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Abstract. Climate change can harm many species by disrupting existing interactions or by favouring new
ones. This study analyses the foreseeable consequences of climatic warming in the distribution and
dynamics of a Mediterranean pest that causes severe defoliation, the pine processionary caterpillar
Thaumetopoea pityocampa, and the effects upon the relict Andalusian Scots pine Pinus sylvestris
nevadensis in the Sierra Nevada mountains (southeastern Spain). We correlated a set of regional data of
infestation by T. pityocampa upon Scots pine, from a broad ecological gradient, with climatic data for the
period 1991–2001, characterized by alternating warm and cold winters. Defoliation intensity shows a
significant association with previous warm winters, implying that climatic warming will intensify the
interaction between the pest and the Scots pine. The homogeneous structure of the afforested pine
woodlands favours the outbreak capacity of the newcomer, promoting this new interaction between a
Mediterranean caterpillar pest and a boreal tree at its southern distribution limit.

Introduction
Climatic change can have a major effect on many species, both directly by altering
the impact of environmental conditions as well as indirectly by changing their
phenology and geographical ranges (Possingham 1993; Parmesan et al. 1999;
˜
Penuelas
and Filella 2001; Thomas et al. 2001). Several studies have investigated
the effects of global change on interactions between plants and outbreaks of insect
herbivores (Landsberg and Stafford Smith 1992; Ayres 1993; Williams and
Liebhold 1995; Neuvonen et al. 1999; Volney and Fleming 2000), predicting a
growing outbreak capacity among defoliating insects. The change in distribution
area of the interacting species will disrupt the established interactions, since they
will begin to overlap with other species with which previous interactions have been
limited or null (Bezemer and Jones 1998; Harrington et al. 1999; Whittaker 2001;
˜
Bale et al. 2002), altering the structure and functioning of communities (Penuelas
et
al. 2002). However, evidence of such effects is mostly limited to temperate and cold
ecosystems of northern latitudes, and to a few species (Parmesan et al. 1999; Bale et
˜
al. 2002; Penuelas
et al. 2002).
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Altitudinal gradients in mountains may mimic, on a narrower spatial and temporal
scale, changes taking place in latitudinal gradients while maintaining a similar
habitat and photoperiod (see e.g. Whittaker and Tribe 1996; Fielding et al. 1999),
thus providing a good framework to analyse these processes and predict the
biological consequences of global change. If the interactive species differ in their
speed of altitudinal migration, the interaction may be disrupted.
In this study, we analyse the foreseeable consequences of climatic change in the
distribution and dynamics of a Mediterranean defoliating caterpillar, Thaumetopoea
pityocampa (Denis and Schiff.), and the impact upon the relict populations of
Andalusian Scots pine Pinus sylvestris (L.) nevadensis Christ in Sierra Nevada
(southern Spain). Several factors suggest that this framework is a good case in point.
First, the Mediterranean basin is one of the areas where the effects of climate change
will be the most pronounced, with a registered steady increase in temperatures
˜ et al. 1998; Rodo´ and
during the last century (Esteban-Parra et al. 1995; Pinol
´
Comın 2001). Within this general warming trend, the fluctuations from very warm
´ 2001) provide the opportunity to
to very cold years in the 1990s (Junta de Andalucıa
anticipate and experiment with the conditions that will predominate in the future.
Second, T. pityocampa is a pest in most Mediterranean pine woodlands, feeding
on several Pinus species, from sea level to ca. 1500 m in altitude. The larva develops
during winter, and its population dynamics depend heavily on winter temperatures,
while the moth emerges, mates and oviposits during summer (see Demolin 1969;
Huchon and Demolin 1971; Breuer et al. 1989; Halperin 1990; Masutti and Battisti
´
1990; Hodar
et al. 2002 for more details on the biology of the species).
Third, several species of the genus Pinus show altitudinal replacement in
Mediterranean mountains (Ceballos and Ruiz de la Torre 2001). In the Sierra
Nevada, the usual zone of attack by the pine processionary caterpillar is covered by
Black pine (P. nigra), while the upper climatic belt presents the Andalusian Scots
pine (Figure 1). This endemic variety of the widely distributed Scots pine is
´ 1991). Due to the
restricted to two isolated populations of ,5 km 2 each (Catalan
altitude at which it grows, Scots pine is not among the usual hosts of T. pityocampa
in nature (Torrent 1958; Demolin 1969; Huchon and Demolin 1971), although the
caterpillar develops quite well when fed Scots pine needles in laboratory tests
´
(Hodar
et al. 2002).

Material and methods
Field work has been performed in eastern Andalusia (southeastern Spain), in the
Protected Area of Sierra Nevada. During the years 1997–1999, a severe plague of T.
´
pityocampa heavily defoliated most pine woodlands in this area (Hodar
et al. 2002,
2003). The incidence of T. pityocampa was analysed, at a regional scale, with the
´ de Medio
infestation data from the Andalusian Environmental Council (Consejerıa
Ambiente). A total of 22 pine stands, from 25 to 316 ha each in size, were monitored
during the period 1991–2001, i.e. a total surface of 3526 ha of pine forest was
surveyed. Every winter, trained rangers evaluated the degree of infestation in the
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Figure 1. Schematic diagram of the Pinus spp. distribution in the mid-high mountain of Sierra Nevada
(southeastern Spain), and the altitudinal range at which T. pityocampa lives. Until now (20th century,
left), P. sylvestris was out of the activity range of T. pityocampa (double arrow), which lived mainly upon
P. nigra at lower altitudes, below 1600 m (the old interaction area, stripped). In the current and future
scenario (climatic warming, right), optimal climatic belts for all species will move upwards, but the speed
of this movement will be quicker for insects (arrow upwards) than for plants. The interaction area of T.
pityocampa with Pinus spp. will move uphill (emerging interaction area, stripped), but in the upper part
the host plant will be P. sylvestris instead of P. nigra, then establishing a new plant–insect interaction.

marked pine stands, according to six categories: 0% defoliation 5 no infestation,
10% 5 scattered nests, scant defoliation, 25% 5 defoliation and nests visible at the
stand borders, 50% 5 strong defoliation and numerous nests at the stand borders,
some defoliation at the centre, 75% 5 very heavy defoliation both at the borders and
the centre of stands, and 100% 5 massive defoliation, almost no foliage remaining.
Pine stands were distributed in a region of ¯200 km 2 , ranging between 1300 and
2200 m a.s.l., covering different landscape units (from natural forest to afforested
woodlands), and different types of soil (from calcareous to siliceous). Scots pine,
both autochtonous and afforested, is the main species in all the stands, although
there is some mixture with other pine species (P. nigra, P. pinaster) at lower
altitudes and, more rarely, with broadleaf tree species.
Climatic data were provided by a meteorological station situated at the Huenes
valley (378059 N, 38289 W, 1680 m a.s.l.), all pine stands being within an 8-km
radius from the meteorological station. Climatic data were available for the period
1991–2001, except for the year 1995, which was completely lacking – data for this
year were estimated by correlating from a nearby station (15 km away; R 2 5 0.93).
Average minimum winter temperature (November–February) was estimated for
every stand as a function of its mean altitude, by using the altitudinal correction
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´ et al. (1996) for Sierra Nevada. For a better fit with the
proposed by Roldan
biological cycle of the plague, we considered year as the period October–September
– that is, year 1999 refers to October 1998–September 1999, and winter 1999 refers
to November 1998–February 1999.

Results and discussion
The period 1992–2001 fluctuated sharply in defoliation intensity, with averages
from nearly 0 to 50% (Figure 2), although stands with massive defoliations were
common during the years of outbreak. Winters 1998–2000 showed generally strong
defoliation, but far weaker in the period 1995–1997 as well as 2001. The similarities
between the intensity of defoliation and the temperature profile imply a climatic
basis for the population dynamics of T. pityocampa, but also suggest a delayed
´
response to the climatic conditions (Figure 2; see Hodar
et al. 2001). In effect, the
regression between defoliation and temperature in the same winter was not significant (F1,8 5 0.002, P . 0.96, R 2 5 0.016), while using temperature for the previous
winter was (F1,8 5 6.129, P 5 0.038, R 2 5 0.434), indicating a direct link between
the climate experienced by T. pityocampa and the defoliation incidence the
following winter. The basis for this 1-year delay is the life cycle of T. pityocampa:
the mild winter promotes the survival of larvae that pupate and emerge as adults the
next summer. This large number of adults mate and oviposit during summer, and
produce the cohort of larvae that will cause defoliation the next winter. This agrees
with the well established fact that winter temperature strongly determines the larval
survival of T. pityocampa (Demolin 1969; Huchon and Demolin 1971; Breuer et al.
1989; Halperin 1990).
Since the rising temperatures found in the Iberian Peninsula during the past

´ Botanico
´
de La
Figure 2. Mean minimum winter temperature (thin line with squares) at the Jardın
Cortijuela (Sierra Nevada), and mean (solid line with open dots 61 SE) percentage of defoliation for the
22 pine stands considered in this study, during the period October 1990–September 2001.
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century result mainly from warmer winter temperatures (Esteban-Parra et al. 1995),
it can be assumed that new climatic conditions will enable T. pityocampa outbreaks
at altitudes higher than the present limits, thus coinciding with the distribution of the
Scots pine populations. In agreement with this hypothesis, during the winters of
´ 1998; see also
1997 and 1998 (the warmest of the 20th century; Junta de Andalucıa
Figure 2), the upper limit of massive defoliations by T. pityocampa was recorded at
unusual altitudes in the P. sylvestris populations (2000–2100 m a.s.l.; personal
observation). Among the stands analysed, 70.4% of the stands situated .1700 m
a.s.l. showed 25% or higher defoliation during the winters 1998–2000, after the
‘warming pulse’ of 1996–1998 (see Figure 2), with some stands approaching 100%.
By contrast, during the previous years (1992–1997) defoliation averaged 5% in
these higher stands, and a scant 8% of them reached 25% defoliation. This also
agrees with recent records in other parts of Spain, such as the Pyrenees, where T.
pityocampa was found at 2000 m on P. uncinata (R. Montoya, personal communication), but sharply disagrees with older findings on this processionary in the mid-20th
century. Huchon and Demolin (1971) fixed 1600 m as the maximum altitude at
which the species lives in southern France, while Torrent (1958) noted that, in
central Spain, it attacks Scots pine only in the lower (1300 m) part of the pine’s
distribution area.
The natural regeneration of Andalusian Scots pine in Mediterranean mountains is
seriously limited by low seed production, high seed predation, and poor seedling
survival due to summer drought (Castro et al. 1999; Castro 2000). Once juveniles
are established, the high herbivory pressure by wild and domestic ungulates limits
tree growth, especially in the treeline areas, where herbivory upon pines is stronger
´
´
(Hodar
et al. 1998; Gomez
et al. 2001; Zamora et al. 2001). By contrast, adults are
relatively immune to these problems. However, if winter warming increases the
frequency and intensity of the episodic and massive defoliation by T. pityocampa,
adult pines will deplete their reserves, causing: (1) a reduced seed production
´
(Hodar
et al. 2003), further collapsing the regeneration cycle, and (2) a limited
response capacity against other negative factors, such as drought or adverse weather.
´
This will hasten mortality in the, until now, long-lived adults (Hodar
et al. 2001,
2003).
Warmer winter temperatures are currently triggering an uphill displacement of
pests limited by low temperature (Ayres 1993; Neuvonen et al. 1999; Bale et al.
2002). This promotes a new interaction between a non-specialist Mediterranean
caterpillar pest, T. pityocampa, with a boreal, suitable host occupying the Mediterranean high-mountain, the Scots pine. However, the outcome of this plant–herbivore
emerging interaction is mediated by the structure of the habitat where the interaction
takes place (Masutti and Battisti 1990; Watt 1992; Hill et al. 1999, 2001). Several
authors have shown stable caterpillar populations in diversified habitats with mixed
plant species and outbreaks when the habitats are extensive, homogeneous woodlands, or regular plantations (Tammaru et al. 1995; Floater and Zalucki 2000). In
Mediterranean mountains, the remnant natural pine woodlands are small fragments
´ and Montoya
of low-density forest, usually mixed (e.g. with Quercus spp.; Meson
1993). A forest structure with suitable hosts in a density low enough and scattered
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among different, unsuitable tree species hosts would dilute the effect of the
population explosion. In contrast, the massive pine plantations in Mediterranean
´ 1990; Masutti and Battisti
mountains during the last century (Junta de Andalucıa
1990) created a new scenario prone to pest spread. A homogeneous, extensive stand
of planted pines, characterized by monospecific, even-aged stands, high density,
regular spacing, and low variability among individuals, created a habitat in which T.
pityocampa moths easily find suitable hosts. Therefore, the potential negative
consequences of this new, emerging interaction are the synergic result of climatic
warming, which favours uphill displacements, and humanized, homogeneous Scots
pine woodlands, which represent a ‘culture medium’ promoting the outbreaking
capacity of the newcomer. Clearly, an ecologically healthy way to mitigate T.
pityocampa outbreaks in its new high-mountain woodland habitat is to manage these
homogeneous stands, drastically reducing pine density in afforested woodlands,
increasing species diversity in both autochthonous and afforested pine stands,
encouraging the spread of non-Pinus species (e.g. Acer, Quercus or Taxus) and,
consequently, increasing the diversity and spatial heterogeneity of the pine woodlands to resemble the original forests in the Mediterranean mountains.
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