary biologists (Pigliucci, 2003; Pigliucci & Preston, 2004).

Materials and methods

Insects

Spodoptera littoralis larvae were originally collected in

Egypt in July 2002, and a culture had been established in
the laboratory for approximately 12 generations at the start
of this study. Upon moulting to the third larval instar

(&3–4 days after hatching), caterpillars were placed in
25-ml plastic polypots, either individually (‘solitary’ reared)
or in groups of two (‘crowd’ or ‘gregariously’ reared).

Rearing in groups of two stimulates larvae to express the
‘gregarious’ phenotype, whilst minimising any stresses asso-
ciated with crowding, such as food limitation. In both rear-
ing treatments, larvae were provided with ad libitum

wheatgerm-based semi-artificial diet (Hoffman et al.,
1966), and were kept at 25 �C under LD 12:12 h
photoperiod.

Effects of rearing density on melanism

Measurement of melanism. The degree of cuticular
melanism was measured for both solitary and crowd-

reared caterpillars using an AvaSpec-2048 fibre optic
spectrometer and an AvaLight-HAL Tungsten Halogen
light source (Avantes, Eerbeek, the Netherlands).

Measurements were taken using a 2-mm diameter
bifurcated fibre optic probe that was positioned at a 90�

angle to the integument surface of each insect. A cylindrical

plastic tube was attached to the probe in order to maintain
a constant distance of 2 mm from the sample. A late fifth
instar S. littoralis caterpillar with conspicuous pale
coloration was used to set the white standard reference,

while the dark standard was established by eliminating
light from the probe. These standards allowed the
quantification of the relative paleness of a sample

compared with the white standard reference, which was
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expressed as a reflectance value (%). Thus, 100%
reflectance was equivalent paleness to the white standard,
while 0% reflectance was equivalent to the dark standard.

Triplicate reflectance values were recorded at 575 nm
wavelength from the dorsal longitudinal band (Fig. 1) of
each individual at different stages of development as

follows: late fourth (last day of fourth instar), early fifth
(first day of fifth instar), late fifth, early sixth, and mid-
sixth (second day of sixth instar). These triplicate

measurements showed high repeatability at each larval
stage (e.g. for mid-sixth instar larvae, r ¼ 0.89, n ¼ 139
larvae, P < 0.001). Reflectance was measured at 575 nm,
rather than integrated across the visible spectrum, because

preliminary analyses indicated that it was over this part of
the spectrum that colour differences between individuals
were maximised.

Caterpillars displayed distinct regional differences in
cuticle coloration, which were particularly pronounced in
the older (mid-sixth instar) caterpillars. To determine the

extent of these differences, the reflectance was measured
from randomly chosen points at each of following locations
for these caterpillars: dorsal band, lateral band, and the
region between the two, which is referred to as the dorso-

lateral band (Fig. 1). All caterpillars were weighed to the
nearest 0.1 mg immediately after colour measurement.
Data analysis. Prior to any statistical data analyses, the

three replicated measurements of reflectance were averaged
to generate a mean reflectance value. These data were then
log-transformed to comply with the assumptions of the

parametric tests. However, all graphical representations
depict untransformed data. Repeated-measures analysis of
variance (ANOVA) was used to test for the within-subject

effect of the developmental stage of larvae on the mean
reflectance and on larval body weight. The same repeated-
measures method was applied for analysis of the colour
differences between the three regions of cuticle within

individuals, but this time the region was used as a within-
subject factor. The effect of rearing condition (solitary or
gregarious) was the between-subject factor in these

analyses. To account for any violations of sphericity
assumptions of the variance–covariance matrix,
significance levels corrected by Huynh–Feldt epsilon (e)

adjustments were used when examining the within-subject
factor (Quinn & Keough, 2002). Simple least-squares linear
regression lines were fitted to describe any potential effect

of larval weight on insect colour. The relationships between
larval colour measured at different developmental stages
were examined with parametric Pearson’s correlations and

repeatabilities. Repeatability (r) is the intra-class
correlation coefficient, and in the present context is
defined the proportion of total variation in a trait that

can be explained by differences between individuals. They
were estimated here using the methods of Lessells and Boag
(1987), and approximate standard errors for these estimates
were determined via permutation. All statistical analyses

were performed using SAS v. 8.2 (SAS Institute, Cary,
North Carolina) or S-PLUS v. 6.2 (Insightful Corp.,
Seattle, Washington).

Heritability

The heritability of cuticular melanism was estimated

using 204 full-sibling solitary-reared larvae from 22 families
(a mean of 9.67 offspring per family). As described above,
newly moulted third instar caterpillars from each family

were assigned singly to individual diet pots and the degree
of melanism (% reflectance) was measured from the dorsal
longitudinal band of each insect 2–3 days after reaching the
final larval instar. At measurement, the body weight of all

larvae was within the range of 500–1000 mg in order to
minimise the effects of body weight on cuticular melanism
(see Results). By using the components of variance

extracted from a one-way ANOVA, with family as a random
factor in a full-sibling analysis, heritability was initially
calculated as twice the intra-class correlation (i.e. the pro-

portion of the total variance attributable to the among-
family component). The estimate from this full-sibling
design is generally considered as ‘broad sense heritability’
because it does not distinguish between the contributions to

total phenotypic variation of additive and non-additive
genetic (e.g. dominance and epistasis) variance components
(Roff, 1997).

In order to avoid possible overestimation, an additional
analysis was conducted based on offspring–parent regres-
sion, from which the ratio of additive genetic variance to

total phenotypic variance were calculated (i.e. ‘narrow
sense heritability’). The mean offspring values of reflec-
tance (%) for each family were regressed against the mid-

parent values (the average of the parents), and against
those of their father (sire), and mother (dam). The slope
coefficient (b) was estimated by least-square linear regres-
sion weighted for family size and bootstrapped 2500 times.

The exact probability estimates for these regression
analyses were calculated via 2500 sample permutations
(e.g. Smith et al., 1999). In offspring–parent regressions,

the heritability estimate derived from the offspring vs.
mid-parent relationship is calculated as the slope coefficient
of the regression, while the heritability estimate based on

the regression of the mean offspring value on each parent’s

(a) (b)

L DL D D DL L

(c)

Fig. 1. Cuticular melanism in Spodoptera littoralis. Photographs

show the isolated cuticles from: (a) dark, (b) intermediate, and (c)

pale individuals of the mid-sixth instar caterpillars. Three cuticle

regions are indicated: dorsal band (D), dorso-lateral band (DL),

and lateral band (L).
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value is calculated as twice the slope of the regression line
(Falconer & Mackay, 1996; Roff, 1997).

Results

Cuticular melanism across larval stadia

There was a significant effect of larval rearing condition
on cuticle colour (repeated-measures ANOVA: between-
subject factor, F1,194 ¼ 60.11, P < 0.001), with the gregar-
ious caterpillars exhibiting darker coloration (lower reflec-

tance) than those reared in isolation (Fig. 2). However,
caterpillars in both rearing treatments showed rapid colour
changes within each larval stadium, as indicated by a sig-

nificant within-subject effect of developmental stage
(F4,776 ¼ 440.04, P < 0.001, Huynh – Feldt e ¼ 0.8587).
During the pre-moult periods (late stage of instar), cater-

pillars were pale but became markedly darker when they
had just moulted to the next larval instar (Fig. 2). A sig-
nificant rearing density-by-development stage interaction

term (F4,776 ¼ 7.87, P < 0.001) indicated that such patterns
of colour change differed between insects reared at the two
larval densities. Subsequent profile analysis of contrasts
revealed that the effect of rearing density on colour was

most pronounced during the first 2 days after moulting to
the final instar (F1,194 ¼ 9.75, P ¼ 0.002, significance level
Bonferroni adjusted; Fig. 2). When the frequency distribu-

tions of cuticle reflectance values were compared for soli-
tary and gregarious larvae at this stage, solitary caterpillars
not only had a higher mean reflectance (35.3% vs. 21.6%)

but also exhibited greater variation in reflectance than
crowded insects (variance: 145.4 vs. 52.9) (Fig. 3a).
Within solitary larvae, the darkest 25% of individuals (i.e.
those in the lowest quartile of the reflectance distribution)

displayed a distinctively dark cuticle, indistinguishable
from that of gregariously reared caterpillars (Fig. 3b),
while those with highest reflectance were paler in colour.

As a consequence of the extensive colour variation
between larval stages, the repeatability of melanism within
individual larvae between late fourth and mid-sixth instar

was low and non-significant for both solitary and grega-
rious caterpillars (Table 1). However, after accounting for
this variation due to larval stage (by subtracting the aver-

age reflectance for a given stage from the individual reflec-
tance values), the repeatability of cuticular melanism
increased markedly (Table 1). Thus, although individuals

varied in colour during development, after accounting for
larval stage variation in colour, individuals were consist-
ently relatively pale or dark. Among the solitary caterpil-
lars, the degree of cuticular melanism was significantly

positively correlated across all five developmental stages
examined (Table 2). In contrast, caterpillars reared gregar-
iously exhibited relatively weak, and mostly non-signifi-

cant, correlations across developmental stages, and the
overall variation in colour was much lower (Bartlett’s test
of homogeneity of variance using the untransformed data

pooled over the entire larval developmental stages,
w2 ¼ 21.67, P < 0.001).

Melanism in different regions of cuticle

Two days after moult to the final instar, caterpillars
displayed distinct dark longitudinal bands in the dorsal
and lateral parts of their body (Fig. 1). Between these

bands, there was a paler dorso-lateral band. Caterpillars
reared in isolation were significantly paler (higher reflec-
tance) in all three major regions of cuticle than those reared
gregariously (between-subject factor, F1,194 ¼ 64.21,

P < 0.001; Fig. 4). In both solitary and gregarious insects,
the lateral band was the darkest, the dorso-lateral band was
the lightest, and dorsal band was intermediate between the

two (within-subject factor, F2,388 ¼ 319.66, P < 0.001,
Huynh–Feldt e ¼ 0.8459). A significant rearing density-
by-cuticle region interaction (F2,388 ¼ 10.87, P < 0.001)

indicates that the effect of crowding was manifested differ-
ently across the three cuticle regions, as seen by a much
smaller phase difference observed in the lateral bands of the
two phenotypes compared with the other regions (Fig. 4).

Despite this, the regional variations in melanism were
correlated strongly and positively with each other for
both solitary and gregarious insects (Table 3), and

between-bands repeatability was high after accounting for
differences in the average darkness of the three bands
(Table 1).

Larval weight and melanism

During larval development, caterpillars increased their
body weight in a near-exponential manner (within-subject

factor, F4,768 ¼ 1861.73, P < 0.001, Huynh–Feldt
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Fig. 2. Temporal dynamics of cuticular melanism for solitary and

gregarious caterpillars across five successive developmental stages

from late fourth to mid-sixth instar. Reflectance value (%) was

measured from the dorsal longitudinal band of the cuticle of indi-

vidual caterpillars (mean � SE). The lower the reflectance, the

darker the insects.
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e ¼ 0.3443). Solitary caterpillars were significantly heavier
(by roughly 12%) than those reared in groups (between-

subject factor, F1,194 ¼ 64.21, P < 0.001), and this

relationship persisted in successive developmental stages,
as indicated by the non-significant within-subject interac-

tion term (F4,768 ¼ 1.95, P ¼ 0.157). To examine the effect
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Fig. 3. Detailed comparison of cuticular melanism

in the dorsal longitudinal band of mid-sixth instar

caterpillars at different rearing densities. (a)

Distributions of the relative frequency of solitary

and gregarious caterpillars across the reflectance

values (%). (b) Mean reflectance values (� SE) of

the two groups of solitary caterpillars, palest 25%

and darkest 25% in the population in (a), and of

gregarious insects. The lower the reflectance, the

darker the insects.

Table 1. Repeatability (� approximate SE) for the degree of melanism (% reflectance) in (a) the dorsal cuticle band across the develop-

mental stages of individual caterpillars from late fourth to mid-sixth instar, and (b) dorsal, lateral, and dorso-lateral bands within individual

mid-sixth instar caterpillars. Repeatabilities (r) were estimated using the methods of Lessells and Boag (1987) and approximate standard

errors were determined by randomisation. Adjusted reflectance was calculated by subtracting the average reflectance for a given stage or

region from the individual reflectance values.

All larvae

(n ¼ 194 larvae)

Solitary only

(n ¼ 131 larvae)

Gregarious only

(n ¼ 63 larvae)

(a) Temporal repeatability

Reflectance 0.015 � 0.024 NS �0.016 � 0.026 NS �0.078 � 0.030 NS

Adjusted reflectance 0.260 � 0.034*** 0.284 � 0.042*** 0.204 � 0.058***

(b) Spatial repeatability

Reflectance 0.211 � 0.046*** 0.047 � 0.052 NS 0.262 � 0.082***

Adjusted reflectance 0.509 � 0.041*** 0.459 � 0.052*** 0.621 � 0.062***

NS, P > 0.05, ***P < 0.001.
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of body weight on larval coloration, cuticle reflectance was
regressed against body weight for both solitary and gregar-
ious individuals (Fig. 5). For solitary mid-sixth instar cater-

pillars there was a significant positive relationship between
body weight and cuticle reflectance (F1,129 ¼ 20.92,
P < 0.001), i.e. melanism declined as larval body weight
increased. However, no such relationship was found

between larval body weight and colour for the gregarious
caterpillars (F1,61 ¼ 0.03, P ¼ 0.858). After accounting for
weight differences between solitary and gregarious larvae,

solitary larvae were generally paler than those reared in
groups (Fig. 5), as indicated by a significant interaction
between larval rearing-density and body weight (ANCOVA

with body weight as covariate: F1,190 ¼ 4.06, P ¼ 0.045).
Similar results were obtained from equivalent regression
analyses for each developmental stage.

Heritability of melanism

Results from the one-way ANOVA indicated a significant
effect of ‘family’ on the melanism of the dorsal cuticle in
mid-sixth instar caterpillars (F21,182 ¼ 3.11, P < 0.001),

with an estimated broad sense heritability (h2) of
0.37 � 0.14 (standard error, SE). When the mean offspring
values for each family (n ¼ 22) were regressed against the
mid-parent values, the male parent (sire) values, and the

female parent (dam) values, narrow sense heritability esti-
mates were as follows: h2mid-parent ¼ 0.18 � 0.08
(P ¼ 0.026), h2sire ¼ 0.30 � 0.14 (P ¼ 0.042), and

h2dam ¼ 0.18 � 0.11 (P ¼ 0.092) respectively (Fig. 6).

Table 2. Pearson’s correlation coefficients (r) between the degree

of melanism (% reflectance) in the dorsal cuticle band across the

developmental stages of individual caterpillars.

Stage Early fifth Late fifth Early sixth Mid-sixth

Solitary

Late fourth 0.340*** 0.290*** 0.250** 0.216*

Early fifth 0.446*** 0.424*** 0.267**

Late fifth 0.397*** 0.176*

Early sixth 0.480***

Gregarious

Late fourth 0.202 NS 0.170 NS 0.259* �0.043 NS

Early fifth 0.208 NS 0.243 NS 0.266*

Late fifth 0.110 NS 0.178 NS

Early sixth 0.441***

NS,P > 0.05, *0.01 < P < 0.05, **0.001 < P < 0.01, ***P < 0.001.
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Fig. 4. Spatial variation in cuticular melanism within solitary and

gregarious caterpillars. Reflectance values (%) were measured from

the three different cuticle regions (dorsal band, dorso-lateral band,

and lateral band; see Fig. 1) of mid-sixth instar caterpillars

(mean � SE). The lower the reflectance, the darker the insects.

Table 3. Pearson’s correlation coefficients (r) between the degree

of melanism (% reflectance) measured from the three different

cuticle bands (dorsal, dorso-lateral, and lateral) of individual cater-

pillars at the mid-sixth instar.

Region Dorso-lateral Lateral

Solitary

Dorsal 0.641*** 0.547***

Dorso-lateral 0.337***

Gregarious

Dorsal 0.567*** 0.782***

Dorso-lateral 0.623***

NS, P > 0.05, ***P < 0.001.
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Fig. 5. Relationship between larval body weight and cuticular melan-

ism in solitary and gregarious caterpillars. Reflectance values (%) were

measured from the dorsal cuticle band of mid-sixth instar caterpillars.

Low reflectance indicates dark coloration. Least-squares regression

lines were fitted to demonstrate the effects of rearing condition on

the relationship between larval body weight and melanism. The slope

coefficients for solitary and gregarious insects are 0.028 (� 0.006, SE;

n ¼ 131) and 0.001 (� 0.009; n ¼ 63) respectively.
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the dorsal cuticle band of mid-sixth instar cater-

pillars. Each axis denotes the mean reflectance

value (%), with lower values indicating greater

degrees of melanism. Regression lines were esti-

mated by bootstrapped linear regression.
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Discussion

Previous studies examining cuticular melanism in live

insects have generally relied on categorising the degree of
melanism by qualitatively scoring colour by eye (Tojo,
1991; Kazimirova, 1992; Goulson, 1994). However, in

using this subjective approach, not only are subtle differ-
ences in colour between individuals likely to be overlooked
(including the presence of colour variation in the ultraviolet

end of the light spectrum, e.g. Church et al., 1998), but also
statistical analyses will generally be restricted to crude category-
based tests. In contrast, the present study collected objec-

tive, quantitative, and repeatable data on larval colour
using a fibre optic spectrometer. Although reflectance spec-
trometry has been used fairly extensively over the last two
decades by biologists interested in colour variation in other

animal taxa, especially birds and fishes (e.g. Endler, 1990;
McNaught & Owens, 2002; Grether et al., 2005), few
studies have used it to examine colour variation in insects

(Church et al., 1998). This methodology turned out to be a
powerful tool for tracing the colour changes of individual
caterpillars over the course of their development and for

quantifying colour variation within and between
individuals. Moreover, the continuous distribution of the
spectrometric data allowed the use of more powerful (para-
metric) statistical tests than would have been possible using

a crude qualitative measure of colour score.
In line with previous studies on this species (Hodjat,

1970; Altstein et al., 1994; Cotter et al., 2004a) and on

other Lepidoptera (e.g. Faure, 1943; Long, 1953; Iwao,
1962; Tojo, 1991), the results showed that crowd-rearing
significantly increases cuticular melanism in larval

S. littoralis. Moreover, spectrometric data establish, for
the first time, that despite regional variation in colour
(Fig. 1), this density-dependent increase in cuticular melan-

ism was expressed in all regions of the cuticle simulta-
neously, but more so in the dorsal and dorso-lateral
bands than in the lateral band. Even though the rearing
density treatments were imposed only at the start of the

third instar, differences in cuticle colour were apparent in
all developmental stages, from late fourth to mid-sixth
instar. This indicates that just two caterpillars per arena

were sufficient to induce melanism, probably through phy-
sical contact between the larvae (Kazimirova, 1992; Gunn,
1998). Also, the darker colour of fourth instar larvae that

had been reared gregariously from the start of the previous
instar, indicated that the response to crowding was rapid,
as was also reported for a closely related species,

Spodoptera litura (Tojo, 1991).
Besides being paler than their gregarious conspecifics,

solitary caterpillars were also more variable in the
measured reflectance compared with those insect reared

gregariously over the development. The significantly lower
variability among the latter suggests a directional
phenotypic response by caterpillars to crowding. A similar

phenomenon was observed in populations of the phase
polyphenic grasshopper Schistocerca emarginata, with
greater levels of melanic variation being observed in

solitary-reared than crowd-reared insects (Sword, 2002).
Sword (2002) has argued that within species exhibiting
density-dependent phase polyphenism, the degree of colour

variation in the low- and high-density phenotypes may
reflect the history of selection acting on the population in
the wild (see also Pigliucci et al., 1995; Hoffman & Merila,

1999). Thus, the reduced levels of colour variation in crowded
larvae would suggest that natural selection in the field may
have occurred more frequently for melanic coloration at high

local population density than at low. Although the adaptive
significance of melanism at high density has yet to be con-
clusively demonstrated, there is good evidence from a range

of species, including Spodoptera caterpillars and Schistocerca
locusts (Reeson et al., 1998, 2000; Wilson et al., 2001, 2002),
that cuticular melanism is associated with enhanced resis-
tance to pathogens. Given that most entomopathogens are

probably transmitted in a density-dependent manner, it has
been argued that density-dependent melanismmay be a wide-
spread prophylactic response to a predictable infection risk

(Wilson & Reeson, 1998; Wilson et al., 2002; Wilson &
Cotter, 2006).
It seems likely that the high degree of phenotypic vari-

ation observed in these solitary insects reflects genetic dif-
ferences between individuals (Tojo, 1991; Goulson, 1994;
Cotter et al., 2004b), and the offspring – parent regressions
clearly support the existence of an additive genetic

component to melanism in this population. The heritability
estimates obtained in the present study (h2 ¼ 0.18–0.30) are
slightly lower than those obtained in an earlier study, based

on a visual score of cuticular melanism (h2 ¼ 0.36 � 0.08;
Cotter et al., 2004b). However, the two estimates are not
directly comparable, as they are based on two different

insect populations originating from Egypt, and were derived
using different methods (full-sibling design and offspring–
parent regression vs. half-sibling design and variance-

components analysis).
One of the most interesting observations made during

this study is that there is a large cyclical increase and fall in
cuticular melanism (reflectance) across the developmental

stages. Thus, both solitary and gregarious caterpillars dis-
played dark cuticle colour (low reflectance) on the first day
after they moulted into a new instar, but subsequently

became gradually paler until they reached the pre-
moult stage (Fig. 2). This decrease in melanism (increase
in reflectance) is probably due to the rapid expansion of the

exocuticle with growth, and the dispersion of melanin gran-
ules in the cuticle (Chapman, 1998). In this regard, it is
pertinent to note that, for mid-sixth instar solitary cater-

pillars, the paleness of the cuticle tended to increase with
larval weight, presumably because the density of pigment
granules in the cuticle was lower for heavier caterpillars
with greater surface area. This considerable developmental

variation in cuticular melanism completely masked all
other sources of variation in colour, and resulted in small
and non-significant repeatabilities within individuals

(Table 1). Despite this, individual caterpillars generally
remained relatively pale or relatively dark throughout
their larval development, especially those caterpillars that
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were reared solitarily. This is reflected in the larger, and
statistically significant, repeatabilities that were observed
after accounting for the average colour of individuals at

each larval stage (Table 1). Thus, although cuticular mela-
nism is both repeatable and heritable, and so may respond
to both natural and artificial selection, the response to

selection is likely to be relatively slow unless the timing of
the selection process is consistent across generations with
respect to larval development.

Gregarious caterpillars were significantly lighter in weight
than solitary ones across the larval stadia, but their darker
cuticle seemed not to be determined entirely by their smaller
size. A comparison of the relationship between reflectance

level and larval body weight at colour measurement for the
two phenotypes (Fig. 5) clearly demonstrated consistently
lower reflectance (greater melanism) for gregarious insects

relative to solitary ones of an equivalent larval weight, sug-
gesting that crowded rearing had a major impact on the
expression of melanism independent of body weight. A pos-

sible explanation for the smaller body weight of melanic,
gregarious larvae is that it is a consequence of a potential
trade-off between resource allocation to the synthesis of
nitrogen-rich melanin pigment and somatic growth, which

is often limited by nitrogen in phytophagous insects
(Brakefield, 1987; Windig, 1999; Talloen et al., 2004).
In summary, the present study presents a quantitative

analysis of the effects of environmental and genetic factors
on the expression of melanism in Lepidopteran larvae. This
work shows that melanism is a highly dynamic trait that

varies dramatically during larval development, and in
response to population density and body weight. However,
melanism is also a highly repeatable trait within individuals,

both spatially (i.e. between cuticle regions) and temporally
(relatively dark larvae remain relatively dark throughout
larval development), and so may be considered a single,
integrated trait (Pigliucci, 2003; Pigliucci & Preston, 2004).

These results have implications for understanding the selec-
tion pressures that have moulded phenotypic variation in
melanism, because selection is acting on a highly plastic

trait. Thus, in absolute terms, a given individual may be
considered melanic at one point in time, yet non-melanic at
another, whilst relative to other members of its cohort may be

considered consistently melanic or non-melanic. This makes
understanding the strength and direction of selection operat-
ing on such traits extremely difficult, and has implications for

applying artificial selection on the basis of larval colour.
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