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Abstract Life history characteristics and resulting fitness

consequences manifest not only in an individual experi-

encing environmental conditions but also in its offspring via

trans-generational effects. We conducted a set of experi-

ments to assess the direct and trans-generational effects of

food deprivation in the Glanville fritillary butterfly Meli-

taea cinxia. Food availability was manipulated during the

final stages of larval development and performance was

assessed during two generations. Direct responses to food

deprivation were relatively minor. Food-deprived individ-

uals compensated, via increased development time, to reach

a similar mass as adults from the control group. Delayed

costs of compensatory growth were observed, as food-

deprived individuals had either reduced fecundity or life-

span depending on the type of feeding treatment they had

experienced (intermittent vs. continuous). Female food

deprivation did not directly affect her offspring’s develop-

mental trajectory, but the way the offspring coped with food

deprivation. Offspring of mothers from control or inter-

mittent starvation treatments reached the size of those in the

control group via increased development time when being

starved. In contrast, offspring of mothers that had experi-

enced 2 days of continuous food deprivation grew even

larger than control animals, when deprived of food them-

selves. Offspring of food-deprived Glanville fritillary ini-

tially showed poor immune response to parasitism, but not

later on in development.

Keywords Cotesia melitaearum � Global change �
Immunity � Life history �Maternal effect �Melitaea cinxia �
Resource availability

Introduction

Environmental conditions in the wild are spatially and

temporally heterogeneous. Therefore, organisms are likely

to face periods of stressful conditions (those that impose a

challenge to the homeostatic state of the organism; Gha-

lambor et al. 2007) at some stage of their lives, especially

in today’s changing environment. Environmental stress is

one of the most important sources of natural selection, and

as a result various strategies have evolved allowing

organisms to cope with environmental variation (Meyers

and Bull 2002). Phenotypic plasticity, which is the ability

of a genotype to modify its phenotypic expression

depending on the environmental conditions (Bradshaw

1965; Pigliucci 2001), is one such strategy. The quality and

quantity of food are often heterogeneously distributed,

causing environmental stress. Accordingly, studies have

demonstrated both adaptive and non-adaptive responses to

shortage or suboptimal quality of food (Metcalfe and

Monaghan 2001).
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Environmental conditions during development can pro-

foundly affect an individual’s adult condition (or state),

which in turn will impact life-history and individual fitness

(McNamara and Houston 1996). This is because an

organism’s adult physiological condition is largely deter-

mined during development, especially in holometabolous

insects in which resources acquired during larval devel-

opment are allocated to different adult body parts during

metamorphosis. Larval conditions are particularly impor-

tant for those species that acquire few resources at the adult

stage (Boggs 2009). In holometabolous insects, an indi-

vidual’s growth is often highest during the final instar, so

that even a very short period of starvation during this

sensitive period can severely impact adult resource allo-

cation patterns, namely fecundity and body maintenance

(Bauerfeind and Fischer 2005b; Saastamoinen et al. 2010).

In general, stress responses to nutritional limitations seem

to be tightly linked with growth responses, and stress often

induces a shift in individual’s physiology towards a ‘‘sur-

vival mode’’ in which growth is ceased. The duration and

magnitude of the stress response is typically proportional to

the severity of stress (Lopez-Maury et al. 2008). Once

resources become available again, the survival mode is

disrupted and growth will continue. In some cases, growth

even accelerates afterwards, as individuals compensate for

the period of starvation (Hector and Nakagawa 2012). Both

the intensity and frequency of food deprivation is likely to

have a great impact on the observed life history responses.

Compensation for a period of food deprivation is most

likely if the fitness of a phenotype is stable across envi-

ronments, and hence individuals aim to produce the same

target phenotype (for example, large body size) under all

environmental conditions (i.e. canalization; Liefting et al.

2009). Compensatory strategies can be costly in the long

term (Metcalfe and Monaghan 2001). For example, com-

pensatory growth has been shown to increase metabolic

rate and/or elevate disease risk later in life, so that stressed

individuals suffer from reduced lifespan even though they

appear as fit as those developing under optimal conditions

(e.g., Criscuolo et al. 2008; Monaghan et al. 2011). Poor

environmental conditions during development may also

lead to adaptive changes in resource allocation patterns

that prepare individuals for future environmental stress

(Metcalfe and Monaghan 2001). Such changes, for exam-

ple in lipid storage (body maintenance) or thorax ratio

(investment in dispersal), are predicted if the quality of the

adult environment can be predicted by conditions during

development (e.g., Barrett et al. 2009; Harbison et al. 2005;

Saastamoinen et al. 2010).

In addition to direct effects, a number of studies on both

plants and animals have shown that environmental condi-

tions experienced by a parent can greatly influence the life

history trajectory of its offspring (i.e. trans-generational

and maternal effects; Mousseau and Fox 1998). Poor

environmental conditions experienced by a mother often

have a negative impact on the life history of her offspring,

for example via low allocation of resources to eggs (Hafer

et al. 2011; Marshall and Uller 2007). Poor maternal

developmental conditions may hence result in poor quality

offspring that suffer from reduced fitness (reviewed in

Monaghan 2008). One measure of individual condition is

the ability to resist diseases. Parasites and pathogens are

ubiquitous threats that most organisms fight through

immunity (Beckage et al. 1993). As immunological

responses are costly (Schmid-Hempel 2003), poor- com-

pared to well-conditioned individuals may have either poor

immune responses or reduced fitness following an immu-

nological challenge (a trade-off). The insect immune sys-

tem is relatively simple and is characterized by inducible

expression of antimicrobial peptides and constitutive mel-

anization–encapsulation responses (e.g., Lavine and Strand

2002; Rantala and Roff 2005; Schmidt et al. 2001; Strand

2008). The latter is a commonly assayed cellular response

in insects, in which hemocytes kill a foreign intruder such

as a parasitoid egg or larva by enclosing it in a melanized

capsule (Gillespie et al. 1997). Hemocyte concentrations or

ratios of different types of hemocytes have been shown to

vary among species, individuals within species, life stages,

and physiological states, and are associated with resistance

to disease (Alleyne and Wiedenmann 2001; Bauer et al.

1998; Lavine and Strand 2002; Strand 2008).

Though trans-generational effects of environmental

stress often have negative effects on offspring fitness, a

number of studies have shown positive effects, e.g., by

buffering the offspring against environmental stressors

(e.g., Agrawal 2002; Mousseau and Dingle 1991). As an

example, mothers exposed to natural enemies can produce

more resistant offspring (Agrawal et al. 1999) and mothers

living under degraded conditions can produce more dis-

persive offspring (e.g., Krug and Zimmer 2000).

In the present study, we examined the life history

responses of the Glanville fritillary butterfly (Melitaea

cinxia) to food deprivation during the final stage of

development. First, we imposed 2 days of food deprivation

and assessed the developmental responses. Since Glanville

fritillary larvae often have to move to new plants in their

last instars, we expected that a 2-day starvation period

would represent a common occurrence under field condi-

tions. We also assessed whether the responses were

dependent on the frequency of the food deprivation. Sec-

ond, we assessed whether the effects of food deprivation

transfer to the offspring via maternal (and/or other non-

genetically inherited) effects. We assessed whether the

maternal environment affects the offspring’s developmen-

tal response to food deprivation, and the immune response

of the pre-diapause larvae. The main goal in the
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trans-generational assessments was to evaluate whether

offspring from starved mothers are simply of worse quality

or whether they were predisposed to cope with nutritional

deprivation via maternal experiences.

Materials and methods

The Glanville fritillary butterfly is an endangered Eurasian

butterfly that in Finland only occurs in the Åland Islands.

Female butterflies lay clusters of on average 140 eggs (up to

10 clutches; Saastamoinen 2007) in June on the plants

Plantago lanceolata and Veronica spicata L. (Plantagina-

ceae), which are patchily distributed in dry meadow habitats

(Kuussaari et al. 2000). There is no systematic difference in

larval survival between the two host plant species in the

wild. However, in laboratory experiments, the develop-

mental growth trajectories are affected by the host plant

species (van Nouhuys et al. 2003). After feeding gregari-

ously for five instars, the larvae spend the winter in diapause

in a silken web, after which they go through two to three

additional instars and then pupate in the late spring (Saas-

tamoinen, personal observation). In the last instars, larvae

often have to leave their natal plants and search for food,

making periods of starvation likely (Hellmann 2002;

Kuussaari et al. 2004). In the Åland Islands, the Glanville

fritillary hosts three species of parasitoids (van Nouhuys and

Hanski 2005). For this study, we used the specialist para-

sitoid Cotesia melitaearum (Kankare et al. 2005), which lay

gregarious broods of between 2 and 40 eggs in a Glanville

fritillary larva. The number of eggs laid is partially depen-

dent on the size of the host larva when parasitized (Lei et al.

1997; van Nouhuys and Lei 2004). Successful parasitism by

this wasp differs among host generations (it has 2–3 gen-

erations per host generation; van Nouhuys and Lei 2004),

host conditions (van Nouhuys and Laine 2008; van Nouhuys

and Punju 2010), and populations. These differences are at

least in part due to variation of encapsulation of parasitoid

eggs and larvae by host hemocytes (Pakarinen 2011).

Experimental design

Generation 1

A total of 2,040 Glanville fritillary larvae were collected from

more than 430 local populations across the Åland Islands in

autumn 2009 (up to 3 larvae/family), and kept in diapause

(-5 �C) in the laboratory over the winter. In the spring, they

were reared ad libitum (28:15 �C, D:N) on either P. lanceo-

lata or V. spicata until the last instar, after which they were

randomly assigned to one out of three treatment groups. On

the day of the molt into the seventh instar, each larva was

weighed and placed in an individual container. The larvae in

the ‘‘control group’’ had food available at all times, whereas

those in the starvation treatments were food deprived for

2 days. In the ‘‘continuous starvation treatment’’ larvae did

not receive food for 2 consecutive days, whereas in the

‘‘intermittent starvation treatment’’ fresh food was given to

the larvae for 1 day between the 2 days without food. All

individuals were weighed after pupation. After eclosion,

butterflies were individually numbered on the hind wing and

placed in cylindrical cages with no more than 50 adults per

cage (sexes separately). One day after eclosion, *100 ran-

domly chosen individuals per larval feeding treatment (1:1

sex ratio, all were fed P. lanceolata) were killed to measure

thorax ratio (thorax mass/total body mass). The remaining

adults were fed honey:water solution ad libitum to assess

lifespan. In addition, we measured the fecundity of 139

females (n = 45–49 per treatment). For the fecundity

assessments, we randomly chose 3-day-old females from

each of the treatment groups and placed them in mating cages

with twice the number of randomly selected males from the

control group. All mating pairs were removed from the cage

and fed after mating. Each female was then placed in a sep-

arate cage with a host plant for oviposition and honey:water

solution ad libitum. Host plants were checked for eggs every

other day until the female died. The number of egg clutches

and the number of eggs in each clutch were counted.

Generation 2

Trans-generational effects on post-diapause larval devel-

opment To test maternal effects on offspring life history

we used offspring of mothers that had experienced one of

the three developmental conditions; control, intermittent or

continuous starvation (13, 10, and 10 families, respec-

tively). Each family was initially split into two groups (to

minimize the effect of common environment), and reared

on V. spicata ad libitum under laboratory conditions with a

constant temperature regime (28:15 �C, D:N). The day of

molting to the final instar each larva was weighed, placed

in an individual container and randomly assigned to a

feeding treatment. In total, 136 offspring (57, 41, and 31

from control, intermittent, and continuous groups, respec-

tively) were reared to adulthood. Due to the relatively

small sample size, we used only the control and intermit-

tent starvation treatment in the F2 generation. We mea-

sured mass at last instar, duration of the last instar, pupal

weight, and thorax ratio at day 3 of adult life.

Trans-generational effects on encapsulation rate and

immunity To assess maternal effects on immune function

of the F2 generation we used the specialist parasitoid

species, C. melitaearum. To obtain wasps for this experi-

ment, C. melitaearum cocoons were collected from the

natural populations in the Åland Islands in the spring of
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2010. The resulting wasps were mated with non-siblings

and the females were allowed to parasitize laboratory-

reared Glanville fritillary larvae. The resulting progeny

were mated with non-siblings and then the females were

kept in individual plastic vials under laboratory conditions

and fed honey:water (3:1) until needed.

The Glanville fritillary larvae used for the immune

response experiment were offspring of females from the

control and intermittent feeding treatments (10 families per

treatment). All larvae were from the second clutch of each

mother (the first clutch was used for the life history

assessment as above). Larvae were reared on V. spicata

ad libitum in gregarious family groups under laboratory

conditions with a constant temperature regime (28:15 �C,

D:N). After the larvae molted into the third instar, each

family was split into three groups to control for common

environment effects. Three replicates of 10 larvae per

family (i.e. 30 larvae/family) were parasitized when the

larvae were in the third instar. To ensure parasitism, each

larva was individually placed in a Petri dish with a single

female wasp and the parasitism was observed directly. For

each family replicate, three different parasitoids were used

in order to remove the effects of individual variation

among wasps. Three days after exposure to parasitoids,

three randomly chosen larvae (or one-third of the larvae)

from each Petri dish (i.e. approximately 9 larvae per

family) were dissected under a compound microscope to

assess the number of living and encapsulated (dead)

parasitoids within each host larva. The remaining host

larvae in each family were allowed to develop naturally

until diapause. Very few parasitoids egressed from the host

before diapause, and hence the larvae were dissected

12 days after entering diapause, and the number of

parasitoid larvae was counted. The date when the host

entered diapause was noted to assess the development time

of the host. Dead host larvae were dissected and recorded.

In addition to the encapsulation response, 84 unparasit-

ized larvae from 18 families including offspring from both

control and starved (intermittent only) mothers were

assayed for the number and types of hemocytes present

in the hemolymph. One microliter of hemolymph was

taken during the fourth instar by puncturing each larva with

a needle and immediately diluting the hemolymph with

10 ll of insect saline solution. Cells were transferred to a

Bürker hemocytometer and counted. For each larva, we

calculated the total number of hemocytes and the number

of hemocytes of three different types. The hemocytes were

identified with phase contrast microscopy on the basis of

their characteristic morphology according to (Lackie 1988)

as granular cells (GRs), oenocytoids (OEs) and other

hemocytes (which were mostly plasmatocytes, but included

some cells that were not well enough focused to distinguish

from plasmatocytes).

Statistical analyses

Linear mixed model approaches (SAS v.9.2 for Windows;

SAS Institute, Cary, NC, USA) were used to examine the

effects of larval feeding treatments on phenotypic variation

in the first generation as well as to assess maternal effects on

parasitism rate and offspring responses to starvation. In the

first generation, the phenotypes examined were develop-

ment time of the final instar, pupal mass, relative allocation

to thorax, and adult lifespan. Sex and food plant species

(only P. lanceolata for thorax ratio) were included as fixed

factors, and population was included as a random factor. As

a measure of female fecundity we used clutch size and

included clutch number as a factor, pupal mass as a covar-

iate, and female as a random factor. For the second gener-

ation, maternal treatment, current treatment, and sex were

included as fixed factors and family as a random factor.

To assess maternal effects on parasitism and larval

survival, we analyzed the number of living parasitoids

(eggs or larvae), the number of dead parasitoids (encap-

sulated larvae and ‘‘cell aggregations’’ which are disinte-

grated encapsulated parasitoid eggs or larvae) and whether

or not we found any parasitoids within each dissected host

individual (0/1). Parasitism (0/1) and larval survival until

the diapause were modeled with a binary error distribution.

In these analyses, maternal treatment was included as a

fixed factor and family as a random factor. The total

number of hemocytes, granular cells, and oenocytoids were

analyzed with maternal treatment and family nested within

maternal treatment as fixed factors. We also conducted

family level analyses to assess whether the average number

of hemocytes in each family correlated with the average

larval survival, development time and ratio of dead to all

parasitoids (in both third instar and diapaused larvae). In all

the analyses, we used backward model selection by starting

with a full model for each trait and sequentially eliminating

interaction terms with highest P values.

Results

Direct effects of food deprivation in generation 1

A period of starvation increased development time

(Tables 1, 2) with stronger impact under intermittent than

continuous food deprivation, especially in females (inter-

action between sex and feeding treatment; Tables 1, 2; for

details, see Appendix A). Despite the influence of starva-

tion on development time, pupal mass and allocation to

thorax remained unaffected in both sexes (Tables 1, 2).

Starvation further affected lifespan, with individuals

experiencing continuous deprivation having the shortest

lifespan while those from the intermittent deprivation
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treatment living the longest (Tables 1, 2; Fig. 1A). Males

developed faster, were smaller as pupae, allocated more

resources to the thorax and lived longer than females

(Tables 1, 2). In general, individuals fed V. spicata

developed faster, were lighter as pupae, and had shorter

adult lifespan than those fed P. lanceolata (Tables 1, 2).

The latter effect was more pronounced in females than in

males (significant sex by host–plant interaction; Tables 1,

2; for details, see Appendix A). For the subset of females in

which fecundity was assessed (all were fed P. lanceolata),

the average clutch size was 140.7 eggs. Larval starvation

reduced clutch size such that females from the control

group laid significantly more eggs than females from the

intermittent feeding treatment (Fig. 1B; for details see

Appendix A). The clutch size decreased with clutch num-

ber and was influenced by body mass (Table 2). However,

the effect of body mass was treatment-specific (a signifi-

cant interaction between body mass and treatment indi-

cated; Table 2), with a positive correlation between pupal

mass and average clutch size only in the continuous star-

vation treatment (Fig. 2; P = 0.004).

Trans-generational effects of food deprivation

Offspring life history

Developmental conditions experienced by the mother did

not seem to impact the initial condition of her offspring, as

there was no difference in the body mass of the larvae at

the beginning of the seventh instar or in the developmental

time of the offspring (Table 3). Though the maternal

developmental conditions did not impact the pupal mass of

her offspring, there was a trend suggesting (interaction

between sex and maternal treatment; Table 3) that female

offspring of continuously starved mothers were heavier as

pupae than those from the intermittent group (for details,

see Appendix B). As in the first generation, experiencing

starvation during development (intermittent starvation

only) increased development time, but had no effect on

pupal mass or allocation to thorax in the second generation

(Table 3). Similarly, males generally developed faster than

did females, were lighter as pupae, and allocated more

resources to their thorax (Table 3).

The effect of food deprivation on development time was

also influenced by the maternal conditions (Fig. 3A;

Table 3; interaction between maternal food treatment and

offspring food treatment). A closer examination indicated

that offspring of the mothers in the control group devel-

oped more slowly in response to food deprivation than

offspring of mothers in the intermittent group (Fig. 3A;

Appendix B). Maternal treatment also influenced the off-

spring response to food deprivation in terms of body mass

(Fig. 3B; Table 3; interaction between maternal food

treatment and offspring food treatment), as individuals

whose mothers had experienced continuous starvation

attained a high body mass when starved themselves

(Fig. 3B; Appendix B). In contrast, the response to star-

vation in terms of body mass was slightly negative or

absent in intermittent starvation and control groups,

respectively.

Offspring immunity

There was a small effect of maternal feeding treatment on

successful parasitism by C. melitaearum. No parasitoid

offspring were found in 17 % of the parasitized larvae

Table 1 Mean (±SE) for life history traits in the Glanville fritillary butterfly (Melitaea cinxia) in the three treatment groups in generation 1, fed

P. lanceolata (N = 1371) and V. spicata (N = 464)

Control Intermittent Continuous

Females Males Females Males Females Males

Development time of the final instar (days)

P. lanceolata 16.7 (0.2) 13.1 (0.2) 18.8 (0.3) 15.7 (0.2) 18.0 (0.2) 15.3 (0.2)

V. spicata 15.0 (0.3) 11.5 (0.2) 17.1 (0.3) 13.9 (0.2) 16.5 (0.3) 13.9 (0.2)

Pupal mass (mg)

P. lanceolata 182.5 (1.9) 142.0 (1.2) 178.8 (1.6) 139.3 (1.2) 183.2 (1.7) 137.0 (1.3)

V. spicata 170.6 (2.3) 135.2 (1.7) 174.4 (2.9) 134.4 (1.5) 171.6 (1.4) 134.1 (1.0)

Thorax ratio

P. lanceolata 0.39 (0.05) 0.56 (0.01) 0.39 (0.01) 0.58 (0.01) 0.38 (0.01) 0.58 (0.01)

Adult lifespan (days)

P. lanceolata 18.9 (0.7) 21.7 (0.7) 20.1 (0.6) 21.2 (0.6) 18.4 (0.6) 18.5 (0.6)

V. spicata 15.5 (1.8) 20.1 (1.1) 15.4 (1.5) 21.9 (1.2) 18.3 (2.0) 17.9 (1.1)

Average clutch size (number of eggs)

P. lanceolata 145.8 (6.1) – 132.0 (5.8) – 139.5 (5.4) –
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dissected at the very early stage of parasitoid development

(3 days after parasitism). The probability of being para-

sitized did not differ between the two maternal treatment

groups (P = 0.39). Similarly, the number of dead parasit-

oids (0.3 on average) found inside the host upon dissection

was not affected by maternal treatment (P = 0.99). Larvae

of starved mothers did, however, have more living para-

sitoids in them at day 3 (1.4 and 1.8 for control and star-

vation groups, respectively; F1,156 = 5.8, P = 0.017).

The rest of the parasitized larvae in each family were

dissected after the initiation of the winter diapause. At this

stage, we found no difference between the treatment groups

in any of the response variables (P = 0.48, P = 0.40 and

P = 0.53 for whether or not the host was parasitized, the

number of living parasitoids and the number of dead par-

asitoids, respectively). The average number of parasitoids

per larva at the end of pre-diapause development was 1.7,

which was the same as that of the control group at day 3.

There was no difference between the treatment groups in

the rate of survival to diapause (P = 0.39), though larvae

with more parasitoids in them took longer to reach dia-

pause (F1,232 = 14.5, P = 0.0002).

Among the unparasitized larvae dissected, we found

significant differences among families in the number of

granular hemocyte cells (F16,66 = 2.5, P = 0.005) and the

number of oenocytoids (F15,44 = 3.2, P = 0.002), but not

in the number of other hemocytes (mostly plasmatocytes)

(P = 0.25) nor in the total number of hemocytes

(P = 0.35). The maternal treatment (control or starvation)

did not have a significant effect in any of the hemocyte

categories (P = 0.69, P = 0.79, P = 0.27, and P = 0.88

for the total number of hemocytes, granular cells, oeno-

cytoids, and other hemocytes, respectively). Larval

survival to diapause was positively correlated with the

average number of granular cells and the average number

of oenocytoids (F1,14 = 5.4, P = 0.035 and F1,14 = 9.6,

P = 0.008, respectively), but not with the number of other

hemocytes (P = 0.60).

Discussion

Organisms in the wild are faced with a wide range of

environmental conditions, and are expected to show some

degree of adaptation and resilience to challenges such as

short term food deprivation. Environmental fluctuations

occur in all natural environments and will become more

severe with increasing global change (Pachauri and Rei-

singer 2007). We found that the Glanville fritillary butterfly

responds to an episode of larval starvation by increasing

development time, and hence attains the same adult size as

well-fed individuals. Though food-deprived individuals are

able to compensate in terms of body mass, some negative

effects are still evident later on in life. These effects differ

between types of starvation, as individuals that experienced

two intermittent days of food starvation have reduced

Table 2 ANCOVAs for the effects of sex, larval feeding treatment,

host plant, and the significant interactions on development time, pupal

mass, thorax ratio (all individuals fed on P. lanceolata) and lifespan

of the Glanville fritillary butterfly. Clutch size (all individuals fed on

P. lanceolata) was analysed with clutch number and larval feeding

treatment as fixed factors, and body mass as a covariate

Estimate ± SE df F P

Development time

Sex 1, 1397 542.1 \0.0001

Larval feeding

treatment

2, 1397 112.5 \0.0001

Host plant 1, 1397 116.5 \0.0001

Sex 9 larval

feeding treatment

2, 1397 4.9 0.007

Population 1.2 ± 0.2

Residual 7.4 ± 0.3

Pupal mass

Sex 1, 1399 167.3 \0.0001

Larval feeding

treatment

2, 1399 1.1 0.329

Host plant 1, 1399 37.4 \0.0001

Population 70.7 ± 14.7

Residual 418.3 ± 15.8

Thorax ratio

Sex 1, 268 744.5 \0.0001

Larval feeding

treatment

2, 268 0.5 0.417

Population 1.8e-5 ± 1.3e-4

Residual 3.3e-3 ± 3.1e-4

Lifespan

Sex 1, 852 10.4 0.001

Larval feeding

treatment

2, 852 6.0 0.003

Host plant 1, 852 6.9 0.009

Sex 9 host plant 1, 852 4.6 0.032

Population 3.6 ± 1.68

Residual 68.9 ± 3.07

Clutch size

Clutch number 4, 295 21.6 \0.0001

Larval feeding

treatment

2, 295 5.4 0.005

Body mass 1, 295 5.9 0.016

Larval feeding

treatment 9 body

mass

2, 295 5.0 0.008

Female 683.2 ± 259.9

Residual 2,824.6 ± 261.2

Population or female (for clutch size) was included as a random

factor. F statistics are given for fixed effects and Wald’s Z statistics

for random effects
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clutch size, whereas individuals deprived of food for two

consecutive days have a reduced lifespan. In addition to

these direct effects, we also found trans-generational

effects of food deprivation. The offspring of food-deprived

mothers did not differ from those of control mothers in

survival or initial body mass. However, when the offspring

of food-deprived mothers were starved themselves, their

compensatory responses were dependent on the type of

food deprivation the mother had experienced. Starved

offspring of mothers from the intermittent feeding treat-

ment developed slowly and remained smaller than control

individuals, whereas offspring of mothers that experienced

starvation for two consecutive days increased in body mass

via compensatory growth when starved themselves. Off-

spring of starved mothers are initially more vulnerable to

parasitism by C. melitaearum, but later in development that

vulnerability is overcome, at least under the conditions of

this experiment. While we found strong variation of

hemocyte concentration among families, and that families

with high average hemocyte concentrations had low mor-

tality, there was no association of maternal conditions with

constitutive immunity of the offspring.

Compensatory growth after food deprivation

A general prediction is that developmental plasticity is

favored when the environment experienced by the devel-

oping organism is a good predictor of future environmental

conditions, and can thus serve as a cue for an appropriate

phenotype (Liefting et al. 2009; Meyers and Bull 2002). In

insects in which metamorphosis results in both a change in

morphology and a change in ecological niche (i.e. larvae

and adult have different diets), the conditions for the larvae

do not necessarily predict the conditions for the adults.

Therefore, poor dietary conditions for a larva may result in

smaller adult size (e.g., Fox et al. 1999; Saastamoinen et al.

2010), rather than a plastic response of delayed develop-

ment without reduction in body size (Barrett et al. 2009;

Bauerfeind and Fischer 2005b). Resource limitation during

development may, however, hinder individuals from

attaining an optimal size or critical body size for pupation,

resulting in prolonged development or faster growth rate

once conditions improve (Esperk and Tammaru 2010).

The Glanville fritillary butterfly seems to canalize body

size by increasing development time in response to poor

nutritional conditions and, at least in females, development

time has the greatest increase under intermittent food

deprivation. In general, the canalization of body mass

implies either that there is a critical body size that needs to

be achieved prior to pupation or that the fitness benefit of

large body size is equal across all environmental condi-

tions, and hence should be maximized. As in many other
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Lepidoptera (e.g., Garcia-Barros 2000; Jimenez-Perez and

Wang 2004), we found that for females larger body mass is

correlated positively with fecundity but only in the con-

tinuous starvation treatment. Previous work on the Glan-

ville fritillary under semi-natural conditions has suggested

benefits of large body size under poor environmental

conditions when compensation for small body reserves by

adult feeding is prevented (Saastamoinen 2007).

The larvae of the Glanville fritillary butterfly feed on

P. lanceolata and V. spicata in Åland. In the spring, the

gregariously feeding larvae easily consume an entire host

plant and, as both plant species often have a patchy dis-

tribution in a habitat patch (Kuussaari et al. 2004), expe-

riencing food deprivation while searching for a new host

plant may be quite common. Glanville fritillary larvae,

both starved and not-starved, grew faster but reached a

smaller final size when fed V. spicata than fed P. lanceo-

lata. Development of the Glanville fritillary is known to

depend on the host plant species (e.g., van Nouhuys et al.

2003; Saastamoinen et al. 2007), though long-term and

large-scale survey data do not show any systematic dif-

ference in the survival of larvae using the two host plants in

natural populations (van Nouhuys et al. 2003).

Contrasting responses to different types of food

deprivation

Poor nutritional conditions followed by compensatory

strategies can come at a cost, which may not be apparent

until later in life and/or under particular environmental

conditions (e.g., Dmitriew and Rowe 2011; Helle et al.

2012). Experiencing 2 days of starvation did entail delayed

costs for the Glanville fritillary. Interestingly, the two types

of starvation treatments resulted in different responses.

First, individuals (effect was stronger in females) from the

intermittent starvation group took more time than those

from the continuous starvation treatment to attain the equal

body size with the control group. Second, the individuals

that experienced intermittent starvation were almost 10 %

less fecund in terms of clutch size than those in the control

treatment. Negative effects on fecundity in response to

starvation are expected and commonly found (Bauerfeind

and Fischer 2005a, b; Boggs and Ross 1993), as repro-

duction is generally a nutrition-limited process. In Lepi-

doptera, resources allocated to reproduction can be derived

from reserves stored during development and/or current

feeding (O’Brien et al. 2004). The reduced fecundity due to

larval food deprivation that we observed highlights the

importance of stored resources for fecundity of the Glan-

ville fritillary (see also Saastamoinen et al. 2009). How-

ever, the lowered fecundity occurred without any

differences in body mass or body allocation patterns.

Finally, though individuals in the intermittent feeding

treatment had low fecundity they had the longest lifespan.

This suggests that, in the intermittent treatment group, the

compensation in terms of body size results from investment

in body maintenance rather than fecundity. A positive

correlation between longevity and food limitation is also

commonly observed in experimental studies of insects, and

is often explained by individuals entering a ‘‘survival

mode’’ in which they use less resources in response to a

shortage of food (e.g., Baldal et al. 2006; Bishop and

Guarente 2007).

Table 3 ANCOVAs for the effects of sex, maternal developmental

treatment and larval feeding treatment, and the significant interactions

on development time, pupal mass and thorax ratio of the Glanville

fritillary butterfly

Estimate ± SE df F P

Development time

Sex 1, 88 34.0 \0.0001

Maternal

developmental

treatment

2, 88 1.3 0.29

Larval feeding

treatment

1, 88 39.6 \0.0001

Maternal

developmental

treatment 9 larval

feeding treatment

2, 88 3.0 0.054

Family 0.15 ± 0.71

Residual 4.24 ± 0.75

Pupal mass

Sex 1, 86 140.1 \0.0001

Maternal

developmental

treatment

2, 86 0.6 0.56

Larval feeding

treatment

1, 86 0.1 0.71

Maternal

developmental

treatment 9 larval

feeding treatment

1, 86 3.9 0.024

Maternal

developmental

treatment 9 sex

2, 86 3.1 0.052

Family 77.2 ± 38.9

Residual 172.3 ± 25.6

Thorax ratio

Sex 1, 90 483.1 \0.0001

Maternal larval

feeding treatment

2, 90 1.5 0.24

Larval feeding

treatment

1, 90 2.5 0.12

Family 1.5e-4 ± 1.4e-4

Residual 1.2e-3 ± 1.7e-4

Family was included as a random factor. F statistics are given for

fixed effects and Wald’s Z statistics for random effects
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Individuals that experienced continuous rather than

intermittent starvation on the other hand had a 5 % shorter

lifespan than the control group. Reduced lifespan may be

caused by increased metabolic rate or decreased immunity

(e.g., Moret and Schmid-Hempel 2000; Parsons 1993).

Increased energy metabolism due to food limitation may

result from compensatory growth (increased growth rate)

after resources become plentiful again. If an increase in

metabolic rate becomes fixed it may accelerate senescence

in adults (e.g., Criscuolo et al. 2008). Decreased adult

survival in response to starvation has also been observed in

other insects (e.g., Boggs and Freeman 2005; Dmitriew and

Rowe 2007). It is notable that, whatever the mechanism

behind the reduced lifespan in the continuous starvation

treatment, it had little consequence since it did not decrease

individual fecundity. In the wild, where oviposition may be

time limited and environmental conditions may be less

favorable, the fitness consequences of reduced lifespan

may be higher (Dmitriew and Rowe 2011).

Trans-generational effects of developmental condition

Poor conditions are known to have impacts across gener-

ations (e.g., Hafer et al. 2011). Such trans-generational

effects occur if a parent’s phenotype influences the phe-

notype of its offspring (Räsänen and Kruuk 2007). These

effects could be negative if a mother, for example, sacri-

fices the quality of her offspring due to resource depletion.

Alternatively, if the developmental environment of a

mother provides a reliable indicator of the environmental

conditions that her progeny will encounter, maternal effects

may evolve as a mechanism for trans-generational pheno-

typic plasticity (Fox and Mousseau 1998; Mousseau and

Dingle 1991). Parents may, for example, provide offspring

with increased tolerance of environmental contaminants

(Marshall 2008), food shortages (Bashey 2006), desicca-

tion (Yoder et al. 2006), and increased temperatures

(Salinas and Munch 2011). We found that individuals

whose mothers had experienced continuous starvation had

high compensatory growth after experiencing food depri-

vation themselves, becoming larger as pupae than offspring

of mothers that had food available at all time. As discussed

above, large body size in many insects, including the

Glanville fritillary butterfly, often entails fitness benefits

(Saastamoinen 2007).

To assess the quality of the offspring in an entirely

different way, we compared the susceptibility to parasitism

and hemocyte concentration of larvae with starved and

non-starved mothers. It is known that Lepidoptera combat

parasitism by Cotesia parasitoids by encapsulating para-

sitoid eggs and larvae (Alleyne and Wiedenmann 2001;

Bukovinszky et al. 2009; Laurentz et al. 2012; Okech and

Overholt 1996). Initially, the offspring of starved individ-

uals contained more living parasitoid eggs and larvae than

the offspring of well-fed mothers, suggesting that they

were immunologically compromised. This could result

both if C. melitaearum had laid large broods of eggs in the

offspring of food-deprived mothers or if we failed to detect

parasitoid eggs killed quickly by offspring of well-fed

mothers. The first case would suggest that the wasps were

assessing host conditions, and favoring those with starved

mothers. This would be adaptive for the wasp if it reflected

high host quality (Vet et al. 1990; Vinson 1976) or low

expected host immune response. In the second case, the

progeny of non-starved mothers would have had a stronger

initial immune response to parasitism, indicating that

maternal starvation reduced the immune response of her

offspring. We cannot distinguish between the two out-

comes. However, in the end, the number of C. melitaearum

larvae present at host diapause, which reflects the brood
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size in the spring (van Nouhuys and Punju 2010), was

equal in the two groups. Thus, there is evidence that

maternal starvation leads to increased vulnerability to C.

melitaearum which, under the conditions of this experi-

ment, was overcome partway through host development. A

similar pattern of response was observed in a study com-

paring parasitism of the Glanville fritillary fed mildew-

infected and uninfected host plants (van Nouhuys and

Laine 2008).

Hemocytes are involved in the encapsulation of para-

sitoids as well as other foreign bodies (Gillespie et al.

1997). In general, higher hemocyte concentrations are

expected to be associated with ability to fight infection

(Gillespie et al. 1997). As Alleyne and Wiedenmann

(2001) found, using related host and parasitoid species, we

detected no association of hemocyte concentration with

rate of encapsulation of Cotesia parasitoids. However,

some Glanville fritillary larvae died during the experiment

due to disease rather than parasitism. Mortality due to

disease was low in families containing high average con-

centration of granular cells and oenocytoids. Thus, there

was family level variation of susceptibility to disease

associated with hemocyte concentration, but hemocyte

concentration was not associated with feeding treatment.

An adaptive explanation of the lack of plasticity of immune

response to food deprivation is that the threat of disease is

constant, so the immune response of offspring should not

be modified by the experience of the parents.

Conclusions

We found that the Glanville fritillary butterfly is able to

cope with environmental variation during the sensitive

period of larval development. Both females and males

canalized their body size via compensatory growth after

food deprivation by increasing their development time.

Though the compensatory growth is successful in terms of

body mass, it also entails costs, which are related to the

type of starvation they experience. Deprivation for 2 con-

secutive days seems less costly than deprivation for 2 days

separated by 1 day of feeding. That is, individuals that

experienced the continuous deprivation treatment were

able to compensate with a shorter increase in development

time, and consequently maintained higher fecundity. Their

offspring also withstood food deprivation better than those

experiencing intermittent deprivation.

The compensatory response of the Glanville fritillary,

though different in the two deprivation treatments, suggests

that a mother’s experience of a 2-day starvation period

during development could be a reliable indicator of envi-

ronmental conditions that her offspring are likely to

encounter a year later. The local habitat patches in the

Åland Island metapopulation vary in host plant density, the

density of nectar plants, and the degree of within-patch

spatial heterogeneity, as well as environmental conditions,

especially precipitation (Hanski and Meyke 2005). It may

be that poor nutritional conditions during the final stages of

development signify a low density or scattered distribution

of food plants that may persist within the habitat patch

through the following year.

Studies on other insects have shown that as an adaptive

response to nutritional limitation or high density during

development, resource allocation patterns may be altered

allowing individuals to move away from the crowded and/

or poor quality habitats (Boggs and Freeman 2005; Saas-

tamoinen et al. 2010). Characteristics associated with dis-

persal of the Glanville fritillary butterfly are also known to

evolve in response to local landscape structure (e.g., Hanski

et al. 2006). In our study, however, characteristics closely

associated with dispersal (thorax ratio) were not affected by

maternal food deprivation. In combination with the previ-

ous work on dispersal of the Glanville fritillary, ours sug-

gests that the butterfly employs a mixed strategy with

respect to local environmental conditions. The role of poor

maternal environment for offspring immunity is less clear.

Some evidence suggests that offspring from the starved

mothers are more vulnerable to parasitism than the off-

spring of non-starved mothers, but this was only apparent in

the very young larvae, and maternal condition was unre-

lated to the hemocyte concentration of their offspring. This

suggests a lack of plasticity of immune response which may

be adaptive where disease and parasitism is a constant threat

to larvae. Overall, our study provides insight into how

organisms may respond to environmental challenges they

encounter in the wild.
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