Climatic Change (2012) 113:699-711
DOI 10.1007/s10584-011-0371-7

Climate change and the incidence of a forest pest
in Mediterranean ecosystems: can the North Atlantic
Oscillation be used as a predictor?

José A. Hédar - Regino Zamora - Luis Cayuela

Received: 25 November 2010 / Accepted: 16 November 2011 /Published online: 7 December 2011
© Springer Science+Business Media B.V. 2011

Abstract Many forest pest species strongly depend on temperature in their population
dynamics, so that rising temperatures worldwide as a consequence of climatic change are
leading to increased frequencies and intensities of insect-pest outbreaks. In the
Mediterranean area, the climatic conditions are strongly linked to the effects of the North
Atlantic Oscillation (NAO). The aim of this work is to analyze the dynamics of the pine
processionary moth (Thaumetopoea pityocampa), a severe pest of Pinus species in the
Circunmediterranean, throughout a region of southern Spain, in relation to NAO indices.
We related the percentage of forest plots with high defoliation by pine processionary moth
each year with NAO values for the present and the three previous winters, using
generalized linear models with a binomial error distribution. The time series is 16-year
long, and we performed analyses for the whole database and for the five main pine species
separately. We found a consistent relationship between the response variable and the NAO
index. The relationship is stronger with pine species living at medium-high altitudes, such
as Aleppo (P. halepensis), black (P. nigra), and Scots (Pinus sylvestris) pine, which show
the higher defoliation intensities up to 3 years after a negative NAO phase. The results
highlight, for the first time, the usefulness of using global drivers in order to understand the
dynamics of pest outbreaks at a regional scale, and they open the window to the
development of NAO-based predictive models as an early-warning signal of severe pest
outbreaks.
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1 Introduction

Insect pests are a major threat to many forests worldwide, from boreal to tropical forest
ecosystems (Ayres and Lombardero 1998; Volney and Fleming 2000). Rising temperatures
around the world as a consequence of climatic change are increasing the frequency and
intensity of pest outbreaks accompanied by range shifts of pests poleward or to higher altitudes
(Bale et al. 2002; Gitai et al. 2002; Jepsen et al. 2008). The pattern is consistent in many parts
of the globe and with very different pest species (Gitai et al. 2002; Netherer and Schopf 2010).
Many forest pest species strongly depend on temperature in their population dynamics, and
several field and laboratory studies demonstrate the importance of temperature as a
physiological driver for insect growth and development (Hodkinson 1999; Bale et al. 2002;
Netherer and Schopf 2010, and references therein). It is well known that the effect of
temperature (mainly the minimum values) determine the eruptive phases of outbreaking
species in forest pests, such as the winter moth Epirrita autumnata (Jepsen et al. 2008), the
spruce budworm Choristoneura fumiferana (Gray 2008), and the pine processionary moth
Thaumetopoea pityocampa (Démolin 1969a; Hodar and Zamora 2004; Battisti et al. 2005,
2006), among others (Volney and Fleming 2000; Bale et al. 2002; Netherer and Schopf 2010).

Models for climatic change predict rising temperatures for the Mediterranean basin
(Moreno 2005), and in fact the Iberian Peninsula has shown a steady temperature rise over
the past century (Esteban-Parra et al. 1995; Moreno 2005; Brunet et al. 2007), mainly in the
form of higher minimum temperatures. In particular, winter temperatures are currently
warming, reducing the number of days with frost. As a consequence, many studies have
shown alterations in distribution, phenology, and abundance of different plant and animal
species in Spain (Pefiuelas et al. 2002; Menzel et al. 2006; Gordo and Sanz 2010).
Nevertheless, despite the recognized importance of temperature, organisms are affected by
more than one feature of climate, making the weather component of climate important
(Hallett et al. 2004; Stenseth and Mysterud 2005). This is why a single meteorological
factor at a local scale, such as temperature, contains less information than weather packages
such as the North Atlantic Oscillation (NAO), which is a better predictor of ecological
processes (Hallett et al. 2004; Stenseth and Mysterud 2005).

The pine processionary moth (Thaumetopoea pityocampa, Lepidoptera: Notodontidae;
hereafter PPM) is a severe pest of Pinus species in the Circunmediterranean (Dajoz 1998).
Long ago, temperature, namely the winter minimum, was recognized as the main limitation
for the development of the PPM, and that outbreaks were preceded by mild winters. This is
a key factor determining the outbreak capacity of PPM, as low winter temperatures heavily
determine the larval survival of this insect (e.g. Breuer et al. 1989; Battisti et al. 2005;
Buffo et al. 2007). Several studies have found, as a consequence of the general rise in
temperatures, a progression in latitude and/or altitude with respect to the previous
distribution of the pest, as well as an increase in outbreak severity (Hodar et al. 2003;
Hodar and Zamora 2004; Battisti et al. 2005, 2006; Robinet et al. 2007). These works
suggest that mild winters promote larval survival and higher numbers of adults, resulting in
heavier defoliation in the next generation of larvae. Nevertheless, some other works have
suggested also a role of biotic factors in shaping the PPM cycle, either predators-
parasitoids, food quality-quantity, or both (Battisti 1988; Robinet 2006; Hodar and Zamora
2009). Thus, whithin the neverending debate concerning whether the dynamics of wild
animal populations are mainly regulated by abiotic (climate) or by biotic, endogenous
density-dependent, processes, PPM seems to fit both possibilities, in agreement with
modern thinking, considering endogenous and exogenous factors in a more unified way,
operating together on any population (Bjernstad and Grenfell 2001).
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Due to the general pattern of extension and intensified virulence of the PPM,
implementation of tools that predict the behavior of the pest on a broad scale are invaluable
for forest management. Different pine species inhabit the Circunmediterranean and have been
used massively in afforestation, and thus methods for controlling aggressive pests such as PPM
constitute key issues in Mediterranean forestry. However, although records and studies at
different sites suggest a general spreading pattern for the PPM by using temperature as the key
factor (Hodar and Zamora 2004; Battisti et al. 2005, 2006; Robinet et al. 2007), there has been
no attempt to date to explain the population dynamics of the plague at a regional scale.

The aim of this work is to analyze the dynamics of the PPM over an entire region of
Spain using a global driver. The approach is based on the relationship between the rising
temperature in Spain and a parallel increase in the North Atlantic Oscillation (NAO) index
(Moreno 2005; Stephenson et al. 2006; Brunet et al. 2007). The NAO index, in particular
the winter NAO of Hurrell (Hurrell 1995), has been used to model and predict the effect of
climate change in many plant and animal species (Briers et al. 2004; Vihitalo et al. 2004;
Gordo and Sanz 2010). In recent times, the winter NAO has been invoked as a large-scale
climatic index useful to relate to broad areas, since its influence is broad in scale, both
spatially and temporally (Hallett et al. 2004; Stenseth and Mysterud 2005). Specifically, the
questions we address are:

1) Is there a relationship between the PPM outbreaks, on a regional scale, and a large-scale
climatic index such as the NAO?

2) Are there differences in the response of pine species thriving at different altitudinal
ranges?

3) Can be the NAO used as an early warning signal of severe outbreaks?

2 Materials and methods

The area of study is the region of Andalusia (southern Spain). This area covers around
87,300 km?, and includes a wide variety of habitats, from lowlands and meadows on the
western side to high mountains (well above 3,000 m a.s.l. in Sierra Nevada) on the eastern
side. Climate also shows a sharp contrast: while western Andalusia has a temperate climate
characterized by dry and hot summers (Csa, according to the Koppen climatic
classification), the more montainous eastern side can be classified as a cold steppe (Bsk),
while mountains above 1,500 m in altitude have cooler climate types (AEMET 2011).
Around 44,000 km?® are considered forested, and 19% of them are covered by pine
woodlands (Junta de Andalucia 2003), both natural (around 5%) and afforested. Five main
species, stone (Pinus pinea), cluster (P. pinaster), Aleppo (P. halepensis), black (P. nigra),
and Scots (P. sylvestris) pines, represent the bulk of the pine woodlands, while some exotic
species (mainly P. canariensis and P. uncinata) are scarce.

Since 1992, the Andalusian Environmental Council established a network including
plots of pine woodland stands scattered throughout the region (Junta de Andalucia 2006), in
which the incidence of defoliation by the PPM at the stand level is evaluated by trained
rangers every winter, according to six categories: 0 = no infestation, 1 = scattered nests,
scant defoliation, 2 = defoliation and nests visible at the stand borders, 3 = strong
defoliation and numerous nests at the stand borders, some defoliation in the centre, 4 = very
heavy defoliation both at the borders and the centre of stands, and 5 = massive defoliation,
almost no foliage remaining (Montoya and Hernandez 1991). Although the sampling
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intensity varies between years, the high number of stands (over 4000) and the surface area
covered (around 700,000 ha, scattered throughout the Andalusian region) ensures
representative results every year. In this work, we used the entire database of the
Andalusian Environmental Council (4158 stands) for the period 1992-2009. We did not
attempt to separate in this study stands that had been subjected to aerial fumigation of
insecticides to control PPM and untreated stands, as a previous study showed that the
degree of infestation by PPM decreases substantially after an outbreak both in fumigated
and untreated woodlands (Cayuela et al. 2011). This suggests that, at the stand level, the
PPM cycle may be at least partially under natural biological control (predators-parasitoids,
host plant, or both; see also Hodar and Zamora 2009).

We used Hurrell’s winter NAO (Hurrell 1995, DJFM) as a global predictor of the
incidence of PPM in pine woodland stands. In an earlier work (Hodar and Zamora 2004),
we have shown that the defoliation by the PPM can be explained, on a local scale, by the
local climatic conditions. However, for the extension of the area covered in this work, we
used a remote predictor common to the overall area. In this sense, the NAO index has been
repeatedly tested as a straightforward indicator of the climate in several parts of Europe
(Hallett et al. 2004; Stenseth and Mysterud 2005). For the present study, we used not only
the winter NAO, but also NAO values for the three previous winters as explanatory
variables, in order to seek for delayed effects. There was no collinearity in the set of
explanatory variables used (maximum Pearson’s correlation #=0.174, P=0.498).

To investigate the temporal connection between the winter NAO and the incidence of
PPM, we calculated for every winter and pine species the percentage of plots with
defoliation equal to or above level 3 (high defoliation level) (Table 1). In this way, a high
percentage indicated a winter of extensive defoliation for the species, and a low percentage
a winter with the pest at latent levels. We first calculated Pearson’s correlations to explore
the relationships between the percentage of pine woodland stands affected by PPM every
year and the winter NAO for the present and the three previous winters. We then used
generalized linear models with a binomial error distribution and a logit link function to
account for the effects of winter NAO values for the present and the three previous winters
on the percentage of pine woodland stands affected by PPM every year. To determinate the
set of explanatory variables that constitute the best model fit, we performed a backward
stepwise model selection based on the Akaike Information Criterion (AIC) (Akaike 1973).
With this model, we tested the extent to which the winter NAO can be used as a
straightforward predictor of the defoliation intensity, and the potential time lag of this
response in all pine woodlands. We repeated the analysis separately for the main five pine
species, which followed an altitudinal gradient, with stone pine occupying the lowest
elevations (Avg. alt.=340 m), followed by cluster and Aleppo pines at intermediate
elevations (Avg. alt.=870 and 950 m respectively), and black and Scots pines at the highest
elevations (Avg. alt.=1490 and 1810 m respectively). The elevation at which pines are
found is also a reflect of the geographical distribution of the pine species, stone and cluster
pine being common in the lowlands of western Andalusia, Scots and black pine in the
mountains of the eastern side, and Aleppo more frequent at the eastern side but with a wide
altitudinal range. Since the altitude of the stands correlated with the dominant pine species,
our aim with these models was to test whether the relationship between the winter NAO
and the response variable was mediated by the local effect of elevation.

All the analyses were performed with the bulk of data and with the subset of stands that
had the whole time series between 1994 and 2009 (Table 1), since only a small percentage
of woodland stands had data for the years 1992 and 1993. All the statistical analyses were
performed with the R environment (R Development Core Team 2009).
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Table 1 Yearly number of pine stands with defoliation (Inf) equal to or above the level 3 and below 3 when
using all stands and with the subset that had the entire time series between 1994 and 2009. Winter NAO
values are also shown for the whole series and the three previous winters

Year All stands Stands with full time series NAO

Inf>3 Inf<3 Inf>3 Inf<3
1989 - - - - 5.08
1990 - - - - 3.96
1991 - - - - 1.03
1992 144 795 - - 3.28
1993 179 716 - - 2.67
1994 243 2607 147 1575 3.03
1995 173 3072 111 1611 3.96
1996 138 2958 75 1647 -3.78
1997 278 2555 161 1561 -0.17
1998 616 2696 275 1447 0.72
1999 371 2922 155 1567 1.70
2000 282 2948 161 1561 2.80
2001 85 3356 46 1676 -1.90
2002 317 3019 175 1547 0.76
2003 393 3190 152 1570 0.20
2004 422 3201 145 1577 -0.07
2005 215 3424 77 1645 0.12
2006 182 3599 94 1628 -1.09
2007 252 3692 86 1636 2.80
2008 362 3727 104 1618 2.11
2009 431 3646 111 1611 —0.40
3 Results

Pearson’s correlations revealed a positive relationship between the percentage of defoliated
stands and the winter NAO, a negative relationship with the winter NAO with one and
two-year delays, and a positive relationship with the winter NAO with three-year delay
(Fig. 1). Statistical significance of these correlations was not assessed because of the
inflated probability of committing type II error. At the regional scale, both for the total
database and the database with only woodland stands having the whole temporal series,
the generalized linear models showed that the winter NAO index was important in
determining the percentage of defoliated stands between 1992 and 2009 (Table 2,
Appendix S1). When the analysis was repeated separately for the five pine species
(Table 2), the results revealed similar trends, but, notably, the explained deviance values
remained low for the pine species living at low altitudes and/or more resistant to the PPM
(stone and cluster pine), while it increased in pine species living at medium-high altitudes
(Aleppo, black and Scots pine). This indicates that the climatic conditions rendered
markedly different consequences for the five pine species considered. In most cases, the
winter NAO was positively related to the percentage of defoliated stands, whereas the
relationship was inverse with one- and two-year delays (Table 2, Fig. 2) —that is, a
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Fig. 1 Pearson’s correlations between the percentage of pine woodland stands affected by PPM every year
and the winter NAO for the present and the three previous winters (in columns) for all pine species and in
stands dominated by stone(Pinus pinea), cluster (P. pinaster), Aleppo (P. halepensis), black (P. nigra) and
Scots pine (P. sylvestris)

negative NAO promotes a higher defoliation one and two years later. In the case of black
and Scots pine, this influence was also detected for NAO values with a three-year delay
(Table 2, Fig. 2). Winter NAO values with one- and two-year delays accounted for most
of the explained variance in the models (Table 2).

4 Discussion

Our results indicate, for the first time, a relationship between the damage by an insect pest
on a regional scale and a large-scale climatic index, such as the NAO. The mean winter
NAO has strong associations with mean winter temperature and precipitation in Europe
(Hurrell 1995; Bojariu and Giorgi 2005). Positive NAO conditions are associated with
increased precipitation over Northern Europe, decreased precipitation over Southern Europe
and the Mediterranean region, and increased surface temperatures over Northern and
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Table 2 Results of the generalized linear models accounting for the effects of winter NAO values for the
present and the three previous winters on the percent of pine woodland stands affected by PPM for all species
and for the main five pine species using all the forest stands (for a similar analysis using only the subset of
stands that had the whole time series between 1994 and 2009 see the Appendix S1). Only the variables that
constitute the best model fit based on the Akaike Information Criterion are shown

Estimate Std. Error Resid. Dev. Expl. Dev. P(>[z))
All
Intercept -2.310 0.019 1093.61 <0.001
NAO 0.069 0.008 1017.60 0.070 <0.001
NAO-1 —-0.055 0.008 958.46 0.054 <0.001
NAO-2 —-0.082 0.007 819.83 0.127 <0.001
NAO-3 0.034 0.007 797.27 0.021 <0.001
Stone
Intercept -2.196 0.032 329.45 <0.001
NAO 0.058 0.013 314.13 0.047 <0.001
NAO-2 0.064 0.013 290.72 0.071 <0.001
Cluster
Intercept —2.421 0.048 214.39 <0.001
NAO 0.0427 0.022 211.29 0.014 0.048
NAO-1 —-0.131 0.019 159.95 0.239 <0.001
NAO-3 0.049 0.019 153.03 0.032 0.009
Aleppo
Intercept -2.867 0.042 567.41 <0.001
NAO 0.120 0.017 517.91 0.087 <0.001
NAO-1 —0.049 0.016 502.18 0.028 0.002
NAO-2 -0.104 0.013 431.25 0.125 <0.001
NAO-3 0.149 0.015 330.33 0.178 <0.001
Black
Intercept -1.870 0.044 666.01 <0.001
NAO 0.045 0.020 660.02 0.009 0.027
NAO-1 -0.054 0.021 640.04 0.030 0.011
NAO-2 —-0.221 0.017 464.14 0.264 <0.001
NAO-3 —-0.029 0.016 460.59 0.005 0.059
Scots
Intercept -2.171 0.073 514.73 <0.001
NAO 0.133 0.037 500.38 0.028 <0.001
NAO-1 -0.109 0.035 483.93 0.032 0.002
NAO-2 —0.354 0.027 299.76 0.358 <0.001
NAO-3 —0.098 0.023 282.16 0.034 <0.001

Central Europe, while negative values of NAO mean mild temperatures and wet conditions
in Southern Europe, and specifically in the Iberian Peninsula (Rodo et al. 1997; Gouveia et
al. 2008). In the South of the Iberian peninsula, the relationship between NAO and climate
is straightforward for precipitation but not so clear with temperature (Rodo et al. 1997,
Saenz et al. 2001; Gouveia et al. 2008), although anyway the strength of the relationship
depends of the period of the year considered and, interestingly, of altitude, being the
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Fig. 2 Defoliation dynamics (black dots) in relation to the winter NAO index (crosses) in all pine woodlands
and in stands dominated by stone (Pinus pinea), cluster (P. pinaster), Aleppo (P. halepensis), black (P. nigra)
and Scots pine (P. sylvestris). The horizontal solid line indicates zero winter NAO values

relationship stronger in mountains than in lowlands (Lopez-Moreno et al. 2011). Previous
works have shown the key role played by the topography in modulating the large-scale
NAO variability over Europe (Bojariu and Giorgi 2005). Our analysis found in general a
direct significant relationship between winter NAO values and PPM incidence for a given
winter, but an inverse one for the following winters (Table 2), being this relationship
stronger for pines living at the higher altitudes of eastern Andalusia. That is, a typical PPM
cycle would start with a winter with negative NAO and a minimum population of PPM,
then population increases during the one-two following winters of positive NAO, and after
that collapses.

While the pattern is clear, the biological mechanisms behind this pattern are not, since
specific knowledge on underlying relationships between climate and insect development are
far from being fully understood (Netherer and Schopf 2010). In the case of PPM, recent
studies have disentangled very much on the relationships between PPM larval survival and
minimum winter temperatures, either directly on larval survival (Buffo et al 2007; Pimentel
et al. 2011) or indirectly by altering parasitism rates (Pimentel et al. 2011). However, other
important aspects of climate, as rainfall or sun radiation, and their effects in other phases of
the life cycle, as pupal diapause and moth emergence, remain doubtful. Nevertheless, at
least two different mechanisms, not mutually exclusive, can be proposed to explain the
pattern found.

Firstly, the direct significant relationship between winter NAO values and PPM
incidence for a given winter suggests that a dry (although cold) winter is better for PPM
larval survival in Southern Spain. Positive winter NAO values usually render dry winters in
Southern Spain (Rodo et al. 1997; Saenz et al. 2001; Gouveia et al. 2008) and in general
these winters can be classified as warm, even if minimum temperatures are rather low,
because maximum temperatures are rather high (Lopez-Moreno et al. 2011). In fact,
maximum winter temperatures show a direct and significant correlation with winter NAO in
Sierra Nevada (Lopez-Moreno et al. 2011), which is surely related with the direct and good
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correlation that NAO shows in the area with sun irradiance (Sanchez-Lorenzo et al. 2005).
Perhaps larvae develop better in a dry environment and with sunny days, even if nights are
cold, than in a wet winter with mild temperatures (see e.g. Démolin 1969a; Battisti et al.
2005; Robinet et al. 2007; Pimentel et al. 2011, on the effects of low temperatures and solar
radiation on the winter nests). Apart of this direct effect of temperature on larval survival, it
is known that humidity increases the attack of pathogens on Lepidoptera larvae (Weseloh et
al. 1993; Sierpifiska 1998), and activate larval and pupal parasitoids (Pimentel et al. 2011),
explaining the negative effect of wet winters (negative NAO values) on PPM
defoliation. A very wet soil can be also a problem for PPM larvae trying to bury in
soil for pupation (obs. pers.).

Secondly, the inverse significant relationship between winter NAO values and PPM
incidence for the following winter suggest that, after a rainy winter with low populations of
PPM, plants grow better (Gouveia et al. 2008), increasing the quantity of vegetal tissue and
reducing the induced defenses accumulated during the periods of defoliation (Battisti 1988;
Hodar et al. 2004), thus constitute a better and more abundant food for PPM larvae.
Furthermore, after the population crash during the wet winter, the PPM density (and also
the densities of specialists parasitoids) becomes very low, and the conditions for the rising
phase of the cycle are optimal. This in turn explains why the variance in defoliation
explained by NAO is maximum and with inverse sign one or two years after a negative
NAO (Table 2), because the PPM population needs time to take advantage of conditions
and increase its population, while the relationship with the current winter NAO is positive,
being defoliation favoured by dry winters with high irradiance and high maximum
temperatures. Some other relationships, however, remain unexplained, as for instance
the direct and very significant between NAO and PPM defoliation of Aleppo pine with
a three-years delay (Table 2, Fig. 1).

Stone pine is the species showing a poorest fit with this pattern. Stone pine is mainly
distributed at lower altitudes in the western side of the region (and thus more prone to be
influenced by the NAO effect), and does not show a clear relationship in its defoliation with
NAO values. The zones dominated by this pine species have a mild climate in winter,
conducive to PPM development irrespectively of NAO phases. Pines in these areas need to
be resistant to PPM because its incidence is chronic, and predators and parasitoids probably
have more diverse and developed populations than in high-mountain sites, and it is known
that stone pine is the species least susceptible to the PPM (Démolin 1969b; Avtzis 1986;
Breuer et al. 1989; Devkota and Schmidt 1990; Tiberi et al. 1999). As a result, the
defoliation dynamics in the woodland stands dominated by stone pine differ sharply
from those of more palatable pines (black or Scots pine, Fig. 2), and does not show a
clear relationship with the NAO phases. On the contrary, as altitude increases and
temperature decreases, the probability of defoliation reduces, pines are less resistant to
PPM (black and Scots pines are very palatable species, Hodar et al. 2002), the incidence
of parasitoids is scant, and defoliation occurs after mild winters. This suggests that,
although the NAO as a global effector may determine the periods of outbreak in the PPM,
the local characteristics of the site, namely altitude or pine species, greatly modulate the
intensity of the defoliation.

The fact that the areas subject to heavy defoliations coincide with those with palatable
pines prone to the PPM, which need suitable climatic conditions for PPM development, and
the delay between the climatic signal and the defoliation, suggests that the PPM outbreaks
can be predicted with one or two years in advance, and this is a key result for forest
management. One of the great difficulties in managing pests such as the PPM is that, once
the outbreak begins, the possibilities of control are nil (Cayuela et al. 2011). Most control
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procedures against PPM require costly and extensive programs of population estimates, first
to determine whether the population is increasing and eventually approaching outbreak
levels, and then to act before the outbreak level is reached. Our study shows that NAO is a
straightforward early-warning system for the population dynamics of the PPM, and hence
can be used as predictor in order to program the appropriate managements to reduce or
prevent the possibility of outbreaks. A strong effort in downscaling the prediction of PPM
incidence is needed, but this is a promising path to explore.

A noteworthy point is that, while the general trend of temperatures is increasing
(Gitai et al. 2002), the NAO tendency shows a predominance of positive phases (thus
increasing temperatures all over Europe), but a decrease in the probability of negative
NAO-phases (Moreno 2005; Stephenson et al. 2006; Bojariu and Giorgi 2005; Lopez-
Moreno et al. 2011). The first is positive for the development of the PPM, while the
second, as suggested our results, would be at the end negative, since these rainy winters
create the conditions for the start of the cycle. The future tendency of the damage by PPM
in the pine woodlands of southern Spain will depend of the interaction between these two
opposite trends. The future scenario will likely include a higher level of chronic
defoliation, as a consequence of rising temperatures, and a rarefaction but intensification
of the outbreaking events, due to the new pattern of the NAO negative phases. This
scenario, combined with the predicted reduction of precipitation for Mediterranean
regions and a concomitant increase of drought stress in plants (Gouveia et al. 2008;
Loépez-Moreno et al. 2011), would be extremely negative for the pine woodlands. In
particular, it will be very harmful for the populations more susceptible to PPM and
drought, such as the relict Scots pine populations in south-eastern Spain (Hodar et al.
2003; Hodar and Zamora 2004).

In conclusion, our study shows that the defoliation dynamics by PPM in southern
Spain is determined by a global-scale climate index, the NAO, but that the global
effects are strongly modulated by the local conditions, mainly the pine species and the
elevation. These results highlight the necessity of using global drivers in order to
understand the overall consequences of global change on a regional scale, helping to
reduce the uncertainty in regional predictions, and opens the window to the
development of NAO-based predictive models on a regional scale while incorporating
local drivers.
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