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ABSTRACT: Adverse environmental conditions constrain active flight
and thereby limit reproduction in most insects. Butterflies have
evolved various adaptations in order to thermoregulate, allowing
females to search for nectar and to oviposit under unfavorable ther-
mal conditions. We studied experimentally and with observational
data the effect of low ambient temperatures experienced in the morn-
ing on the timing of oviposition and clutch size in the Glanville
fritillary butterfly (Melitaea cinxia). Comparisons were made between
individuals with different forms of the gene Pgi, encoding the gly-
colytic enzyme phosphoglucose isomerase, since naturally segregating
variation at Pgi is known to be correlated with flight metabolic rate,
flight performance, and fecundity. Experiencing low temperature in
the morning delayed the initiation of oviposition and decreased
clutch size. We used a thermal image camera to measure the thoracic
surface temperature of butterflies immediately after voluntary flight.
Single nucleotide polymorphism at Pgi was associated with thoracic
temperature at low ambient temperatures. This has consequences for
reproduction because females that are able to fly at lower ambient
temperatures generally initiate oviposition earlier in the afternoon,
when the environmental conditions are most favorable and the av-
erage egg clutch size is generally largest. These results suggest that
variation in physiological and molecular capacity to sustain active
flight at low ambient temperature has significant fitness-related con-
sequences in insects.

Keywords: body temperature, clutch size, flight performance, phos-
phoglucose isomerase, single nucleotide polymorphism (SNP).

Temperature is a key environmental factor that affects de-
velopment, growth, and survival of individuals and the
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dynamics of populations (Sinclair et al. 2003) especially
in ectotherms, which lack effective intrinsic mechanisms
to control body temperature. In terrestrial ectothermic ver-
tebrates such as reptiles, behavioral thermoregulation is
causally related to reproduction and patterns of life-history
evolution (reviewed in Shine 2005). In butterflies and
many other insects, active flight is essential for foraging,
mate location, and oviposition; hence, time available for
flight may constrain the ability of an individual to utilize
resources and to reproduce (Kingsolver 1983). Insect flight
is energetically very expensive (Suarez 2000) and requires
the maintenance of high muscle temperature, around 30°—
35°C in many butterflies (Watt 1973; Dennis 1993). To
attain high body temperature, butterflies often use solar
radiation (Shreeve 1992), and many species have evolved
various behavioral, physiological, and morphological ad-
aptations in order to thermoregulate (Van Dyck 2003).
Thermoregulation is of great importance in temperate spe-
cies in particular because they need to increase their body
temperature well above the ambient air temperature to
initiate flight. At the same time, small butterflies cool rap-
idly by convection during flight, especially in low ambient
temperatures (Gilchrist 1990).

Comprehensive studies on Colias butterflies (reviewed
in Watt 1992, 2003) and more recently on the Glanville
fritillary (Melitaea cinxia; Haag et al. 2005; Saastamoinen
2007a) have demonstrated a significant correlation be-
tween allelic variation in the glycolytic enzyme phos-
phoglucose isomerase (PGI) and variation in flight met-
abolic rate, flight performance, and activity. In Colias,
individuals with different PGI genotypes (allozymes) differ
in their metabolic capacity, which leads to differences in
flight performance (Watt et al. 1983). Both female fe-
cundity and male mating success are directly influenced
by flight performance and thereby also by the PGI ge-
notype (Watt 1992). Female Colias with a particular PGI
genotype (3/4 heterozygotes) are able to fly at lower am-
bient temperatures, which increases time available for
flight (Kingsolver 1983) and gives these females more time
for oviposition (Watt 1992), increasing their reproductive
performance. For a comparable reason, in male Colias but-
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terflies the kinetically favored genotypes have significant
advantage in mating success compared with other males
(Watt et al. 1985).

In the Glanville fritillary, previous studies have identified
seven allozyme alleles at the PGI locus in the Aland Island
metapopulation in southwestern Finland (Saccheri et al.
1998; Haag et al. 2005). Two alleles, PGI-d and PGI-f, are
present in high frequencies (0.49 and 0.29, respectively;
Saccheri et al. 1998; Haag et al. 2005). Haag et al. (2005)
showed that the frequency of PGI-f is highest in newly
established populations, in which females tend to be more
dispersive than in older populations (Hanski et al. 2004,
2006). Just as in Colias, genetic variation at PGI is asso-
ciated with reproductive performance in the Glanville frit-
illary, as females with the PGI-fallele lay larger egg clutches
than females without this allele (Saastamoinen 2007a).

Apart from the genotypic effect, many environmental
factors affect clutch size in the Glanville fritillary (Saas-
tamoinen 20074), and there may be interactions among
the genetic and environmental effects. Thus, females who
initiate oviposition earlier in the afternoon, when envi-
ronmental conditions tend to be most favorable, lay sig-
nificantly larger clutches than females ovipositing later in
the day (Saastamoinen 2007a). As PGI-f females are able
to initiate oviposition earlier in the day than PGI-non-f
females (Saastamoinen 2007a), the genetic effect may be
the ultimate cause of the environmental effect. Alterna-
tively, or in addition, PGI-ffemales may lay larger clutches
independently of the prevailing environmental conditions
if, for example, they have increased egg maturation rate
due to their generally higher metabolic rate compared with
females with other genotypes (Haag et al. 2005).

This study was designed to test the genetic and envi-
ronmental effects on flight activity, timing of oviposition,
and clutch size. We investigated experimentally and with
observational data whether cool morning hours would de-
lay the initiation of oviposition later in the same day,
whether such a delay would have consequences for clutch
size, and whether these effects would differ between the
PGI genotypes. We hypothesized that if the generally larger
clutches laid by PGI-f females are due to some inherent
genotypic effect unrelated to environmental condition,
then PGI-f females should lay larger clutches under all
circumstances, even if their oviposition is delayed to late
afternoon. In addition, the larger clutches in PGI-ffemales
could at least partly be due to the earlier flight activity
and oviposition during the day, possibly allowed by their
ability to fly in lower temperatures than PGI-non-f fe-
males. To test this, we measured the body temperatures
of butterflies with different PGI genotypes at flight in the
morning, when the ambient temperature was low and it
constrained activity. Higher body temperature would in-
dicate less severe constraint.

Material and Methods
Study System

The Glanville fritillary butterfly (Melitaea cinxia) occurs
at its northern range limit in Finland, in the Aland Islands,
where it inhabits dry meadows with at least one of the
two larval host plant species, Plantago lanceolata and Ve-
ronica spicata (Nieminen et al. 2004). The habitat is highly
fragmented, and the butterfly has a classic metapopulation
structure with a high rate of population turnover (local
extinctions and recolonizations; Hanski 1999). Females
eclose with the full number of oocytes in their ovarioles
(Boggs and Nieminen 2004). Eggs are matured in clutches,
and females may lay several clutches of usually 130-190
eggs during their lifetime (Saastamoinen 20074, 2007b).
Increased clutch size in the Glanville fritillary leads to a
clear fitness benefit since the offspring group size has a
consistent positive effect on survival throughout devel-
opment from the egg stage to the last larval stage (Kuus-
saari et al. 2004).

In the spring of 2005, postdiapause larvae were collected
from 60 local populations across the Aland Islands and
reared in common garden conditions in the laboratory
(12L: 12D, 25° and 20°C, respectively). The pupae were
weighed at the age of 1 day on a Scaltec SBC 33 electro-
balance (accuracy 0.1 pg). Following eclosion, butterflies
were individually marked with a permanent marker pen
on the underside of the hind wing, and a small piece (2
mm diameter) of hind wing was removed with a biopsy
punch (Tamro, Vantaa, Finland) and stored in alcohol
(99.6%) at —20°C for subsequent genotyping.

Following marking on the day of eclosion, butterflies
(n = 242: 126 females and 116 males originating from 60
different local populations) were released into a large out-
door population cage (32 m x 26 m x 3 m; Hanski et al.
2006; a few butterflies eclosed in the evening and were
released on the following morning). The cage was covered
with mesh that prevented butterflies from escaping but
allowed experiments to be conducted under practically
natural environmental conditions (Hanski et al. 2006). The
density of butterflies in the cage changed in the course of
the season in the same manner as in natural populations,
with peak density in the second week of June, and slightly
earlier in males than in females. Wild-collected host plants
of P. lanceolata and V. spicata (200 plants) were potted
and provided for oviposition in the center of the cage.
Large numbers of naturally occurring flowering plants in
the cage provided nectar for adult butterflies.

Effect of Low Morning Temperatures

For an experiment on the effects of low morning tem-
peratures on the initiation of oviposition and clutch size,
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female butterflies were collected from the cage in the eve-
ning (at 6:00). Previous studies have shown that Glanville
fritillary females rarely lay eggs on consecutive days, and
therefore we included in the experiment only females that
had not laid eggs during the same day (we knew this
because all ovipositions in the cage were constantly mon-
itored). Furthermore, in the analyses of the results we
included the number of clutches laid before the experiment
as an additional explanatory variable. At most, six but-
terflies were tested per day. Butterflies were randomly as-
signed to either the control or the treatment group, en-
suring that no butterfly was assigned to the treatment
group more than once. Butterflies were kept overnight and
until release in a cool box at 15°C. Butterflies in the control
group were released back to the cage the following morn-
ing at 9:00, while butterflies in the treatment group were
released at noon, 3 h later than the control butterflies. All
butterflies were released in the same location in the cage.

The initiation of oviposition was determined by con-
stantly monitoring the host plants in the cage from 10:00
a.m. until 7:00 p.m., as previous studies have shown that
females do not initiate oviposition outside this time frame
(Saastamoinen 2007a). The butterflies were individually
marked so it was possible to record ovipositions for all
females in the cage. After a female had finished oviposition,
the leaf with the egg clutch was removed so we could count
the number of eggs at the age of 3 days.

Data on daily oviposition times and ambient tempera-
tures were collected in the same cage in four consecutive
years (2003—-2006) in experiments recording lifetime egg
production (Saastamoinen 20074, 2007b). These data were
used to compare results for different years with naturally
varying environmental conditions. We examined whether
naturally occurring low temperatures in the morning af-
fected the probability of oviposition in that day and, if ovi-
position occurred, whether low morning temperatures
caused a delay in the initiation of oviposition. As a measure
of morning conditions we used the ambient air temperature
at 11:00, which was available for all years and correlates
well with temperatures at other morning hours (fig. 5).

Body Temperature during Flight

Body surface temperature immediately after active flight was
measured with a thermal image camera (Thermo Tracer
TH9100MV/Wyv, Sintrol, Helsinki). The thermal image
camera is essentially a thermometer with high accuracy
(0.6°C accuracy at 30°C) and automatic functions, making
recording fast. Butterflies were caught from voluntary flight
between 9:00 a.m. and 1:00 p.m. on June 8-20, 2005. Ther-
mal images were recorded within 15 s after capturing the
butterfly. The butterfly was held by the wings with forceps
to eliminate any heat transfer and was photographed against

the ground under a shade to prevent reflection and emission
(fig. 1). Butterflies were released at the location of capture
immediately after photographing.

The thermal image camera saved visual images that were
analyzed with the MicroView program. Thoracic surface
temperature was obtained as the average of five random
data points within the outline of the thorax (fig. 1). It is
important to note that the measurement obtained with
the thermal image camera is the thoracic surface temper-
ature, which underestimates actual body temperature in
flight for the following reasons. First, the surface temper-
ature is necessarily lower than the temperature of the flight
muscles due to heat loss at the surface. Second, as Glanville
fritillary butterflies have insulating “fur” that reduces heat
loss, the thermal camera measures the surface temperature
at the exterior of this insulating layer. Finally, following
capture the body temperature starts to decline toward the
temperature of the surrounding air. Though the thermal
image was obtained within 15 s of capture, some decrease
in body temperature must have occurred. However, the
great advantage of using the thermal image camera for
measuring body temperature is that no harm is done to
the butterfly. Our purpose was to compare temperature
measurements between different genotypes. The under-
estimation of the actual body temperature for the previous
reasons makes this comparison conservative.

Ambient air temperature was measured with a HOBO
weather station data logger (Onset, Bourne, MA) located
inside the population cage. The weather station recorded
ambient temperature at 30-s intervals at a height of 1.5
m.

DNA Extraction and Pgi Genotyping

Underlying variation at the allozyme level in PGI is ex-
tensive variation at the DNA sequence level (C. W. Wheat,
C. R. Haag, J. H. Marden, 1. Hanski, and M. Frilander,
unpublished manuscript). L. Orsini, C. W. Wheat, J. Kvist,
M. Frilander, and I. Hanski (unpublished manuscript)
have identified a set of three single nucleotide polymor-
phisms (SNPs) that discriminate among the numerically
dominant allozymes, including the PGI-f allele. We used
these SNPs to genotype individuals in this study.
Genomic DNA was isolated using a Nucleo spin tissue
extraction kit (Macherey-Nagel, Diiren, Germany) with
overnight incubation at 56°C. The three SNPs described
by L. Orsini, C. W. Wheat, J. Kvist, M. Frilander, and 1.
Hanski (unpublished manuscript) were genotyped by
primer extension reactions (Sokolov 1990) in which the
screening primers, designed with a 3’ end immediately
adjacent to the SNP, undergo a single nucleotide extension
by a fluorescent-labeled ddNTP corresponding to the SNP
allele. Each polymerase chain reaction (PCR; 20 uL) con-
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Figure 1: Thermal images of four butterflies caught at flight.

tained 20-30 ng genomic DNA, 1 uM each primer, 200
uM each dNTP, 2.5 mM MgCl,, 20 ng BSA, and 0.2 U
Taq DNA polymerase. An initial denaturing step (5 min
at 95°C) was followed by 35 cycles of amplification with
1 min at 94°C, 1 min at the annealing temperature, and
1.5 min at 72°C. A final extension step included incubation
for 15 min at 72°C. The PCR products were purified with
Exo-SAP-IT (GE Healthcare, Munich) at the concentra-
tion of 1 uL/10 puL PCR. Primer extension reactions em-
ployed the SNuPe kit (GE Healthcare; Batley and Hayes
2003), following the manufacturer’s instructions. Primer
extension reactions were run on a Megabace 1000 (GE
Healthcare) and genotypes called by SNP profiler (GE
Healthcare). The calls were checked visually.

The PGI allozyme allele fis defined by a combination
of two SNPs, AA111F and AA361R (L. Orsini, C. W.
Wheat, J. Kvist, M. Frilander, and I. Hanski, unpublished
manuscript). Individuals with bases AC or CC at AA111F
and with bases CT or TT at AA361R correspond to PGI-
fand are here called Pgi-f. Any other individuals are called
Pgi-non-f. As the two SNPs are strongly linked, the results
would have been qualitatively similar if AA111F alone had
been used, in which case AC and CC individuals would

have been contrasted with AA individuals. We observed
no individuals with CC at AA111F in the 2005 cage ma-
terial; hence the Pgi-f individuals were all AC at AAII1IE

Statistical Analyses

Statistical analyses were performed with SAS, version 8.02
(SAS Institute 1999). All explanatory variables were nor-
mally distributed. Linear models (GLM procedure in SAS)
were used to test the effect of low morning temperature
on the timing of oviposition and clutch size. Only females
that initiated oviposition on the day of the treatment were
compared, as these females are considered to have had
comparable oviposition motivation. In this analysis, the
experimental group (0 = control, 1 = treatment), Pgi ge-
notype (Pgi-f vs. Pgi-non-f), and their interaction were
used as explanatory variables. To test whether experi-
mental females that delayed oviposition for more than 1
day attained average clutch size and average oviposition
time, a second model was constructed in which butter-
flies were divided into three groups (0 = control, 1 =
experimental females that laid on the day of the treatment,
2 = experimental females that delayed oviposition by at
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Table 1: Times of day and ambient temperatures at initiation of oviposition, and factors affecting clutch size

2003

2004 2005 2006

Time at initiation of oviposition:
Mean (% SD; h, min)

Minimum 11:42 a.m.

Maximum 6:35 p.m.
Temperature at initiation of oviposition (°C):

Mean (+SD; °C) 22.5 (2.9)

Minimum 15.1

Maximum 27.5
Factors affecting clutch size:

Female® P < .001

Time at initiation of oviposition® P < .002

2:34 p.m. (1.18)

2:41 pm. (1.44)  2:39 p.m. (1.23)  2:22 p.m. (1.19)

11:38 a.m. 11:30 a.m. 11:48 a.m.
5:43 p.m. 6:30 p.m. 5:00 p.m.
21.3 (3.0) 22.8 (2.6) 25.7 (4.2)
14.5 17.7 19.0

27.3 28.5 33.0
P<.04 P < .0001 P<.02

P < .001 P = .737 P<.03

* Random factor.

" F statistics for the fixed factor of time at the initiation of oviposition in 2003-2006: F = 10.31, df = 1,144; F = 13.43, df = 1,58; F = 0.11,

df = 1,135; and F = 5.34, df = 1,180.

least 1 day). Egg laying history (number of clutches laid
before the experiment) was included in the original models
but was eliminated from the final models since it did not
have a significant effect.

A linear mixed-effects model of repeated measures with
female as a random factor (MIXED procedure in SAS) was
used to examine the effect of Pgi genotype on clutch size
in 2005 to account for multiple clutches laid by each fe-
male. A linear model (GLM procedure in SAS) was used
to analyze factors affecting body temperature during flight,
with ambient air temperature, sex, body mass (standard-
ized for sex), and Pgi genotype as explanatory variables.
Starting with the full model, including all interactions,
model selection was done by backward elimination of non-
significant factors. F-tests with Type III sum of squares
were used to determine the level of significance. To analyze
the effect of the time of day at the initiation of oviposition
on clutch size under the natural conditions in the pop-
ulation cage in 2003-2006, we used a linear model
(MIXED procedure in SAS) with individual female as a
random factor.

To examine whether low temperatures at 11:00 a.m.
affected whether females laid eggs in the same day, we
used a linear mixed model with binomial error distribution
(GLIMMIX procedure in SAS) and individual female as a
random factor. Other explanatory factors included the Pgi
genotype (in 2005 only) and whether the female had laid
eggs on the previous day. Starting with the full model,
including all interactions, model selection was done by
backward elimination of nonsignificant factors. The data
set was constructed by including for each female the days
during which she could have oviposited. Based on our
extensive observations on oviposition, we assume that fe-
males may begin to oviposit in the second day after mating
and will continue to lay eggs until the day when the female
was last observed. The vast majority of matings (>80%)

were directly observed in the cage. If mating was not ob-
served (but must have occurred because the female laid
fertile eggs), we assumed that mating took place 2 days
after the female had been released into the cage.

We used regression analysis with Type II sum of squares
to analyze the effect of temperature at 11:00 a.m. on the
time of oviposition in females that oviposited in that day.
The latter was calculated in two different ways, as the average
time when females initiated oviposition in that day and as
the time by which 20% of females had initiated oviposition.

Results
Oviposition Time and Clutch Size

The time of day when females initiate oviposition and the
respective average temperature were consistent over the 4
years of the study (table 1). On average, females initiated
oviposition between 2:00 p.m. and 3:00 p.m., when the
ambient temperature was 21°-26°C. In 3 out of 4 years,
females that initiated oviposition earlier in the day laid
significantly larger clutches than females that oviposited
later in the afternoon (fig. 2). In all years, individual fe-
males differed significantly in their average clutch size (ta-
ble 1), but there were no significant differences among the
females in the time of oviposition in any of the years
(ANOVA, P = .21-.96).

Pgi Genotype and Clutch Size

The Pgi-f females laid, on average, 32% larger clutches
(X + SE = 144 + 72 eggs) than Pgi-non-f females (X +
SE = 109 * 75 eggs). The difference was statistically sig-
nificant (F = 3.91, df = 1, 145, P < .05). This comparison
includes all females in the cage in 2005, including those
that participated in the low morning temperature exper-
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Figure 2: Relationship between time of day at initiation of oviposition and clutch size in the years 2003-2006.

iment but excluding data from the morning when a par-
ticular female was exposed to the low morning tempera-
ture. The difference in clutch size between the Pgi
genotypes was the same when the time of oviposition was
included in the model (no significant effect of the time of
oviposition in 2005; fig. 2). There was no significant dif-
ference in the time of oviposition between the Pgi geno-
types in 2005 (P = .94).

Effect of Low Morning Temperature on Clutch Size

Twenty-seven of the 39 females in the treatment group
and 19 of the 23 females in the control group laid eggs
after taking part in the experiment on low morning tem-
peratures. Thus, the treatment did not affect the future
reproduction of the butterflies (x° test, P = .66). A greater
fraction of females in the control (13 of 19) than in the
treatment group (13 of 27) initiated oviposition in the day
of the experiment, but the difference was not statistically
significant (P = .17).

Females in the low morning temperature treatment that
laid eggs on the same day initiated oviposition 2 h later,

on average, than females that experienced the natural
morning conditions (fig. 34; F = 15.92, df = 1,25, P<
.001). On the other hand, females that experienced low
morning temperatures but delayed oviposition until the
following days (average delay 2 days, minimum and max-
imum 1 and 5 days, respectively) initiated oviposition at
the same time as females in the control group (P = .18).
The results on clutch size were as expected, based on the
pattern in figure 2: females that experienced low morning
temperature and laid eggs on the same day oviposited
smaller clutches than control females (fig. 3B; F = 4,
df = 1,25, P = .057), but females in the treatment group
that delayed oviposition until subsequent days laid similar
clutches as females in the control group (fig. 3B). There
was no difference in the initiation of oviposition between
Pgi-f and Pgi-non-f females (F = 0.07, df = 1,25, P =
.79), nor was the interaction between the treatment and
Pgi genotype significant (F = 0.28, df = 1,25, P = .60).
The Pgi genotype did not affect clutch size (F = 0.16,
df = 1,25, P = .69; interaction between Pgi genotype and
treatment, F = 0.82, df = 1,25, P = .38).

Turning to the 4-year observational data from the pop-
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ulation cage, we first examined whether ambient temper-
ature at 11:00 a.m., as a proxy of the morning environ-
mental condition, influenced the likelihood of oviposition
in the same day. In all 4 years, the likelihood of oviposition
increased significantly with temperature at 11:00 a.m. and
decreased with the incidence of oviposition in the previous
day. Table 2 and figure 4 give the results for 2005, for
which we also have information on the Pgi genotype. Sig-
nificant interaction between Pgi genotype and morning
temperature indicates that Pgi-f females are less affected
than Pgi-non-f females by low morning temperatures (fig.
4). Other interactions were nonsignificant.

Considering females that oviposited on a particular day
in the population cage, the observational data demonstrate
that naturally occurring low morning temperatures are
associated with a delay in the time of oviposition, as ovi-
positions started later in days when the ambient temper-
ature was lower at 11:00 a.m. The dependent variable in
this analysis is the time by which 20% of the females that
laid eggs on that day had initiated oviposition (results were
qualitatively similar when the average time at the initiation
of oviposition was used as the response variable instead

Table 2: Factors that affect the likelihood of ovipo-
sition in 2005 (see fig. 4)

df F P

Ambient air temperature

at 11:00 a.m. (°C) 1,474 68.35 <.001
Pgi genotype 1,474 3.27 .071
Oviposition (yes/no) in

the previous day 1,474 19.24 <.001
Ambient temperature at

11:00 a.m. x Pgi

genotype (°C) 1,474 445 .035

of the 20% tail). The R’ values ranged from 0.26 to 0.59
in the 4 years (all P values significant at the 5% level).
Figure 5 gives detailed results for 2004 and 2005, the two
summers with the highest and lowest frequencies of low
morning temperatures, respectively.

Body Temperature during Flight

Body surface temperature during flight increased with am-
bient temperature (fig. 6), and there was a significant dif-
ference between the sexes (table 3): the average thoracic
temperature was 28.4° + 0.34°C (X = SE; n = 94) in
males and 30.1° = 0.36°C in females (X + SE; n = 36).
A significant interaction between ambient air temperature
and Pgi genotype indicates that Pgi-fbutterflies had higher
body temperature at low ambient temperatures (table 3;
fig. 6). Body mass, standardized for sex, did not affect
body temperature (F = 0.23, df = 1,29, P = .63), nor
were any second-order interactions involving body mass
significant. Interactions between sex and Pgi genotype and
between sex and ambient air temperature were not sig-
nificant. However, males were apparently flying more fre-
quently at low ambient temperatures than females, as 18%
of males (n = 17) but only 3% of females (n = 1) were
caught at flight when the ambient temperature was <15°C
(x*, P = .05).

Discussion

We observed that the clutches laid by Pgi-f females were,
on average, 32% larger than clutches laid by Pgi-non-f
females. Saastamoinen (2007a) found a comparable dif-
ference: Pgi-f females laying 21% larger clutches than Pgi-
non-f females. The question is why. We set out to test the
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hypotheses that, first, the larger clutches laid by Pgi-f fe-
males are due to their being able to initiate oviposition
earlier in the day than Pgi-non-f females, thereby being
able to take advantage of the favorable conditions for ovi-
position in the early afternoon or, second, the Pgi-ffemales
lay larger clutches for some other inherent difference be-
tween the genotypes that is unrelated to the prevailing
environmental conditions.

We summarize the results in five points. First, both
experimental and observational results (in 3 of 4 years)
show a general decrease in clutch size with the time of
day at initiation of oviposition. Second, both experimental
and observational results show that, in females in general,
oviposition occurs later in the day when morning tem-
peratures are low, and from this it follows that generally
clutch size is reduced in the days when morning temper-
atures are low. Third, individuals with the Pgi-f genotype
had higher thoracic surface temperature than Pgi-non-f
individuals when caught at flight in mornings with low or
relatively low ambient temperature, from which we infer
that Pgi-f females are less constrained by low morning
temperatures than Pgi-non-f females. Fourth, observa-
tional data from the population cage show that the like-
lihood of oviposition is less affected by morning temper-
atures in Pgi-f than in Pgi-non-f females. Finally, in 2005,
which was the exceptional year when there was no rela-
tionship between time of oviposition and clutch size, Pgi-
f females nonetheless laid larger clutches than Pgi-non-f
females. From these results we conclude that, due to their

ability to fly in lower morning temperatures, Pgi-f females
are able to initiate oviposition earlier in the day than Pgi-
non-f females, which generally leads to larger clutches;
however, Pgi-ffemales also tend to lay larger clutches oth-
erwise. Thus, there is support for both hypotheses about
the causes of larger clutches in Pgi-f females.

Daily Time of Oviposition and Clutch Size

These results suggest that environmental conditions ex-
perienced in the morning can greatly influence the repro-
ductive performance of females in the same day. In the
experiment on low morning temperatures, females from
the treatment group were released back to the population
cage at noon, 3 h after the release of the control females.
Females in the treatment group had about 2 h to expe-
rience the natural environmental conditions before the
control females started to lay eggs, at around 2:00 p.m.,
but clearly this was not enough to offset the experience
of low morning temperatures. A roughly similar 2-h delay
due to low morning temperatures was observed in the
observational data (fig. 5A).

Low temperatures generally occur in the morning, but
naturally low temperatures during other times of the day
also may have consequences for oviposition and clutch
size. Low temperatures constrain activity and reduce op-
portunities for nectar feeding, which females typically do
before oviposition (M. Saastamoinen, personal observa-
tion). Low temperature may also reduce the rate of egg
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Figure 5: Relationship between ambient air temperature at 11:00 a.m. and time of day when the first 20% of daily ovipositions started in 2004 (A)
and 2005 (B). C and D show ambient air temperatures for days during which more than five females laid eggs in 2004 and 2005, respectively.

maturation. Night temperatures during the flight season
are so low (11°C on average in June 2005; M. Saasta-
moinen, personal observation) that egg maturation is un-
likely to occur during the night. In any case, the environ-
mental conditions experienced by butterflies in the
morning are of greater importance than the conditions
during the night because ovipositions have not been ini-
tiated before noon even after warm nights, and oviposi-
tions start at the usual time following cold nights if the
morning is sufficiently warm (M. Saastamoinen, personal
observation).

Delayed oviposition in the experiment with low morn-
ing temperature led to reduced clutch size, in agreement
with generally declining clutch size in naturally occurring
ovipositions with the time of the day. The latter was ob-
served in 3 out of 4 years. Exceptionally, in 2005, the year
of our experiment, there was no such decline. The likely
reason is the generally favorable weather conditions in
2005, when temperature at 11:00 a.m. exceeded 17°C in
all but one day when many (more than five) females ovi-
posited (fig. 5D; cf. fig. 5C for 2004).

Why do females that are able to initiate oviposition
earlier in the day lay larger clutches? The reason may be
ambient temperature, which typically is highest during
early afternoon and declines toward the evening. As Glan-
ville fritillary females oviposit on the undermost leaves of
the host plant, they are often in shade (M. Saastamoinen,
personal observation), and their body temperature is likely
to decrease over the course of oviposition, which typically
lasts 45 min (M. Saastamoinen, personal observation). In
the afternoon, females may prematurely terminate ovi-
position when their body temperature falls below a thresh-
old level, and thus higher ambient temperature would be
beneficial by maintaining higher body temperature during
oviposition. On the other hand, increased clutch sizes at
higher ambient temperatures might be due to a higher rate
of oviposition. Other factors such as humidity, solar ra-
diation, and/or wind may also be causally related to var-
iation in clutch size, as these conditions too vary in the
course of the day. In any case, the reasons why temperature
affects oviposition rate in a clutch-laying species such as
the Glanville fritillary are different from those in, for ex-
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Figure 6: Relationship between body surface temperature immediately
after flight and ambient air temperature. Open and filled circles represent
individuals with and without the Pgi-f genotype, respectively.

ample, Colias butterflies (Watt 1992) because the latter lay
eggs singly and need to fly between each oviposition.

Saastamoinen (2007a) showed with observational data
collected in 2004 that there was a relationship between
the time of oviposition and clutch size, that Pgi-f females
initiated oviposition earlier in the day than Pgi-non-f
females, and that Pgi-f females laid larger clutches on
average than Pgi-non-f females. In the present study, the
first two results were not observed, but the third one was,
demonstrating that Pgi-f females lay larger clutches also
for reasons other than the daily timing of oviposition.
On the other hand, in the experiment Pgi-f females laid
smaller clutches when their oviposition was delayed due
to low morning temperatures, strongly suggesting that
environmental conditions experienced by females in the
day of oviposition have an influence also on Pgi-ffemales.
This is further supported by the probability of ovipositing
in a particular day increasing with the 11:00 a.m. tem-
perature in Pgi-f females, though this effect was signifi-
cantly less strong in Pgi-f than in Pgi-non-f females (fig.
4).

Pgi Genotype and Body Temperature during Flight

Glanville fritillary females typically feed before oviposition
(M. Saastamoinen, personal observation). Individuals that
are able to fly at lower ambient temperatures have an
advantage because they can feed earlier in the day and
therefore begin to oviposit sooner. We used the body tem-
perature of butterflies caught at flight in the morning as
an indication of their flight capacity in low ambient
temperatures.

Note that as the body temperature of butterflies caught
at flight was measured with the thermal image camera, the
measurement reflects the body surface temperature and
gives an underestimate of the temperature of the flight
muscles. Measurements were made in shade to prevent
heat transfer from direct sunlight. The photographs (fig.
1) reveal that the warmest part of the body surface was
the center of the thorax, which shows that the thoracic
measurement reflects the heat transferred from flight mus-
cles to the body surface. Other things being equal, higher
surface temperature indicates higher temperature of flight
muscles.

The body surface temperature was greatly affected by
ambient air temperature, consistent with numerous other
studies on insects. This result is explained by ectothermic
organisms needing an external heat source to warm up
(e.g., Heinrich 19864, 1986b; Shreeve 1992; Merckx et al.
2007) and by increased heat loss during flight at low am-
bient temperatures (Gilchrist 1990).

Our main result is that individuals with the Pgi-f ge-
notype had higher body temperature during flight than
Pgi-non-f individuals under low ambient temperatures.
This could be because Pgi-f individuals basked longer be-
fore flight and hence took off warmer. Several species of
butterflies have been shown to “buy” more time and dis-
tance per individual flight by storing more heat in the
thorax before takeoft (Heinrich 19864, 1986b). Morpho-
logical differences in solar absorptivity (melanization), fur
thickness, and/or body size influence thermoregulation in
Colias butterflies (Kingsolver and Watt 1984) and in the
speckled wood butterfly (Parage aegeria; Van Dyck and
Matthysen 1998; Merckx et al. 2006). In the latter species,
dark males heated up faster than pale ones, but there was
no difference in the thoracic temperature at which they
started to fly (Van Dyck and Matthysen 1998). In the
Glanville fritillary, we have not observed differences in
melanization or fur thickness between the different Pgi
genotypes.

An alternative hypothesis is that higher flight metabolic
rate maintains higher thoracic temperature during flight
(Heinrich 1993). In the Glanville fritillary, Pgi-findividuals
have a peak metabolic rate about 17% higher than Pgi-
non-f individuals (Haag et al. 2005). According to this

Table 3: Factors that affect body temperature immediately
after flight in the morning (see fig. 6)

df F P
Ambient air temperature (°C) 1,129 37.35 <.0001
Pgi genotype 1,129  6.09 .015
Sex 1, 129 5.44 .021
Ambient air temperature X
Pgi genotype 2,129 5.37 .022
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hypothesis, individuals with different Pgi genotypes take
off with similar body temperatures, but Pgi-f individuals
do not cool down as fast as Pgi-non-findividuals. Heinrich
(1986a) showed that Colias eurytheme, a slightly larger
butterfly than the Glanville fritillary, can fly nearly con-
tinuously at the ambient temperatures of 17°-18°C at
noon, because in those conditions their mass is sufficiently
large to retard heat loss in flight. An even larger species,
Nymphalis antiopa, can fly at low ambient temperatures
because it can stabilize thoracic temperature near 35°C by
flight metabolism alone (Heinrich 1986a).

In our study, females had higher thoracic temperature
than males, consistent with previous results for butterflies
(Pivnick and McNeil 1986; Gilchrist 1990) and probably
due to the difference in body size (females 52% heavier
in the Glanville fritillary). There is no difference in body
mass between Pgi-f and Pgi-non-f individuals (P = 47),
but the 17% difference in flight metabolic rate may be
sufficiently large to make a difference for the rate of cool-
ing while the butterfly is flying.

Conclusion

Although the proximate reasons remain to be clarified,
these results demonstrate that Pgi-findividuals have higher
body temperature during flight at low ambient tempera-
tures than Pgi-non-f individuals. This may allow Pgi-fin-
dividuals to initiate flight earlier in the day and in general
to be active for a longer time under unfavorable conditions
than Pgi-non-f individuals. Similar results have been re-
ported for Colias butterflies, in which individuals with a
certain PGI genotype (3/4 heterozygotes) were found in
higher frequencies than other common genotypes in the
morning and at other times when temperature was low
(Watt et al. 1983). Watt et al. (1983) suggested that these
differences in the ability to fly at low ambient temperatures
are due to differences in the kinetic performance of the
different isoforms of the PGI enzyme at different tem-
peratures. Our sample is not appropriate for drawing con-
clusions about possible changes in the frequencies of dif-
ferent genotypes among the actively flying butterflies in
the course of the day, but the prediction for the Glanville
fritillary is the same as for Colias.

Capacity to be active at low ambient temperatures can
greatly enhance fitness of temperate butterflies that often
experience unfavorable conditions. For instance, during
this study, from June 7 to 25 and between 10:00 a.m. and
2:00 p.m., 29% and 63% of the time the ambient air tem-
perature was below 14° and 18°C, respectively. Low morn-
ing temperatures reduced the probability of oviposition in
that day and clutch size (the latter via a delay in the time
of oviposition), and these effects were stronger in Pgi-non-
f than in Pgi-f females. Thus, the capacity to fly under

unfavorable conditions has consequences for reproduc-
tion, but it has consequences also for dispersal. Other
things being equal, individuals that are able to fly under
a broader range of weather conditions should have a
greater rate and range of realized dispersal among pop-
ulations. Pgi-f females are indeed more dispersive in low
ambient temperatures than Pgi-non-f females (K. Niite-
pold, A. D. Smith, J. L. Osborne, D. Reynolds, N. L. Car-
reck, A. P. Martin, J. H. Marden, O. Ovaskainen, and 1.
Hanski, unpublished manuscript), and Pgi-f individuals
are more frequent in newly established populations than
Pgi-non-f individuals (Haag et al. 2005; Hanski and Sac-
cheri 2006). Just as with clutch size, the Pgi genotype may
be associated with high dispersal and colonization rates
for several reasons, but regardless of the actual molecular
and physiological mechanisms, genetic variation segregat-
ing at the Pgilocus is strongly associated with fitness under
temporally varying environmental conditions. At present,
it is not clear what maintains the Pgi-non-f alleles in the
metapopulation, but these mechanisms may occur at the
molecular (overdominance in SNPs AA111F and AA361R;
L. Orsini et al,, unpublished manuscript; differences in
kinetic performance of the different isoforms of the PGI
enzyme as in Colias), individual (Hanski et al. 2006), and
population levels (high emigration rate of Pgi-f females in
highly fragmented landscapes).
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