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Abstract 
 
In the Aspromonte National Park (Calabria, Southern Italy), data were collected over 3 years on the flight of male pine procession-
ary moths (PPM), as determined by pheromone traps, to determine the effect of habitat characteristics and climatic factors on male 
PPM flight. A variety of parameters, such as tree density, host tree species and the position of the traps, were investigated to analyze 
their effect on PPM catches in relation to weekly minimum temperatures and accumulated precipitation. The characteristics of the 
forest stands had a variable effect on moth catches. The abundance of PPM males caught was related to host Pinus species and to 
the size of patches, with a noticeable positive effect of temperature and a negative effect of precipitation. The host Pinus nigra, par-
ticularly when associated with other host species, such as Pinus sylvestris and Pinus insignis, smaller sized patches and lower den-
sity forests, positively affected moth flight. Flying males were caught above a threshold of a mean weekly temperature of 14 °C in 
combination with a photoperiod of >13.5 h of light with the flights in advance at higher altitudes. The relationship between the 
number of moths caught and nest density was evident in only 1 year, suggesting that the estimate of the population density based on 
the number of moths caught in the traps is possible only above a certain population density. A logistic model for all years is pro-
posed to describe the relationships between the time scale and the cumulative percentage of flights. 
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Introduction 
 
The pine processionary moth (PPM) Thaumetopoea 
pityocampa (Denis et Schiffermuller) (Lepidoptera 
Notodontidae Thaumetopoeinae) is a phytophagous in-
sect that generally feeds on trees of the genus Pinus L. 
(Avtzis, 1986; Devkota and Schmidt, 1990; Zhang and 
Paiva, 1998) and, to a lesser degree, on other conifer 
species (Demolin, 1970). The species is widespread in 
the pine forests of the Mediterranean, including south-
western Europe, the Balkan Peninsula and Northern Af-
rica (Huchon and Démolin, 1971). Outbreaks of the spe-
cies in areas previously uninhabited by the insect can be 
favored by the presence of secondary hosts (Stastny et 
al., 2006) or related to climate warming (Goussard et 
al., 1999; Hodar and Zamora, 2004; Battisti et al., 2005; 
2006; Robinet et al., 2007). 

PPM infestation impairs the vitality of pine forests 
(Devkota and Schmitd, 1990; Masutti and Battisti, 
1990; Hodar et al., 2003; Carus, 2004) and affects hu-
mans and animals in direct contact with an infested tree. 
The urticant hairs produced and released by the larvae 
are responsible for allergic pathologies (Ducombs et al., 
1981; Lamy et al., 1990; Werno and Lamy, 1994; Ar-
tola-Bordás, 2008; Battisti et al., 2011). 

Adult moths commonly emerge from the soil between 
mid-June and mid-August and their dispersal mainly 
depends on flight (Salvato et al., 2005; Kerdelhué, 
2006). Female PPMs are short lived and have limited 
flight capabilities, whereas adult males disperse more 
widely (Démolin, 1969). 

The ability of PPMs to attack pine forests mainly de-
pends on the environmental conditions of a forest. Dif-
ferent factors contributing to PPM infestations; in par-

ticular, the widespread, often monospecific planting of 
the preferred host, Pinus nigra (Carus, 2010) at different 
altitudinal ranges favors PMM spread. These plantation 
forests constitute a simplified ecosystem that reduces 
the spatial heterogeneity that can affect the ability of 
PPM to spread throughout a habitat (Salamens and 
Rossi, 2011). 

Insect flight and its dispersal is generally affected by 
habitat (Einhorn, 1983), atmospheric factors, such as 
wind, air temperature and rainfall (Isard et al., 1999; 
Elliot et al., 2000; Walters et al., 2006; Bonsignore and 
Bellamy, 2007) and the health of the insect (Chaput-
Bardy et al., 2010). Similarly to other lepidopteran spe-
cies, the flight activity of PPM can be affected by insect 
age, mating status and other internal factors (Agwu, 
1972; Hurtrel and Thiéry, 1999; Hughes and Dorn, 
2002). 

The flight of male PPM can be surveyed by using 
traps baited with sex pheromone. Such traps have been 
widely used following the identification of a specific 
PMM sex pheromone (Guerrero et al., 1981). The sex 
pheromone shows activity similar to that displayed by 
virgin females in a wind tunnel (Quero et al., 1997) and 
provides a suitable tool for monitoring PPM populations 
(Tiberi and Niccoli, 1984; Jactel et al., 2006). 

In the current study, we investigated the effects of 
habitat characteristics, the time of year and a variety of 
environmental parameters (i.e. climate variables) on 
PPM flight in an area where PPMs are generally and 
historically distributed. We also assessed the relations of 
these factors with the flight activity of male PPM. Based 
on our observations, we developed a model to estimate 
the flight activity of adult male PPM depending on the 
Julian Day (JD). 
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Materials and methods 
 
Study area 

The study was carried out over 3 years (2003-2005) in 
the National Park of Aspromonte (Calabria Region, 
South Italy), which extends from 38°23'N to 38°15'N 
and from 16°11'E to 15°59'E, where PPMs are currently 
widespread (figure 1). Aspromonte is the southernmost 
mountain of the Calabrian peninsula, located in the cen-
tral Mediterranean Basin; the mountain is characterized 
by a heterogeneous topography and altitudes up to 2000 
m above sea level. Precipitation shows a strong seasonal 
variability, as a consequence of a Mediterranean cli-
mate. Maximum precipitation occurs during winter (550 
mm), followed by autumn (450 mm) and spring (320 
mm), and is very low during summer (100 mm). The 
cold season (October 1-March 31) accounts for >80% of 
the total annual precipitation (Federico et al., 2009). 

The Aspromonte forest is Mediterranean in type, con-
taining both natural and introduced species. The forest 
comprises various species of pine that are PMM hosts, 
growing both in monoculture and associated with other 
tree species. Large forest areas are dominated by P. ni-
gra, followed by Pinus pinaster, Pinus halepensis, Pi-
nus pinea, Pinus strobus and Pinus insignis (radiata). 
Other areas of the Apromonte Park are dominated by 
oak Quercus spp., beech Fagus sylvatica and shrubs. 

Sampling 
SuperGreen traps (Intrachem Bio, Italy) baited with a 

specific sex pheromone [(Z)-13-hexadecen-11-yn-1-ol 
acetate] were positioned in pine forests throughout the 
3-year study period. The traps were checked for moths 
on a weekly basis and the sex pheromone dispensers 
were replaced every 30 days. The traps at the end of the 
flight period were removed in cases where no moths had 
been found for 2 consecutive weeks. The monitoring 
was performed in forest patches between 80 and 200 ha 
in size. At the sampling sites, traps were hung on three 
trees positioned at the vertexes of a triangle, with a dis-
tance of 100 m between each one. Each tree hosting a 
pheromone trap constituted a node of sampling. In total, 
207 traps in 32 patches of forest were placed in the 
same position during all 3 years (figure 1). 

The position of each trap was georeferenced using a 
GPS instrument (Trimble Geo-XH). The recording of 
data in field was done using a palmar computer with 
operating system Windows Us and the ArcPadTM ap-
plication of ESRI, which integrates a GPS receiver. 
Trap characteristics, such as details of its patch, posi-
tion (internal or edge) in the forest, the type of species 
and the density of the trees, were recorded. In 2004 and 
2005, the number of PPM nests found in January in a 
linear transect of 25 Pinus plants in each patch was 
counted. 

 
 

 
 

Figure 1. The spatial distribution of the 207 traps and the Aspromonte meteorological stations of the Regional 
Agency for Environmental Protection. 
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Meteorological data were taken from the surface sta-
tion network provided by the Regional Agency for En-
vironmental Protection. The spatial distribution of the 
Aspromonte meteorological stations is homogeneous 
and covers all of the area (figure 1). The minimum 
weekly temperature and the accumulated weekly pre-
cipitation for the period from January 1 to the end of the 
moth-capture period were calculated by the Institute of 
Atmospheric and Climate Sciences – Italian National 
Research Council (ISAC – CNR) for each year. The me-
teorological data were extrapolated to each trap by in-
terpolating measurements from the nearest station (no 
further than 10 km from the traps). Kriging interpolation 
was used to represent the spatial variability of the pre-
cipitation in the study area (Federico et al., 2009). Tem-
perature was interpolated by weighting temperature av-
erages, with the weights accounting for the distance and 
height differences between the trap position and sur-
rounding stations. Both the Kriging and the distance-
based weighting methods have been widely used to in-
terpolate climatic data (Legates and Willmont, 1990). 
Each interpolation technique was compared on the basis 
of bias, mean absolute error (MAE) and mean squared 
error (MSE). 

The other measurable variables considered were the 
altitude of each trap and JD from January 1 of each 
study year. The relation between altitude and the num-
ber of moths caught was also analyzed in more detail to 
determine whether and how altitude affects the emer-
gence of PPM adults. 
 
Statistical analysis 

Given the variability in the count data across the study 
years, which was the result of the different rate of infes-
tation by PPM between years, and also the fact that the 
data relating to the number of catches did not reach the 
assumption of normality, the flight activity was ana-
lyzed by regression for counting data, using a general-
ized linear model (GLM). In this study, Gaussian mod-
els for time series, consisting of counts, were inappro-
priate and it was necessary to use nonlinear models; 
when abundances are low and there are many zeros in 
the data, such data sets can show non-normal distribu-
tions (Seavy et al., 2005; Davis and Wu, 2009). 

For the analysis of data from each year, the choice be-
tween Poisson regression and negative binomial regres-
sion was based on the lowest Akaike information crite-
rion (AIC) values (Akaike, 1973). For any given data 
set, model selection is important in data analysis, and 
the information obtained from AIC values was used to 
choose between the two regression analyses (Ver Hoef 
and Boveng, 2007; Lee and Ghosh, 2009). 

The following factors were added as variables: tree 
species, forest density [ranked by three classes (high, 
intermediate and low) according to the density of forest 
patch] and the position of traps or node (internal or ex-
ternal in the forest patch). Patch size in hectares (ha), 
minimum weekly temperature (°C), altitude above sea 
level (asl) and total weekly precipitation were added as 
covariates to the model. For the years 2004 and 2005, 
the mean number of nests for each patch was added to 
model. 

A correlation analysis between PPM catches and size 
patches for each year was performed to observe the di-
rection of the effect of this variable. 

To evaluate the dynamics of flight during the period 
when adult moths were present across the 3 study years, 
a logistic equation (four-parameter), commonly used for 
phenology modeling (Manel and Debouzie, 1997; Mea-
gher and Delph, 2001; Regniere et al., 2007) was used. 
Equation 1 was applied to the cumulative percentage of 
male moth flights at different JD and was fitted for all 
years of data: 
 

a
y(x) = yo + 

1 + (x/xo)b 
[1]

 

where y is the cumulative percentage of adults, x is JD, 
and a, b, xo and yo are constants. The parameter xo was 
found to have biological meaning and represented the 
JD of 50% of moth flights. 

To explore possible relations between JD and altitude 
and to verify their independent effects on male flight, 
Pearson's chi-square test (χ2) test in a contingency table 
was performed on the percentages of total catches for 
each year. In this case, the altitude and JD variables were 
ranked into five and six categories, respectively (<800; 
800-900; 901-1000; 1001-1100; >1100 m asl for altitude, 
and 150-175; 176-200; 201-225; 226-250; 251-275; 276-
300 for JD). If the proportions of individuals in the dif-
ferent columns varied significantly between rows (or 
vice versa) in the contingency table, one could conclude 
that there was a contingency between the two variables. 

All analyses were performed using SPSS 19 (2010 
SPSS Inc., Chicago, USA). To highlight that the effect 
of accumulated weekly precipitation on flights was re-
lated to weekly temperature, two-dimensional graphs 
were used that included flights for all years with tem-
peratures that ranged from 13 to 15 °C. 
 
 
Results 
 
The negative binomial regression model was used for 
all 3 years because of the lower values of AIC esti-
mates with respect to the Poisson model (2003: 
3946.41 vs. 4429.21; 2004: 5847.74 vs. 7136.12; and 
2005: 14227.35 vs. 24074.73). 

The regression analysis model highlighted the factors 
that influenced the number of catches of PPM males for 
each study year (table 1). The number of catches was 
significantly related to the tree species present and patch 
size (P ≤ 0.001) in all study years and forest density (but 
only in 2005; P = 0.045). Weekly minimum temperature 
had a significant effect on the number of moths caught 
in all years (P < 0.001), followed by weekly precipita-
tion (P < 0.0012003), altitude (P < 0.0012004-2005) and nest 
density (P < 0.0012005) (table 1). The position of the trap 
relative to the forest edge (internal and external) had no 
effect on the number of PPM males caught. 

The density of PPMs differed between the years of 
observation and most PPM males were caught during 
2005 (figure 2). Patch composition influenced the num-
ber of trapped males, with more being caught in tree 
stands where P. nigra was present (figure 3). In terms of 
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Table 1. Generalized linear model with negative binomial distribution results evaluating the effect of different vari-
ables on PPM captures. Likelihood Ratio χ2 for 2003 was 284.18 (df = 17; P < 0.001) and for 2004 and 2005 were 
1214.72 (df = 18; P < 0.001) and 2464.19 (df = 18; P < 0.001), respectively. 

 

Source df 
(2003) 

Wald χ2

(2003) 
P 

(2003) 
df 

(2004) 
Wald χ2

(2004) 
P 

(2004) 
df 

(2005) 
Wald χ2

(2005) 
P 

(2005) 
Intercept 1 22.89 <0.001 1 268.13 <0.001 1 444.36 <0.001
Species 9 44.11 <0.001 9 146.11 <0.001 9 494.49 <0.001
Wood density 2 0.586 0.75 2 4.99 0.082 2 6.20 0.045 
Position of traps 1 0.038 0.57 1 1.09 0.295 1 1.44 0.23 
Patch size 1 24.28 <0.001 1 10.66 0.001 1 132.14 <0.001
Minimum temperature  1 53.22 <0.001 1 575.33 <0.001 1 999.97 <0.001
Weekly accumulated precipitation 1 31.26 <0.001 1 1.37 0.242 1 1.44 0.231 
Altitude 1 0.01 0.91 1 533.34 <0.001 1 169.94 <0.001
Nest density    1 0.22 0.642 1 18.41 <0.001
 
 

 
 

Figure 2. Mean captures per trap (N = 207) for each 
week in each year of monitoring. 

 
 

the other variables, tree density was the other factor to 
affect the number of PPMs caught but only during 2005, 
when the intermediate tree density showed the highest 
number of PMM males caught. 

There was a negative relation (Pearson correlation) be-
tween patch size and the number of males caught. The 
parametric correlation was significant for all years, be-
ing more significant with a higher density of PPM 
[r(2003) = -0.09, P < 0.001, N = 3312; r(2004) = -0,046, P = 
0.007, N = 3519; r(2005) = -0.16, P < 0.001, N = 3510]; 
however, in 2004, although significant, the relation was 
not as clear. 

As shown in figure 4, weekly mean temperature was 
related to the value of cumulative percentage of flights. 
Temperatures were higher in 2003 compared with 2005 
and 2004. Flights were observed as soon as the mini-
mum weekly temperature was above 14 °C, in combina-
tion with a photoperiod of >13.5 h of light. 

 
Figure 3. Comparison of mean male PPMs captured over 3 years in areas of different tree species. 
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Figure 4. Cumulative percentage of adult male PPM 
flights and weekly mean temperature (2003-2005). The 
solid line refers to overall regressed data with a logistic 
equation where parameters are as follows: a, 104.7629; 
b, –15.55; xo, 210.17; yo, –0.98; R2, 0.9064. 

 
 

 
 
Figure 5. The relationship between cumulative weekly 

precipitation and PPM catches for 3 years. The cumu-
lative precipitation data relate to the monitoring data 
collected above a temperature threshold of 13-15°C. 

 
 

Applying the logistic equation for flight to data of all 
study years resulted in parameter values of 210.17 ± 2.92 
(JD) for xo (time of 50% all flights) (figure 4), ranging 
between 196.57 ± 1.18 (JD) (2003) and 222.34 ± 0.22 
(JD) (2004), and with a value of 206.47± 0.57 for 2005. 
The relation between weekly temperature and the value 

of cumulative percentage of flights was significant for 
2003, when temperatures were higher compared with 
2005 and 2004. Across the 3 years of observation, adult 
PPM males were present from the second week of June 
(JD = 160) to mid-September in 2003, from the second 
week of June (JD = 173) to the third week of September 
in 2004 and from the third week of June (JD = 183) to 
the end of September in 2005. The longest period of 
flight was recorded in 2005 and the shortest in 2003. 

The χ2 test to analyze the independence in the contin-
gency table of the variables altitude and JD on the per-
centage number of males caught shows contingency be-
tween the two variables for 2 years. The associations be-
tween altitude and JD were significant for 2003 and 
2004 (χ2 = 42.40, P < 0.01, df = 20, for 2003; χ2 = 42.30, 
df = 20, P < 0.01, for 2004), but not for 2005 (χ2 = 21.73, 
df = 20, P > 0.25). The higher the altitude, the earlier 
flights were initiated. In particular, the flights were more 
anticipated for 2003 with 65% vs. 47% (value expected; 
176-200 JD; 26 June-19 July, at >1100 m) and 63% vs. 
50% of total flights expected for 2004 (201-225 JD; 20 
July-15 August at >1100 m). The percentages of moni-
tored and expected flights in the contingency table corre-
sponded throughout the 2005. The negative effect of 
precipitation on flight illustrated by figure 5 was particu-
larly pronounced for traps located at higher altitudes, 
where temperatures were relatively low. 
 
 
Discussion 
 
Dispersal is a fundamental part of spatially extended 
population dynamics (Bullock et al., 2002), and the 
structure of a heterogeneous landscape can have pro-
found effects on the persistence of a species over a vast 
distribution area (Salamens and Rossi, 2011). Trap ca-
tches in our study and, thus, flight patterns of PPM ma-
les were differentially affected by the environmental 
factors examined during the 3-year study period. The 
number of captured males was higher where P. nigra 
was present with other species, noticeably P. pinaster 
and P. insignis. Of interest were male PPM catches in 
mixed forests of deciduous and pine trees, as in the case 
of P. nigra-F. sylvatica and P. nigra-Abies alba. In both 
cases, catches were larger than those in areas of P. ni-
gra-Quercus spp., which usually occur at lower alti-
tudes. Areas of forest comprising P. nigra, P. pinaster 
and P. insignis were those in which most moths were 
caught, and were significantly more than in areas of e-
ach species alone. This indicates that PPMs could spre-
ad to forest areas where the preferred tree host is present 
alongside other species of tree. Hodar et al. (2002) un-
derline that PPM females do not select hosts for egg lay-
ing owing to their limited flight abilities, at least within 
one restricted group of host tree species (Kerdelhue et 
al., 2006); our results suggest that this is also the case 
for male PPMs. 

The presence of nonhost species can involve a chemi-
cal barrier for host localization and, in complex forest 
compositions (e.g. P. nigra, P. pinaster and P. insignis), 
monoterpenes can have a role in the selection of hosts 
for egg laying (Niccoli et al., 2008). 
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In addition to tree species composition, the number of 
trapped males also depended on patch dimension and 
tree density, albeit less so; these effects were evident 
with the higher density of adults recorded in 2005. The 
male adults swarmed on those trees that showed areas of 
variability in the landscape, in particular where tree 
density was not high. 

With regard to dispersal mode, Einhorn et al. (1983) 
reported a higher number of PPM males at edges of pine 
stands and that climatic conditions along edges (e.g. 
temperature) were more favourable compared with wi-
thin-stand conditions. Although in our study there were 
no differences in catches between internal and external 
traps, this previously reported edge effect could be re-
lated to a preference of PPM for oviposition sites, as 
suggested by the distribution of overwintering nests 
(Salamens and Rossi, 2011) and also pupation sites 
(Bonsignore, unpublished data). 

Although the relation between the number of PPM 
caught and the level of PMM infestation is not always 
evident (Devkota et al., 1992; Baronio et al., 1994), this 
relation in 2005 with nest density was evident, suggesting 
that the estimate of the population density based on the 
number of moths caught in the traps is possible only 
above a certain population density (for details, see Jactel 
et al., 2006). Trap catches of PPM males were recorded 
above a threshold of a minimum weekly temperature of 
14 °C and a photoperiod >13.5 h of light. This finding is 
in agreement with results of Battisti et al. (2006), who 
suggested a temperature threshold of 14 °C for flight 
take-off. Increasing temperatures allow for longer flight 
times by these moths (Arnaldo et al., 2011) and, thus, can 
be associated with longer migration distances (Ishiguri 
and Shirai, 2004; Sparks et al., 2005). The observed posi-
tive relation between flight activity and temperature un-
derlines the role of temperature as a limiting factor for 
male dispersal and, consequently, for species distribution. 

The lack of laboratory experiments investigating the 
presence of a thermal threshold for male PPM flight, has 
limited attempts to develop a phenological forecasting 
model, as generally adopted for other lepidopteran pest 
species (Damos and Savopoulou-Soultani, 2010). Based 
on our data collected over a 3-year period, we can infer 
that there is a dynamic flight period characterized by an 
increase in total flights linked to an increase in popula-
tion density. The increase in host availability and a pos-
sible increase in the average temperature (global warm-
ing) pave the way to the future success of the species in 
new areas. 

The weekly accumulated precipitation had a negative 
effect on the number of PPM flights. This is likely to be 
correlated with low temperatures prevailing in wet soil 
layers and possible effects on pupal development in the 
soil (Markalas, 1989; Murray and Zalucki, 1990; Hul-
then and Clarke, 2005). For the Calabria Region, several 
studies (Federico et al., 2007, Federico et al., 2009) have 
shown that the interaction between the orography and 
mesoscale circulations leads to a precipitation gradient 
between the Tyrrhenian and Ionian side of the peninsula 
and in the Aspromonte Park; that is, precipitation is en-
hanced in favourably exposed areas (Tyrrhenian side) 
and suppressed in sheltered areas (Ionian side). The 

yearly precipitation maximum is recorded over the 
Aspromonte mountain (>1400 mm/y). Severe weather 
conditions and heavy precipitation can significantly in-
fluence PPM catches. Statistics based on over 30 years 
of data (Federico et al., 2009) reveal that Aspromonte 
has the largest occurrence of torrential rainfall (>25 
events with precipitation >100 mm/day) in the region. 

In 2003, 65% of the total flights of the year were real-
ized before 200 JD (20 July) compared with 2005, 
where 50% of the total flights occurred from the 226 to 
250 JD. These results suggest that flight is bound not 
only to a minimum thermal threshold, but also to the 
pupal stage formation and its duration before flight. The 
summer of 2003 was one of the hottest recorded in 
Europe (Chase et al., 2006). Earlier emergence and 
flight might improve survival and would result in earlier 
egg laying and faster appearances of the larvae and, 
therefore, to more hours available for feeding, leading to 
a greater probability of winter survival (Buffo et al., 
2007); however, at lower altitudes, early flight does not 
necessarily lead to an increase in PPM fitness, because 
eggs and young larvae can be killed by high tempera-
tures. Future climatic scenarios simulated by climatic 
models (Arnoldo et al., 2011) forecast that the period 
for PMM emergence will expand, resulting in earlier 
flight activity. 

Overall, the current study confirms the efficacy of 
pheromone traps for providing information on the flight 
activity of male PPMs, as already successfully adopted 
for other species, such as Thaumetopoea processionea 
(L.) (Breuer, 2003). Pheromone-baited traps provide a 
suitable tool for monitoring PPMs and for determining 
the effects of the environment on their activity. The 
traps also provide useful information about the adapta-
bility of this species in the Mediterranean area. 
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