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Female insects have a limited energy budget to invest in reproduction. Clutch size and 
egg size are two traits typically involved in energy budget trade-offs, and an optimum 
clutch size is generally predicted. This trade-off, however, is influenced by many 
factors including the probability of egg parasitism. We studied this possibility in the 
pine processionary moth (Thaumetopoea pityocampa), which frequently suffers from 
parasitoids. We found support for a trade-off between clutch size and egg size in this 
species, but the intermediate clutch size did not correspond to higher hatching success. 
We suggest that the lack of an optimum clutch size in relation to hatching success was 
mediated by parasitoids: parasitoids preferentially selected small clutches containing 
larger eggs. In addition, we experimentally tested whether the scales that coat egg 
batches reduce the effect of parasitism. Egg batches with experimentally removed 
scales showed a significantly higher parasitism rate than control batches, which dem-
onstrates that scales protect egg batches from parasitoids. We discuss three possible 
explanations for our results.

Introduction

Offspring of many species receive parental care, 
which increases the probability of survival to 
adult stage and, therefore, the probability of suc-
cessful reproduction (Clutton-Brock 1991). For 
species without parental care, like most holom-
etabolous insects, the adjustment of traits such 
as clutch size and egg size that influence optimal 
offspring development is of prime importance 
(Bernays & Chapman 1994). For example, many 
phytophagous insects without parental care adopt 
the strategy of laying eggs in aggregated groups. 

In this case, the average number of eggs laid per 
plant and per female can be considered the result 
of a balance between the costs and benefits of 
different clutch sizes (Damman 1991, Crowe 
1995).

Large clutch sizes would be advantageous 
if, for instance, they increase the effectiveness 
of defensive traits (Hunter 2000) or competi-
tive ability relative to other clutches on the 
same plant (see examples in Alexander 1974, 
Pulliam & Caraco 1984). Larvae from those 
taxa, however, usually have a limited dispersal 
ability and only feed from the plant selected 
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by the mother (Parker & Begon 1986). There-
fore, clutch size would influence survival prob-
ability of an individual larva because limited 
resources will be competed for by siblings and 
other conspecific larvae (Charnov et al. 1976, 
Buss 1981). Moreover, a high number of eggs 
per plant would directly increase egg detectabil-
ity for visual predators or parasitoids (Kareiva & 
Odell 1987, Dobson 1988), or indirectly increase 
egg detectability because herbivorous larvae may 
induce plant volatile emissions that attract preda-
tors or parasitoids (e.g. Hoballah & Turlings 
2001, Kessler & Baldwin 2001).

An additional cost of large clutch size is 
the production of small eggs due to the gen-
eral trade-off between clutch and egg sizes. In 
insects without parental care where reproduction 
is linked to earlier accumulated resources (capi-
tal breeders, Tammaru & Haukioja 1996) all of 
the female’s available energy should be invested 
in the clutch because the residual reproduc-
tive value of these females is zero (e.g. Boggs 
1997). For such species, an increase in egg size 
requires a decrease in clutch size. A larger egg 
volume implies a larger amount of proteins and 
resources for developing embryos (i.e. Begon & 
Parker 1986, Ricklefs & Stark 1998; for insects 
and birds, respectively) resulting in an increase 
in offspring quality and a higher probability of 
survival to the adult stage (Wiklund & Karlsson 
1984, Braby 1994; but see also Wiklund & Pers-
son 1983, Karlsson & Wiklund 1985; for con-
troversial results). There may also be a trade-off 
between clutch size and clutch dispersion. When 
a female produces a large clutch, the female may 
produce fewer clutches over her lifetime and 
her progeny may be more concentrated in the 
habitat. When stochastic mortality factors are 
important it may be advantageous to produce 
smaller but more scattered clutches (Bernays & 
Chapman 1994).

Hatching success is also affected by abiotic 
(temperature, humidity, etc.) and biotic (preda-
tors, parasitoids, egg viability, etc.) factors. For 
example, small variations in temperature and/or 
humidity inside the egg are the main cause of 
embryo death in insects (Browder et al. 1991, 
Wolpert 1991). However, there exist several 
adaptations minimizing the effects of changes 
in environmental conditions on the embryo. One 

strategy is the construction of microhabitats by 
females in which to lay their clutches. This 
may be the case of some moths that isolate their 
clutches from external environmental conditions 
by covering them with protective layers (Mon-
toya & Robredo 1972, Floater 1998, Schmidt et 
al. 1999).

Parasitoids are perhaps the most important 
biotic factor affecting hatching success in insects 
(DeBach & Rosen 1991, Wajnberg & Hassan 
1994, Hoballah & Turlings 2001). Parasitoids 
generally kill or prevent the host from reproduc-
tion and, therefore, natural selection favours 
host traits that reduce probability of parasitism. 
One possible adaptation to counteract parasitism 
could be related to clutch size (Richner & Heeb 
1995). In insects, an increase in a clutch size 
may compensate for losses during both egg and 
larval stages when host selection by parasites is 
not related to the clutch size (Hamilton 1971, 
Parker & Courtney 1984). However, parasitoids 
not only have to locate a potential host’s clutches 
but also have to access the eggs. Accordingly, 
selection will favor host adaptations preventing 
accessibility of the eggs (Hawkins 1994). In this 
context, adding material or protective layers to 
the clutch could be another host adaptation that 
reduces the probability of parasitoids finding the 
clutch and/or accessing the eggs. If parasitoids 
exert a selection pressure on clutch character-
istics, natural selection should favour: (i) small 
clutch sizes when the clutch size is positively 
related to the probability of parasitoids detecting 
the clutch (one would predict the opposite when 
larger clutches dilute the per capita parasitoid 
risk) (Hamilton 1971); (ii) clutches cryptic to the 
parasitoid, either in appearance or in odour; (iii) 
clutches with protective layers that make it diffi-
cult for parasitoids to physically access the egg.

In this paper, we study some potential fac-
tors affecting hatching success of the pine pro-
cessionary moth (Thaumetopoea pityocampa). 
This moth lays all its eggs in a single clutch and 
covers the entire clutch with scales produced in 
the distal part of the abdomen (Schmidt 1990). 
Females lay a single clutch a few hours after 
emerging as adults and die shortly afterwards. 
Thus, this is an ideal species to study life his-
tory traits because it is possible to accurately 
estimate total female reproductive investment 
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(i.e. clutch size, egg size) and variables related 
to reproductive success (i.e. hatching success). 
Here we examine the influence of clutch and 
egg sizes on hatching success and attempt to 
demonstrate a trade-off between these variables. 
If a trade-off exists (Hypothesis 1), we predict a 
negative relationship between number and size 
of the eggs in a clutch (Prediction 1a). Moreover, 
the result of that trade-off should be an optimal 
clutch and egg size and, accordingly, we should 
find that a quadratic function explains the rela-
tionship between clutch size and number of eggs 
that hatch successfully better than does a linear 
function (Prediction 1b), because a large number 
of eggs implies a small amount of resources per 
egg. Furthermore, the percentage of eggs that 
successfully hatch should be negatively related 
to the clutch size (Prediction 1c).

We also studied the negative impact of para-
sitoids on clutches of different size because the 
clutch size may affect the number of parasitoids 
visiting the clutch, or because a large clutch size 
may dilute the effect of parasitism (see above). 
If larger egg-batches are more easily detected 
by parasitoids (Hypothesis 2), we should find 
that larger clutches are more frequently parasit-
ized (Prediction 2a). Moreover, if we assume 
that the number of parasitized eggs in a clutch is 
related to the number of parasitoids that find and 
parasitize a clutch, then larger clutches should 
have more parasitized eggs (Prediction 2b), but 
a smaller percentage of parasitized eggs (Pre-
diction 2c), because of the dilution effect of the 
large clutch size. 

From the parasitoid’s perspective, the para-
site should choose clutches containing bigger 
eggs because these parasites lay one egg per 
host egg (pers. obs. for the parasitoid species 
in our study population) and a larger egg will 
provide more resources for a developing young 
(Hypothesis 3). If this is true, the percentage of 
parasitized eggs in clutches of larger eggs should 
exceed the percentage in clutches of small eggs 
(Prediction 3). The selective pressure of the 
parasitoid should select for an increase in clutch 
size due to the generalized trade-off between the 
clutch and egg sizes in nature (Hypothesis 4). 
Accordingly, we predict that the number of non-
parasitized eggs per clutch should be positively 
related to the clutch size (Prediction 4).

We also experimentally tested hypotheses 
regarding the functions of layers coating batches 
by removing these layers from some clutches 
and keeping others untouched as a control group. 
If the main function of the coating is thermal 
insulation (Hypothesis 5), we expect that the 
incubation period (Prediction 5a) and number of 
eggs that failed to hatch (excluding parasitized 
eggs; Prediction 5b) will be higher in experi-
mental clutches. Covering the egg batches could 
also increase clutch mimicry, thereby minimis-
ing the probability of clutches being detected 
by parasitoids (Hypothesis 6). If so, we predict 
that experimental clutches with removed coat-
ing layers will be more frequently parasitized 
than control clutches (Prediction 6). Finally, the 
coating may function as physical or “visual” 
barriers to the parasitoid because they prevent 
locating individual eggs in the clutch or impede 
the accessibility to host eggs (Hypothesis 7). All 
of these hypothetical barrier functions predict 
that the percentage of parasitized eggs should be 
greater in clutches with experimentally removed 
coating than in the control clutches (Predic-
tion 7). It should be noted that these functional 
hypotheses are not mutually exclusive, but test-
ing the above predictions will greatly impact our 
understanding of the adaptive function of the egg 
covering behavior.

Material and methods

Study site

The field study was carried out in a pine planta-
tion located in the high-altitude plateau Hoya 
de Guadix (37°18´N, 3°11´W), Spain, approxi-
mately 1000 m above sea level with a semi-arid 
climate. 

Study species

The pine processionary moth is a highly gre-
garious species distributed throughout south-
ern Europe, and is the principal defoliator of 
pines in the Mediterranean region (Devkota & 
Schmidt 1990). The flying and egg-laying peri-
ods, although dependent on factors such as 
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weather and altitude, is usually from May to 
October (Douma-Petridou 1989). Each female 
lays only a single cylindrical clutch that she 
covers with scale-like hairs. Oviposition takes 
place on one or two pine needles predomi-
nantly from the base of the needles towards 
the tip (Schmidt et al. 1999). The number of 
eggs per batch is variable (between 37 and 312; 
reviewed in Schmidt et al. 1999), and varied in 
our studied population from 77 to 263 (mean 
= 181.56 ± 4.55, N = 90). Eggs hatch after 5–6 
weeks (Schmidt 1989) and l arval development 
involves five instars (Douma-Petridou 1989). 
Although larvae move around to feed, they build 
a silk nest where all individuals from the same 
clutch stay when not feeding (Pérez-Contreras 
pers. obs.). After larval development, the larvae 
leave the nest in a procession and search for a 
suitable underground pupation site. The pupal 
diapause varies from a few months to 1–2 years 
(Schmidt 1989).

With respect to parasitoids, in a previous 
study in a pine forest close to our study site, 
Schmidt et al. (1999) found only three species 
of Chalcidoidea with Ooencyrtus pityocampae 
being the most abundant (i.e. responsible for 
70.8% of parasitism). This species frequently 
parasitizes host eggs in the basal sector of the 
clutch (Tiberi 1990), although other studies have 
shown this parasitoid to attack all parts of the 
egg-batches (Tsankov 1990). Egg parasitoids of 
Thaumetopoea pityocampa play a leading role 
in bio-control of the host, by reducing the popu-
lation and with it the damage to the host plant 
(Biliotti 1958, Masutti 1964, Tiberi 1978). All 
above species of parasitoid either emerge in the 
summer when the host eggs are laid or in the 
following spring as mature larvae after overwin-

tering in the parasitized egg (Tiberi 1990). To 
our knowledge, mechanisms of host selection or 
hyperparasite aviodance are unknown for those 
species. Parasitoid females deposit one egg per 
host egg and one female can parasitize approxi-
mately 27 eggs (Halperin 1990). It has been 
suggested that scales covering an egg clutch 
constitute an obstacle for successful parasitism 
(Biliotti 1958). 

Variables studied

To carry out this study, we randomly selected 30 
clutches from a single parasitized pine (Pinus 
halepensis) in 1994, 1995 and 1996. We col-
lected all the egg batches after the egg hatching 
and parasitoid emergence periods. In the labora-
tory, we manually removed the scales covering 
the clutch and classified eggs into the following 
four categories:

• Hatched eggs: those with a big hole resem-
bling the successful hatching of a host larva,

• Unhatched eggs: those with no hole,
• Partially-hatched eggs: those presenting a 

hole, but with a host larva dead inside, and
• Parasitized eggs: those with a small hole 

through which a parasitoid had emerged.

We dissected each of the unhatched eggs to 
determine whether the embryo was inside or if 
the egg was empty (Tsankov et al. 1996, 1998). 
The sum of these four egg categories is the 
clutch size. Hatching success is defined as per-
centage of eggs that successfully hatched. Since 
the widths of eggs that are generally laid around 
a couple of pine needles are relatively constant 

Table 1. Inter-annual variation in clutch size, egg size, hatching success, and parasitism of egg batches of pine proces-
sionary moths. Sample size was 30 clutches in each year. For mean comparisons between year an ANOVA test was 
used. Values are means ± SE.

 1994 1995 1996 F2,87 Probability

Length 2.79 ± 0.10 2.79 ± 0.09 2.95 ± 0.11 0.74 0.475
Clutch size 184.26 ± 8.58 184.53 ± 7.34 175.90 ± 7.85 0.38 0.683
Number of successfully hatched eggs 128.03 ± 9.42 142.46 ± 8.83 125.33 ± 8.05 1.09 0.337
Hatching success (%) 68.92 ± 3.84 76.47 ± 3.02 70.07 ± 2.16 1.73 0.187
Number of parasitized eggs 9.93 ± 1.57 6.40 ± 0.74 26.30 ± 2.67 26.23 0.000
Percentage of parasitized eggs 5.62 ± 0.94 3.56 ± 0.42 15.08 ± 1.43 35.87 0.000
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(mainly egg lengths vary), we estimated an aver-
age egg size as clutch length (using a digital 
calliper, Mitutoyo, accuracy = 0.01 mm) divided 
by the clutch size. We use this index because it 
is very difficult to isolate eggs from the clutch 
without breaking them.

Experimental procedure

To test the functional explanations for the scale-
like hairs coating the clutch, in 1995, at the 
beginning of the laying period, we randomly 
selected 40 pines that received only one clutch 
of the pine processionary moth. During the 
laying period, pines were visited every two 
days to detect laying date. When a clutch was 
detected it was randomly assigned to the experi-
mental or control group. All of the egg batches 
selected were uniformly covered with scales. 
In the clutches belonging to the experimen-
tal group the scale-like hairs were manually 
removed, whereas the clutches in the control 
group were handled but hairs were not removed. 
All the clutches were visited 30 days after 
manipulations and every two days afterwards, 
to determine hatching date and, thereby, esti-
mate the incubation period. Once hatching was 
detected, we collected all egg batches and, in the 
laboratory, estimated the variables previously 
described.

Statistical analyses

To achieve approximately normal distribu-
tions, we transformed the number of parasit-
ized eggs by the formula log (x + 1), and the 
percentage of parasitized egg in the clutch by 
arcsin ((x/100)–0.5). After these transformations, 
none of the variables’ distributions differed 
significantly from normal distributions (Kol-
mogorov-Smirnov test for continuous variables, 
P > 0.1), and thus the use of parametric tests was 
justified (Sokal & Rohlf 1995). To account for 
inter-annual variability in the number and per-
centage of parasitized eggs in a clutch (Table 1) 
we used residuals from year mean-values. All 
statistical tests were two-tailed and values are 
means (± SE).

Results

Clutch size, egg size and hatching 
success

Our results show a highly significant negative 
relationship between the clutch size and the egg 
size (r = –0.56, t = 6.33, N = 90, P < 0.00001; 
Fig. 1a), as predicted if there exists a trade-off 
between these variables. The egg size, however, 
did not constrain hatching success: the number 
of eggs that successfully hatched in a clutch was 
positively related to the clutch size (r = 0.760, N 
= 90, P < 0.00001; Fig. 1b) and the square term 
was not significant (Partial regression coefficient 
of the square term (SE) = 0.0001 (0.001), t = 
0.34, P = 0.73). Contrary to the egg size con-
straint hypothesis, we found that the hatching 
success was negatively related to the mean egg 
size (r = –0.324, N = 90, P = 0.001; Fig. 2). This 
result occurs because parasitism is an important 
determinant of hatching failure in pine proces-
sionary moths (average hatching failure due to 
parasitism = 31.5% ± 2.3%), and the number 
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Fig. 1. (a) Relationship between clutch size and egg 
size in egg batches. Regression line is y = 0.0001x 
+ 0.020; (b) Relationship between clutch size and 
number of hatched eggs in egg batches. Regression 
line is y = 0.837x – 20.04.
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of unparasitized eggs is larger in clutches with 
small eggs (see below).

Clutch size, egg size, egg-batch size and 
parasitoids

We found one or more parasitized eggs in 95.5% 
of the analyzed egg batches (N = 90). Hence, 
contrary to Prediction 2a, egg-batch detection 
by parasitoids did not depend on the egg-batch 
length. However, in accordance with Predic-
tion 2b, the number of parasitized eggs was 
positively and significantly related to egg-batch 
length (r = 0.263, N = 90, P = 0.012; Fig 3). 
Large egg batches were probably located by 
more individual parasitoids than were small egg 
batches. Accordingly, when analyzing the per-

centage of parasitized eggs in a clutch the posi-
tive relationship disappeared (r = 0.03, N = 90, 
P = 0.78).

From the parasitoid’s point of view, selec-
tion of egg batches with larger eggs to parasit-
ize would be beneficial due to greater resource 
availability for their offspring (Hypothesis 3). 
In agreement with this hypothesis, we found a 
positive relationship between average egg size 
and percentage of parasitized eggs in a clutch 
(r = 0.24, N = 90, P = 0.023; Fig. 4).

These results suggest that selection pres-
sure from parasitism influences the trade-off 
between clutch and egg sizes. Females of the 
pine processionary moth maximize the clutch 
size. As such, laying eggs of small size should 
be advantageous because parasitism is the main 
cause of hatching failures, and the number of 
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unparasitized eggs increases with clutch size 
(Prediction 4) (r = 0.95, N = 90, P = 0.00001; 
Fig. 5). 

Experimental tests of functional 
hypotheses of egg-batch coating

The incubation period of the control clutches 
was significantly shorter than that of the clutches 
with layer coats removed (Table 2), suggesting 
a thermoinsulative property of the scale-like 
hairs covering clutches (Hypothesis 4). In addi-
tion, hatching success was significantly lower 
in the experimental group (t = 5.64, df = 38, 
P = 0.00001; Fig. 6a). However, all clutches 
from experimental and control groups were para-
sitized. However the experimental group showed 
significantly more parasitized eggs per clutch (t 
= 13.47, df = 38, P < 0.00001; Fig. 6b) and, 
thereby, a higher parasitism rate (t = 13.82, df 
= 38, P < 0.00001; Fig. 6b). When we removed 
parasitized eggs from the analyses, differences 
in hatching success between experimental and 
control groups disappeared (t = 0.68, df = 38, P 
= 0.49; Fig 6a). These results strongly suggest 
that the scales protect the eggs against parasit-
ism.

Discussion

Clutch size, egg size and parasitoid 
selection pressure

Clutch and egg sizes are traits typically involved 
in trade-off because females have a limited 
amount of energy to invest in reproduction and, 
as such, an increase in the clutch size is related 
to a decrease in the egg size (Stearns 1992). 
Given that the egg size is generally related 
to the probability of offspring hatching and 
reproducing (Begon & Parker 1986), a female 
should optimize clutch and egg sizes accord-
ing to the environmental conditions (Stearns 
1992). In insects, great intra- and inter-specific 
variations in clutch sizes exist. Most of this 
variation has been explained as the result of 
adjustments to adult phenotypic quality (Parker 
& Begon 1986), availability of resources (Osier 
et al. 2000), sibling competition (Mock & Parker 
1997) or predation and parasitism (Moreau et al. 
2000). Thus, variations in such selection pres-
sures could influence the result of the trade-off 
between clutch and egg sizes. In accordance 
with a trade-off, we found a negative relation-
ship between clutch size and egg size. However, 
an intermediate clutch size did not result in a 

Table 2. Comparisons between egg batches with experimentally removed and non-removed (control) scales with 
respect to incubation time (in days), clutch size and length (mm) of the egg batches. Mean values (SE) are shown, 
and sample size is 20 for both experimental and the control groups.

 Experimental group Control group Statistical test

Incubation time 38.15 (0.42) 35.60 (0.36) t = 4.58, P < 0.001
Egg-batch length 2.97 (0.13) 2.78 (0.11) t = 1.07, P = 0.287
Clutch size 190.00 (11.12) 188.40 (8.66) t = 0.11, P = 0.910

Fig. 6. (a) Hatching success of experimental and control egg batches including (empty bars) and excluding (filled-
bars) parasitized eggs within a clutch. (b) Number of parasitized eggs (empty bars) and percentage of parasitized 
eggs (filled bars) of experimental and control egg batches are also shown. Whiskers represent standard errors.
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higher hatching success, as would be expected 
if optimum values of clutch size and egg size 
existed (Fig. 1b). 

We explored the possibility that parasitism 
pressure could influence the trade-off between 
clutch size and egg size. Parasitoids are very 
common and may drastically reduce host repro-
ductive success (i.e. Weseloh 1993). Natural 
selection should favour traits that counteract the 
effects of parasitoids, such as reduced reproduc-
tive effort when the risk of parasitism is high, 
thereby increasing the probability of survival 
for future reproduction (Keymer & Read 1993, 
Forbes 1993, Poulin et al. 1994, Richner & Heeb 
1995). However, insects that reproduce only 
once do not have this possibility and should, 
therefore, invest as much as possible in their 
unique reproductive attempt.

Clutch size of insects with phytophagous 
larvae is typically constrained by the quality 
and quantity of resources available in the plant 
selected, because a large clutch size would 
decrease resource availability per individual 
larva (Parker & Begon 1986). However, in capi-
tal breeders (laying one single egg batch), the 
size of egg batches would not be constrained by 
any characters of the plant selected for oviposi-
tion, but would only depend on the resources a 
female has accumulated as a larva (Tammaru 
& Haukioja 1996). This should be the case for 
pine processionary moths because females lay 
all their eggs on the same individual host plant 
(see above). Occasionally, the infestation of host 
plants becomes very high, resulting in over-
crowed trees and starvation of most of the cater-
pillars (Schmidt et al. 1999). In this case, parasit-
ism of some of the eggs in the clutch, although 
decreasing reproductive success of adult moths, 
increases resource availability per individual 
larva. Accordingly, an increase in the clutch 
size could be adaptive because it counteracts the 
effect of parasitism.

This possible adaptation to counteract para-
sitism would have the cost of reducing an aver-
age egg size and thereby decreasing the hatching 
success (see above). However, parasitoids may 
select clutches with large eggs, which would 
provide a larger amount of resources for the par-
asitoids’ offspring development (Rivero 2000). 
If so, in a population with high parasitism preva-

lence, larger eggs would not increase the prob-
ability of successful hatching. In accordance 
with this scenario, we found that the percentage 
of eggs that successfully hatched was higher in 
clutches of small sized eggs (Fig. 2), and that 
this was due to the preferential parasitism of 
clutches of large sized eggs (Fig. 4). Therefore, 
these results suggest that parasitoid pressure 
favours large clutches of small eggs in the pine 
processionary moth. In general, female insects 
maximize the clutch size independently of the 
hypothesized negative effects of the related 
decrease in egg size (Parker & Courtney 1984, 
Parker & Begon 1986, García-Barros 2000). The 
evolutionary explanation for the lack of optimal 
clutch and egg sizes may be related to the differ-
ential negative effects that parasitoids exert over 
clutches of large eggs.

Functional explanations of egg-batches’ 
layer coats

Although there are several hypotheses explain-
ing the function of the scales covering egg 
batches of some moth species (e.g. Montoya & 
Robredo 1972, Halperin 1990, Kitt & Schmidt 
1993), none have been experimentally tested. 
Our results indicate a clear effect of scales on 
hatching success. Clutches with experimentally 
removed coatings experienced lower hatching 
success than control clutches. However, this 
result was mainly mediated by the differential 
negative effects of parasitoids over the experi-
mental egg batches (Fig. 6). It should be noted 
that a thermoinsulating function, cannot be dis-
regarded because incubation time was shorter 
for eggs in the control group (see Results). These 
results are in agreement with another study that 
has shown that the scales in the procession-
ary pine moth increase egg-batch temperature 
(Milani 1990). Thus, the scales allow the eggs to 
develop more quickly. 

There are several possible explanations for 
the result that the experimental clutches suf-
fered more from parasitism than did the control 
ones. One explanation could be related to the 
hypothetical barrier effects that scales may have 
for parasitoids trying to gain access to the eggs. 
However, this hypothesis is unlikely because at 
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least one egg was parasitized in all the experi-
mental and control clutches.

A second explanation could be related to 
the possibility that the scales covering the egg 
batches camouflage the clutch and thereby mini-
mize the probability of detection. Insects have 
a very limited visual discrimination (Heinrich 
1984) and many species depend on their sense of 
smell to detect their prey (Vinson 1985, Wardle 
& Borden 1989). Thus, chemical rather than 
visual crypsis would be more likely in insects. 
In accordance with this functional hypothesis, 
we found that the experimental clutches were 
more frequently parasitized (more parasitized 
eggs per clutch) than controls (see Results). 
Alternatively, we also found that both experi-
mental and control clutches were detected by 
parasitoids. Indeed, the larger egg batches did 
not show more parasitized eggs than smaller 
ones (see Results), as would be expected if 
chemical stimuli increased with the egg batch 
length.

Finally, a third possible explanation for the 
reduction of parasitism mediated by the scales 
covering egg batches would be that parasi-
toids are not able to locate individual eggs 
within a clutch because of the scales covering 
them. Parasitoids access the eggs by introduc-
ing the ovipositor perpendicularly (Hawkins 
1994). The uncertain localization of individual 
host eggs could drastically decrease successful 
parasitism and increase the costs of detecting 
and parasitizing a host egg. Moreover, parasi-
toid moths in our study area lay a single egg 
per individual host egg (pers. obs.). Since host 
eggs are small and contiguous, parasitoids are 
not able to easily estimate their sizes in a clutch. 
Therefore, parasitoids should select eggs suf-
ficiently distant to ensure that only one egg is 
laid per host egg. This may also explain why 
the clutches with small eggs suffered less from 
parasitism (see above). We believe that this also 
explains why the clutches without covering 
scales were more frequently parasitized than the 
ones with scales.

In summary, we find strong evidences sup-
porting the hypothesis that parasitoids affect 
the resulting trade-off between the egg size and 
the clutch size in the pine processionary moth, 
and that scales covering the egg batches reduce 

the negative effects of parasitism. Most studies 
showing the influence of parasites in the evolu-
tion of host life history traits (see reviews in 
Clayton & Moore 1997) have been performed on 
birds. However, because many insects reproduce 
only once, and some of them lay all their eggs 
in the same batch, parasitoid–insect systems are 
ideal models for testing predictions related to the 
hypothesis that parasites affect their host’s life 
history traits.

Acknowledgements

The Confederacion Hidrografica del Guadalquivir allowed us 
to carry out this work in their pine plantations. TPC received 
support from a grant of the Behavioural Ecology research 
group of the Granada University, and JJS from Spain’s Direc-
ción General de Enseñanza Superior e Investigación Cientí-
fica (project PB97-1233-C02-02, PGC-MEC). We thank Ian 
Hardy, Juan Gabriel Martínez, Liesbeth de Neve, and Manuel 
Soler for comments that greatly improved a previous version 
of the article.

References

Alexander, R. D. 1974: The evolution of social behavior. 
— Ann. Rev. Ecol. Sys. 5: 325–383.

Begon, M. & Parker, G. A. 1986: Should egg size and clutch 
size decrease with age? — Oikos 47: 293–302.

Bernays, E. & Chapman, R. F. 1994: Host-plant selection 
by phytophagous insects. — Chapman and Hall, New 
York–London.

Biliotti, E. 1958: Les parasites et predateur de Thaumetopoea 
pityocampa Schiff. — Entomophaga 3: 23–24.

Boggs, C. L. 1997: Reproductive allocation from reserves 
and income in butterfly species with differing adult diets. 
— Ecology 78: 181–191.

Braby, M. F. 1994: The significance of egg size variation in 
butterflies in relation to hostplant quality. — Oikos 71: 
119–129.

Browder, L. W., Erickson, C. A. & Jeffrey, W. R. 1991: 
Developmental biology, 3rd ed. — Saunders College 
Publishing, Philadelphia.

Buss, L. W. 1981: Group living, competition, and the evolu-
tion of cooperation in a sessile invertebrate. — Science 
213: 1012–1014.

Charnov, E. L., Orians, G. H. & Hyatt, K. 1976: The ecologi-
cal implications of resource depletion. — Am. Nat. 110: 
247–259.

Clayton, D. H. & Moore, J. 1997: Host–parasite evolution. 
General principles and avian models. — Oxford Univer-
sity Press, New York.

Clutton-Brock, T. H. 1991: The evolution of parental care. 
— Princeton University Press, Princeton, New Jersey.



596 Pérez-Contreras & Soler • ANN. ZOOL. FENNICI Vol. 41

Crowe, M. L. 1995: The effect of season and group size on 
survivorship and larval group in Plagiodera versicolora. 
— Ecol. Entomol. 20: 27–32.

Damman, H. 1991: Oviposition behaviour and clutch size in 
a group-feeding pyralid moth, Omphalocera munroei. 
— J. Anim. Ecol. 60: 193–204.

DeBach, P. & Rosen, D. 1991: Biological control by natural 
enemies. — Cambridge University Press, Cambridge.

Devkota, B. & Schmidt, G. H. 1990: Larval development 
of Thaumetopoea pityocampa (Denis & Schiff.) (Lep., 
Thaumetopoeidae) from Greece as influenced by differ-
ent host plants under laboratory conditions. — J. Appl. 
Ent. 109: 321–330.

Dobson, A. P. 1988: The population biology of parasite-
induced changes in host behavior. — Q. Rev. Biol. 63: 
139–165.

Douma-Petridou, E. 1989: European Thaumetopoea spe-
cies (Lep., Thaumetopoeidae): Characteristics and life-
cycles. — In: Schmidt, G. H. (ed.), On the biology 
and control of Thaumetopoea spp.: 12–19. Proceedings 
of the Thaumetopoea-Symposium 1989, University of 
Hannover.

Floater, G. J. 1998: Tuft scales and egg protection in Ochro-
gaster lunifer Herrich-Schaffer (Lepidoptera, Thaume-
topoeidae). — Australian Journal of Entomology 37: 
34–39.

Forbes, M. R. L. 1993: Parasitism and host reproductive 
effort. — Oikos 67: 444–450.

García-Barros, E. 2000: Body size, egg size, and their inter-
specific relationships with ecological and life-history 
traits in butterflies (Lepidoptera: Papilioidea, Hesperio-
idea). — Biol. J. Linn. Soc. 70: 251–284.

Halperin, J. 1990: Natural enemies of Thaumetopoea spp. 
(Lep., Thaumetopoeidae) in Israel. — J. Appl. Ent. 109: 
425–435.

Hamilton, W. D. 1971: Geometry for the selfish herd. — 
Journal of Theoretical Biology 31: 295–311.

Hawkins, B. A. 1994: Pattern and process in host-parasi-
toid interactions. — Cambridge University Press, Cam-
bridge.

Heinrich, B. 1984: Strategies of thermoregulation and forag-
ing in two vespid wasps, Dolichovespula maculata and 
Vespula vulgaris. — J. Comp. Physiol. 154B: 175–180.

Hoballah, M. E. F. & Turlings, T. C. J. 2001: Experimental 
evidence that plants under caterpillar attack may ben-
efit from attracting parasitoids. — Evol. Ecol. Res. 3: 
553–565.

Hunter, A. F. 2000: Gregariousness and repellent defences 
in the survival of phytophagous insects. — Oikos 91: 
213–224.

Kaireva, P. & Odell, G. 1987: Swarms of predators exhibit 
“preytaxis” if individual predators use area-restricted 
search. — Am. Nat. 130: 233–270.

Karlsson, B. & Wiklund, C. 1985: Egg weight variation 
in relation to egg mortality and starvation endurance 
of newly hatched larvae in some satyrid butterflies. 
— Ecol. Entomol. 10: 205–211.

Kessler, A. & Baldwin, I. T. 2001: Defensive function of 
herbivore-induced plant volatile emissions in nature. 
— Science 291: 2141–2144.

Keymer, A. E. & Read, A. F. 1993: Behavioral ecology: the 
impact of parasitism. — In: Toft, C. A., Aeschlimann, A. 
& Bolis, L. (eds.), Parasite–host association. Coexist-
ence or conflict?: 37–61. Oxford Science Publications, 
Oxford.

Kitt, J. & Schmidt, G. H. 1993: Parasitism of egg-batches of 
the pine processionary moth Thaumetopoea wilkinsoni 
Tams (Lep., Thaumetopoeidae) in the mountains of 
Lahav (Israel). — J. Appl. Ent. 115: 484–498.

Masutti, L. 1964: Ricerche sui parassiti oofagi della Thaume-
topoea pityocampa Schiff. — Ann. Centro Econ. Mont. 
Ven. 4: 143–178.

Milani, N. 1990: The temperature of the egg masses of 
Thaumetopoea pityocampa (Den. & Schiff.) (Lepidop-
tera, Thaumetopoeidae). — Redia LXXIII: 149–161.

Mock, D. W. & Parker, G. A. 1997: The evolution of sibling 
rivalry. — Oxford University Press, Oxford.

Montoya, R. & Robredo, F. 1972: Thaumetopoea pinivora 
Tr. La procesionaria del verano. — Bol. Est. Cent. Ecol. 
I: 43–56.

Moreau, S. J. M., Doury, G. & Giordanengo, P. 2000: 
Intraspecific variation in the effects of parasitism by 
Asobara tabida on phenoloxidase activity on Drosophila 
melanogaster larvae. — J. Invertebr. Pathol. 76: 151–
153.

Osier, T. L., Hwang, S. Y. & Lindroth, R. L. 2000: Effects 
of phytochemical variation in quaking aspen Populus 
tremuloides clones on gypsy moth Lymantria dispar per-
formance in the field and laboratory. — Ecol. Entomol. 
25: 197–297.

Parker, G. A. & Begon, M. 1986: Optimal egg size and clutch 
size: effects of environment and maternal phenotype. 
— Am. Nat. 128: 573–592.

Parker, G. A. & Courtney, S. P. 1984: Models of clutch size 
in insect oviposition. — Theor. Popul. Biol. 26: 27–48.

Poulin, R., Brodeur, J. & Moore, J. 1994: Parasite manipu-
lation of host behaviour: should hosts always lose? 
— Oikos 70: 479–484.

Pulliam, H. R. & Caraco, T. 1984: Living in groups: Is there 
an optimal group size? — In: Krebs, J. R. & Davies, N. 
B. (eds.), Behavioral ecology: an evolutionary approach: 
122–147. Blackwell Science Inc., Oxford.

Richner, H. & Heeb, P. 1995: Are clutch and brood size 
patterns in birds shaped by ectoparasites? — Oikos 73: 
435–441.

Ricklefs, R. E. & Stark, M. 1998: Embryonic growth and 
development. — In: Stark, M. & Ricklefs, R. E. (eds.), 
Avian growth and development: 31–58. Oxford Univer-
sity Press, Oxford.

Rivero, A. 2000: The relationship between host selection 
behaviour and offspring fitness in a koinobiont parasi-
toid. — Ecol. Entomol. 25: 467–472.

Schmidt, G. H. 1989: Life cycles of Thaumetopoea species 
distributed in different regions of Europe, north Africa 
and near east. — In: Schmidt, G. H. (ed.), On the biology 
and control of Thaumetopoea spp.: 20–34. Proceedings 
of the Thaumetopoea-Symposium 1989, University of 
Hannover.

Schmidt, G. H. 1990: The egg-batch of Thaumetopoea pityo-
campa (Den. & Schiff.) (Lep., Thaumetopoeidae): Struc-



ANN. ZOOL. FENNICI Vol. 41 • Egg parasitoids and selection pressure in pine processionary moths 597

ture, hatching of the larvae and parasitism in Southern 
Greece. — J. Appl. Ent. 110: 217–228.

Schmidt, G. H., Tanzen, J. & Bellin, S. 1999: Structure 
of egg-batches of Thaumetopoea pityocampa (Den. & 
Schiff.) (Lep., Thaumetopoeidae), egg parasitoids and 
rate of egg parasitism on the Iberian Peninsula. — J. 
Appl. Ent. 123: 449–458.

Sokal, R. R. & Rohlf, R. J. 1995: Biometry. The principles 
and practice of statistics in biological research, 3rd ed. 
— W.H. Freeman and Company, New York.

Stearns, S. C. 1992: The evolution of life histories. — Oxford 
University Press, Oxford.

Tammaru, T. & Haukioja, E. 1996: Capital breeders and 
income breeders among Lepidoptera — consequences to 
population dynamics. — Oikos 77: 561–564.

Tiberi, R. 1978: Notizie preliminari sull’incidenza dei par-
assiti oofagi nelle popolazioni di Processionaria del 
pino in giovani pinete dell’Italia centrale. — Redia LXI: 
487–501.

Tiberi, R. 1990: Egg parasitoids of the pine processionary 
caterpillar, Thaumetopoea pityocampa (Den. & Schiff.) 
(Lep., Thaumetopoeidae) in Italy: distribution and activ-
ity in different areas. — J. Appl. Ent. 110: 14–18.

Tsankov, G. 1990: Egg parasitoids of the pine processionary 
moth, Thaumetopoea pityocampa (Den. & Schiff.) (Lep., 
Thaumetopoeidae) in Bulgaria: Species, importance, 
biology and behaviour. — J. Appl. Ent. 110: 7–13.

Tsankov, G., Schmidt, G. H. & Mirchev, P. 1996: Parasitism 
of egg-batches of the pine processionary moth Thaume-
topoea pityocampa (Den. & Schiff.) (Lep., Thaumeto-

poeidae) in various regions of Bulgaria. — J. Appl. Ent. 
120: 93–105.

Tsankov, G., Schmidt, G. H. & Mirchev, P. 1998: Studies on 
the egg parasitism in Thaumetopoea pityocampa over a 
period of four years (1991–1994) at Marikostino/Bul-
garia. — Anz. Schädlingskde., Pflanzenschutz, Umwelt-
schutz 71: 1–7.

Vinson, S. B. 1985: The behaviour of parasitoids. — In: 
Kerkut, G. A. & Gilbert, L. I. (eds.), Comprehensive 
insect physiology, biochemistry, and pharmacology, vol. 
9. Behaviour: 417–469. Oxford: Pergamon, Oxford.

Wajnberg, E. & Hassan, S. A. 1994: Biological control with 
egg parasitoids. — CAB International, Wallingford.

Wardle, A. R. & Borden, J. H. 1989: Learning of an olfactory 
stimulus associated with a host microhabitat by Exeristes 
roboyator. — Entomol. Exp. Appl. 52: 271–279.

Weseloh, R. M. 1993: Potential effects of parasitoids on the 
evolution of caterpillar foraging behavior. — In: Stamp, 
N. E. & Casey, T. M. (eds.), Caterpillars, ecological and 
evolutionary constraints on foraging: 203–223. Chap-
man and Hall, New York.

Wiklund, C. & Karlsson, B. 1984: Egg size variation in 
Satyrid butterflies: adaptive vs historical, “Bauplan”, 
and mechanistic explanations. — Oikos 43: 391–400.

Wiklund, C. & Persson, A. 1983: Fecundity, and the relation 
of egg weight variation to offspring fitness in the speck-
led wood butterfly Pararge aegeria, or why don’t butter-
fly females lay more eggs? — Oikos 40: 53–63. 

Wolpert, L. 1991: The triumph of the embryo. — Oxford 
University Press, Oxford.

This article is also available in pdf format at http://www.sekj.org/AnnZool.html


