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Abstract: The pine processionary moth (PPM), Thaumetopoea pityocampa (Denis and Schiffermiiller), is
one of the most economically important forest defoliators in southern Europe. This pest is a univoltine
oligophagous insect species, and the genus Pinus represents its main host. Investigations were carried
out in the five-year period 2016-2020 in NW Italy. PPM males were monitored using commercial
funnel traps baited with sex pheromone. The infestation index was recorded by counting the number
of nests per tree. Temperature and rainfall were automatically recorded by 94 georeferenced meteo-
rological stations. Adult presence was evaluated as the maximum number of captured individuals
in a day;, total captures during the season, the Julian day at max captures, or at first or last captures.
Environmental variables (altitude, cumulative rain, and cumulative degree-days) and biological pa-
rameters were summarized using principal component analysis. Our study showed that the analyzed
variables contribute to driving and affecting the PPM population dynamics, which also exhibited a
year-to-year decrease. Due to the environmental and sanitary importance, all the data collected about
the PPM will be useful to develop predictive risk models, as to deploy countermeasures in a timely
and cost-effective manner.

Keywords: Thaumetopoea pityocampa; seasonal flight activity; climate change; forest insect pest;
pest outbreak

1. Introduction

Changes in disturbance patterns mediated by climate warming are predicted to be
the greatest impacts on forests in the coming decades. Afforestation and a correct forest
management account as a key aspect to help mitigate climate change [1]. Population dy-
namics of ectothermic organisms are strongly influenced by environmental parameters [2],
and outbreaks of forest insect pests are major agents of mortality and ecosystem change
in forests worldwide. Climate has been attributed to be an important driver of changes
to disturbance regimes mediated by forest insects [3], and beyond the seasonal effects
of weather, ongoing changes in climatic conditions will directly lead to modifications in
dispersal, reproduction, development, and mortality of insect species [4].

Range expansions have been reported for several organisms in recent history, and
appear to be, at least in part, driven by global climate change [5-9]. The timing of life-cycle
events is considered an excellent bioindicator due to its sensitivity and dependence on
several climate variables. Specifically, higher mean temperatures and increased frequency of
climatic extremes are expected to increase synchronization mismatches occurring between
tightly interacting species, such as hosts and parasitoids or preys and predators. Many
phenological events (e.g., timing of insect emergence, phenological mismatch) have been
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advanced in response to recent climate change [10-12]. In particular, interest in species
range margins has been heightened in recent years as a result of species declines and because
of the potential for range shifts mostly due in response to global climate change [5]. Research
has been carried out on several lepidopteran species for conservation interest [13,14],
but the effects of climate change on forest insect pests are demonstrated as well. In
general, poleward, and upward shifts of pests and pathogens have been documented, and
predictions of insect outbreaks suggest changes in spatiotemporal patterns of defoliators
and bark beetles (e.g., Dendroctonus rufipennis Kirby, Choristoneura fumiferana Clements,
Zeiraphera griseana Guenée) [3].

The impact of climate warming on the range expansion of the winter pine proces-
sionary moth (PPM), Thaumetopoea pityocampa (Denis and Schiffermdiller) (Lepidoptera,
Notodontidae) was also deeply explored by researchers [8,15]. In the last decades, an expan-
sion of the PPM outbreak area occurred, both latitudinally and altitudinally in south-central
Portugal, in southern Spain, in north-central France, and in the mountainous regions of
northern Italy, as fully documented [5,6,15,16]. Specifically, the front has shifted by 27.1 km
decade-1 between 1972 and 2004 and has accelerated during the last 10 years (55.6 km
decade-1) [5]. More recently, field records of stand defoliation by PPM and tree-ring
reconstructions of outbreaks did not support an upward shift but allowed detecting a
positive link between PPM defoliations and the winter North Atlantic Oscillation in eastern
Spain [17].

Insect species that are active during winter are particularly suitable for studying the
effects of increased temperature [18], and PPM provides a classic example of an insect that is
active in the winter at the larval stage. This pest is a univoltine oligophagous insect pest on
coniferous trees, and the genus Pinus represents its main host. The life cycle of this defoliator
is dependent on temperature [19], and water stress [19]. Huchon and Démolin [20] stated
that the distribution of the PPM is limited by a combination of two climatic variables: the
mean minimum temperature in January and the cumulative hours of annual sunshine.
Additionally, Battisti et al. [5] found that microclimatic conditions (daily temperature
inside the nest and night air temperature) could also impair the distribution of the PPM by
governing the feeding activity of the larvae during the cold period. Moreover, Buffo et al. [7]
determined a feeding threshold that explains the survival of colonies depending on the
number of feeding hours during the cold period.

The consequences of higher frequency of extreme events are still poorly documented.
For example, the summer heat waves in 2003 led to a record annual expansion of the
PPM in the Italian Alps but also resulted in a collapse of the front edge population in
France [3], as indicated also by Robinet et al. [21] and Toigo et al. [22]. In any case the
consequences of climate change may be drastic, as the potentially enhanced performance
and range expansion of the PPM will have environmental and economic impact but also
further constrain the recreational value of forests due to the urticating larval hairs causing
contact dermatitis and other allergic reactions in humans and other mammals [4].

In the current study, surveys were carried out in the five-year period 20162020 in
Aosta Valley (NW Italy). Data about the presence of nests and the environmental parameters
(altitude, cumulative rain, and cumulative degree-days) were recorded and their role in
affecting the PPM flight was investigated.

2. Materials and Methods
2.1. Study Area

Aosta Valley is the smallest Italian region located in the north-western part of Italy
and the total surface area extends to around 3262 km?. The prevalence of territory is
mountainous, and the average altitude is 2100 m; only 20 % of the surface is below 1500 m;
in fact, the region is characterized by abrupt environmental gradients.

The main valley axis is predominantly west-east oriented, characterized by an Alpine
environment and a semi-continental climate. Almost a quarter of the total surface is covered
by forests and the tree vegetation consists of Larix decidua Miller, Picea abies L. Karst, mixed
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stands of Scots pine (Pinus sylvestris), Austrian black pine (Pinus nigra) and Mountain pine
(Pinus uncinata Ram.), and Quercus pubescens Will., with the sporadic presence of Populus
tremula L. and Betula pendula Roth.

2.2. Seasonal Flight Activity of the Pine Processionary Moth

Overall, the sites under investigation were located in 42 municipalities. One ha plot
was selected in each municipality, positioning six traps in each plot.

PPM males were monitored from 2016 to 2020 using commercial funnel traps baited
with sex pheromone component (Z)-13-hexadecen-11-ynyl acetate (loading rate: 1 mg
per dispenser) (Super Green, Serbios s.r.l., Badia Polesine, RO, Italy). All trap devices
were placed randomly on the trunks of P. sylvestris stands at a height of 2 m. All traps
were georeferenced. To detect the flight period, traps were inspected weekly from early
June until mid-September, and the number of collected adults was recorded. After each
inspection, trapped insects were removed from the traps by forestry technicians from the
“Corpo Forestale della Valle d’Aosta” (CFVdA). The pheromone lure was replaced every
six weeks and the devices were weekly rotated clockwise to minimize the influence of the
individual trapping location, according to Ferracini et al. [23]. For data analysis, only field
sites located close to meteorological stations (see Section 2.4 “Meteorological data” ) were
considered. For each year, we only considered traps that captured 10 or more adults during
the entire season. The distance between traps and meteorological stations was measured in
a QGIS environment having both GPS coordinates.

2.3. Infestation Index

The infestation index was recorded over a five-year period (2016-2020) during the
winter season (January-February). A 1 ha plot was selected in each municipality and
all plots were characterized by the presence of homogeneous P. sylvestris stands with an
average tree age of about 60 years and a density of approximately 300 trees/ha. Each tree
was visually inspected by eye or with binoculars when necessary. The infestation index
was recorded by counting the number of nests per tree. Six classes were defined: 0, no
nest; 1, very low < 0.1 nests per plant; 2, low = scattered nests, 0.2-0.5 nests per plant;
3, medium = 0.6-2 nests per plant; 4, high = 3-5 nests per plant; 5, very high > 5 nests per
plant in accordance with Ferracini et al. [23].

2.4. Meteorological Data

The meteorological data, temperature, and rain were automatically collected from
the CFVdA meteorological stations over a five-year period (2016-2020). The total number
of meteorological stations are 94, homogeneously distributed in the regional area. Each
station is georeferenced and quoted (meters above the sea level). Mean daily temperature
(average of measures recorded every 10 min) and cumulated daily rainfall are the main
climatic parameters that we used. Only meteorological stations having a complete set of
annual data were considered.

2.5. Data Collection and Statistical Analysis

Of the total 277 traps placed for monitoring, only 63 (in 2016) and 75 (for each year
from 2017 to 2020) were selected, for a total of 363 traps in the five-year period (2016-2020).
We only analyzed traps for which data from meteorological stations were available within
a maximum distance of 3.5 km and a maximum difference in altitude of about & 250 m
(Figure 1).
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Figure 1. Distribution of traps (green) and meteorological stations (red) in Aosta Valley region. The
maximum distance of traps from meteorological stations is 3.5 km in length and 4 250 m in elevation.
Reference system is WGS84/UTM 32N, EPSG: 32632.

More than 50% of traps have been repeated over the years. Adult presence was
evaluated as the maximum number of captured individuals in a day, total captures during
the season, the Julian day at max captures, or at first or last captures. Biological parameters
include the presence of nests from the previous year (Intensity). Environmental parameters
include the altitude (meter above the sea level) of the traps, the cumulative rain (mm), and
the cumulative degree days (baseline threshold 9 °C) from the 1st of January of a given year
until the peak of captures or until the end of May. All variables were log + 1 transformed
before analysis. Spearman correlations were originally calculated between presence of
pine processionary moth adults and biological and environmental data (results not shown).
Because of correlation between some environmental and biological parameters, we have
summarized them using principal component analysis (PCA) [24]. Principal components
of the PCA can then be used as explanatory variables in regression models [24]. Among
the different components, we have focused on the first two dimensions, PC1 and PC2
which collectively explained the higher variability of the data [25]. Values for PC1 and
PC2 were extracted for all sampling sites. Data inspection revealed a possible nonlinear
relationship of the sampling year with captures of T. pityocampa, making the use of linear
model unsuitable [26]. Hence, the effects of sampling year, PC1 and PC2 were evaluated
within Generalized Additive Mixed Models (GAMM) and adopting Gaussian distribution,
similarly to Zhang et al. [27]. A smooth term was included for the sampling years and
was adjusted using cubic regression splines, estimated via restricted maximum likelihood
estimator [26]. The amount of smoothing was automatically adjusted during model fitting.
The identity of each meteorological station was included as a random term in the model. Its
inclusion was always justified according to the Likelihood Ratio Test (LRT) [28]. Possible
multicollinearity of variables was assessed using the variance inflation factor and revealed
low (Supplementary Table S1) [29]. Residual plot was evaluated for each of the best fitted
models. Data were analyzed using “caret,” “nlme” [28], “performance,” and “mgcv” in R
(version 4.2.2 of 31 October 2022) [29-33].

3. Results

PCA results allowed the summarization of two principal components, which repre-
sented a cumulative 72.23% of the total variance (Table 1). Temperatures were highly and
positively related to both PC1 and PC2. Altitude was negatively correlated to PC1 and
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PC2. The intensity of attacks was negatively related to PC1. Rains were high and related
negatively to PC1 but positively to PC2.

Table 1. Correlation between the original variable and the principal component PC1 and PC2 and
their relative contribution (%).

Correlation Contribution
Original Variables

PC1 PC2 PC1 PC2

Altitude —0.48 —0.27 20.2 12.1

Intensity of attack —0.27 0.13 114 5.9

Rain at DTmax —0.30 0.61 12.6 27.9

Rain at May —0.32 0.61 13.6 27.8

Temp at DTmax 0.50 0.30 21.0 13.7

Temp at May 0.50 0.28 21.1 12.6

(Percentage of variance explained) 40.47% 31.76%

The GAMM model for maximum daily capture showed no effect of PC1 but a positive
effect of PC2 (Table 2). Additionally, captures significantly varied across the years with
a decreasing pattern (Figure 2A). The model for total capture showed no effect of PC1 or
PC2 (albeit at p = 0.099) and a decreasing pattern across the year (Figure 2B). Both PC1 and
PC2 had a positive effect on delaying the day at maximum captures. These were also very
variable across years (Figure 2C) with peaks in 2016 and 2019, where maximum captures
were presumably detected later in the year. A similar pattern was noticed for day at first
captures (Figure 2D). Concerning day at last captures, earliest captures were detected in
2018 and 2019 (Figure 2E). No effect of PC1 was observed on the day at first captures and
day at last captures. There was a positive effect of PC2 on day at last capture.

Table 2. Results of generalized additive mixed-effect models for maximum capture, total capture,
day at maximum capture, day at first capture, and day at last capture.

Maximum capture

Total capture

Day at maximum
capture

Parametric Coefficients Estimate SE t-Value p-Value
(Intercept) 6.32 0.156 40.47 <0.0001

PC1 —0.05 0.067 —0.73 0.46

PC2 0.12 0.059 2.12 0.035
Smooth term Estimated d.f. Reference d.f. F-value p-value
s(year) 2.02 4 6.69 <0.0001

AIC =906.34, AAIC (vs. model with no random eff.) = 17.26, LRT = 19.26, p < 0.0001

Parametric coefficients Estimate SE t-value p-value
(Intercept) 8.08 0.153 52.71 <0.0001

PC1 —0.05 0.069 —0.76 0.45

PC2 0.10 0.062 1.66 0.099
Smooth term Estimated d.f. Reference d.f. F-value p-value
s(year) 1.77 4 9.16 <0.0001

AIC =955.92, AAIC (vs. model with no random eff.) = 8.69, LRT = 10.69, p = 0.0011

Parametric coefficients Estimate SE t-value p-value
(Intercept) 7.66 0.046 166.43 <0.0001
PC1 0.09 0.007 13.75 <0.0001
PC2 0.07 0.005 13.20 <0.0001
Smooth term Estimated d.f. Reference d.f. F-value p-value
s(year) 3.89 4 73.96 <0.0001

AIC = —741.62, AAIC (vs. model with no random eff.) = 92.53, LRT = 94.53, p < 0.0001
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Parametric coefficients Estimate SE t-value p-value
(Intercept) 7.48 0.008 959.95 <0.0001

PC1 0.003 0.004 0.78 0.43

Day at first capture PC2 0.001 0.005 0.43 0.67
Smooth term Estimated d.f. Reference d.f. F-value p-value
s(year) 3.86 4 24.04 <0.0001

AIC = —779.21, AAIC (vs. model with no random eff.) = 16.27, LRT = 18.27, p < 0.0001

Parametric coefficients Estimate SE t-value p-value
(Intercept) 7.89 0.007 1154.34 <0.0001

PC1 —0.003 0.003 —0.98 0.33

Day at last capture PC2 0.01 0.003 2.01 0.046
Smooth term Estimated d.f. Reference d.f. F-value p-value
s(year) 2.88 4 28.44 <0.0001

AIC = —875.93, AAIC (vs. model with no random eff.) = 22.81, LRT = 24.81, p < 0.0001
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Figure 2. Estimated smoothing curve (solid line) and 95% confidence bands (dashed lines) for year
effect in the different models in Table 2 for maximum capture (A), total capture (B), day at max
capture (C), day at first capture (D), and day at last capture (E).
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4. Discussion

During the last decades, climate change has been demonstrated to have important
consequences for forest pest outbreaks, population dynamics of several species, and even
for beneficial and pollinator insects [3,34,35]. This is the case for the PPM, which has been
documented to cause increasing defoliation and decline of P. sylvestris and P. nigra stands,
especially in Mediterranean coniferous and mixed forests [7,16,36].

Abiotic variables (e.g., temperature, precipitation, wind, CO;, O3, fire, drought, etc.)
may affect the range expansion of pests. Generally, warmer temperatures have a positive
direct effect on populations of herbivorous insects (by increasing the survival and the
number of generations) [37]. Specifically, for the PPM, both positive and negative effects of
climate on expansion and population dynamics were reported. The summer heat waves
that were recorded in 2003 led in fact to the collapse of the PPM population in France but,
at the same time, triggered a record annual expansion in the Italian Alps [6,9].

The summer air temperature is known to influence positively the flight activity of the
insect and indeed is a limiting factor that promotes male dispersal [6,38,39]. For example, in
NE Italy, warm summer temperatures positively affected PPM population growth rate [40].
Our analysis revealed that some variables contribute to affecting the PPM population
dynamics. Knowing the correlation of biological and environmental variables on each
of PC1 and PC2 and the corresponding regression coefficients, the interpretation of the
contribution of each original variable can be drawn. Increased temperatures seemed also to
delay the occurrence of the maximum captures and the last captures. This could possibly be
related to an adult strategy aiming at avoiding that offspring would develop under a non-
optimal high temperature [20]. In this respect, our results agree with the fact that higher
temperatures may be correlated to the late emergence of adults, as reported in France [20].
Moreover, hot days may influence the egg survival and development time [41]. The collapse
of egg masses and PPM colonies has been reported as relevant with temperature higher
than 32 °C [20]. Other authors suggest instead that the collapse temperature should be
around 40 °C [9], and even 42 °C [41].

Similarly, low winter air temperature may cause significant mortality of PPM pop-
ulations and could determine the range expansion at the margin of species distribution
(latitude and altitude) [5,7,20]. Currently, the rise in average winter temperatures, with
a reduced number of days with frost, is determining shorter starvation periods, thus im-
proving larval performance and enhancing survival in areas with previously prohibitive
climatic conditions [5]. This is a key factor determining the outbreak capacity of PPM,
even if the evidence in the literature is diverse and a bit controversial. While over the
few years temperature warming has been associated with expansion in both latitude and
elevation [5], more recently a negative influence on the PPM population growth rate was
related to mild winter and high autumnal rainfall, as well [40]. Furthermore, no clear effect
of low temperature on the PPM population dynamics was also observed at the regional
scale [40]. This was also confirmed by Pimentel et al. [16], which explain how lower night
temperatures (in a core of tolerance of the PPM range) give a positive effect on larval
growth. This is because the low temperature was associated with a clear sky during the
daytime and radiation is a very important factor for food digestion [5,42].

Concerning altitude, we noticed that its increase led to lower peak of captures. Ad-
ditionally, higher altitudes accelerated the occurrence of the peak of captures (i.e., the
higher the altitude, the earlier the peak) and delayed the last captures. This aspect was
also reported in previous investigations conducted in France where higher altitudes and
northern latitudes were related to an earlier emergence of the population [20]. Similar
behavior was also recorded in the Aspromonte National Park in southern Italy [38].

The impact of rain has a variable effect. Similarly to temperatures, our results suggest
that rainfalls have a positive effect on the peak of captures. Notwithstanding, high rains
delay the peak of captures. Indeed, spring rainfall has been demonstrated to positively
affect PPM population in NE Italy [40], and rainfall during this period probably has
an indirect effect in limiting larval-pupal parasitoids [43], while elevated humidity in
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summer may reduce flight activity of moths [19]. Furthermore, Bonsignore and Manti [38],
reported that summer precipitation brings a negative effect on flight captures and this
effect is particularly pronounced for traps located at high altitudes. At the same time,
winter and spring rainfall may increase the soil moisture, thus promoting a delay in the
emergence of moths [44] and favoring the pathogens’ development inside the winter nest [5].
Abundant autumnal rainfall seems to have a negative effect on population growth [40],
probably because rain hinders larval movement [16] or because high humidity may promote
pathogenic infections [45].

Considering the intensity of the attack, measured as the presence of winter nests, our
data highlighted a small but positive effect on the peak of captures. This is in agreement
with a previous study by Jactel et al. [8] which found positive correlations between the
number of winter nests and the number of males caught in pheromone traps in pine stands
located in Portugal, Italy, and France. The relationship between captures and the intensity
of the attack was not always evident in previous investigations [46-48], possibly due to a
low efficacy of the sex pheromone lure that was commonly used in traps [8].

Our study showed that the analyzed variables contribute to driving and affecting the
PPM population dynamics. However, a year-to-year variation in PPM populations was also
evident and followed a non-linear pattern. Total captures and peak of captures were higher
in 2016-2017 and then decreased until 2020. It is indeed possible that a part of the immature
population undergoes extended diapause, hence fewer adults emerged in that specific year.
Natural enemies (e.g., predators, parasitoids, insectivorous birds), can also contribute to
reduce adult moth population and would deserve further investigations [49]. The day at
maximum captures and day at first captures exhibited small, albeit significant, variations
from year to year. The day at last captures were slightly delayed in 2016 and anticipated in
2018 and 2019. The length of the emergence period may permit characterization of the stage
of the PPM life cycle (i.e., increasing or decreasing population stage) [50]. However, the
small variations in first and last captures across years and the decreasing pattern in number
of seasonal captures suggest that the 5-year period under investigation is covering the
declining population of PPM in Aosta Valley. Analysis of a longer time frame would surely
help defining positive vs. negative gradation phases of PPM populations. For instance, a
recent analysis of 42 years in France revealed three mean peaks of PPM activity [51].

Monitoring programs are a basic step to record the seasonal flight activity and to
manage forest defoliators. In addition to conventional time-consuming field surveys,
satellite-based images may be a useful tool for detecting defoliations in forest systems.
In recent years, there have been several studies using unmanned aerial vehicles (UAV)-
acquired images, proving to be effective for forestry applications [52,53]. In the case of PPM
infestations, this technology may be a useful tool to estimate the infestation severity, even
if the number of nests captured by UAV images may be potentially underestimated if some
nests on lower branches or in dense stands are not counted.

In particular, reliable population density estimates are highly required for effective
control programs. In the survey area, the effectiveness of control strategies (mating dis-
ruption, and microbial treatments with Bacillus thuringiensis aerial applications) have been
previously evaluated [23]. Moreover, other techniques such as destruction of winter nests
made by specially trained employees, trunk injections, trunk barrier and adhesive barrier
trap devices, and new formulations of mating disruption using biodegradable shootable
balls are still under investigation (CF, unpublished data). Protection of stands requires
regular application of pest control measures. In addition to health issues, intense defoliation
negatively affects height and radial tree growth, increasing the mortality rate of samplings
and reducing the reproduction capacity of trees. At the same time, PPM can trigger a
decrease in tree resistance and resilience against other disturbances such as forest fires,
drought, and/or other pests [54]. In the northwestern Alps a severe resurgence of bark
beetles, namely the European spruce bark beetle, Ips typographus L., and the great spruce
bark beetle, Dendroctonus micans (Kugelann), has been recently observed (CF, personal
observation).
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5. Conclusions

Overall, the current study provides evidence for a better understanding of the climatic
factors affecting PPM population dynamics in Aosta Valley region. In particular, we
highlighted how the abiotic variables such as temperature, rain, altitude, and population
density may act, separately or synergically, influencing positively or negatively the insect
biology.

Because of the future climatic scenario, it is increasingly important to control this insect
and its populations. Further investigations are needed in relation to the cyclicity in PPM
population dynamics, as well. Li et al. [55] reported that in most French regions, outbreaks
occur on a regular temporal pattern with peak defoliations every 7-11 years on average.
In our survey area, even if PPM has been monitored since the 1930s, the fluctuations have
never been regularly assessed. Due to the environmental and sanitary importance of the
PPM, all the data collected will be useful to develop predictive risk models to monitor the
potential expansion of this pest, and to deploy countermeasures in a timely, efficient, and
effective manner.
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