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        Introduction 

 Clutch size is a life-history trait that has various consequences 
for reproductive performance, population regulation and dynamics. 
Causes of clutch size variation have been examined in many 
studies of birds (e.g.  Monaghan & Nager, 1997 ), amphibians 
(e.g.  Chamaille-Jammes  et al. , 2006 ), and parasitic wasps 
( Jervis & Ferns, 2004  and references therein). In an influential 
paper,  Lack (1947)  suggested that the average clutch size in 
birds is determined by the number of young the parents can 
 successfully raise under given environmental conditions. In many 
parasitoids, on the other hand, females adjust clutch size accord-
ing to the size of the host apparently in order to maximize the size 
and the fitness of their offspring ( Godfray & Shimada, 1999 ). 

 The majority (90 – 95%) of butterfly species lay their eggs 
 singly ( Stamp, 1980; Hebert, 1983 ), but for those species 
that oviposit egg clusters clutch size is an important fitness 
component, as increased clutch size is known to, e.g. reduce 
egg desiccation and often also the risk of predation or parasit-
ism ( Stamp, 1980; Kuussaari, 1998 ). In these species, larvae 

typically live gregariously at least during the early larval 
 instars and in some cases until pupation ( Fitzgerald, 1993; 
Kuussaari  et al. , 2004 ). Larvae often do better in groups due to 
increased feeding facilitated by conspecifics ( Denno & Benrey, 
1997; Reader & Hochuli, 2003 ), more efficient defence against 
predators and parasitoids ( Denno & Benrey, 1997; Reader & 
Hochuli, 2003 ), a more favourable local microclimate ( Klok & 
Chown, 1999 ) and, in some species, a higher quality of protec-
tive winter web for diapause spun by many larvae ( Nieminen 
 et al. , 2001 ). 

 There is substantial variation in clutch size within and among 
individuals of the Glanville fritillary butterfly ( Melitaea cinxia  L., 
1758) ( Kuussaari  et al. , 2004 ), which may be due to genotypic 
differences but also to life-history and environmental factors. 
Studies on other butterflies have shown that female traits such 
as body size ( Wiklund  et al. , 1987; Rodrigues & Moreira, 2002; 
Boggs & Nieminen, 2004; Jimenez-Perez & Wang, 2004 ), 
egg-laying history ( Wahlberg, 1995; Boggs & Nieminen, 2004 ), 
and the number of days since the last oviposition ( Pilson & 
Rausher, 1988; Agnew & Singer, 2000 ) may affect fecundity 
and hence also clutch size. Furthermore, environmental factors 
such as host plant species ( Kagata & Ohgushi, 2001 ), food lim-
itation ( Boggs & Ross, 1993 ), and unfavourable weather condi-
tions ( Stamp, 1980 ) may also affect clutch size. 
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 Ambient temperature can constrain reproduction in butter-
flies not only due to its direct effect on egg maturation ( Carroll & 
Quiring, 1993 ), but also indirectly, as low ambient temperatures 
decrease time available for behaviours associated with reproduc-
tion ( Boggs, 2003; Fischer  et al. , 2003 ). By constraining flight 
activity ( Berwaerts  et al. , 2001   ), low temperatures adversely 
 affect mate location, search of nectar plants for feeding and 
search of host plants for oviposition. Flight is also influenced by 
the metabolic pathways that produce power for active flight, and 
there may be variation among individuals in traits such as the 
catalytic efficiency of key enzymes.  Watt (1977)  working on 
 Colias  butterflies showed that different isomorphs of the glyco-
lytic enzyme phosphoglucose isomerase (PGI) differ in their 
 enzyme-kinetic properties, which affect glycolytic fluxes and 
thereby have an effect on flight performance ( Watt, 1977, 1983 ). 
 Watt (1992)  further demonstrated that females with certain  Pgi  
genotypes have increased egg-laying rate, as these individuals 
can fly under a broader range of weather conditions due to 
 increased flight performance at low temperatures. To increase 
body temperature for flight butterflies have also evolved behav-
ioural adaptations and adjustments, such as basking in the sun to 
absorb heat (e.g.  Berwaerts  et al. , 2001 ) as well as morphological 
traits such as thicker fur on the thorax ( Kingsolver, 1983a, b ). 
Thermoregulatory behaviours affecting flight activity are criti-
cally important especially in areas where environmental condi-
tions are often suboptimal, for instance in range margins. 

 The metapopulation of the Glanville fritillary butterfly in the 
Åland Islands, south-west Finland, is known to be polymorphic 
for Pgi ( Saccheri  et al. , 1998 ). Seven different alleles have been 
identified in this locus, and their frequencies have remained 
 stable over time as indicated by two studies conducted 9 years 
apart ( Saccheri  et al. , 1998; Haag  et al. , 2005 ). Previous studies 
on the Glanville fritillary have shown that certain  Pgi  genotypes, 
involving the allele  Pgi-f , have elevated flight metabolic rates 
that are associated with increased dispersal rate ( Haag  et al. , 
2005 ), and allelic variation among populations has even conse-
quences for population dynamics ( Hanski & Saccheri, 2006 ). 
These previous findings point to the importance of PGI in the 
biology of the Glanville fritillary, and they suggest that this 
 enzyme may play a role in the reproductive performance of 
 females through its effects on flight performance, similarly to 
that previously  reported for  Colias  butterflies ( Watt, 1992 ). One 
important difference in the reproductive biology of the Glanville 
fritillary and the  Colias  butterflies, however, is that the former 
lays eggs in clusters, whereas the latter lays single eggs. In 
 Colias , females may lay 15 – 20 eggs per day but they must move 
repeatedly while laying eggs on widely scattered host plants 
( Watt, 1992 ). It is thus evident why female fecundity is highly 
dependent on flight activity in  Colias  butterflies, but whether a 
comparable mechanism affects reproductive behaviour in the 
Glanville  fritillary is unknown. 

 A few studies of butterflies have examined how ovipositing 
females laying clusters of eggs respond to particular single factors 
such as unfavourable weather conditions ( Stamp, 1980 ) and 
food limitation ( Boggs & Ross, 1993 ), but very little is known 
about how they would respond to combinations of factors under 
natural conditions. Understanding the factors that affect clutch 
size in species with gregarious larvae is vital for developing a 

better understanding of their life-history ecology ( Kuussaari  et al. , 
2004 ). Such knowledge is helpful also for the more general 
 purpose of comparing clutch size determination in insects with 
that in other taxa, for which more is already known (e.g.  Wilson, 
1994  and references therein;  Wilson & Lessells, 1994; Heimpel 
 et al. , 1998 ). This study set out to investigate the role of life-
 history traits and  Pgi  genotype in the reproductive performance 
of the Glanville fritillary butterfly. Two experiments were con-
ducted in a large population cage in the field in two consecutive 
years, allowing the assessment of prevailing environmental con-
ditions on clutch size.  

  Materials and methods 

  The Glanville fritillary butterfl y 

 The Glanville fritillary has a classic metapopulation in the 
Åland Islands in Finland, in a network of  ≈  4000 habitat 
patches, of which some 500 are occupied in a given year 
( Hanski, 1999; Nieminen  et al. , 2004 ). Larvae feed on two host 
plant species,  Plantago lanceolata  and  Veronica spicata . 
 Plantago lanceolata  occurs in all parts of Åland, whereas  
V. spicata  mainly occurs in the west, north-west, and north of 
the archipelago ( Nieminen  et al. , 2004 ).  Veronica spicata  is pre-
ferred by ovipositing females in the areas where both host plants 
are present ( Kuussaari  et al. , 2004 ), even though no clear differ-
ences in larval survival have been found between the two host 
plant species ( van Nouhuys  et al. , 2003; Kuussaari  et al. , 2004 ). 

 The butterfly has a univoltine life cycle in the Åland Islands. 
Eggs are laid in clusters and the larvae develop through five 
instars before the end of the summer, when they spin a compact 
‘winter nest’, in which they diapause. The larvae become  active 
again as soon as the snow has melted at the end of March. The 
larvae live gregariously until the last larval instar and pupate at 
the beginning of May. Adult butterflies eclose at the beginning of 
June with a full complement of oocytes at emergence ( Boggs & 
Nieminen, 2004 ). The flight season continues until early July 
( Nieminen  et al. , 2004 ), and females lay up to seven ( Wahlberg, 
1995; Kuussaari, 1998 ) or even 10 (this study) egg clusters 
during their lifetime. Adults feed on nectar, and they are capa-
ble of behavioural thermoregulation via dorsal solar basking, 
a behaviour that they typically exhibit in the morning prior to 
flight and during the day whenever necessary (pers. obs.).  

  Experimental set-up 

 Experiments were conducted in a large cage (32 × 26 × 3 m) 
erected upon a natural habitat patch in the Åland Islands ( Hanski 
 et al. , 2006 ). The cage was covered with a mesh preventing the 
butterflies from escaping but allowing natural environmental 
conditions (rain, sun, and wind) in. A similar apparatus has been 
used in studies of butterfly movement behaviour by Norberg  et al.  
(2002). About 150 potted host plants were placed in the central 
part of the cage, which was relatively bare of vegetation compared 
with the margins of the cage. During the experiment carried out 
in 2003, only  P. lanceolata  was used as an oviposition host 
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plant, whereas in 2004 either  P. lanceolata  or  V. spicata  was 
present in the cage on any given day. The margins of the cage 
had higher vegetation and greater density of flowering plants 
that provided nectar for adult butterflies. 

 Between the 14 th  and 16 th  April 2003, 400 fifth instar larvae 
were collected from 40 different local populations in the Åland 
Islands ( Hanski  et al. , 2006 ). The larvae originated from parts of 
the Åland Islands that are known to prefer  P. lanceolata  as a 
host plant species ( Kuussaari  et al. , 2000 ). The larvae were 
reared in growth chambers (L:D 12:12 h, 25 °C and 20 °C re-
spectively) and fed with  P. lanceolata . Approximately 24 h after 
pupation, individual pupae were weighed on a Scaltec SBC 33 
electrobalance (sensitivity 0.1  � g, Scaltec Instruments, 
Heiligenstadt, Germany) and placed individually in small plas-
tic cups, in which they were kept until eclosion. After eclosion, 
wing expansion and drying, the butterflies were individually 
numbered by permanent marker pen on the underside of the 
hind wing. Altogether 81 females and 113 males were released 
into the cage, mostly in the afternoon of the day of their 
eclosion. 

 Between the 2 nd  and 12 th  June 2004, adult butterflies instead of 
larvae were collected from the wild, from 25 different popula-
tions in the Åland Islands. Butterflies were sampled from both 
 P. lanceolata  and  V. spicata -preferring populations ( Kuussaari 
 et al. , 2000 ). Only fresh and unworn butterflies were collected. 
The butterflies were exposed to temperatures of +5 °C for 5 – 10 
min to minimise stress while they were weighed and individu-
ally numbered as described above. Marked butterflies were re-
leased into the population cage in the evening of the day they 
were collected. 

 The population cage was divided into a 8 × 8 grid, each cell 
measuring 4 × 2.6 m in size. Systematic censuses were con-
ducted through the cage every second hour, from 09.00 h until 
17.00 h. Censuses were not conducted during completely rainy 
or cloudy periods when butterflies were not active. During 
each census, the position of each butterfly observed was re-
corded. Extra caution was taken to observe mating pairs. To 
obtain information about egg-laying, the potted host plants 
were continuously monitored and the initiation of each egg-
laying was recorded as well as the number of the female. 
Observing ovipositing females was relatively easy. In 2003 
and 2004, only 32 and five of 194 and 97 ovipositions were 
missed, as indicated by careful search for egg clusters on the 
experimental plants every evening. Temperature was measured 
in the centre of the cage every second hour (Thermo in/out 
digital thermometer, ORA). The ambient temperature during 
egg-laying was approximated by the measurement made at the 
closest hour. 

 A measurement of butterfly mobility in the cage was obtained 
from a residual from the regression on the number of grid cells 
visited by a butterfly during its first 3 days of life against the 
number of observations made during the same 3 days. The mo-
bility measure for < 4-day-old butterflies was used because it 
has been shown that such pre-reproductive females show differ-
ent patterns of mobility among different population types 
( Hanski  et al. , 2006 ). 

 Egg clutches were removed along with the leaf on which they 
were laid after the female had left the plant. Eggs were taken 

into the laboratory, where they were carefully counted with a 
fine paintbrush at the age of 3 days. 

 Additional weather data (average and maximum daily tem-
peratures, hours of sunshine, and mm of rain) were obtained 
from the official Weather Service data loggers situated in Jomala 
and Mariehamn airport in the Åland Islands at distances of 15 
and 25 km from the population cage.  

  Genotyping for Pgi allozyme 

 In 2004 female butterflies were collected from the cage when 
their wings were observed to be too worn for them to conduct 
standard flight ( n  = 25). Butterflies were flash frozen in liquid 
nitrogen and stored at  – 80 °C until analysis. Electrophoresis 
analysis was carried out by C. Haag according to the protocol 
given by  Hebert and Beaton (1993)  to assess allelic variation in 
Pgi (EC number 5.3.1.9; for more details see  Haag  et al. , 
2005 ).  

  Data analysis 

 The effect of Pgi genotype on the timing of the initiation of 
oviposition and on clutch size was studied in the experiment con-
ducted in 2004. Based on the results of  Haag  et al.  (2005) , fe-
males were divided into two classes, those having the  Pgi-f  allele 
(one or two copies) and those not having it.  ancova  was used to 
test whether females with  Pgi-f  allele laid larger clutches than 
females without  Pgi-f  with temperature at the initiation of egg-
laying as a covariate. A second analysis was performed to test 
whether there was a difference between  Pgi-f  and  non-Pgi-f  fe-
males in the time of the day of oviposition. Days during which 
only one of the two female types had laid eggs were omitted from 
this analysis. To standardise data for the remaining 11 days on 
the time of the day when egg-laying was initiated, the daily aver-
age was subtracted from the value for each clutch and the differ-
ence was divided by the daily standard deviation. The standardised 
values for the Pgi classes were compared with  t -test. 

 Linear Mixed Effects Model of repeated measures with indi-
vidual as a random factor ( proc mixed  of SAS version 8.02; 
 SAS Institute, 1999 ) was used to examine which other female 
traits apart from the  Pgi  genotype affected clutch size. Many 
variables were initially included in the models (clutch number, 
butterfly mobility, host plant species), and model selection was 
done by backward elimination of non-significant factors. 
Second-order interactions were not kept in the final model as 
they were all non-significant and did not increase the model 
fit (AIC-value). In 2004, a categorical variable reflecting the 
host plant preference of the ovipositing female was added to the 
initial model as this year females were collected from both 
 P. lanceolata  and  V. spicata  preferring areas. This variable had 
the value of 1 if the female oviposited on the host plant that it was 
considered to prefer (based on geographical variation in prefer-
ence;  Kuussaari  et al. , 2000 ), otherwise the variable had the 
value of 0. Correlations between the explanatory variables were 
checked and if they were strong only one of the variables, the 
biologically more plausible one, was used in the final model.   
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  Results 

  Female life-history traits and clutch size 

 One hundred and ninety-four and 97 egg clutches were laid 
by 65 and 39 females respectively, in 2003 and 2004. The aver-
age clutch size was substantially smaller in 2003 (130) than in 
2004 (191,  t  (289)  = 8.4,  P  < 0.0001), whereas the average number 
of clutches per female was about the same, about three (    Table   1). 
The average length of time between ovipositions was much 
shorter (2.7 days) in 2003 than in 2004 (4.4 days,  t  (203)  =  – 5.68, 
 P  = 0.05;  Table   1 ). 

 Clutch size increased with female weight in 2004 (    Table   2 
and     Fig.   1a) but not in 2003 (weight measured as pupal weight; 
 F  1,84  = 0.0,  P  = 0.95). The cumulative number of eggs that the 
female had laid previously was negatively correlated with 
the current clutch size in both years ( Table   2 ;  Fig.   1b  shows the 
effect in 2004). In 2003, the longer the time interval between 
two consecutive ovipositions the larger the latter clutch 
( Table   2 ,  Fig.   1c ), but in 2004 there was no such effect ( F  1,30  = 
0.55,  P  = 0.47). 

 In 2003, 28% of the females mated more than once. Clutches 
of females that mated more than once were smaller than clutches 
of females that mated only once ( Table   2 ). There was no differ-
ence in the clutch sizes of polyandrous females when clutches 
prior to the second mating were compared with those laid after 
the second mating ( t  (71)  = 1.62,  P  = 0.12). The effect of the 
number of matings was not analysed in 2004 due to the collec-
tion procedure of the butterflies (many females may have mated 
before collection). 

 Time of the day at the initiation of egg laying was signifi-
cantly associated with clutch size in both years ( Table   2 ): 
clutches laid earlier in the day were bigger ( Fig.   1d  shows the 
effect in 2004). Finally, clutch number (in both 2003 and 2004), 
host plant species, and host plant preference (only in 2004) did 
not affect clutch size in either of the experiments. The  P -values 
for clutch number and mobility were 0.203 and 0.348 respec-
tively, in 2003, and for clutch number, mobility, host plant 
 species and host plant preference 0.103, 0.770, 0.302, and 
0.638 respectively, in 2004.  

  Pgi genotype, daily timing of oviposition and clutch size 

 Females with the  Pgi-f  allele started oviposition earlier dur-
ing the day than females without this allele ( t -test on standard-
ised values;  t  (70)  =  – 2.96,  P  = 0.0041,     Fig.   2a). There was a 
significant negative correlation between the time of the day and 
temperature ( R  2  = 0.29,  P  < 0.001), and thereby temperature 
was highest during the early hours of the afternoon when the 
 Pgi-f  females tended to start oviposition. Females with the 
 Pgi-f  allele also laid larger clutches than females without this 
allele ( ancova ;  Pgi -type,  F  1,73  = 9.02,  P  = 0.0037; temperature, 
 F  1,73  = 17.39,  P  < 0.0001,  Fig.   2b ).  

  Weather conditions 

 Data obtained from the Weather Service data loggers located 
15 and 25 km away from the population cage showed a substantial 
difference between the two years. There were no significant dif-
ferences in the hours of sunshine or the amount of precipitation 
per day, nor in the maximal temperatures, but the mean daily 
temperature was significantly lower in 2004 than in 2003 ( anova  
 F  1,54  = 4.09,  P  < 0.05). Temperature data from the cage indi-
cated a significant difference in the maximal daily temperature 
between the years ( ancova ; year,  F  1,36  = 10.34,  P  < 0.003; date, 
 F  1,36  = 3.5,  P  = 0.07,     Fig.   3). Furthermore, interaction between year 
and date showed that in 2003 temperature increased towards the 
end of the experiment, whereas in 2004 the opposite was the case 
( ancova ; year × date,  F  1,36  = 15.0,  P  = 0.004,  Fig.   3 ). These 
 results will be used in the interpretation of the results below.   

  Discussion 

 Several factors affected clutch size in the Glanville fritillary but-
terfly. Clutch size decreased with increasing number of eggs 
laid previously in both experiments. The number of eggs laid 
previously is highly correlated with female age. In many insect 

     Table   1.     Summary of the data for 2003 and 2004. Average and standard 
deviation are given.     

     2003  2004     

 No. of females  65  39   
 No. of populations *   32  26   
 No. of clutches  194  97   
 Clutch size  130 ± 61.6  191 ± 60.0   
 No. of clutches laid/female  3.0 ± 2.1  2.6 ± 1.5   
 Time between ovipositions (days)  2.7 ± 1.9  4.4 ± 2.6   
 Weight (mg)  133 ± 12.7  †    130 ± 17.6   

     * From which the butterfl ies originated (see Materials and methods).       
 †  Pupal weight transformed to adult weight for comparison between 
the years.       

     Table   2.       Models of clutch size in the Glanville fritillary in 2003 and 
2004. Individual female was used as a random factor. num, numerator; 
den, denominator.     

   Factor  num d.f.  den d.f.   F    P      

 2003   
   Number of eggs laid 

 previously 
 1  85  10.16  0.002   

   Days since the last 
 clutch was laid 

 1  85  18.47  < 0.0001   

   Time at the initiation 
 of oviposition 

 1  85  9.91  0.0023   

  Number of matings  1  85  5.7  0.019   
 2004   
   Number of eggs laid 

 previously 
 1  57  12.08  0.001   

  Weight  1  57  5.97  0.0177   
   Time at the initiation 

 of oviposition  1  57  12.55  0.0008   
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species, including Lepidoptera, both egg size and clutch size 
decrease with female age (e.g.  Karlsson & Wiklund, 1984; 
Braby & Jones, 1995; Boggs, 1997b; Yanagi & Miyatake, 2002; 
Javois & Tammaru, 2004; O’Brien  et al. , 2004 ), possibly due to 
resource depletion, which increases under stressful conditions 
( Boggs, 1997a, b; Yanagi & Miyatake, 2002 ). According to this 
hypothesis, females start to run out of resources available for 
egg production as they become older and, in some cases, may 
even absorb some of the oocytes and reallocate the nutrients. 
The amount of carbon in eggs that derives from larval resources, 
and the point in the adult life at which the shift from using larval 
to adult resources occurs, is not known for the Glanville 
 fritillary. 

 Running out of nutrients received from males in nuptial 
gifts ( Wedell  et al. , 2002 ) is not likely to be important in 
the Glanville fritillary. First, even though in the present study 
females re-mated relatively frequently (28% in 2003), previous 
observations in the wild have indicated that Glanville fritillary 

females only rarely mate more than once ( Kuussaari, 1998 ). 
The relatively high incidence of multiple matings in the cage may 
reflect the density of butterflies, which is generally lower in 
natural populations than in the cage. In 2003 polyandrous 
 females laid smaller rather than larger clutches than monoan-
drous females. This suggests that females that mate multiply are 
not able to compensate, not at least fully, for possible shortage 
of nutrients or sperm by mating for the second time. Polyandrous 
females laid smaller clutches even prior to their second mating. 
 Sarhan and Kokko (2007)  suggest that polyandrous females lay 
smaller clutches but more frequently than monoandrous females 
as a form of risk spreading, as their reproductive success may 
depend on the genotypes of the different mates. Finally, greater 
allocation of resources to earlier than later clutches may also be 
related to uncertainty of surviving until later opportunities for 
oviposition ( Javois & Tammaru, 2004 ). 

 The interval between consecutive ovipositions under favour-
able conditions is generally 2 days in the Glanville fritillary, 

         Fig.   1.     Clutch size in relation to body weight 
(A), number of eggs laid previously (B), num-
ber of days since the last clutch was laid (C), 
and the time of the day at the initiation of egg 
laying (D). For statistics see  Table   2 . (C) Re-
sults are from the 2003 experiment, the rest 
from the 2004 experiment.   

         Fig.   2.     The relationships between the time of 
the initiation of egg-laying and date (A) and 
clutch size and temperature at the initiation 
of egg-laying (B). Open and closed symbols 
indicate females with and without the  Pgi-f  
allele respectively.   
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 although occasionally oviposition occurs in consecutive days 
( Boggs & Nieminen, 2004 ). Egg load is presumed to increase 
with time since the last oviposition ( Agnew & Singer, 2000; 
Singer, 2004 ) and increased egg load possibly causes butterflies 
to lay larger clutches ( Pilson & Rausher, 1988 ). In the present 
study, clutch size increased with increased interval between 
 ovipositions in 2003, but there was no such relationship in 2004. 
Clutch sizes in general, however, were larger in 2004 when the 
clutches were laid at longer intervals than in 2003. Similar 
 observations have been made in other Lepidoptera ( Stamp, 
1980 ). Longer intervals between consecutive ovipositions in 
2004 than in 2003 may be due to prevailing weather conditions, 
which were less favourable in 2004 ( Fig.   3a,b ). Provided that 
temperature exceeds a threshold value egg maturation is still 
likely to occur, though at a lower rate, under poor weather 
 conditions. For example, in the tortricid moth  Zeiraphera 
 canadensis  the rate of egg maturation increases linearly with 
temperature, and eggs are matured at low rate at the low temper-
atures of 10 – 15 °C ( Carroll & Quiring, 1993 ). In 2004, the daily 
temperatures were close to 15 °C and the average number of 
sunny hours per day greater than 10. Thus, even though in 2004 
females were not able to lay eggs as often as in 2003 they were 
able to compensate for this by laying larger clutches. 

 Increased body size has a positive effect on individual egg 
size (e.g.  Wiklund  et al. , 1987; Garcia-Barros, 1994, 2000 ) 
and on egg numbers ( Wiklund  et al. , 1987; Rodrigues & 
Moreira, 2002; Boggs & Nieminen, 2004; Jimenez-Perez & 
Wang, 2004 ) in many Lepidoptera. The most common reason 
for reduced adult body size in butterflies is reduced larval food 
quality and/or quantity ( Awmack & Leather, 2002; Boggs, 
2003; Boggs & Freeman, 2005 ). In the present study large females 
laid larger egg clutches than small females only in 2004. There 
was no difference in body size between the two years, suggest-
ing that the quality and the quantity of larval resources was 
similar in the two years. Adult butterflies are likely to be able 
to compensate for small body size by feeding ( O’Brien  et al. , 

2004 ). In the present experiments, butterflies moved freely 
and were able to feed on abundant nectar flowers in the cage, 
but the less favourable weather conditions in 2004 may have 
reduced adult feeding. In short, small butterflies in 2004 may 
have been unable to compensate for their small body reserves 
by adult feeding, which may have reduced their fecundity. 

  Pgi genotypes, daily timing of oviposition, and clutch size 

 Previous studies on  Colias  butterflies have shown that indi-
viduals have dissimilar flight activity periods due to different 
genotypes of the glycolytic enzyme PGI ( Watt, 1983; Watt & 
Dean, 2000 ).  Watt  et al.  (1983)  showed that particular heterozy-
gotes for the  Pgi  locus were kinetically most effective at low 
temperatures, and they were thus able to begin their flight ear-
lier in the day than the other genotypes.  Haag  et al.  (2005)  found 
that  Pgi  polymorphism is related to variation in flight metabolic 
performance in the Glanville fritillary, such that those individu-
als that have the  Pgi-f  allele have higher flight metabolic rate 
than individuals lacking this allele. 

 Results from the present study are consistent with those on 
 Colias  butterflies;  Pgi  affected significantly the reproductive 
behaviour of the Glanville fritillary. Females with the  Pgi-f  
 allele started to oviposit earlier in the day than females without 
this allele, probably due to the ability of females with  Pgi-f  to 
fly at lower temperatures in the morning. Prior to oviposition 
butterflies often feed (pers. obs.), and females that can do this at 
lower temperatures in the morning could thereby initiate oviposi-
tion during the early hours of the afternoon when temperatures 
are usually highest. 

 Females with  Pgi-f  also laid larger clutches than those with-
out  Pgi-f . As the time of the day when oviposition was started 
was correlated with clutch size in both years, it is likely that the 
increased clutch size of the  Pgi-f  females is at least partly due to 
the timing of their oviposition. One possible reason why  females 
laid larger clutches earlier in the day is higher ambient tempera-
tures. A strong negative correlation between temperature and 
the time of the day in the afternoon was apparent in both years. 
Prevailing weather conditions can greatly affect oviposition, as 
most butterflies are inactive under overcast, windy, and rainy 
weather ( Stamp, 1980 ) and hence unable to search for nectar 
and oviposition plants ( Kingsolver, 1983a, b ). A few studies 
have looked at the role of temperature on egg-laying more 
 directly.  Wiklund  et al.  (1987)  showed that satyrid species liv-
ing in low temperature environments have reduced the maxi-
mum number of eggs laid per day compared with species of 
satyrids adapted to warm habitats. Furthermore,  Karlsson and 
Wiklund (2005)  showed that lifetime egg production of four sa-
tyrid species is greatly affected by temperature, with all species 
having an optimal temperature in which they lay the largest 
number of eggs. Other factors such as humidity, solar radiation, 
and so forth, may also be causally related to increased clutch 
size at higher temperatures. 

 Favourable conditions at the time of oviposition is not, how-
ever, the only reason for the larger clutches laid by females with 
the  Pgi-f  allele, as the effect of temperature was accounted for 
in the final model ( Fig.   1b ).  Pgi-f  females have high (flight) 

         Fig.   3.     The maximum daily temperatures (°C) during the experiments 
in June 2003 and 2004 (temperature measured in the centre of the cage 
with Thermo in/out digital thermometer).   
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metabolic performance ( Haag  et al. , 2005 ), which may affect 
their rate of oviposition or egg maturation and thus increase 
clutch size. The present study cannot refute the possibility of 
some other inherent quality differences, for example due to 
differential larval development rate, between females with and 
without  Pgi-f  allele. 

 Understanding the factors that influence clutch size is particu-
larly important in species in which offspring survival is depend-
ent on larval group size. This is the case in the Glanville fritillary, 
in which the survival of all larval stages is affected by group 
size, and no negative effects of group size have been observed at 
any naturally occurring group sizes ( Kuussaari  et al. , 2004 ). 
The present study was undertaken in a population cage under 
practically natural conditions, which did not allow controlling 
of the environmental conditions, but at the same time these re-
sults, replicated for two summers, do not require any extrapola-
tion to account for conditions encountered by females living in 
their natural environment. The results demonstrate that many 
factors influence clutch size in the Glanville fritillary, including 
allelic variation in a key metabolic enzyme (PGI) that allows 
females with certain genotypes to initiate their oviposition ear-
lier in the day than other females. These results illustrate how a 
range of phenotypic and genotypic traits combine with environ-
mental factors to determine clutch size and thereby influence 
individual fitness and potentially affect population dynamics.     
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