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Abstract. Only in the southern part of the Iberian Peninsula the large white butterfly Pieris brassicae was recorded to pass the
summer in pupal aestivation, induced by long-day photoperiods. It is not clear why this photoperiodic response is regionally
restricted. We investigated whether the change of life history in P. brassicae may affect the infestation by parasites. This was done
by testing the coincidence of photoperiodic responses in both the host P. brassicae and in its main parasitoid Cotesia glomerata.
While the response under short-day conditions was very similar in both species, no summer dormancy of any type was found in the
parasitoid at photophases = 15h and temperatures of 15°-25°C in contrast to 100% aestivation in the host. We suggest that aestiva-
tion is a response which allows the host to desynchronise its life cycle from that of its parasitoid. This is effective because parasitoid
wasps cannot pass the temporary absence of suitable host stages by a similar developmental rest. C. glomerata is then forced to
switch to less adequate host species which diminishes its reproductive success.

INTRODUCTION

The photoperiodic response of the large white butterfly,
P. brassicae L., has been known as a typical long-day
type (Beck, 1980), i.e. long photophases induce a non-
diapause response (Danilevskij, 1965; Spieth, 1985).
Recently, a locally restricted population has been found in
southern Spain which surprisingly exhibits another
response type showing a dormancy under long photo-
phases as well (Held & Spieth, 1999). This
short-day/long-day response type (Beck, 1980) undergoes
two developmental rests, a winter dormancy (= hiberna-
tion diapause) and a summer dormancy (= aestivation dia-
pause). Together with a local Chinese population of the
widespread Pieris melete (Xue et al., 1997), P. brassicae
is the second species of the large Pierid family known to
aestivate.

The reason for this newly revealed behaviour is unclear
because aestivation in P. brassicae is restricted to Iberian
populations (Fig. 1) whereas individuals from nearby
Southern France (Held & Spieth, 1999) or Southern Italy
(Spieth, unpublished data) develop in a continuous
sequence of generations from early spring to late autumn,
often coupled with a migration to regions with less
adverse climate, as in Israel (Benyamini, 1996) or India
(Williams, 1958). There must be a strong selective pres-
sure on the conservation of this behaviour (Held &
Spieth, 1999) because all individuals from the tested Ibe-
rian populations endure the summer months in a stage of
aestivation.

Generally aestivation has been regarded as an adapta-
tion to survive unfavourable climatic conditions like
drought and heat (Beck, 1980; Oku, 1983; Griiner &
Masaki, 1994; Nakai & Takeda, 1995). Other authors
have emphasised that aestivation is a response to a dimin-

ished availability and quality of larval food plants due to
summer drought (Masetti & Scali, 1972; Masaki, 1961,
1980; Griiner & Sauer, 1988; Nagasaka, 1992; Braby,
1995; Kost’al & Hodek, 1997). Therefore, food supply
has been regarded as the fundamental factor for the evo-
lution of aestivation. Furthermore, aestivation may have a
synchronising effect on the autumnal activity of
polyvoltine insects (Kost’al & Hodek, 1997), or may be a
tuning mechanism to expose the photosensitive phase of a
generation to autumnal short-days inducing a hibernation
diapause at the right season (Wiklund et al., 1983; Nylin
et al., 1989; Gomi, 1997; Takeda, 1997). Masaki (1980)
has also named predation by summer breeding birds to be
a selective force for the evolution of aestivation in poten-
tial prey species. However, neither of these mechanisms
actually explain the geographical pattern of the response
in P. brassicae.

In this paper we investigate whether parasitism may
effect the evolution of aestivation. P. brassicae 1is
attacked by many hymenopterous parasitoids. From all
known species, no matter if we compare egg, larval, or
pupal parasitoids, the most successful is Cotesia glom-
erata (Hymenoptera: Braconidae) which can regionally
inflict 100% losses of larvae (Feltwell, 1982). Assuming
that aestivation in the large white butterfly may cause the
strongest effect on its main parasitoid we tested whether
C. glomerata from the Iberian Peninsula is co-adapted to
its hosts summer rest and aestivates as well.

MATERIAL AND METHODS

Life history of Cotesia glomerata

First and second instars of P. brassicae are the most suitable
stages to be attacked by C. glomerata. Older larvae possess
defence reactions like spitting and biting. C. glomerata females
inject 20-21 eggs on average into host larvae (Le Masurier,
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Fig. 1. Map of the collection sites of Pieris brassicae eggs and caterpillars which were tested for their aestivation response in our

laboratory.

1991). One host larva can be parasitised by more than one
female which results in superparasitism. Immature parasitoids
undergo three larval instars. The first moulting is finished inside
the third or fourth instar stage of P. brassicae. Larvae moult to
the third instar during emergence out of the host’s body (Hamil-
ton, 1936; Sato, 1980). By this time the parasitised caterpillar
has reached the fifth and last instar. Immediately after emer-
gence the larvae of C. glomerata spin cocoons on the remnants
of their abandoned host forming a cluster of cocoons.

C. glomerata shows a facultative diapause response
depending on the photoperiod. The diapause stage is the pre-
pupa (Geispits & Kyao, 1953; Wilbert, 1959; Danilevskij,
1965). The developmental pathway, diapause or non-diapause,
is induced independently from the host’s mode of development
(Geispits & Kyao, 1953; Maslennikova, 1959).

Rearing conditions of Cotesia glomerata

Parasitised larvae of P. brassicae were collected in the
vicinity of Lisboa, Portugal (38°45'N, 9°15'W), May 1997. Each
cocoon cluster of parasitoids derived from a single caterpillar
was kept in a plastic jar on a piece of tissue paper at 21°C, with
a photoperiod of 16L : 8D. Under these conditions eclosion of
adults starts after 7 to 8 d. Thereafter they were identified
according to Nixon (1974) and Medvedev (1995). Wasps were
held in a plastic jar and fed honey water solution with fresh
inflorescences of Apiaceae. Moistened tissue paper produced
sufficient humidity. Mating starts soon after eclosion. We did
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not separate mated and unmated females. To enhance the
certainty of successful attacks by the parasitoids we used 5 to 8
females and offered them a batch of 15-30 first or second instar
caterpillars for parasitism. After 1 h the females were removed.
During that period all cases from no attack to many attacks by
several females occur. Thus, we obtained a batch of caterpillars
from each jar normally attacked by more than one parasitoid,
i.e. superparasitised larvae in most cases.

After that procedure, cocoons were randomly assigned to one
of the groups reared under a constant photoperiod between 10L:
14D and 16L : 8D, respectively, at constant temperatures of
21°C or 15°C and ~ 50% relative humidity. Technical
equipment and feeding conditions of the caterpillars were the
same as for unparasitised Pieris larvac (see below). After
cocoon clusters had been formed each cluster was placed in a
separate plastic jar preserved in the same condition as the cater-
pillars before.

Rearing conditions of the host larvae

With the unparasitised specimens from Lisboa a laboratory
strain was established. Ten pairs of butterflies were held in
cages (0.5 m x 0.5 m x 1.0 m) to lay eggs on leaves of Brassica
oleracea. Egg clusters with up to 150 eggs were kept on moist
tissue paper in petri dishes under 10L : 14D and 21°C in an
incubator. With these conditions, larvae emerged after 5 to 6 d.
The hatched larvae were randomly assigned to one of three
groups: one for parasitism in the first or second stage, another
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Fig. 2. Photoperiodic response of Cotesia glomerata and its
host Pieris brassicae at 15°C. For Cotesia the number of
cocoons and clusters (in parentheses) is noted for each curve
point. Error bars indicate the 95% confidence interval based on
cocoon eclosion.

for continuous rearing of a laboratory stock, and a third to test
the photoperiodic response of P. brassicae. Larvae of the first
and second group were reared in incubators under 21°C and 16h
of light, respectively. The third group was held under L/D
regimes of 10/14 h to 16/8 h at constant temperatures of 21°C or
15°C. Up to 30 larvae were placed in a plastic box (10 x 10 x 7
cm) with a gauze lid and moistened tissue paper at the bottom.
Once a day, boxes were cleaned and larvae were fed fresh
leaves of Brassica oleracea botrytis or B. oleracea medullosa.
Food plants were not changed during the experiment.

Determination of diapause incidence

Cocoons of the parasitoid were dissected to determine the
incidence of diapause. This is essential as intact cocoons can
bear not only diapausing prepupac but also dead larvae,
developing pupae, or dead adults which had not been able to
open the cocoon. Dissection took place 16 d after cocoon forma-
tion at 21°C and after 28 d at 15°C. Developing pupac were
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Fig. 3. Photoperiodic response of Cotesia glomerata and its
host Pieris brassicae at 21°C. For Cotesia the number of
cocoons and clusters (in parentheses) is noted for each curve
point. Error bars indicate the 95% confidence interval based on
cocoon cclosion.

scarcely found after that period. Dissected cocoons were

grouped as follows:

a) Only living prepupac without pigmented ocelli and com-
pound eyes were counted as diapausing.

b) Pupae and adults, either living or dead, were counted as non-
diapausing.

¢) Dead larvae were ignored as they cannot be detected as a dia-
pause or non-diapause instar.
After wasp eclosion no delay of adult maturity was detected

under the respective conditions.

RESULTS

To show whether a summer diapause could be induced
in C. glomerata, parasitised larvac of P. brassicae were
reared at 15°C and photophases between 10 h and 16 h.
Cocoons were kept under rearing conditions. The photo-
periodic response is presented in Fig. 2. For comparison
the response of unparasitised P. brassicae from Lisboa
under the same rearing conditions is shown as well.

Under relatively short photophases of 10:30 h to 11 h
of light 92% to 100% of the parasitoids respond with
dormancy. Under relatively long photophases (> 14 h) no
developmental rest occurs. This photoperiodic response is
of a typical long-day type, adaptive for hibernation dia-
pause (Beck, 1980) .

In comparison, the incidence of dormancy in P. bras-
sicae was 100% at 11 h of light and decreases to 36% at
12.30 h but increases again up to 100% at 14 h. The
typical hibernation diapause response of the host species
between 11 h and 12.30 h of light switched to an aestiva-
tion response under longer day lengths. In contrast, C.
glomerata  shows no aestivation under these
photoperiodic regimes.

The same experiment was carried out at a temperature
of 21°C. The photoperiodic response of both C. glom-
erata and its host P. brassicae is outlined in Fig. 3. The
curves parallel each other in the shorter day lengths
between 10 and 12 h. Dormancy decreases to 0% at 12 h
of light. Both species show a weak response to short day
lengths only, which means that no hibernation diapause
was induced in most individuals at 21°C. However, the
photoperiodic response differs entirely between 12 and 16
h. In P. brassicae the aestivation incidence increases with
increasing photophases up to 100% at a day length of >
14 h. In contrast, the dormancy of C. glomerata remains
at 0%, thus no aestivation was induced in the parasitoid at
this higher temperature either. The weak response at 14 h
(3%) is due to descendants of one cocoon cluster out of
51 clusters.

To make sure that an aestivation response of the parasi-
toid does not occur at high summer temperatures, a con-
trol experiment at a constant mean temperature of 25°C
and 16 h of light was carried out. From 220 cocoons out
of 9 cocoon clusters, none of the parasitoids respond with
a developmental delay; i.e. no aestivation was detectable.

DISCUSSION

The braconid C. glomerata is the principal parasitoid of
the large white butterfly, P. brassicae. Its distribution
corresponds largely with that of its host species. In the
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southern regions of the Iberian Peninsula the host but-
terfly aestivates from end of May to about end of August
(Held & Spieth, 1999). We did not found an adequate
response in any developmental stage of the parasitoid to
the summer rest of the host, even no delay of maturity.
There was no incidence of aestivation under temperature
regimes of 15 to 25°C and photophases even longer than
the natural day length. A developmental rest in one of the
co-adapted species leads to a desynchronisation of their
life cycles. We assume that this is an advantage for the
post-aestivation generation of P. brassicae, which might
be less infested by its principal parasitoid.

This hypothesis assumes that C. glomerata suffers a
breakdown in population density. Therefore, the most
important question is how does C. glomerata behave
during the aestivation period of its principal host?
Moiseeva (1960) estimates the longevity of adult wasps
up to 30 d. The aestivation period of P. brassicae lasts
about three months and thus cannot be bridged by one
generation of parasitoids. Thus, C. glomerata is restricted
to attacking caterpillars of other butterflies (Wiskerke &
Vet, 1994; Brodeur & Vet, 1995), especially the closely
related pierids Pieris rapae and Pieris napi and less fre-
quently the larvae of the apple pierid Aporia crataegi
(Maslennikova, 1958; Wilbert, 1959; Lien-Chang, 1965).

Among these possible hosts P. brassicae is referred to
as the main host species (Laing & Levin, 1982; Dempster,
1984). C. glomerata shows higher acceptance of P. bras-
sicae than of P. rapae and P. napi (Brodeur et al., 1996).
In addition, P. rapae and P. napi show quite a different
egg laying pattern compared to P. brassicae. They nor-
mally lay only a single egg per plant, whereas the large
white butterfly lays clusters of up to 150 eggs (own
observations). When a cluster of P. brassicae is
discovered by a wasp a great number of caterpillars can
be parasitised at once, whereas many food plants have to
be searched to find the same number of single living lar-
vae. C. glomerata shows no difference in the propensity
to search for P. brassicae or P. rapae but is more adapted
to foraging for gregariously feeding hosts (Wiskerke &
Vet, 1994). Further disadvantages for C. glomerata are
the facts that P. rapae is the main host of Cotesia rube-
cula, a specialist solitary parasitoid, which is superior to
C. glomerata when both species occur in the same larva
(Richards, 1940), and that encapsulation of C. glomerata
eggs is more effective by P. rapae (Brodeur & Vet,
1995). Enduring the aestivation of P. brassicae by para-
sitising the alternative host therefore reduces reproductive
success of C. glomerata. The same applies to endurance
in P. napi. In contrast to C. glomerata, this potential host
species prefers shady and moist habitats and is rarely
found on cabbage (Feltwell, 1982; Sato & Ohsaki, 1987).
Furthermore, Brodeur et al. (1998) showed that the sur-
vival rate and the size of C. glomerata developing in P.
brassicae were higher than those developing in P. napi.

Aporia crataegi as a host has a quite different life
cycle than P. brassicae. It is a univoltine species which
does not develop in the same year to the fully grown fifth
instar, but diapauses in the relatively small third stage. C.
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glomerata normally exploits the fully grown caterpillar
and only leaves the last instar to pupate. Furthermore, the
caterpillars of 4. crataegi only use Rosaceae as host
plants. The wasp has to locate its prey by different
chemical clues as all the other hosts feed on Brassicacea
and females of C. glomerata are normally attracted to the
volatile mustard oils of this plant family. Though A.
crataegi is present in July (Gomez-Bustillo & Fernandez-
Rubio, 1974), when P. brassicae aestivates for some
months, it is not an adequate alternative host for C. glom-
erata.

Summarising these arguments, it can be concluded that
C. glomerata switches to alternative hosts during the aes-
tivation of its main host but suffers a fitness reduction due
to the drastically reduced number of caterpillars, the
better developed immune defence of other hosts, the
adjustment in searching for single larvae or host plants
with other volatiles, and the competition with other host
specific parasitoids. Therefore, a strong reduction of the
population densities of C. glomerata can be expected.
This in turn should be positive for the post-aestivation
generation of P. brassicae in late August/early
September. Corresponding field studies to check this
statement are planned.

A further point concerns the role of parasitism for the
evolution of aestivation in P. brassicae. We do not claim
parasitism to be the primary selective factor decisive for
this response. It cannot be excluded that aestivation has
evolved for other reasons and minimising the parasitism
rate may only be an unselected effect. Limitations of food
supply caused by climate and weather are the most quoted
reasons for the evolution of aestivation in insects (see
introduction). In our case it also seems to be an obvious
argument as all localities of the tested populations are
found within the Mediterranean climatic zone with its
characteristic dry season in the summer. During the time
of low precipitation from June to August the daily
average temperatures in Lisboa are 20°C-23°C and in
Castelldn und Policastro 22°C-25°C. The major part of
rain falls from September to May (Walter & Lieth, 1960;
Miiller, 1983). In the Policastro region precipitation
(approx. 870 mm) is about twice as high as in the very
dry region around Castellon. Thus the dry season in
Policastro shortens to about 2.5 months. However, this
does not alter the fact that the vegetation suffers under
water stress and most forage plants dry up. Until the evi-
dence of aestivation in Spain it was assumed that P. bras-
sicae has two options to pass this dry seasons without a
developmental rest. First, its caterpillars live frequently
on dry resistent plants as the circummediterranen Cap-
paris spinosa (Benyamini, 1996) or Cacile maritima and
of course on cultivated Brassica oleracea ssp.. Secondly,
the adults have the potential to escape pessimal conditions
by migration (Williams, 1958). This was recently con-
firmed by Jamda (1991) in India. The environmental con-
text in which one of the both tactics is used by the species
is not investigated. In Spain the large white shows similar
behavioural patterns. It uses the same range of forage
plants (Diego Jordano, pers. com.) and migration is also



reported (Gémez Bustillo & Fernandez-Rubio, 1974).
With this, the question of the benefit of the local aestiva-
tion in this system, compared to the other possibilities, is
still unanswered.

These circumstances led us to look for hypotheses
regarding the adaptive value of aestivation. We have only
made a little progress. Parasitization per se need not lead
to the evolution of aestivation but it might under certain
ecological conditions. We try to explain in a most parsi-
monious way why aestivation in P. brassicae, that
evolved in Southern Spain, remained geographically lim-
ited. We suppose that it cannot disperse into climatically
milder areas of the Mediterranean region because of the
cost in respect to voltinism. We did not record aestivation
at the Mediterranean coast of Southern France during
many years of study and assume that it is not adaptive in
the northern Mediterranean region. Aestivation for three
to four months, like in Southern Spain, costs 3 genera-
tions, because the generation time of P. brassicae in
summer is less than 30 days. Despite the loss of 3 genera-
tions the species produces there 5 generations (Held &
Spieth, 1999), or even 6 generations (unpubl.). In
Southern France (Fig. 1; Banyuls) we did not find more
than 5 generations per year, in spite of continuous succes-
sion. Under these circumstances aestivation would result
in a change of the life history from a polyvoltine to a
bivoltine life cycle.

We expect further costs resulting from a higher mor-
tality during the immobile pupal stage, which is pro-
longed by at least ten times compared to a life cycle
without dormancy. Thus, the time increases during which
summer active predators (above all birds and arthropods)
and parasites can attack the pupae. With next experiments
we shall examine whether the cost of the aestivation
exceeds the benefit of this behaviour in populations with
less than 5 generations. This would explain why aestiva-
tion does not occure in the northern Mediterranean
region. We expect that the parasitization will be of essen-
tial importance for this cost/benefit analysis.
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