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Abstract

 In insects, the outcome of intraspecific competition for food during development depends primarily upon larval density and larval sex,
but effects will also depend on the particular trait under consideration and the species under study. Experimental manipulations of larval
densities of a Madeiran population of the speckled wood butterfly Pararge aegeria confirmed that intraspecific competition affected
growth. As densities increased P. aegeria adults were smaller and larval development periods were longer. Sexes responded differently
to rearing density. Females were more adversely affected by high density than males, resulting in females having smaller masses at
pupation. Survivorship was significantly higher for larvae reared at low densities. No density effect on adult sex ratios was observed.
Intraspecific competition during the larval stage would appear to carry a higher cost for females than males. This may confer double
disadvantage since females are dependent on their larval derived resources for reproduction as they have little opportunity to accumulate
additional resources as adults. This suggests that shortages of larval food could affect fecundity directly. Males, however, may be able to
compensate for a small size by feeding as adults and/or by altering their mate location tactics.
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Introduction

Intraspecific competition has been shown to affect
development of insects (Applebaum and Heifetz 1999), usually
because variation in density affects the amount of food available to
larvae (Dethier 1959; Putman 1977). For example, in Aedes
polynesiensis (Diptera: Culcidae) and Epirrita autumnata
(Lepidoptera: Geometridae), intraspecific competition resulted in
a longer larval development period (Mercer, 1999; Tammaru et al.
2000). Long larval development periods are generally considered
to be disadvantageous since they may limit opportunities for
reproduction (Fischer and Fiedler 2000; Gottard et al. 1994), and
they lengthen the larva’s exposure time to predators and parasitoids
(Klok and Chown 1999). Under some conditions, however, there
may be advantages of longer development. Longer development
can result in an increase in body mass (Wiklund and Forsberg 1991)
because the ability to consume more food over a longer period is
thought to result in larger adults (Rahman 1969).  For the species
A. polynesiensis and E. autumnata however, larval competition
resulted in the production of small adults over long development
periods (Mercer 1999; Tammaru et al. 2000). Generally, small adult
size is considered disadvantageous because large size is often
positively correlated with fecundity and/or competitive capacity
(Gotthard et al. 1994; Nylin and Gotthard 1998; Putman 1977;

Ullyett 1950). These findings suggest that intraspecific competition
during the larval period has the potential to reduce overall fitness.
However, fitness effects will depend on adult, as well as larval
ecology.

Larval density depends on the size, number and distribution
of larval food resources, as well as the number and distribution of
eggs (Dethier 1959). Female oviposition behavior will therefore
determine the conditions under which newly hatched larvae will
begin their growth period. The speckled wood butterfly Pararge
aegeria aegeria (L.), prefers to lay on Brachypodium sylvaticum
(Owen et al. 1986), and is extremely selective about host-plants
and their location (Baez et al. 1992). Such selectivity can lead to
some plants, and locations, being used by more than one female
(Shreeve and Smith 1992). When multiple eggs are laid on a single
plant there will be a decrease in the amount of food available for
each larva, leading to competition for resources. Over-crowding of
eggs therefore has the potential to decrease larval survival
(Masumoto et al. 1993).

P. aegeria is a major model system for insect life history
and ecology. This study aims to add additional information to the
extensive knowledge of the life history of this species by addressing
how larval density and larval sex affects life history. In addition,
we examined a population of P. aegeria from Madeira, whereas
other studies have focused on mainland Europe populations. Karlsson
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et al. (1997) showed that male and female P. aegeria larvae differed
in their relative sensitivity to poor host-plant conditions, with male
larvae maturing at smaller sizes and reacting more strongly to low
quality host-plants than females. This finding supported the
predictions made by Leimar et al. (1994) who suggested that for
monandrous species such as P. aegeria (Gotthard et al. 2000), where
males do not provide nuptial gifts, the selective pressure on males
to mature at a large size will be negligible. Given that adult P.
aegeria feed on nectar, which is nutritionally poor and does not
significantly contribute to female reproductive reserves (Karlsson
1994), and because males produce small spermatophores with
unsubstantial nuptial gifts (Svärd and Wiklund 1989), female P.
aegeria are completely dependent on their larval-derived resources
for reproduction. A decrease in the quantity of food available during
larval development, perhaps due to intraspecific competition, is
therefore expected to carry a higher cost for female P. aegeria than
for male P. aegeria, as large body size is expected to be more
important for adult females than adult males. Studying these effects
in the Madeiran population will provide an interesting contrast with
studies examining P. aegeria populations from Northern Europe.

In this experiment the effect of density on larval
development and survival, as well as sex differences in response,
were investigated with P. aegeria. Since life history traits during
development are frequently plastic, and given that life history traits
are strongly correlated to fitness, life history and fitness, they are
expected to be strongly affected by food availability and quality.
More specifically, the sex-difference in effects of food shortage
found by Karlsson et al. (1997) will be examined further by studying
the effects of larval competition on sex-specific life history traits
and fitness.

Methods

Rearing conditions

Pararge aegeria
In 1999 50 eggs of P. aegeria were collected from

their host-plant, Brachypodium sylvaticum on Madeira and
brought to the Manchester Metropolitan University butterfly
house for rearing. After eclosion adults (n = 36) were
maintained for three generations in a flight cage 1.25 x
3.90 x 1.80 m. Adults were fed daily with a 10% honey
solution via 5 artificial flowers (for design see Cory and
Goulson 1993) distributed at random in the flight cage.
Honey supplies were replenished daily. Ten B. sylvaticum
plants were made available to the F

3
 generation ovipositing

females (n = 24) for egg laying, and these eggs were used
in the subsequent experiments. Host-plants were distributed
randomly throughout the flight cage. Photoperiod (Nylin
et al. 1995) and temperature (Sibly et al. 1997) are known
to affect the development of P. aegeria larvae. A 12:12h
LD cycle, a temperature of 21 (± 2)o C and relative humidity
of 50 (± 10) % were therefore strictly maintained for the
whole of the growth period (i.e. from egg stage to adult
stage).  Lighting in the butterfly house was provided at an
intensity of 1500 lux by 8 ceiling lamps.

Brachypodium sylvaticum
The larval host-plants, B. sylvaticum, were grown

from commercially produced seed and sown in 4-inch pots
containing soil-based compost. All of the plants were grown
under identical conditions at a temperature of 23 (± 2) oC
and a humidity of 45 (± 10) %. Light was provided at an
intensity of 7000 lux over a 16:8h LD cycle. Plants were
watered daily, and fertilizers were not used.

Experimental procedure
Eggs were collected daily from F

3
 generation females

maintained in the laboratory population. These eggs were removed
from the host-plants and single eggs were placed into individual 8
ml transparent containers until hatching. Upon hatching, the larvae
were randomly assigned to potted plants of Brachypodium sylvaticum
at densities of either 1, 5 or 10+ (between 10 and 20) larvae per
plant. Older larvae have been shown to have a significant competitive
advantage (Krebs and Barker 1995; Briggs et al. 2000), therefore
all of the larvae assigned to an individual plant shared the same
hatching date. A total of 308 larvae were distributed over 63 plants.
Plants were similar in size with approximately 40 blades per plant.
The individual plants were placed into separate 0.5m3 netted cages
in the butterfly house. The number of larvae on the plant was
checked daily and larval deaths were recorded. In addition, to
maintain the density at the appropriate level throughout growth,
any larvae found crawling from the plant were returned to their
host-plant. Any plants that had been completely consumed by the
larvae were changed 12 hours after defoliation, so that there was
food limitation but not food deprivation. At high densities, larvae
had more frequent periods of food shortage, and food was therefore
limiting  (Table 1).

Pupation dates and pupal masses were recorded for each
individual. At pupation, individuals were removed from their host-
plant, and suspended (by a cotton thread) in separate 38ml transparent
plastic containers until eclosion. Upon emergence, the sex of the

Larval density Number of replicates Number of times plants replaced (mean )
1 28 0.4
5 22 1.0

10+ 13 2.8

Table 1. Experimental design. Mean number of host-plants used per treatment and the number of replicates in each treatment
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adult was recorded.

Statistical Analyses
Two-way analysis of variance was used to investigate the

effects of density and sex on larval development. To investigate
specific hypotheses regarding the nature of the effects, a-priori
focused contrasts (Rosenthal and Rosnow 1985) were used.
Specifically, a linear comparison among density treatments was
tested by contrast analysis. The effect of a social influence (i.e. a
comparison of the effects of solitary versus group reared larvae)
was also made using contrasts. A Pearson Chi-square test was used
to compare the proportion of surviving adults at each density, and
to determine whether there was a density-dependent difference in
adult sex ratio. All tests were two-tailed. The statistical procedures
were performed using Systat 9.0.

Results

Larval development
There was an overall significant effect of larval density on

the length of larval development, but no effect of sex and no
interaction of sex and density (Table 2).  Focused contrasts showed
significant specific effects of density. Development increased
linearly with increasing density (Table 3; linear contrast F = 6.587,

d.f. = 1, 105, P = 0.012). In addition there was a significant effect
of social exposure, with larvae reared solitarily taking significantly
less time to develop than larvae reared in groups (contrast of 1
versus more than 1 larva, F = 4.902, d.f. = 1, 105, P = 0.029).

Pupal masses
Pupal mass was significantly affected by larval density,

and sex, and there was a sex x density interaction (Table 2). Pupal
mass decreased with increasing larval density (Table 3; linear
contrast F = 28.71, d.f. = 1, 105, P < 0.001). There was also a
significant effect of social exposure, with larvae reared alone being
significantly heavier than larvae reared in groups (contrast of 1
versus more than 1 larva, F = 18.24, d.f. = 1, 105, P < 0.001). The
sexes also differed significantly in mass (Table 2), with females
being significantly heavier than males (Female: N = 48, mean =
111 ± 2.82 mg; Male: N = 63, mean = 99 ± 1.68 mg). Males and
females both showed a significant decline in size with increasing
larval density (Table 2), but the response of females to high densities
was stronger than that for males (Figure 1).

Survivorship
Density had a significant effect on survivorship to pupation

(Table 4; χ2 = 22.06, d.f. = 2, P < 0.001). Survival to adulthood
was also affected by rearing density (Table 4; χ2 = 10.06, d.f. = 2,

Trait Source d.f. MS F-Ratio P
Larval time (days) Density 2 139.08 3.35 0.04

Sex 1 5.06 0.122 0.72
Interaction 2 23.23 0.56 0.57
Error 105 41.49

Pupal mass (mg) Density 2 0.003 15,755 <0.001
Sex 1 0.004 21,729 <0.001
Interaction 2 0.001 4,053 0.020

Larval density Trait  male   female
1 Larval time (days) (n=7) 28.86 ± 2.43 (n=9) 26.33 ± 2.15

Pupal mass (mg) (n=7) 110 ± 5 (n=8) 130 ± 5
5 Larval time (days) (n=18) 30.94 ± 1.52 (n=11) 30.73 ± 1.94

Pupal mass (mg) (n=19) 98 ± 3 (n=12) 118 ± 4
10+ Larval time (days) (n=39) 31.64 ± 1.03 (n=27) 32.85 ± 1.24

Pupal mass (mg) (n=37) 97 ± 2 (n=27) 101 ± 3

Survival to pupation Survival to adulthood
Density n larvae %  survival n  larvae %  survival m : f sex ratio

1 28 82 28 61 0.44 : 0.56
5 110 36 110 29 0.59 : 0.41

10+ 170 57 170 42 0.57 : 0.43

Table 2. Two-way ANOV for effects of larval density on life history traits in Pararge aegeria.

Table 3. Life history data for male and female Pararge aegeria reared at different densities.

Table 4. Densitiy-dependent differences in the survival of Pararge aegeria larvae
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P = 0.007). In both cases, survivorship was highest when individuals
were reared alone. There was no significant difference in adult sex
ratio across treatments (Table 4; χ2 = 1.368, d.f. = 2, P = 0.505).

Discussion

In this experiment density affected size, development and
survivorship in P. aegeria. Additionally, there was a strong sex-
dependant effect of density on size. These responses may, at least
in part, reflect adult ecology. On Madeira, virgin females emerge
throughout the year and there is a considerable overlap between the
generations (Gotthard et al. 2000), therefore protandry appears to
offer no competitive advantage to males  (Gotthard et al. 1994).
Ready availability of mates reduces the selection pressure on males
to develop more rapidly than females, and sexual dimorphism by
size is therefore not a result of selection for protandry in this species
(Nylin et al. 1993). To attain a larger size in a similar amount of
time, females have higher growth rates than males (Gotthard et al.
1994). Since sexual differences in food utilization efficiencies are
usually small (Scriber and Slansky 1981), females probably maintain
higher growth rates by either having faster relative consumption
rates (Scriber and Slansky 1981), or by spending a greater proportion
of their time feeding. The results of this study are contrary to those
of Leimar et al. (1994) and Karlsson et al. (1997) and suggest that
it is the growth rate of the sexes that is of highest importance for
adult weight loss under food shortage, rather than the relative fitness
premium of large size in the sexes. Madeiran and Swedish
populations of P. aegeria differ more from each other in sex-specific
growth rates and protandry, than in the effects of adult size on
fitness.

P. aegeria responded to intraspecific competition by
producing small adults over elongated development periods. Due

to their higher relative growth rate, the response of females to food
shortages was significantly greater than that of males. A significant
sex times density interaction was observed because females gained
less weight than males as densities increased. These results support
the prediction of Gotthard et al. (1994) that a high growth rate is
costly in terms of fitness during periods of food shortage. The effect
of solitary versus group rearing (Fig. 1) also suggests that social
influences have an effect, although this effect may be confounded
by food limitation in our study. The nature of these social influences
is unclear but may include social stimulation of feeding (Nahrung
et al. 2001; Stamp 1980), an increase in induced host-plant responses
(Bernays and Chapman 1994; Hanson 1983) or direct interference
(personal observation). During this experiment, at high larval
densities four separate instances of direct interference were observed,
where larvae were involved in prolonged (up to 20 minutes in
duration) aggressive encounters. During these encounters, when two
larvae came into contact with each other while feeding on the same
leaf, head and tail biting and head butting were observed. During
one of these encounters one larva became partially dislodged. The
effect that such interference may have on feeding requires further
study.

Although higher densities during the growth period resulted
in a decline in pupal size for both sexes, it is expected that small
size will be more costly for females than males. Size dimorphism
occurs in P. aegeria because males and females allocate their larval
derived resources differently (Sibly et al. 1997). Males invest in
lipid reserves to enable longer mating flights or territorial disputes
(Sibly et al. 1997), whereas females invest in nitrogen reserves,
which are allocated for reproduction (Karlsson and Wickman 1990).
Since P. aegeria feed on a more protein-rich food source in their
larval stage than in their adult stage (Svärd and Wiklund 1989) and
because spermatophores contain small percentages of protein (Boggs
1981), there is little opportunity for adult females to accumulate
additional resources for reproduction through nuptial feeding. Thus,
female fecundity is largely dependent on the resources accumulated
during the larval stage (e.g. Bergström et al. 2002; Wiklund et al.
2001). Food shortages during larval development may therefore
result in a reduction in fecundity. For P. aegeria males, however,
small size may not affect their competitive ability or hinder their
mate locating success. To secure as many matings as possible male
P. aegeria adopt one of two mate location strategies; patrolling or
territory defense (Davies 1978; Wickman and Wiklund 1983;
Shreeve 1984; Shreeve 1987). Gotthard et al. (1999) argued that,
in the Madeiran population of P. aegeria, there may actually be a
preference for territorial males, over non-territorial perchers, due
to the greater cost of searching in a male biased mating system.
Van Dyck et al. (1997) showed that larger and darker P. aegeria
males are more likely to be patrollers whereas small, pale males are
mainly territorial perchers. These findings suggest that males may
be able to compensate for a small size as adults by adjusting their
behaviors to maximize their female encounter rate. Additionally,
since nectar consists of a dilute aqueous solution of sugar, amino
acids and lipids (Murphy et al. 1983), extra resources for flight can
be obtained from feeding as adults. Small male size may therefore
not be as costly, in terms of fitness, as small female size.

Females of many butterfly species, including P. aegeria,
are known to lay large eggs at the start of oviposition and lay

Figure 1. Sex-specific effect of social condition on pupal mass. Group reared
larvae of both sexes were smaller than solitary larvae, but females responded
significantly more strongly than males.
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gradually smaller eggs over time (Harvey 1977; Karlsson 1987;
Karlsson and Wiklund 1985; Wellington 1965; Wickman and
Karlsson 1987; Wiklund and Karlsson 1984). Wiklund & Persson
(1983) suggested that P. aegeria females could maximally increase
their fecundity by 25% if they laid small eggs only, and questioned
why P. aegeria females had not been selected for high fecundity.
Since the time available to search for suitable habitats and host-
plants for larval growth and survival is limiting, the number of
surviving offspring may be higher for females that lay relatively
fewer eggs but spend more time searching for oviposition sites
(Wiklund and Persson 1983). This experiment has shown that
females are more susceptible than males to competition during larval
development. It is possible, therefore, that female P. aegeria are
not selected for a high fecundity because such a strategy would be
detrimental to their female offspring. If more time is available for
the adult female to search for optimal host-plant locations, and to
avoid plants that have already been oviposited on by other adult
females, females could ensure solitary locations for maximal growth
of their female offspring

Survivorship, both to pupation, and to adulthood, was
significantly higher for larvae that were reared alone. Oviposition
in solitary locations would therefore also act to increase the survival
chances of larvae. Although no significant differences in adult sex
ratios were observed across treatments, there was a higher female:
male sex ratio when larvae were reared alone, and a lower female:
male sex ratio when larvae were reared in groups. Larger sample
sizes would be necessary to investigate whether this represents a
real trend or an effect of social exposure on sex-specific survivorship.

These results suggest that P. aegeria females could enhance
the fitness of their larvae by avoiding laying eggs on host-plants
where females have already oviposited. Egg clumping would affect
the performance of female offspring, decreasing their body size
and potentially reduce fecundity. Selective oviposition may not be
possible, however, if there is competition for oviposition sites from
other species (Owen et al. 1986; Jones et al. 1998). Further
investigations would be valuable to determine whether the
oviposition behavior of female P. aegeria acts as a factor in sexual
size dimorphism.
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