
Abstract Insect size usually increases greatly in the latter stages of development,
while reproductive value increases strongly with adult size. Mechanisms that can
balance the benefits associated with increased growth are poorly understood, raising
the question: what keeps insects from becoming larger? If predation risk was to
increase with juvenile size, it would make an extension of development very risky,
favouring smaller final sizes. But field measures of juvenile mortality seldom show
any general patterns of size dependence. We here therefore try to estimate a
mechanistic relationship between juvenile size and predation risk by exposing the
larvae of two closely related butterflies to a generalist invertebrate predator in a
laboratory experiment. Predation risk increased with larval size but was not affected
by the species-specific growth rate differences. These results indicate that predation
risk may increase with the size of the juvenile even when predators are relatively
small. By basing a model simulation on our data we also show that size dependent
predation of the kind found in this study has potential to stabilise selection on body
size in these species. Thus, these findings suggest that more detailed studies of the
size dependence of predation risk on juvenile instars will increase the understanding
of what it is that keeps insects small.
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Introduction

Selection on growth trajectories and optimal body size is a central focus of life
history research and is often addressed with the age- and size at maturity trade-off as
centre of discussion; large adult size is associated with high reproductive potential,
while the attainment of a larger size might increase juvenile mortality risk (Stearns
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1992; Roff 2002). One of the most commonly suggested agents of juvenile mortality
is predation. Increased foraging activity is assumed dangerous because it is likely to
make prey easier to detect while an extension of the juvenile growth period exposes
the individual to predators for a longer time. Strong predation pressures are
therefore predicted to select for non-maximised growth and smaller body sizes of
prey organisms (Case 1978; Lima and Dill 1990; Kozlowski 1992; Stearns 1992; Roff
2002). Observations of non-maximised somatic growth rates in animal taxa are
common (Case 1978; Calow 1982; Arendt 1997; Gotthard 2001) indicating that there
are indeed costs associated with growth and foraging activity that influence the
adaptive growth patterns of prey. Theoretical models concerned with optimal body
size indicate that the adaptive growth responses of juvenile organisms can be highly
dependent on the relationship between juvenile size and mortality (see examples
Sibly 1985; Grand 1999; Lundvall et al. 1999). For example, higher predation risk to
large individuals is predicted to select for a shorter growth period and a smaller body
size. These models illustrate that it is essential to estimate the relationship between
prey size and predation risk in order to make accurate predictions about optimal
growth trajectories and final size.

Insect growth takes place during the larval phase and directly determines the size
of the adult. Weight gain of the larvae is usually proportional to the size of the
growing individual (Gotthard et al. 1994, 1999, 2000; Nylin et al. 1995, 1996; Gott-
hard 1998; D’Amico et al. 2001; Margraf et al. 2003; Nijhout 2003; Esperk and
Tammaru 2004). So, if feeding activity remains constant, the absolute size of an
individual will increase in exponential fashion throughout development. Hence, the
size increase will be particularly high in the final stages of growth. Since adult size
has been shown to be strongly correlated with both male mating status and female
fecundity in many insect orders (for reviews see Honek 1993; Blanckenhorn 2000),
even a short extension of the growth period may result in large fitness pay-offs to
adults. Surprisingly, there exists very little evidence of costs associated with juvenile
growth (Blanckenhorn 2000). The overall question we want to address is therefore;
what keeps these organisms from evolving towards larger sizes?

The potential effects of size dependent predation in insects have received rela-
tively little attention and have seldom been the main concern of general models of
optimal body size in organisms with deterministic growth (but see Sibly et al. 1985).
On the other hand, growth rate (i.e. foraging rate) and the length of the growth
period have often been used as single model predictors of predation risk to juveniles
(see examples Roff 1981; Ludwig and Rowe 1990; Abrams et al. 1996; Abrams and
Rowe 1996). If there was no relationship between prey size and predation risk, the
instant risk of being killed by a predator would most likely be constant throughout
development. Alternatively, if predation risk was to increase with the size of the
prey, the danger of foraging would become greater and greater for each day of
growth. The cumulative risk of predation would then increase very fast, especially in
the end of the development period, and have the potential to stabilise the benefits of
prolonged proportional juvenile growth. Hence, a general positive relationship
between juvenile size and predation risk could be a part of the explanation to what is
keeping insects small.

Under the assumption that larval growth is close to optimal, the relationship
between growth-associated costs and benefits suggested by empirical studies offers an
unsatisfying explanation to the observed juvenile growth strategies of insects. We
know of very few earlier studies trying to quantify the relationship between larval size
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and predation risk. We here try to do just that by exposing the larvae of two satyrid
butterflies to the generalist invertebrate predator Picromerus bidens (Linnaeus)
(Pentatomidae) in a laboratory experiment. We used two populations of the small but
fast growing Pararge aegeria (Linnaeus), from Sweden andMadeira respectively, and
compared them to their larger and slower growing close relative Pararge xiphia
(Fabricius) endemic to Madeira. This enabled us to study potential size dependent
predation in the wide larval size-span present in the Pararge genera and at the same
time look at possible effects of the growth rate difference between the species. Our
results show a strong and relatively constant positive relationship between predation
risk and juvenile size, while the difference in growth rate between the species seemed
to be of minor importance. In order to evaluate the consequences that size dependent
predation of the type found in this study can have for optimal body size, we also
perform a simple model simulation based on our data. We conclude that it is possible
that predation from invertebrates generally increases with larval size and if so, is
likely to be an important factor for the evolution of insect body size.

Methods

Study species

P. xiphia and P. aegeria are two closely related species of butterfly belonging to the
subfamily Satyrinae (Nymphalidae). Their general ecology is relatively similar and
the typical habitat of both species is woodlands. However, P xiphia is endemic on the
island of Madeira while P. aegeria is widespread throughout Europe including
Madeira (Tolman 1997) where it for the first time was spotted in 1976 (Owen et al.
1986). Before pupal moult, both species go through four larval stages during which
the solitary living green larvae use different grass species as food plants making them
very cryptic against their natural background. In P. xiphia there is however a colour
polymorphism in the fourth and final instar where some larvae develop into a brown
morph at the entry into the final instar. The larvae of P. aegeria hatch at a weight of
about 0.4 mg and can become up to 250 mg before pupation, while P. xiphia larvae
hatch at weights of about 0.8 mg and can weigh up to 500 mg before pupation (see
Fig. 1). In general, P. xiphia grow much slower than P. aegeria (personal observa-
tions, see Figs. 1 and 2). The pupal mass of P. xiphia is nearly the double of P. aegeria
pupae (unpublished data, compare Fig. 1). Potential female fecundity has been
shown to increase strongly with size in P. aegeria (Karlsson and Wickman 1990,
Gotthard et al. submitted manuscript). Even so, studies have shown that growth rates
in northern populations of P. aegeria are highly flexible in response to the light
regime (Nylin et al. 1989, 1993; Gotthard et al. 1994; Nylin et al. 1995) demon-
strating that the larvae often adaptively reduce growth rates rather than grow at
maximum potential. In this study we used two populations of P. aegeria collected in
southern Sweden and on Madeira respectively, and one population of P. xiphia from
Madeira. Using P. aegeria from the genetically different populations of Sweden and
Madeira (see Gotthard et al. 1994) increases the potential for results of great gen-
erality as the regional comparison controls for effect on predation risk caused by
other factors than size- and growth rate differences. Both populations of P. aegeria
were started with eggs from 10 wild caught females from each location, while the
population of P. xiphia was started from 5 females in 2003 and 5 females in 2004.
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The populations were reared in three different cultivations on the grass species
Dactylis glomerata (Linnaeus) under a light regime set to 14 h light followed by 10 h
dark in a constant temperature of 17"C.

Picromerus bidens (Linnaeus) is a heteropteran bug belonging to the Pentatomi-
dae and is abundant in most parts of Europe from late May, as first instar larvae, to
October as adults. This bug is a generalist predator on most cryptic as well as apo-
sematic insect larvae but mainly hunts larvae of the Lepidoptera and Chrysomelidae
(Coleoptera) (Southwood and Leston 1959). It seems to be most abundant on shrubs,
flowering plants and grass in attachment to woodlands (Southwood and Leston 1959).
Our observations indicate that a likely way for P. bidens to localise prey could be to
detect larval bite marks on foliage by use of the antennae. The P. bidens used in this
experiment were collected from two different geographical populations in the eastern
part of Sweden. In 2003, 31 bugs were caught and used in experiments while 27 bugs
were used in 2004. In order to control the hunger level of the bugs, no predator was
fed the day before a trial, or used in an experiment for two consecutive days.

Growth rate measurements

In order to get a more precise estimate of the differences in body size and growth
rates between the two species, seven individuals each of P. xiphia and P. aegeria
(Mad) were reared on D. glomerata individually in 0.5 l plastic jars in a climate
cabinet. The rearing conditions were set to 17"C under a diurnal cycle of 14 h of light
and 10 h of dark. The larvae were weighed in close intervals from hatching to
pupation in order to measure and compare the growth rates, development times and
weights at metamorphosis for each instar of the two species. Since weight increase
during juvenile larval growth has been shown to be next to exponential for these
species, measures of the relative growth rates for the instars of each species used in
the data analysis were obtained by the formula: [Ln (end weight) ) Ln (start
weight)]/growth period, (see Gotthard et al. 1994). The end- and start weights were
typically chosen within an interval of 3–5 days for each instar in order to escape pre-
and post-moulting periods that often slow growth. In this way the values of the

Fig. 1 Growth curves of seven
larvae of P. xiphia (dashed
lines) and seven larvae of
P. aegeria (Mad) (full lines).
Weight increase of both
species is close to exponential
and very high in the latter
stages of development.
Individuals of P. aegeria reach
larval weights around 200 mg
before pupation, while P.
xiphia individuals reach
weights around 400 mg
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relative growth rates in the instars are more likely to be representative of the growth
rates of the individuals used in the predation trials since no moulting larvae were
included in these experiments.

Predation trials

To estimate predation risk associated with larval size and growth rate, a laboratory
experiment was performed during the period August to October in the consecutive
years of 2003 and 2004. Each trial was conducted in an equilateral cage with the side
of 50 cm placed in the laboratory. Six to 14 trials, depending on the access to
predators, were performed in parallel on each day of experiments. The cages were
illuminated with lamps (60 W) placed 30 cm above each cage. The temperature in
the cages varied between 22"C and 27"C during the experiments. A single potted
plant ofD. glomerata with a height and diameter of 30 cm was placed in the centre of
each cage. At 16.00–18.00 h the day before the trials the larvae were weighed and
singly put on one plant. At 10.00 h the following morning the trials were started by
placing one P. bidens at the bottom of each plant to hunt the larva, so that each cage
contained one plant with one larva and one predator. This procedure allowed the
larvae at least 16 h to settle at a preferred position on the host plant before the
predator was introduced. The trials went on for the six following hours after
the introduction of the predator, during which observations of predation events were
conducted every 30 min. Since P. bidens feed for relatively long time on its prey that
hang attached to its proboscis, 30 min was assumed to have been a short enough
interval to guarantee the detection of all predation events taking place during the six
hours. Therefore, all cases where the larva was not found after the trial were
excluded from the data analysis. The disappearances of these larvae might have been
due to migration of big larvae about to start metamorphosis or small larvae failing to
settle on the plant after handling by the observer the day before. Out of in total, 314
trials, 29 trials were removed from the statistical analyses due to missing larvae and
missing or poorly conditioned predators. The larval instars were evenly represented
in the analysed data as well as in the removed data. The predators were used
repeatedly until no longer in condition to hunt while each larva was only used once.
On each day of trials larvae with a weight difference as big as possible were used to
control for variation between experimental days. It was not possible to use all three
populations simultaneously on each day of experiments, but larvae of P. aegeria and
P. xiphia were used together on 24 out of 39 days.

Model

In order to quantify and compare the effects on optimal size of size dependent pre-
dation as opposed to a constant mortality risk throughout development, we construct
a simple fitness model based on data for the two species from the experiments. Fitness
(w) is calculated as survival to metamorphosis at a certain size, l(x), multiplied by
potential fecundity as a function of size,m(x), (Eq. 1). Optimal larval size at the onset
of metamorphosis is predicted when assuming both size dependent predation and a
constant mode of predation risk at different levels of predator presence.

w ¼ lðxÞ mðxÞ ð1Þ
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Larval mass at time t is predicted by fitting an exponential growth function to the
available data on the seven individuals of each species observed for the growth and
body size calculations, (Eq. 2).

larval massðtÞ¼x exprt: ð2Þ

Where r is the species specific growth coefficient, t the development time in days
and x the hatch weight, which was set to the observed averages of 0.8 mg for
P. xiphia and 0.4 mg of P. aegeria. Since the relative growth rate slows down in
the fourth instar we modelled growth rates in the first three instars by calculating the
growth coefficients r1)3 based on the size increase from hatching to the onset of the
fourth instar for each species (see the section on relative growth rate measurements
above). Notice that the growth rates in the first three instars presented in Fig. 2 does
not correspond to this meassure because we here do not exclude the period of moult
between instars in our calculations. At the average size at which each species enter
instar four we changed the coefficient in the model to a value given by calculating
the growth coefficient r4 based on the size increase that occurs in the fourth instar,
excluding the moulting period (see fourth instar Fig. 2). Thus, we make the
assumption that individuals in the fourth instar can continue their growth at this
point at an unchanged rate for an indefinite number of extra developmental days.

Fecundity–larval size relationships were derived for each species from unpub-
lished data on egg weight produced per day during the first week of adult life. The
relationships were based on 18 females in P. xiphia and 42 females for P. aegeria,
(data on P. aegeria available in Gotthard et al. submitted). The linear relationships
between size and fecundity are calculated as:

mðxÞ¼ k x exprt þ c ð3Þ

Where k is the slope coefficient describing how fecundity increases with larval size
and c is the intercept. The fecundity–size relationships for these two species were
estimated as: 0.028*(larval mass) ) 4.86, (R2 = 0.30, n = 18, P < 0.05) in P. xiphia,
and: 0.046*(larval mass) ) 5.06, (R2 = 0.30, n = 42, P < 0.001) in P. aegeria. Given

Fig. 2 Relative growth rate
(mean + SE) for each instar of
the seven larvae of P. xiphia
and P. aegeria (Mad) plotted
against the average weight of
the individuals at the onset of
each instar. The growth rates
are calculated during the
feeding periods of each instar
and excludes moulting to
better represent the growth
rates of the larve used in the
predation trials
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by the equations, the minimum larval size that supported reproduction was 119 mg
for P. aegeria and 188 mg for P. xiphia.

The relationship between larval size and daily predation risk was estimated by
fitting a logistic curve to the data from the predation experiment. The size dependent
predation risk (u*) is given by Eq. 4:

u% ¼ eaþ b % Lnðlarval massÞ= 1þ eaþb % Lnðlarval massÞ
h i

ð4Þ

where a and b are constants. The constant daily predation risk (u) was assumed
equal to the mean daily mortality rate calculated over all trials of the predation
experiment. In the experiment there was always a predator present in the vicinity of
the prey, a situation probably not that common in nature where one would expect
predation levels to fluctuate greatly in space and time. Therefore the predation risk
was modelled for different levels of predator presence (p) by multiplying both the
constant and the size dependent predation risk by values of p between 0.1 and 1. This
also enabled evaluation of the consequences of the two predation modes for size at
metamorphosis under different levels of predation. In earlier field studies on Pieris
brassicae (Kristensen 1994) and P. aegeria larvae (Karlsson, unpublished data),
average daily mortality was about 14 and 12% respectively (see also Gotthard 2000),
so it seems reasonable to expect low values of predator presence (p) to give closer
approximation of natural levels of predator presence. The larval survival, l(x) to time
t could then be given by:

u% : lðxÞ¼ð1&U%
1PÞ ' ð1&U%

2PÞ ' ð1&U%
3PÞ ' ( ( ( ð1&U%

t PÞ ð5Þ

u: lðxÞ¼ ½1 & daily average mortality % p*t ð6Þ

Statistical procedures

Difference in body size between the species was compared with the Student’s T-test
by using the pupal weights of the seven individuals of each species used in the growth
rate measurements. Growth rate differences were analysed with a Repeated mea-
sures ANOVA model, with [INSTAR] as the repeated measure, [SPECIES] as a
grouping variable and [RELATIVE GROWTH RATE] as the dependent variable.
The mortality risk for larvae of different weights belonging to the three populations
were analysed with the Cox proportional hazards regression (Cox 1972), which
allows handling of censored data (i.e. the larvae that were not found by the predators
during the experiment and thereby could not be noted for a time of death). This
analysis was carried out by using [LARVAL WEIGHT] as a continuous predictor,
[POPULATION] as a grouping variable and [TIME OF DEATH] as the response
variable. Both cage- and year effects were controlled for but these variables were
later removed from the analysis since they did not have any significant effects on the
model. Larvae surviving the whole predation period (6 h) were coded as censored
observations. For the model, the relationship between larval size and predation risk
was estimated with a logistic regression and the fecundity size relationships were
tested with a simple regression analysis. The Cox proportional hazards regression
was carried out in the data analysis software Stata 8.2 (Statacorp 2003) while the
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t-tests, ANOVA repeated measures, regression analysis’ and the logistic regression
were computed in Statistica 5.5 (StatSoft Inc. 1999).

Results

Body size and growth rate

The pupae of P. xiphia weighed more than the pupae of P. aegeria (t12 = )8.54,
P < 0.001), (average pupal weight of P. aegeria = 148.1 mg – 6.2 (SE),
P. xiphia = 280.5 mg – 14.2 (SE)). Results showed that P. xiphia grow at a slower
rate in comparison to P. aegeria (F1:12 = 27.4, P < 0.001) (Fig. 2). There was also a
significant effect of instar on growth rate (F3:36 = 39.4, P < 0.001) with a decrease in
relative growth rate in the final instar of both species (Fig. 2).

Predation risk

All observed attacks by P. bidens were successful. During both observations and
rearing, no predator was ever found to disregard a larva that it had detected; hence,
it is likely that detection always resulted in death of the larva in the experiment. The
effect of larval weight on time of death was highly significant, with larger larvae
having a higher risk of being killed (hazard ratio = 1.0038, z285 = 4.92, P < 0.001),
while there were no significant differences in mortality between the populations
(hazard ratio = 1.1588, z285 = 1.19, P = n.s.) (Figs. 3, 4). The analysis of mortality
differences between the two colour morphs in the fourth instar of P. xiphia, showed
that individuals of the green morph suffered higher predation in comparison to
individuals of the brown morph (hazard ratio = 2.2053, z50 = 2.29, P < 0.05).
Because of the difference between the two morphs, the relationship between larval
weight and mortality was analyzed again after including only brown or only green
fourth instar P. xiphia larvae respectively. This however, did not change the results
from the first analysis. The relationship between larval weight and mortality was
significant in the analysis using the green fourth instar larvae (hazard ratio = 1.0060,
z255 = 6.08, P < 0.001) as well as in the analysis using the brown fourth instar larvae
(hazard ratio = 1.0035, z265 = 4.05, P < 0.001), while there still were no significant
differences between the populations when using either green (hazard ratio = 1.1865,
z255 = 1.32, P = n.s.) or brown (hazard ratio = 1.1075, z265 = 0.79, P = n.s.) larvae in
the analysis.

Model

The growth coefficient, r1)3, was calculated to 0.13 – 0.004 (SE) for P. xiphia, and to
0.19 – 0.005 (SE) for P. aegeria, while r4 was 0.11 – 0.005 (SE) for P. xiphia and
0.19 – 0.014 (SE) for P. aegeria (n = 7 in all cases). The regression coefficients for
the relationship between larval size and daily predation risk in the experiment were
calculated to a = 1.267 and b = )0.4614, (Larval weight: z292 = )6.71, P < 0.001).
The average daily mortality in the experiment based on all individuals was 52%.
Since no population differed significantly from the others in the survival analysis, the
relationships were assumed for both species.
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Fig. 3 Survival curves of the four instars of the two P. aegeria populations combined (top) and
P. xiphia (bottom) during the 360 min trial of predation. Instar survival recorded every 30 min.
Survival curves for each instar (I–IV) are based on samples of between 19 and 52 individuals

Fig. 4 Summary of the mortality of all instars of P. xiphia (triangle), P. aegeria (Mad) (circle) and P.
aegeria (Swe) (square) at the end of the 360 min trial period. Mortality values are given with 95%
confidence intervals. Individuals of P. xiphia in the fourth instar weighing over 250 mg is represented
by the triangle marked IV* while the triangle IV shows the mortality of the fourth instar P. xiphia
larvae weighing below 250 mg Sample sizes of P. aegeria (Mad) instar I: 17, II: 16, III: 21, IV: 18, P.
aegeria (Swe) instar I: 23, II: 23, III: 19, IV: 34, and P. xiphia instar I: 19, II: 21, III: 24, IV: 21, IV*: 29
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For all ranges of predation levels, the size dependent mode of predation predicted
smaller body sizes than the constant predation risk mode (Fig. 5). In both species
optimal size at metamorphosis differed little between the two predation modes when
predator presence was above p = 0.5. In these cases optimal size was instead mostly
dependent on minimum larval size that could support reproduction because the
extremely high mortality rates favoured early metamorphosis. Since P. aegeria grows
faster than P. xiphia and gain more in size each day, a higher predator presence was
needed to balance selection on size in P. aegeria because there were no extra
mortality costs associated with high growth rates incorporated into the model. The
strongest difference between the two modes of predation was seen in a predator
presence of about 0.15–0.25 for P. xiphia and about 0.20–0.40 for P. aegeria (Fig. 5).

Discussion

In insects, experimental evidence of costs associated with a large body size is in
shortage while there seems to be strong selective forces favouring an increase in
adult size (Blanckenhorn 2000). This imbalance of costs and benefits along with
observations of proportional insect growth, where a brief extension of larval
development time results in a substantial increase in final size, make it hard to
understand why insects do not prolong growth. In our study, predation risk increased
with larval size. Furthermore, the form of the positive relationship between size and
predation risk was very similar between the three studied populations and relatively
constant throughout larval development (a weight span of 1–429 mg in this study). If
predation risk in general increases with larval size, extended larval growth will be
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associated with a continuously escalating instant mortality risk. Such a relationship
between size and predation risk radically alters the cost–benefit relationship of
attaining a larger size, since it would make increased growth late in development
very dangerous.

To our knowledge, very few studies have attempted to quantify the relationship
between juvenile size and predation risk in insects. Some field studies indicate that
predation imposed by vertebrates generally increases with the instar of the larva
(Atlegrim 1992; Parker 1993; Kristensen 1994; Dial and Roughgarden 1995; Gun-
narsson and Hake 1999; Hooks et al. 2003). However, predation risk imposed by
invertebrates is likely to be a strong selective force. This is supported by the results
of the field study by Kristensen (1994) investigating predation on larvae of the
butterfly Pieris brassicae. In the experiment, individuals in cages exposed only to
invertebrate predators suffered 69% mortality during development from egg to pre-
pupa. However, results from the few studies found that have estimated size
dependent predation from invertebrates are mixed, with predation risk both
increasing (Fincke et al. 1997; Lang et al. 1999) and decreasing (Kristensen 1994;
Palokangas and Neuvonen 1992) with larval instar. It has also been argued that field
studies quantifying mortality rates related to juvenile size might not accurately
estimate the changes in predation risk (Ludwig and Rowe 1990; Abrams and Rowe
1996). Recorded mortality figures are instead likely to be a combined result of both
predation risk and prey behaviours that shift adaptively. For example, prey behav-
iour might change over development in response to both shifting predation pressures
and changed future reproductive value, which is likely to be higher for older and
larger juveniles (Werner and Anholt 1993; Grand 1999). Thus, when generalising
from field mortality data it is important to consider what the size-specific mortality is
relative to the size-specific foraging rate by the prey. Our quantification of growth
rate differences between the instars indicates that, if anything, risk taking might be
lower in the final instars (relative growth rates decrease in the final instar of both
species, see Fig. 2). Although this study cannot get around the problem with shifting
prey behaviour, we were however still able to detect strong effects of larval size on
survival by keeping predator abundance high and equal for all larvae as well as
keeping the larval size classes equally represented.

In our model simulation, the size dependent mode of predation predicted smaller
optimal sizes than the constant predation risk mode for both species. Hence, the
main important conclusion that can be drawn from the simulation is that size
dependent predation has greater potential to balance selection on body size com-
pared to when predation risk is independent of size. The difference in effect between
the two predation modes were almost negligible at high predator presence (p > 0.5)
since high mortality rates in general favour minimisation of the development period.
This is in agreement with more general models (e.g. Kozlowski and Wiegert 1987).
Since the daily mortality in our experiment was very high (52%), it is questionable
whether high values of p generate good representations of average natural predation
levels. For example, at a value of p equal to 0.25, (yielding a daily mortality rate of
13%), for a species growing to the size of 200 mg and at the same rate as P. aegeria,
only two in one hundred individuals survive to metamorphosis. For a species like
P. aegeria, where females can maximally lay a few hundreds of eggs (Karlsson and
Wickman 1990), this average daily mortality rate seems like an upper boundary for
what would be reasonable to expect. These assumptions of predation levels are also
supported by approximations of daily mortality levels of 14 and 12% from earlier
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field studies on butterfly larvae (see Kristensen 1994; Gotthard 2000). We have a
more incomplete picture of the life history of P. xiphia, but due to the longer
development time and larger size of this species, our model predicts that such high
levels of predator presence are even more unlikely for this species. The lowest level
of predator presence at which the constant mode of predation still balanced selection
on increased size was for P. aegeria equal to 0.40 and for P. xiphia 0.25, while the
same values for the size dependent mode were 0.25 and 0.16 respectively. Thus, a
constant mode of predation risk does not seem to balance selection for size increase
under what can be assumed common levels of predation occurring in nature,
whereas the size dependent mode has a much stronger potential (Fig. 5).

It is important to keep in mind that the differences in size–fecundity relationships
and growth rates between the two species have only been approximated and that the
model cannot take all factors affecting final size into count. Thus, it is unlikely that
the model should predict true values of optimal size for the species. For example, a
difference between the species is the size–fecundity relationships, these will set the
limit for the size at which reproduction can start. Since reproduction in P. aegeria is
supported by a smaller final size than in P. xiphia, minimum size at maturity is
smaller in P. aegeria. Also, because P. aegeria has the fastest growth rate, i.e. a
higher increase in body mass per time unit, and no costs of fast growth was incor-
porated into the model, higher predation levels were required to stabilise selection
on body size in this species. In our simulation we estimated the fecundity relation-
ships by fitting linear regressions to our data, which, brings about two important
consequences. First of all, fecundity will change at the same rate as growth. Thus,
modelling growth as exponential will make fecundity increase in an exponential
fashion with development time. Second, the relationship is assumed to be constant
throughout size ranges beyond those observed in real populations. In nature,
fecundity–size relationships are likely to at some point change shape. For example,
limiting resources such as food plants, temperatures appropriate for oviposition, and
factors as longevity and predation on adults can make the fecundity benefits of size
increase follow a pattern of diminishing returns (Leather 1988). Earlier data on
female body size and fecundity in P. aegeria (Karlsson and Wickman 1990) shows
this relationship to be positively allometric, but more recent findings indicate that
the strength of this relationship might be condition dependent, (Gotthard et al.
submitted manuscript). The rate at which size increase translates into fecundity
benefits is of outermost importance for selection on final size. The model based on
our results does however show that size dependent predation has potential to sta-
bilise selection from fecundity benefits, even when these increase exponentially and
indefinitely with development time.

Foraging is often assumed to increase predation risk and this trade-off is held as
one of the most important reasons to why an increase in body size at some point no
longer will be profitable (Abrahams and Dill 1989; Lima and Dill 1990; Ludwig and
Rowe 1990; Abrams 1991; Abrams et al. 1996; Abrams and Rowe 1996; Arendt
1997; Abrams and Schmitz 1999). Feeding activity has been shown potentially
dangerous to larvae of the Lepidoptera (see Bernays 1997). Likewise, an earlier
experiment by Gotthard (2000) with P. aegeria larvae showed that high growth rates
increase predation risk from P. bidens. However, the experiment by Gotthard (2000)
was designed to keep variation in prey size to a minimum. We show in this study that
the actual size of the active larva might be of great importance in terms of predation
risk. The relatively large effect of larval size was strengthened by the fact that, even
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though P. aegeria grows faster in general compared to P. xiphia, there was no
difference in mortality between the populations when controlling for size differ-
ences. Movement of the head and mouth parts while feeding, the position on the
host plant and the bite marks on the foliage left from foraging, are probably
important differences between foraging and resting insect larvae (Bernays 1997) and
it seems likely that the effects of activity and prey size on predation risk are inter-
related in shaping the optimal growth trajectories of insect larvae. For example, the
same increase in activity might not result in the same increase in predation risk for a
smaller individual compared to a larger one. It seems probable that a small insect
larva sitting exposed while feeding on its host plant might not be in the range of
detection by some predators, while the same situation for a large larva might be
much more dangerous.

The generality of a relationship between the size of a given prey and predation
risk is often questioned since it is likely to be dependent on the characteristics of
both the prey and predator. Because we in this experimental study only used one
single predator, the results should not be seen as an exact measure of the predation
risks inferred on insect larvae throughout their development. However, P. bidens is a
generalist predator hunting a wide variety of insect larvae (Southwood and Leston
1959) much in resemblance to other ground patrolling invertebrate predators, and
Pararge larvae represent a general type of solitary cryptic insect larvae without any
special adaptations to avoid certain predators. Thus, the general characteristics of
both predator and prey do make the type of relationship found likely to be appli-
cable to many other insect species in nature. Nevertheless, we find it important to
point out that our conclusion from the simulation results is not that these perfectly
mirror the real situation. Rather, the model shows the important general differences
and implications for optimal size when assuming size dependent mortality as
opposed to assuming a constant predation risk throughout development.

Conclusions

The decision of when to terminate growth should depend on what relative changes in
mortality risk and reproductive value that continued growth at a specific develop-
mental state will bring about (Kozlowski and Wiegert 1986). The question this study
is concerned with is: what relative increase in predation risk might face a large larva
prolonging growth in contrast to an individual of the same size instead choosing to
enter metamorphosis? Thus, the objective has been to investigate how larval size
increases the risk of being detected by potential generalist invertebrate predators.
By doing this we have shown that continued growth at already large sizes may be
very costly in terms of increased predation risk. Our model also shows that this type
of size dependence has potential to stabilise selection on body size under naturally
occurring predation levels. The results suggest that closer investigations of size–
predation risk relationships between insect larvae and their predators in nature are
needed as these relationships can have large impact on the evolution of growth
trajectories and optimal size in insects.
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