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Abstract

Climate change may be affecting the fecundity of phytophagous insects as well
as impacting their natural enemies. However, temperature impacts these two
insect groups differently, disrupting population regulation mechanisms, and
ultimately, possibly culminating in an outbreak of the host. The pine proces-
sionary moth (PPM) is one of the most harmful insects of the Mediterranean
basin. Not only are PPM larvae harmful to plants, but they are also dangerous
to humans because of their urticating hairs. Although some information is
available on climate change effects on the PPM, little is known about its poten-
tial effects on PPM egg parasitoids, especially on their distribution range or on
their role in controlling PPM populations. The aim of this article was to verify
the effects of climate on PPM fecundity and on its egg parasitoids. Our results
show that climate warming may affect the PPM positively, but not its egg
parasitoids. Specifically, during our study mild winters directly favored the
PPM, while increasing summer temperatures (over 30°C) also favored the PPM
indirectly, by decreasing parasitism rates. We predict that ever-milder winters
will not only favor PPM development, but also encourage it to spread in other-
wise previously inhospitable environments.

Introduction

Climate change affects phytophagous insects, as demon-
strated by several scientific papers on the main forest
insect species (Battisti 2008). In fact, higher winter
temperatures influence not only these insects’ survival, as
is the case of the pine processionary moth (PPM),
Thaumetopoea pityocampa (Denis et Schiffermiiller) (Lepi-
doptera, Notodontidae) (Battisti et al. 2005), but also
their fecundity (Berger et al. 2008). Furthermore, the syn-
chrony between insects and host plants is disrupted
(Hance et al. 2007). In addition, while most of these
studies focused on climate change effects at the second
trophic level, few studies of the third trophic level are
available.

Climate change affects insect outbreaks not only
directly, but also indirectly, through impacting their natu-
ral enemies (Stireman et al. 2005; Hance et al. 2007;
Berggren et al. 2009; Klapwijk et al. 2012; Ma et al.
2014). Although effects of climate change on parasitoids
and on their role in population regulation mechanisms
are little known, parasitoids are presumably particularly
susceptible to environmental changes, as they also depend
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on their hosts’ resilience (Hance et al. 2007). Moreover,
temperature flux affects phytophagous insects and their
natural enemies differently, according to each one’s
temperature preferences (Hance et al. 2007). This disrupts
population regulation mechanisms (Zovi et al. 2006).

The PPM is a major pest in the Mediterranean basin
due to their larvae (Fig. 1), which voraciously feed on
pine needles and have urticating hairs. PPM larvae over-
winter inside tents on host trees, which they periodically
leave for feeding during autumn and spring, as well as
throughout the winter if climatic conditions allow it
(Huchon and Démolin 1970), stripping trees of leaves. In
contrast, adults have a very short life span; during sum-
mer, a few hours after emerging, females mate and lay a
single egg mass, then they die (Huchon and Démolin
1970; Pérez-Contreras and Soler 2004). Not only are
PPM’s defoliating larvae harmful to plants (Devkota and
Schmidt 1990; Kanat et al. 2005; Arnaldo et al. 2010), but
their urticating hairs are also extremely dangerous to
humans, causing dermatitis and other severe reactions
(Lamy 1990).

Increasing winter temperatures, such as those registered
during the last two decades in Italy (Kumar et al. 2005;
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Figure 1. Thaumetopoea pityocampa larvae.

Morabito et al. 2007), seems to be favoring the PPM. In
fact, since 1995 the PPM’s range has been expanding con-
stantly, in both latitude and altitude (Hoédar et al. 2003;
Hédar and Zamora 2004; Battisti et al. 2005; Robinet
et al. 2013; Roques et al. 2015a). Moreover, in some
areas, outbreaks are becoming more severe, as well as
repeating over time (Hoddar et al. 2012), as PPM larvae
more readily feed with milder temperatures during the
cold seasons (Hdédar and Zamora 2004; Battisti et al.
2005; Hoch et al. 2009). This winter feeding reduces the
mortality of overwintering larvae (Battisti et al. 2005;
Buffo et al. 2007), while increasing both larval growth
rate (Roques et al. 2015a) and females’ fecundity (Marka-
las 1989; Pimentel et al. 2011). Battisti et al. (2005) have
shown that in warmer winters larvae reach maturity more
quickly and with higher reserves of energy. In fact, as
PPM adults do not feed, all resources for reproduction
come from larval feeding (Huchon and Démolin 1970),
as do other lepidopterans (Gibbons etal. 1995;
Oberhauser 1997; Williams 2011).

Summer temperatures are also important, as an
increase may affect PPM development both positively and
negatively. In fact, while, on the one hand, PPM females
rarely emerge with average nighttime minimum tempera-
tures lower than 14°C (Battisti et al. 2006; Bonsignore
and Manti 2013), high summer temperatures may also
negatively affect the PPM (Rouault et al. 2006). In fact,
Huchon and Démolin (1970) have found that summer
temperatures above 32°C, commonly occurring in the
warmer areas of the PPM range, harm both PPM
embryos and young larvae. However, the effects of high
temperatures are still not clear (Roques et al. 2015b). As
PPM’s distribution range includes both seacoast and
mountain pine stands, increasing summer temperatures
will affect this species either positively or negatively
depending on the area.

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Effects of Climate on Pine Processionary Moth

Although the PPM has various natural enemies
(Battisti et al. 2000), egg parasitoids are one of the PPM’s
main natural control factors (Schmidt et al. 1999).
Among the several egg parasitoid species, Baryscapus ser-
vadeii  (Domenichini) (Hymenoptera, Chalcidoidea,
Eulophidae) and Ooencyrtus pityocampae Mercet (Hy-
menoptera, Chalcidoidea, Encyrtidae) are the most recur-
ring and have the highest parasitism rates (Bellin et al.
1990; Halperin 1990; Tiberi 1990; Tsankov et al. 1996;
Schmidt et al. 1997; Mirchev et al. 1999). While the for-
mer is a specialist PPM parasitoid, the latter is a polypha-
gous parasitoid (Battisti 1989; Zovi et al. 2006;
Cusumano et al. 2012; Mohammadpour et al. 2014).
Other polyphagous species also parasitize PPM egg
masses, such as Anastatus bifasciatus (Geoffroy) (Hy-
menotpera, Chalcidoidea, Eupelmidae) and Trichogramma
embryophagum (Hartig) (Hymenoptera, Chalcidoidea,
Trichogrammatidae), although they play a secondary role.
All these species produce two generations in PPM eggs;
the first generation emerges in summer shortly after PPM
egg laying, while the second one emerges the following
spring, after overwintering inside the host’s eggs (Masutti
1964).

Climate change’s effects on PPM egg parasitoids are
little known, especially the effects on their distribution
range or on their role in controlling PPM populations.
Masutti (1964) stressed how temperature affects the
development of both O. pityocampae and A. bifasciatus,
as neither can endure temperatures above 30°C. B. ser-
vadeii, on the other hand, seems less susceptible to
high temperatures (Masutti 1964; Tiberi 1990). This is
confirmed by observations carried out in Israel and
Morocco, where summer temperatures are quite high,
with O. pityocampae mortality rates inside PPM eggs
proving higher than B. servadei’s (Kitt and Schmidt
1993; Schmidt et al. 1997). However, apart from the
negative effects of excessive summer temperatures on
some of the main PPM egg parasitoids, no other
information is available on abiotic factors affecting
parasitism.

The aim of our research was to study climatic factors
affecting the PPM and its egg parasitoids. Specifically, the
effects of temperature and rain fall on PPM fecundity and
PPM egg parasitism were studied in a pine forest of
Tuscany (Italy) over a 9-year period. In particular, we
tested the following: (1) whether PPM fecundity increases
in mild winters; (2) whether PPM fecundity grows in
summers with high minimum temperatures; (3) whether
PPM egg abortion rates go up in hot summers; and (4)
whether PPM egg parasitoids are negatively affected by
both hot and rainy summers. The results of this study
will help in predicting climate changes’ effects on PPM
outbreaks.
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Materials and Methods

Surveys were carried out from 2003 to 2011 in a PPM-in-
fested black pine stand, typical of submountainous pine
forests in Tuscany, which had been planted in 1995 within
the large Monte San Michele forest area (Greve in Chianti,
Province of Florence, Italy) (43°33'N 11°22'E, 750-800 m
a.s.l.). About 200 pines were set in rows spaced 4 m apart,
perpendicular to contour lines, with pines every 3 m. The
pine stand was facing south-southwest, on a moderately
steep arenaceous substrate. According to the local Forest
Service, major PPM attacks had already been observed,
starting from just 3 years after planting on. However,
during the study period, Cayuela et al.’s infestation index
(2014) was always low, with scant defoliation.

Each year, during January and February, each individ-
ual pine was carefully inspected for egg masses, which
were then removed using a long-reach pruner. All PPM
egg masses found in the pine stand were collected and
then taken to the laboratory. In addition, egg masses were
located by searching in the vicinity of the first summer
nest, normally built close to the egg mass. In the labora-
tory, the scaly cover of the egg masses was removed, then
hatched and unhatched eggs were counted, identifying
those parasitized by first-generation parasitoids by their
emergence holes. Immediately after, the egg masses were
returned to outdoor conditions. Subsequently, each
spring, the egg masses were taken back to the study area’s
pine stand and then fixed onto pine branches, at a maxi-
mum height of about 2 m, so that second-generation par-
asitoids could contribute to the population dynamics of
the local parasitoid community. Then, in summer, all egg
masses were taken back to the laboratory, and unhatched
eggs were dissected to record the cause of mortality:
parasitized egg or aborted egg (dead embryo, dead PPM
larva, or sterile egg). Parasitized eggs containing merely
meconia were ascribed to egg parasitoid species according
to Tanzen and Schmidt’s methodology (1995). In this
way, not only was total parasitism assessed but also that
of each single parasitoid species. Parasitism rate was cal-
culated considering both emerged parasitoids and dead
ones inside the eggs.

Climatic data, kindly provided by ARSIA (Tuscany
Region Agrometeorological Service) and SIR (Tuscany
Region Hydrological Service), were recorded at the
Lamole weather station (Greve in Chianti, 557 m a.s.l.),
about 2.5 km from the study site.

Statistical analysis

All the analyses were carried out using the R program-
ming language (version 3.1.2; R Development Core Team
2014).
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Egg mortality

Considering the zero-inflated distribution of the data,
different causes of egg mortality, expressed as percentages
of PPM eggs over the whole study period, were compared
using nonparametric tests. Parasitism rate and percentage
of aborted eggs were compared using the Wilcoxon test.
Differences within each group (parasitized and aborted
eggs) were compared using Friedman’s ANOVA followed
by post hoc analysis (Wilcoxon).

Climate effects on PPM fecundity

Linear mixed effects models (LMEM) (Laird and Ware
1982) were developed, using the nlme R package
(Pinheiro et al. 2014), to analyze the effect of climate-in-
dependent variables (CIVs) on PPM fecundity (number
of eggs per PPM egg mass), with year as a random vari-
able and CIVs as fixed variables. Candidate models were
selected by excluding those with correlated CIVs to avoid
multicollinearity; the best model was then chosen based
on Akaike’s information criterion (AIC). CIV significance
was determined by estimating the ML using the likelihood
ratio test, following Zuur et al.’s protocol (2009).

After a careful review of the available literature, we
found some climatic thresholds affecting PPM winter
feeding and PPM flying activity; therefore, we evaluated
whether they also affected PPM fecundity. As some cli-
matic factors affect larvae’s winter feeding (Battisti et al.
2005), and consequently adult females’ fecundity
(Markalas 1989), we included two CIVs recorded during
the December—February trimester (the coldest months in
our study area) prior to PPM egg laying. Firstly, we
examined the number of days with a minimum tempera-
ture above 0°C, which is the lowest PPM feeding limit
(Huchon and Démolin 1970) with temperatures inside
the tent reaching at least 6°C the preceding day (Battisti
et al. 2005). As tent temperatures are always 0.5-9°C
higher than air temperatures (Breuer et al. 1989), we
assume that, in our study site, tent temperatures were
above 6°C when the preceding day’s maximum air tem-
peratures were close to 0°C Secondly, we included the
average minimum daily temperatures, which had been
suggested by Buffo et al. (2007) as a suitable index for
PPM winter feeding. In addition, another CIV, the aver-
age minimum temperatures for the October—-March
period, indicated by Robinet et al. (2007) as the best pre-
dictor of the number of PPM feeding days, were also
evaluated. Finally, the number of days with a temperature
below 14°C for the July—August bimester was recorded:
This coincided with the PPM flying period, as PPM
females rarely fly below that temperature (Battisti et al.
2006), thus affecting PPM egg-laying activity.

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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The model was validated by visual inspection of
residuals (Zuur et al. 2009), which were also checked for
homogeneity of variance, and absence of temporal auto-
correlation. For this purpose, the GLS (generalized least
squares) model with constant variance, and without tem-
poral autocorrelation, was compared (through AIC) with:
(1) one with a variance structure with a different spread
per year (Varldent structure; Zuur et al. 2009; Pinheiro
et al. 2014); (2) one with temporal autocorrelation (AR-1
correlation, corAR1; Zuur et al. 2009; Pinheiro et al.
2014); and (3) one with both (Varldent and corAR1).
The best model was finally tested using Bartlett’s test.

Climate effects on egg mortality

All causes of egg mortality, having a zero-inflated distri-
bution, were treated as percentages of the number of eggs
per egg mass. These, being nested within each study year,
were then analyzed as dependent variables with GLMM
binomial models (Zuur et al. 2009). The analyses were
carried out using R package Ime4 (Bates et al. 2014a,b),
considering the year as a random factor, whereas PPM
fecundity (a level 1 variable, i.e., a variable with different
values for each egg mass; Zuur et al. 2009) and CIVs
(level 2 variables, i.e., each explanatory variable has the
same value for all egg masses within each year; Zuur et al.
2009) were included as fixed factors. The best model, with
the smallest AIC value, was selected.

Egg abortion

The dependent variables considered were as follows: (1)
percentages of eggs per egg mass containing dead PPM
larvae or embryos and (2) percentages of sterile eggs per
egg mass. As high temperatures negatively affects PPM
egg survival (Huchon and Démolin 1970), the following
CIVs recorded during the July—August bimester were
considered: (1) the number of days with maximum tem-
peratures above 30°C and (2) the average maximum daily
temperature.

Egg parasitism

The dependent variables considered in this analysis were
as follows: (1) percentage of total parasitized eggs per egg
mass; (2) percentage of eggs (per egg mass) parasitized by
B. servadeii, (3) O. pityocampae, (4) A. bifasciatus, and
(5) T. embryophagum. As some PPM eggs parasitoids are
negatively affected by high temperatures (Masutti 1964),
we considered CIVs which may affect parasitoids during
the hottest period (July—August for the study area), which
is when PPM eggs are usually exposed to parasitism
(Dulaurent et al. 2011). As for egg abortion, the CIVs

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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were (1) number of days with maximum temperature
above 30°C; (2) average maximum daily temperature; in
addition, (3) cumulative rainfall in the same period was
also considered, as rainfall may significantly limit para-
sitoid foraging behavior (Hilker and McNeil 2008).

Results

PPM fecundity and egg mortality

PPM fecundity was quite variable during the study
period, with parasitism representing the main cause of
egg mortality. The mean number of eggs per egg mass,
out of a total of 263 PPM egg masses, was 241.47 £+ 2.99
SE, ranging from a minimum of 106 to a maximum of
365 in the whole study period. The lowest values were
recorded during the first 4 years (2003—-2006), while the
highest were recorded from 2007 to 2011 (Fig. 2). The
percentage of hatched eggs ranged from 65.15% in 2004
to 93.79% in 2009 (Fig. 2). The main cause of mortality
for the entire period was parasitism (Wilcoxon,
W =39 998, P <0.01). Indeed, aborted eggs amounted
only to 6.23% (£0.38 SE), of which 2.31% (40.21 SE)
were sterile eggs and 3.93% (+£0.02 SE) were dead PPM
embryos or larvae (Table 1). In contrast, the mean para-
sitism rate per egg mass was 13.55% (%1.19 SE), ranging
from 3.23% (40.82 SE) to 26.53% (£4.23 SE) (Fig. 3).
Four egg parasitoid species were identified, all belonging
to the Chalcidoidea superfamily: A. bifasciatus, O. pity-
ocampae, B. servadeii, and T. embryophagum. Considering
the whole study period, B. servadeii and O. pityocampae
parasitism rates, although always below 13%, were
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Figure 2. Average number of Thaumetopoea pityocampa eggs per
egg mass and percentage of hatched eggs during the 2003-2011
samplings at the Monte San Michele pine stand (Greve in Chianti,
Florence, Italy). N = total number of egg masses collected every year.
Bars indicate standard errors.
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significantly higher than those of A. bifasciatus or
T. embryophagum (Table 1). Indeed, even on a year-by-
year basis, B. servadeii and O. pityocampae were always the
main parasitoid species, except for the 2007-2008 period,
when A. bifasciatus was the most numerous species
(Table 1).

Climate effects on PPM fecundity

Mean annual maximum daily temperatures ranged from a
minimum of 16.59°C (in 2010) to a maximum of
19.54°C (in 2008) during the 1999-2011 period. The low-
est mean minimum daily temperature (8.75°C) was also
recorded in 2010, while the highest (11.01°C) occurred in
2009. Thermal constancy was recorded over the 1999—
2003 period; instead, a decrease was observed in 2004—
2005, with a subsequent significant increase from 2006 to
2009. Regarding cumulative annual rainfall, the lowest
values were recorded in 2003 and 2007 (622.50 and
633.60 mm, respectively), while 2010 registered the most
rainfall (1382.80 mm).

The number of days with temperatures above 0°C dur-
ing the December—February period, which precedes PPM
oviposition, (referred to as DD > 0°C) positively affected
PPM fecundity (likelihood ratio test to estimate ML gave
us L = 8.721, P = 0.0031). Indeed, based on AIC, the best

R. Tiberi et al.

model for PPM fecundity included DD > 0°C. DD > 0°C
varied between 52 and 66 days during the December to
February periods from 2002 to 2006, while it ranged from
63 to 88 days during the 2006-2011 December—February
time frame (Table 1). PPM fecundity increased therefore

w
(3]

I Parasitized eggs
[ Aborted eggs

_ - N N w
o (3] o (&) o
L L L ! L

Mean percentage of eggs per egg mass
(¢,

0-
Year 2003 2004 2005 2006 2007 2008 2009 2010 2011
N 2219 3939 7989 7038 8418 6209 9573 8522 9621

Figure 3. Mean percentages of Thaumetopoea pityocampa’s
parasitized and aborted eggs at the Monte San Michele grove (Greve
in Chianti, Florence, ltaly). Bars indicate standard errors. N = total
number of eggs per year.

Table 1. Mean percentages (+SE) of Thaumetopoea pityocampa parasitized and aborted eggs at Monte San Michele (Greve in Chianti, Florence,
Italy) and climate-independent variables (Lamole weather station — Greve in Chianti, Florence, ltaly). DD > 0°C = number of days with minimum
temperatures over 0°C for December—February; DD > 30°C = number of days with maximum temperatures over 30°C for July-August; RJ-A = cu-

mulative rainfall for July-August.

Climate-independent

Aborted eggs variables
Baryscapus Ooencyrtus Anastatus Trichogramma Dead PPM DD > DD >

Year servadeii pityocampae bifasciatus embryophagum Sterile eggs larvae/embryos 0°C 30°C RJ-A
2003 4.56 + 1.44 6.68 £+ 2.15 3.14 £ 1.67 0.61 £+ 0.56 1.29 + 0.45 4.07 + 0.09 63 32 36.5
2004 10.84 + 1.90 12.72 £ 2.49 2.00 + 0.47 0.97 + 0.40 3.13 £ 0.75 5.19 + 0.06 66 7 34.0
2005 6.02 + 1.00 5.45 + 0.87 1.10 £ 0.23 0.41 + 0.11 2.24 + 0.48 3.32 £ 0.03 52 8 130.0
2006 9.61 + 1.99 10.93 + 2.02 1.54 + 0.51 0.25 +£ 0.10 4.06 + 0.80 3.13 + 0.04 63 8 111.6
2007 2.42 + 0.52 1.25 £ 0.39 2.95 + 0.57 0.29 + 0.08 1.91 £ 0.37 3.22 £ 0.04 88 13 100.2
2008 5.02 £ 0.93 4.60 + 1.05 6.66 £ 1.01 0 1.56 + 0.29 5.27 £ 0.07 78 21 60.0
2009 1.36 + 0.35 0.72 £ 0.24 1.01 £ 0.29 0.13 + 0.06 2.01 £ 0.74 0.97 + 0.01 79 32 71.6
2010 7.39 + 1.32 5.17 £0.98 3.24 + 0.66 0.40 + 0.11 1.16 + 0.37 4.73 £ 0.06 75 3 71.4
2011 6.99 + 1.73 2.55 + 0.65 1.01 £ 0.22 0.50 + 0.21 2.90 + 0.69 6.28 + 0.07 67 11 53.8
Total 5.89 + 0.48 497 + 044 2.33 £ 0.21 0.35 + 0.05 2.31 £ 0.21 3.93 + 0.02

Friedman test x%(3) = 298.983 P < 0.001. Post hoc pairwise comparisons (Wilcoxon W)

O. pityocampae

A. bifasciatus T. embryophagum

B. servadeii ns
O. pityocampae
A. bifasciatus

43.500%* 55.699**
40.243* 53.267**
ns

Comparison of parasitism rates over the whole study period (level of significance: *P < 0.01; **P < 0.001).
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in years with higher DD > 0°C; in fact, the model-pre-
dicted mean number of PPM eggs per egg mass ranges
from 212 in colder winters to 268 in milder ones (Fig. 4).

Visual inspection of residual plots did not reveal any
obvious deviation from normality or homoscedasticity. In
addition, regarding homogeneity of variance, Bartlett’s
tests were not significant either for the year variable (Bar-
tlett’s K-squared = 10.9248, df = 8, P-value = 0.206) or
for the DD > 0°C variable (Bartlett’s K-squared = 9.3862,
df = 7, P-value = 0.2261).

Climate effects on egg mortality
Egg abortion

No CIVs considered in the GLMM analysis of egg abor-
tion were informative. Indeed, neither dead PPM larvae/
embryos inside eggs nor sterile eggs resulted statistically
related to the CIVs taken into consideration in our study
area. On the other hand, PPM fecundity did affect egg
abortion; in fact, both sterile eggs and dead larva/embryo
percentages decreased with increasing number of eggs per
egg mass (Table 2).

Egg parasitism

According to the GLMM results (Table 2), CIVs affected
total egg parasitism. However, only two CIVs among
those considered resulted significant, namely the number
of days with temperatures exceeding 30°C during the
July—August bimester (DD > 30°C), and the cumulative
rainfall for the same time frame (RJ-A). The total

300

280 A

260 -

240

220

Number of eggs per egg mass

200

180 T T T T T T T
50 55 60 65 70 75 80 85 90

Number of days

Figure 4. LMEM-predicted number of Thaumetopoea pityocampa
eggs per egg mass along the number of days (December—February)
with minimum temperature above 0°C. Thick line in the middle
represents the predicted values for the whole study period. Dotted
lines (95% Cl) were obtained by adding and subtracting 1.96 x SD
(the random intercept) to/from the predictor function.
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parasitism rate, being inversely related to these CIVs,
decreased in years with more days over 30°C
(DD > 30°C), as well as in those with higher rainfall (R]-
A) (Table 2). The B. servadeii parasitism rate showed a
similar pattern, although in this case the significance level
was higher for DD > 30°C compared to RJ-A (Table 2).
Specifically, mean predicted B. servadeii’s parasitism rate
jumped from 1.69% in hotter summers to 8.55% in
cooler summers (Fig. 5). On the contrary, no CIV effect
on the other parasitoid species emerged from our analy-
sis. However, all parasitism rates did decrease with
increasing number of eggs per egg mass (Table 2).

The July—August period showed DD > 30°C values
which are typical of mild-summer regions; in fact,
temperatures exceeded 30°C on more than 20 days over
the July—August periods only in 2003, 2008, and 2009.
Other than for these 3 years, such temperatures were
never recorded for more than 13 days (Table 1). Further-
more, temperature highs were usually below 33°C, with
only 4 days in the arc of 9 years reaching higher values,
peaking at 37.1°C on one occasion. The RJ-A factor had
its minimum values in the 2003-2004 period (from 34 to
36.5 mm), while during the 2005-2007 period, its values
increased dramatically (from 100.2 to 130 mm) (Table 1).

Discussion

PPM infestation in our pine forest remained low through-
out our whole study period. Specifically, the number of
egg masses collected per year never exceeded one per five
pines, which is the threshold for a low PPM density. In
addition, the infestation index was low; in fact, pines were
never completely defoliated, so food was always available
for PPMs. Consequently, we assume that food availability
and PPM density did not invalidate our results.

PPM fecundity in our study site was definitely affected
by winter temperatures. The more PPM larvae feed during
the winter, the larger females are going to be, and the more
eggs they are going to lay (Markalas 1989; Gibbons et al.
1995; Oberhauser 1997; Pimentel et al. 2011; Williams
2011). Furthermore, our data reconfirm Battisti et al.’s
results showing PPM larvae feed during winter when night
lows are above 0°C and tent temperatures reach at least 6°C
the preceding day (2005). As expected, in our study,
DD > 0°C positively correlated to female fecundity, in
agreement with Pimentel et al. (2011), who found a corre-
lation between winter minimum temperatures, PPM female
size, and their fecundity. In conclusion, milder winters
facilitated larval feeding in the overwintering phase, so that
the larvae reached maturity faster, and with substantial
energy reserves to be spent on egg production.

Looking at the summer data, July—August minimum
temperatures did not correlate with PPM fecundity,
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Table 2. GLMM best models selected according to AIC. DD > 30°C = number of days with maximum temperature over 30°C for July-August
during the 2002-2011 period; RJ-A = cumulative rainfall for July-August during the 2002-2011 period.

DD > 30°C RJ-A PPM fecundity’

Dependent variables Estimate P Estimate P Estimate P
Aborted eggs

Sterile eggs —0.1369 <0.001

Dead PPM larvae or embryos —0.2037 <0.001
Rate of parasitism?

Baryscapus servadeii —0.4898 <0.001 —0.2422 0.0229 —0.1967 <0.001

Ooencyrtus pityocampae —0.2550 <0.001

Anastatus bifasciatus —0.1150 <0.001

Trichogramma embryophagum —0.2586 <0.001

Total parasitism —0.4160 0.0023 —0.2785 0.0042 —0.2326 <0.001

"Number of Thaumetopoea pityocampa eggs per egg mass.
2Number of T. pityocampa parasitized eggs per egg mass.
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Figure 5. GLMM-predicted probability of Baryscapus servadeii
parasitism for the number of days (July-August) with maximum
temperature above 30°C. Thick line in the middle represents the
predicted values for the whole study period. Dotted lines (95% Cl)
were obtained by adding and subtracting 1.96 x SD (the random
intercept) to/from the predictor function.

although temperature during mating and oviposition
directly affects fecundity in other lepidopterans (Berger
et al. 2008; Mahmoud 2013). However, average summer
nighttime minimum temperatures below 14°C do affect
PPM emergences negatively (Battisti et al. 2006; Bon-
signore and Manti 2013). Consequently, we expected a
negative upshot on PPM fecundity as well with tempera-
tures below this threshold; however, no significant effect
was actually observed. This may be due to the unavail-
ability of data regarding nighttime average temperatures,
as we only had the records of daily minimum tempera-
tures. Furthermore, it may also be related to the fact that
daily minimum temperatures only sporadically fell below
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14°C in our study area, occurring on an average of 6 days
during the July—August period every year. Thus, the
temperatures recorded, whether due to the temperatures
themselves or to the lack of nighttime logs, do not allow
us to determine whether summer lows below 14°C corre-
late with PPM fecundity.

The percentage of hatching failure during the study
period was quite low, with parasitism being the main
mortality factor. Indeed, in our study site, unhatched eggs
ranged from 6.21% to 34.85%, while in studies from
other Mediterranean countries percentages were higher,
ranging from 20 to 53% (Tiberi 1990; Tsankov et al.
1996; Schmidt et al. 1997, 1999; Pérez-Contreras and
Soler 2004; Castagneyrol et al. 2014). Among the causes
of hatching failure, parasitism prevailed over aborted eggs;
however, it was still lower than in other countries.
Indeed, parasitism rate in our study ranged from 3.23 to
26.53%, while authors from other countries refer percent-
ages from 4.5 to 38.9% (Bellin et al. 1990; Tsankov et al.
1996, 1998, 1999; Schmidt et al. 1997, 1999; Mirchev
et al. 1999). Hence, being parasitism the main cause of
egg mortality in our study, the quite low parasitism rates
observed during the study period probably led to lower
hatching failure compared with other studies’ results.

PPM fecundity affected egg abortion, but no correla-
tion was found between egg abortion and the climatic
variables considered. As excessive summer temperatures
are reported as leading to PPM egg mortality (Huchon
1970; Rouault et al. 2006), we
expected higher egg abortion in years with higher summer

and Démolin

temperatures. However, maximum daily temperatures did
not reach very high levels in our study area, rarely
exceeding 32°C. Furthermore, some authors (Robinet
et al. 2013) suggest that the upper temperature threshold
for PPM larval development within eggs is actually much

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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higher than 32°C; indeed, these authors did not find any
correlation between heatwaves and PPM egg mortality.
Regardless, such high summer temperatures were rarely
recorded in our study area. Thus, similarly to Castagney-
rol et al. (2014), we assume that abiotic factors do not
play a major role in PPM egg survival in our study area.
On the contrary, PPM fecundity affected egg abortion, as
bigger egg masses had a lower egg abortion rate than
smaller ones. Probably this is due to the females’ health:
Healthier females lay bigger egg masses, which also have a
lower number of aborted eggs.

Baryscapus servadeii and O. pityocampae turned out to
be, as expected, the main PPM egg parasitoids. This was
true for most of the study years, except for 2007 and
2008, when A. bifasciatus, usually a minor PPM parasitoid
(Masutti 1964; Battisti 1989; Tiberi 1990), had the highest
parasitism rate. This sudden A. bifasciatus escalation may
be explained by its adjustment to the eggs of Leptoglossus
occidentalis Heidemann (Hemiptera, Coreidae). In fact,
this exotic coreid, native to North America, was observed
in our study area in significant population densities in
2007, although these then declined gradually over the
following years (Niccoli et al. 2009). Consequently,
after 20072008, A. bifasciatus went back to its role of
secondary PPM parasitoid.

Both temperature and rainfall affected egg parasitism
in our study area; in particular, parasitism was lower in
years with warmer summers and in years with rainy sum-
mers. Specifically, the higher number of hot days (over
30°C) negatively affected total parasitism rate. This result
is probably due to B. servadeii, which was the only para-
sitoid significantly affected by temperature. This is
surprising, both because B. servadeii is otherwise known
to be more temperature tolerant than the other parasitoid
species (Masutti 1964; Tiberi 1990) and because tempera-
tures above 30°C were infrequent in our study area.
However, apart from its effects on survival, temperature
may also affect parasitoids in different ways, such as by
altering their synchrony with their hosts (Berggren et al.
2009; Thomson et al. 2010; Duan et al. 2014). Finally,
B. servadeii parasitism was lower in years with rainy sum-
mers. As for the other parasitoids, rainfall likely caused a
higher adult mortality, or it may have had a limiting
effect on parasitoid foraging behavior (Hilker and McNeil
2008).

Our results confirm that climate warming affects insect
outbreaks both directly and indirectly (Stireman et al.
2005; Berggren et al. 2009; Klapwijk et al. 2012; Ma et al.
2014). Milder winter temperatures in our study site
directly favored the PPM by increasing its fecundity, in
agreement with other studies (Klapwijk et al. 2012).
Moreover, they indirectly favored the PPM, as their natu-
ral enemies, the parasitoids, did not have correspondingly
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higher rates. Furthermore, summer temperatures over
30°C negatively impacted B. servadeii, one of the main
PPM parasitoids, yet did not hinder PPM egg develop-
ment. This corroborates Stireman et al.’s findings (2005)
that responses to climatic factors are species specific
(Berggren et al. 2009; Ma et al. 2014); hence, climate
changes affect parasitoids and their hosts differently,
disrupting their enemy-herbivore dynamics.

Our results were obtained from a slightly infested pine
forest, with high food availability for the PPM; however,
we assume that climate warming will reduce B. servadeii
parasitism also during large PPM outbreaks. Being
B. servadeii a species-specific parasitoid, it more closely
depends on its host’s density; consequently, it would be
expected to increase its parasitism rate in times of PPM
abundance (Klemola et al. 2010). However, parasitoid
response to changes in host abundance is generally
delayed (Taylor 1997), due to other mitigating factors.
In the case of sudden PPM outbreaks, for example, PPM
larval starvation might take place, due to their
completely defoliating the host trees and a consequent
lack of food, thereby depleting parasitoid host availabil-
ity. In addition, severely and repeatedly defoliated pines
become qualitatively unsuitable for PPMs, leading to
higher larval mortality (Hoédar et al. 2004) as well as
waning fecundity and altered sex ratios (Awmack and
Leather 2002). In this scenario, food availability and
quality would be the main factors leading to PPM popu-
lation collapse (Battisti et al. 2014), rather than an
amplified parasitoid response.

In conclusion, we expect that climate changes, specifi-
cally ever-milder winters, will favor PPM development by
allowing it to spread into otherwise previously inhos-
pitable environments, also triggering PPM outbreaks in
areas where this pest’s populations had previously been
restrained by less favorable climate conditions and by
higher parasitism pressure. However, as B. servadeii is the
only parasitoid species significantly affected by high
summer temperatures, the other parasitoids here studied
may be able to counteract PPM expansion. As, unlike
B. servadeii, these are not species-specific parasitoids, they
can live on other hosts besides the PPM. Thus, they may
be able to escape the negative effects of the high tempera-
tures that impede B. servadeii yet trigger increased PPM
egg laying. Conversely, for exactly the same reason, they
would survive periods of lower PPM population density.
Therefore, they might thrive and ultimately be able to
control the PPM in periods of higher temperatures.

Acknowledgments

The authors thank Dr. Gianpiero Calvi for support in
statistical analysis. A special thank you is due to Dr.

5379



Effects of Climate on Pine Processionary Moth

Andrea Battisti and Dr. Maartje Klapwijk for critical read-
ing and revision of the manuscript.

Conflict of Interest

None declared.

References

Arnaldo, P. S., S. Chacim, and D. Lopes. 2010. Effects of
defoliation by the pine processionary moth Thaumetopoea
pityocampa on biomass growth of young stands of Pinus
pinaster in northern Portugal. iForest 3:159-162.

Awmack, C. S., and S. R. Leather. 2002. Host plant quality and
fecundity in herbivorous insects. Annu. Rev. Entomol.
47:817-844.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2014a. Ime4:
Linear mixed-effects models using Eigen and S4. R package
version 1.1-7. http://CRAN.R-project.org/package=Ime4—>

Bates, D., M. Maechler, B. M. Bolker, and S. Walker. 2014b.
Ime4: Linear mixed-effects models using Eigen and S4.”
ArXiv e-print; submitted to Journal of Statistical Software,
http://arxiv.org/abs/1406.5823

Battisti, A. 1989. Field studies on the behaviour of two egg
parasitoids of the pine processionary moth Thaumetopoea
pityocampa. Entomophaga 34:29-38.

Battisti, A. 2008. Forests and climate change - lessons from
insects. iForest 1:1-5.

Battisti, A., M. Bernardi, and C. Ghiraldo. 2000. Predation by
the hoopoe (Upupa epops) on pupae of Thaumetopoea
pityocampa and the likely influence on other natural
enemies. Biocontrol 45:311-323.

Battisti, A., M. Stastny, S. Netherer, C. Robinet, A. Schopf, A.
Roques, et al. 2005. Expansion of geographic range in the
pine processionary moth caused by increased winter
temperatures. Ecol. Appl. 15:2084-2096.

Battisti, A., M. Stastny, E. Buffo, and S. Larsson. 2006. A rapid
altitudinal range expansion in the pine processionary moth
produced by the 2003 climatic anomaly. Glob. Chang. Biol.
12:662-671.

Battisti, A., D. N. Avtzis, M. L. Ben Jamaa, L. Berardi, W.
Berretima, M. Branco, et al. 2014. Natural history of the
processionary moths (Thaumetopoea spp.): new insights in
relation to climate change. Pp. 15-79 in A. Roques, ed.
Processionary moths and climate change: an update.
Springer Netherlands, Dordrecht.

Bellin, S., G. H. Schmidt, and E. Douma-Petridou. 1990.
Structure, ooparasitoid spectrum and rate of parasitism of
egg-batches of Thaumetopoea pityocampa (Den. & Schiff.)
(Lep., Thaumetopoeidae) in Greece. J. Appl. Entomol.
110:113-120.

Berger, D., R. Walters, and K. Gotthard. 2008. What limits
insect fecundity? Body size- and temperature-dependent egg
maturation and oviposition in a butterfly. Funct. Ecol.
22:523-529.

5380

R. Tiberi et al.

Berggren, A., C. Bjérkman, H. Bylund, and M. P. Ayres. 2009.
The distribution and abundance of animal populations in a
climate of uncertainty. Oikos 118:1121-1126.

Bonsignore, C. P., and F. Manti. 2013. Influence of habitat
and climate on the capture of male pine processionary
moths. Bull. Insectology 66:27-34.

Breuer, M., B. Devkota, E. Douma-Petridou, A. Koutsaftikis,
and G. H. Schmidt. 1989. Studies on the exposition and
temperature of nests of Thaumetopoea pityocampa (Den. &
Schiff.) (Lep., Thaumetopoeidae) in Greece. J. Appl.
Entomol. 107:370-375.

Buffo, E., A. Battisti, M. Stastny, and S. Larsson. 2007.
Temperature as a predictor of survival of the pine
processionary moth in the Italian Alps. Agric. For. Entomol.
9:65-72.

Castagneyrol, B., H. Jactel, Y. Charbonnier, L. Barbaro, and A.
M. Dulaurent-Mercadal. 2014. Egg mortality in the pine
processionary moth: habitat diversity, microclimate and
predation effects. Agric. For. Entomol. 16:284-292.

Cayuela, L., R. Hernandez, J. A. Hédar, G. Sanchez, and R.
Zamora. 2014. Tree damage and population density
relationships for the pine processionary moth: prospects for
ecological research and pest management. For. Ecol. Manag.
328:319-325.

Cusumano, A., E. Peri, S. B. Vinson, and S. Colazza. 2012.
Interspecific extrinsic and intrinsic competitive interactions
in egg parasitoids. Biocontrol 57:719-734.

Development Core Team, R. 2014. R: a language and
environment for statistical computing. R Foundation for
Statistical Computing, Vienna.

Devkota, B., and G. H. Schmidt. 1990. Larval development of
Thaumetopoea pityocampa (Den. & Schiff.) (Lepidoptera,
Thaumetopoeidae) from Greece as influenced by different
host plants under laboratory conditions. J. Appl. Entomol.
109:321-330.

Duan, J. J., D. E. Jennings, D. C. Williams, and K. M. Larson.
2014. Patterns of parasitoid host utilization and
development across a range of temperatures: implications
for biological control of an invasive forest pest. Biocontrol
59:659-669.

Dulaurent, A. M., J. P. Rossi, C. Deborde, A. Moing, P.
Menassieu, and H. Jactel. 2011. Honeydew feeding increased
the longevity of two egg parasitoids of the
pine processionary moth. J. Appl. Entomol. 135:184-194.

Gibbons, E. F., B. S. Durrant, and J. Demarest. 1995.
Conservation of endangered species in captivity: an
interdisciplinary approach. State University of New York
Press, Albany, NY.

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

Hance, T., J. van Baaren, P. Vernon, and G. Boivin. 2007.
Impact of extreme temperatures on parasitoids in a climate
change perspective. Annu. Rev. Entomol. 52:107-126.

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.


http://CRAN.R-project.org/package=lme4
http://arxiv.org/abs/1406.5823

R. Tiberi et al.

Hilker, M., and J. McNeil. 2008. Chemical and behavioral
ecology in insect parasitoids: how to behave optimally in a
complex odorous environment. Pp. 92-112 in E. Wajnberg,
C. Bernstein and J. van Alphen, eds. Behavioral ecology of
insect parasitoids: from theoretical approaches to field
applications. Blackwell Publishing Ltd, Oxford.

Hoch, G., E. Petrucco Toffolo, S. Netherer, A. Battisti, and A.
Schopf. 2009. Survival at low temperature of larvae of the
pine processionary moth Thaumetopoea pityocampa from an
area of range expansion. Agric. For. Entomol. 11:313-320.

Hédar, J. A, and R. Zamora. 2004. Herbivory and climatic
warming: a Mediterranean outbreaking caterpillar attacks a
relict, boreal pine species. Biodivers. Conserv. 13:493-500.

Hodar, J. A., J. Castro, and R. Zamora. 2003. Pine
processionary caterpillar Thaumetopoea pityocampa as a new
threat for relict Mediterranean Scots pine forests under
climatic warming. Biol. Conserv. 110:123—-129.

Hédar, J. A., R. Zamora, J. Castro, and E. Baraza. 2004. Feast
and famine, previous defoliation limiting survival of pine
processionary caterpillar Thaumetopoea pityocampa in Scots
pine Pinus sylvestris. Acta Oecol. 26:203-210.

Hédar, J. A., R. Zamora, and L. Cayuela. 2012. Climate change
and the incidence of a forest pest in Mediterranean
ecosystems: can the North Atlantic Oscillation be used as a
predictor? Clim. Change. 113:699-711.

Huchon, H., and G. Démolin. 1970. La bioécologie de la
processionaire du pin. Dispersion potentielle, dispersion
actuelle. Rev. Forest Fr. 151:220-234.

Kanat, M., M. H. Alma, and F. Sivrikaya. 2005. Effect of
defoliation by Thaumetopoea pityocampa (Den. & Schiff.)
(Lepidoptera: Thaumetopoeidae) on annual diameter
increment of Pinus brutia Ten. in Turkey. Ann. For. Sci.
62:91-94.

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

Klapwijk, M. J., M. P. Ayres, A. Battisti, and S. Larsson. 2012.
Assessing the impact of climate change on outbreak
potential. Pp. 429-450 in P. Barbosa, D. K. Letourneau and
A. A. Agrawal, eds. Insect outbreaks revisited. John Wiley &
Sons, Chichester.

Klemola, N., T. Andersson, K. Ruohomaki, and T. Klemola. 2010.
Experimental test of parasitism hypothesis for population
cycles of a forest lepidopteran. Ecology 91:2506-2513.

Kumar, P. V., M. Bindi, A. Crisci, and G. Maracchi. 2005.
Detection of variations in air temperature at different time
scales during the period 1889-1998 at Firenze, Italy. Clim.
Change. 72:123-150.

Laird, N. M., and J. H. Ware. 1982. Random-effects models
for longitudinal data. Biometrics 38:963—-974.

Lamy, M. 1990. Contact dermatitis (erucism) produced by
processionary caterpillars (Genus Thaumetopoea). J. Appl.
Entomol. 110:425-437.

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Effects of Climate on Pine Processionary Moth

Ma, G., V. H. W. Rudolf, and C. S. Ma. 2014. Extreme
temperature events alter demographic rates, relative fitness,
and community structure. Glob. Chang. Biol. 21:1794-1808.

Mahmoud, M. M. 2013. Certain factors affecting the
emergence of the mulberry silkworm Bombyx mori L. and
the fecundity of male ones. Alex. J. Agric. Res. 58:67-70.

Markalas, S. 1989. Influence of soil moisture on the mortality,
fecundity and diapause of the pine processionary moth
(Thaumetopoea pityocampa Schift.). J. Appl. Entomol.
107:211-215.

Masutti, L. 1964. Ricerche sui parassitoidi oofagi della
Thaumetopoea pityocampa Schiff. Ann. Centro Econ. Mont.
Venezie 4:205-271.

Mirchev, P., G. H. Schmidt, G. Tsankov, and S. Pllana. 1999.
Egg parasitoids of the processionary moth Thaumetopoea
pityocampa (Den. & Schift.) collected in Albania. Boll. Zool.
Agr. Bachic. 31:152-165.

Mohammadpour, M., M. A. Jalali, J. P. Michaud, M.
Ziaaddini, and H. Hashemirad. 2014. Multiparasitism of
stink bug eggs: competitive interactions between Ooencyrtus
pityocampae and Trissolcus agriope. Biocontrol 59:279-286.

Morabito, M., S. Orlandini, A. Crisci, and G. Maracchi. 2007.
Cambiamenti climatici: comfort e turismo in Italia centrale.
Pp. 801-804 in B. Carli, G. Cavarretta, M. Colacino, S.
Fuzzi, eds. Clima e cambiamenti climatici, le attivita di
ricerca del CNR. Consiglio Nazionale delle Ricerche, Roma.

Niccoli, A., D. Benassai, F. Croci, and P. F. Roversi. 2009.
Anastatus bifasciatus ooparassitoide di Leptoglossus
occidentalis. Proceedings XXII Congresso Nazionale Italiano
di Entomologia, Ancona 15-18 June 2009: 337.

Oberhauser, K. S. 1997. Fecundity, lifespan and egg mass in
butterflies: effects of male-derived nutrients and female size.
Funct. Ecol. 11:166-175.

Pérez-Contreras, T., and J. J. Soler. 2004. Egg parasitoids select
for large clutch sizes and covering layers in pine
processionary moths (Thaumetopoea pityocampa). Ann.
Zool. Fenn. 41:587-597.

Pimentel, C., T. Calvao, and M. P. Ayres. 2011. Impact of
climatic variation on populations of pine processionary
moth Thaumetopoea pityocampa in a core area of its
distribution. Agric. For. Entomol. 13:273-281.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R Core
Team. 2014. nlme: linear and nonlinear mixed effects
models. R package version 3.1-118, http://CRAN.R-
project.org/package=nlme

Robinet, C., P. Baier, J. Pennerstorfer, A. Schopf, and A.
Roques. 2007. Modelling the effects of climate change on
the potential feeding activity of Thaumetopoea pityocampa
(Den. & Schiff.) (Lep., Notodontidae) in France. Glob. Ecol.
Biogeogr. 16:460—471.

Robinet, C., J. Rousselet, P. Pineau, F. Miard, and A. Roques.
2013. Are heat waves susceptible to mitigate the expansion
of a species progressing with global warming? Ecol. Evol.
3:2947-2957.

5381


http://CRAN.R-project.org/package=nlme
http://CRAN.R-project.org/package=nlme

Effects of Climate on Pine Processionary Moth

Roques, A., J. Rousselet, M. Avci, D. N. Avtzis, A. Basso, A.
Battisti, et al. 2015a. Climate warming and past and
present distribution of the processionary moths
(Thaumetopoea spp.) in Europe, Asia Minor and North
Africa. Pp. 81-161 in A. Roques, ed. Processionary moths
and climate change: an update. Springer Netherlands,
Dordrecht.

Roques, L., J. P. Rossi, H. Berestycki, J. Rousselet, J. Garnier, J.

M. Roquejofire, et al. 2015b. Modeling the spatio-temporal

dynamics of the pine processionary moth. Pp. 227-263 in A.

Roques, ed. Processionary moths and climate change: an
update. Springer Netherlands, Dordrecht.

Rouault, G., J. N. Candau, F. Lieutier, L. M. Nageleisen, J. C.
Martin, and N. Warzée. 2006. Effects of drought and heat
on forest insect populations in relation to the 2003 drought
in Western Europe. Ann. For. Sci. 63:613-624.

Schmidt, G. H., R. Mirchev, and G. Tsankov. 1997. The egg
parasitoids of Thaumetopoea pityocampa in the Atlas
Mountains near Marrakech (Morocco). Phytoparasitica
25:275-281.

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

Stireman, J. O. 3rd, L. A. Dyer, D. H. Janzen, M. S. Singer, J.
T. Lill, R. J. Marquis, et al. 2005. Climatic unpredictability
and caterpillars: implications of global warming. Proc. Natl
Acad. Sci. USA 102:17384—-17387.

Tanzen, E., and G. H. Schmidt. 1995. Identification by
meconia of four species of egg parasitoids of Thaumetopoea
pityocampa (Den. & Schiff.) (Insecta Lepidoptera
Thaumetopoeidae). Boll. Zool. Agr. Bachic. 27:61-70.

5382

R. Tiberi et al.

Taylor, A. D. 1997. Density-dependent parasitoid recruitment per
parasitized host: effects on dynamics. Am. Nat. 149:989-1000.

Thomson, L. J., S. Macfadyen, and A. A. Hoffmann. 2010.
Predicting the effects of climate change on natural enemies
of agricultural pests. Biol. Control 52:296-306.

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

Tsankov, G., G. H. Schmidt, and P. Mirchev. 1996. Parasitism
of egg-batches of the pine processionary moth
Thaumetopoea pityocampa (Den. & Schiff.) (Lep.,
Thaumetopoeidae) in various regions of Bulgaria. J. Appl.
Entomol. 120:93-105.

Tsankov, G., G. H. Schmidt, and P. Mirchev. 1998. Studies on
the egg parasitism in Thaumetopoea pityocampa over a
period of four years (1991-1994) at Marikostino/Bulgaria.
Anz. Schadlingskd Pfl. 71:1-7.

Tsankov, G., E. Douma-Petridou, P. Mirchev, G. Georgiev,
and A. Koutsaftikis. 1999. Spectrum of egg parasitoids and
rate of parasitism of egg batches of the pine processionary
moth Thaumetopoea pityocampa (Den. & Schift.) in the
northern Peloponnes/Greece. J. Entomol. Res. Soc. 1:1-8.

Williams, C. M. 2011. Overwintering energetics of
Lepidoptera: the effects of winter warming and thermal
variability. Thesis of Doctor of Philosophy. University of
Western Ontario, Canada.

Zovi, D., A. Battisti, K. Hellrigl, and S. Minerbi. 2006. Egg
parasitoids of the pine processionary moth and their
occurrence in Venosta/Vinschgau. For. Obs. 2/3:81-88.

Zuur, A., E. N. Ieno, N. Walker, A. A. Saveliev, and G. M.
Smith. 2009. Mixed effects models and extensions in ecology
with R. Springer, New York, NY.

© 2015 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.



