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Abstract – Although drought affects directly tree physiology and growth, the impact of secondary factors (insect pests, pathogens and fire) is often
greater than the impact of the original stress and can lead to important tree mortality. In 2003, Western and Central Europe experienced a drought and
heat waves that led to extensive forest damage. This paper reports on the impacts of drought and high temperatures on forest insect populations in the
context of this exceptional event. Observations of changes in population levels of the main European forest insect pests during and after the drought are
presented and discussed in the light of current knowledge and theories of interactions between drought and insects. We investigated the direct effects
of drought on life history traits and indirect effects through physiological changes experienced by host trees. Forest pest insects were separated in 4
feeding guilds: woodborers, leaf-chewers, leaf-miners and leaf-suckers. The impact of water stress varied according to feeding guilds. Woodborers were
positively influenced by prolonged water stress and the decline of host resistance. In contrast, defoliators profited better from the increased nitrogen in
plant tissues linked to moderate or intermittent water stress. Field observations showed the importance of the soil water status in tree resistance against
pest attacks. Thus, the 2003 drought confirmed observations from earlier droughts that, is case of bad choice of tree species in some plantations, site
matching becomes a prominent and primary cause of the development of pest outbreaks. This exceptional drought may give us some indication of the
impacts of extreme climatic events. However, observations of the performance at the individual level were not sufficient for predicting long-term insect
population dynamics, which depends on complex interactions between biotic and abiotic factors.

climate change / drought / heat wave / forest pest insect / population dynamic

Résumé – Effet de la sécheresse et de la canicule de 2003 sur les populations d’insectes ravageurs forestiers en Europe centrale et occiden-
tale. Bien que la sécheresse affecte directement la physiologie et la croissance des arbres, l’impact de facteurs secondaires (insectes ravageurs, pa-
thogènes et feu) est souvent plus important que le stress original et peut conduire à la mortalité des arbres. En 2003, une sécheresse et des vagues de
chaleur ont provoqué des dégâts importants dans les forêts d’Europe centrale et occidentale. Cet article rend compte de l’impact de la sécheresse et de la
canicule sur les populations d’insectes forestiers dans le contexte de cet évènement exceptionnel. Les observations des fluctuations de populations des
principaux insectes ravageurs des forêts européennes sont présentées et discutées en regard des connaissances actuelles et des théories des interactions
entre sécheresse et insectes. Nous avons recherché les effets directs et indirects de la sécheresse, respectivement sur les traits d’histoire de vie et au
travers des modifications physiologiques induites chez les arbres hôtes. Les insectes forestiers ont été séparés en 4 groupes : xylophages, phyllophages,
mineuses et suceurs de sève. L’impact du stress hydrique a été différent selon la guilde considérée. Les xylophages ont été positivement influencés par
le déclin de la résistance de l’hôte suite à un stress hydrique prolongé. Au contraire, les phyllophages ont mieux profité de l’augmentation de l’azote
dans les tissus de la plante sous un stress hydrique modéré ou intermittent. Des observations de terrains ont montré l’importance du statut hydrique
du sol sur le niveau de résistance des arbres contre les attaques de ravageurs. En certains sites, la sécheresse de 2003 a d’ailleurs mis en évidence des
choix d’essences inappropriés. Cette sécheresse exceptionnelle peut nous donner des indications sur les impacts des événements climatiques extrêmes.
Cependant les observations des performances au niveau individuel ne permettent pas de prédire à long terme les dynamiques des populations, lesquelles
dépendent d’interactions complexes au niveau local entre facteurs biotiques et abiotiques.

changement climatique / sécheresse / canicule / insecte ravageur forestier / dynamique des populations

1. INTRODUCTION

Current climate change scenarios are predicting an increase
in the frequency and intensity of summer drought and heat
waves in western and central Europe [66]. Such extreme, large
scale climatic events will likely be important drivers of change

* Corresponding author: jean-noel.candau@avignon.inra.fr

in the organization and functional attributes of forest ecosys-
tems. Water stress and high summer temperatures have direct
effects on tree physiology, phenology and ultimately, on the
distribution and abundance of tree species [11, 37]. Indeed,
temperature and soil moisture are the primary limiting factors
of the natural range of most European forest tree species [13].
Prolonged drought and heat may also impact forest ecosystems
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indirectly by interacting with natural disturbances such as in-
sect pests, pathogens and fire. The impact of these secondary
agents on tree mortality may be larger than the impact of the
initial stress [6,29,90]. This may, however, greatly vary, espe-
cially according to the general condition of the forest and its
management regime. Consequently, understanding the interac-
tions between drought, heat, and natural disturbances may be
critical in predicting the overall impact of future drought on
forest ecosystems.

Historical archives suggest that the summer of 2003 was
likely the warmest since 1500 [59]. In France, average
monthly temperatures were greater than normal temperatures,
calculated over the period 1976–2002, for every month from
March to September [16, 78]. In addition to a general increase
in mean monthly temperatures, two heat waves affected most
of Western Europe, first in the beginning of June, then in the
first half of August. At the same time, the soil moisture re-
mained in deficit from April to November [16, 17]. This com-
bination of extreme drought and very high temperatures made
the 2003 event unprecedented. However, such event can be
seen as a “shape of things to come” as it is predicted to oc-
cur with higher frequency under climate change [12, 46, 63].

In general, insects experience the effects of drought and
heat directly through changes in life history traits, and indi-
rectly through trophic feedbacks and interactions with other
species and abiotic components of their environment. Con-
sequently, insect responses are likely to be complex and de-
pendant on host plant physiology and site characteristics. In
addition, water stress impacts differently according to feeding
guilds. While a moderate water-stress is thought to limit wood-
borer performances [53], in contrast, defoliator performances
are usually enhanced in response to the increase in concentra-
tion of soluble nitrogen in foliage [50, 51, 60], either during
drought or the following year. For both guilds, performances
decline with severe stress because of the deterioration of host
quality.

Many reviews have looked at the direct or indirect impacts
of drought on insects at the individual level [45,48,50,53,60].
However, whether responses at this level will translate into ef-
fects at the population or community level will depend on the
net result of complex interactions. The occurrence of the 2003
drought and heat wave over Western Europe has put a new em-
phasis on this question while giving the opportunity to observe
the result of water stress and high temperatures on a variety
of forest insects. The aim of this paper is to review the cur-
rent observations of the impacts of the 2003 drought and heat
wave on the major European forest insect species and discuss
these observations in the light of current knowledge and the-
ories of interactions between drought and insects. The study
makes extensive use of the data collected by the French For-
est Health program and therefore focuses on French forests
although observations made in other European countries are
reported when they were available. Two original research data
about the pine processionnary moth and the spruce bark beetle
and its parasitoid are reported. We hypothesize that the na-
ture and the severity of these impacts will depend on regional
characteristics (in relation to the severity and duration of cli-
matic stresses), site characteristics, insect type (in relation to

the feeding guild, ecology and population levels the previous
years), and host type (in relation to its tolerance to stress).

2. DIRECT EFFECTS OF DROUGHT AND HEAT
ON INSECT PERFORMANCES

Insect populations can often respond rapidly and dramat-
ically to changes in climatic condition. In temperate forest
ecosystems, warmer, drier weather is generally thought to pro-
mote per capita growth rates leading, in some cases, to popula-
tion outbreaks [60,89,95]. An increase in temperature towards
species optima will usually accelerate egg and larval devel-
opment and, consequently, increase the chances of survival
by reducing the time spent at development stages most sus-
ceptible to predation and parasitism. For multivoltine species,
shorter development times may also lead to additional gen-
erations within a year [3, 95, 99]. High temperatures such as
those experienced during the 2003 heat waves may have nega-
tive effects on insect populations. The relation between tem-
perature and insects performances is usually dome-shaped.
Hence, when temperatures increase above the optimal, growth
rates will start to decrease [7, 88] as well as fecundity and
survival [5, 45, 48]. In addition, changes in phenology that
may allow a species to escape from predation may also de-
synchronize it with the phenology of its host plant leading to
starvation [36, 55, 92, 100].

Water stress may increase the effects, whether positive
or negative, of temperature as the temperature in and on
drought-stressed plants are usually higher that ambient tem-
perature [60]. In addition, low air humidity may shorten the
life of insects through dehydration [3,39,95] but little is known
about the effects at the population level.

The direct effects of temperature and drought on insects
are likely to vary among species depending on the sensitiv-
ity of individual growth rates to increase temperatures [7],
the life-stage at which they experience high temperatures and
drought [3,26,42], their adaptation to warm, dry environments
and climate extremes [27,67], and their capacity to escape un-
favourable environmental conditions [58].

2.1. Effects of summer heat on the survival of early
instars of defoliators and aphids

Thaumetopoea pityocampa (Denis & Schiffermuller), the
pine processionary moth, is one of the most damaging de-
foliator of conifers in France. Population levels of this in-
sect are primarily related to the survival of first-instar lar-
vae [27, 41, 99]. Eggs and young larvae are sensitive to high
temperatures; an excess of heat or exposition to intense so-
lar radiations may induce high levels of mortality [26]. The
mortality of some larvae of T. pityocampa can also have an
impact on the survival of the entire batch (group of larvae
hatched from the same egg mass) because the ability to con-
struct nests and consequently to survive over the winter, is
dependent on the number of larvae per batch that reach late
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Figure 1. Daily distribution of adult flight and egg hatch for the pine processionary caterpillar, Thaumetopoea pityocampa, at Sainte Victoire
(France, 5◦ 37” 21’; 43◦ 31” 23’) in 2002 and 2003. Adult were captured with pheromonal traps charged with 1mg of pheromone. Egg masses
were collected at the end of the adult flight period and placed individually in a 22 ◦C-climatized chamber until the end of egg hatch. An egg
masse was considered as hatched when at least five eggs had hatched. During 2002 and 2003, temperatures were recorded daily in July and
August.

instars [27, 42]. A large-scale survey carried by the French
Forest Health Department in 2003–2004 [14, 15] reported an
overall increase in egg and larval mortality, particularly in con-
tinental zones where winter-nests are essential to survive win-
ter temperatures; whereas the Atlantic coast, under oceanic in-
fluence, was less concerned [14, 15]. This mortality may have
stopped the outbreak that was expected from the population
levels recorded during the winter of 2002–2003. In addition
to this large-scale survey, an intensive study was conducted
in southeastern France by a team of the Institut National de
la Recherche Agronomique (INRA) in Avignon. Egg masses
(1387 in 2002 and 1507 in 2003) were collected at the end
of the flight period (end of August) and reared individually at
22 ◦C. The number of larvae hatching from these egg masses
was recorded daily. Results showed that egg mortality rate
in 2003 was low (9%) but significantly higher than in 2002
(Chi2 = 120.71; p < 0.01). These differences could have re-
sulted from differences in July and August mean temperatures.
Mean temperatures during both months were below 25 ◦C in
2002; while in 2003 means exceeded 25 ◦C with a long pe-
riod close to 30◦C (mean daily temperatures were on average
4 ◦C higher in 2003 than in 2002). Despite higher mean tem-
peratures in 2003, adult flight preceded the beginning of adult
flight in 2002 by only 3 days, and the length of adult flight pe-
riods was quite similar. In 2003, egg hatch occurred before the
first sample date and finished 6 days before what was observed
in 2002 (Fig. 1). In 2003, 50% of the egg masses had hatched
on August 3, preceding by 9 days the hatching date in 2002.
Egg incubation period, calculated as the time between 50%
hatch and 50% adult flight, was 33 days in 2003 and 38 days
in 2002 (Fig. 1). After the 2003 drought, high levels of infes-
tations, although not outbreak levels, were locally observed in
the fall of 2004 in the West and Southwest of France, in the
Southern Alps and in Corsica [15]. A mild 2003–2004 win-
ter may have allowed remaining larvae to survive despite the
overall bad quality of winter nests.

The impact of the 2003 summer drought and heat on gypsy
moth (Lymantria dispar L.) populations is difficult to assess
from the observations made to this day. Overall, the drought
didn’t seem to have affected populations of this insect [10].

Populations of broadleaf defoliators such as the small win-
ter moth (Operophtera brumata L.) and the oak leaf roller
moth (Tortrix viridana L.) increased in 2003 in France [31],
Switzerland [65], the Czech Republic [23], and southeastern
Sweden [57]. In 2004, populations were still increasing. These
species accomplish their larval development early in the sea-
son (April-May). Consequently, they may have benefited from
the warm spring of 2003 without suffering from the summer
heat. This is particularly true for geometrids such as O. bru-
mata as these species spend most of the warmest period of the
year as nymphs in the ground. In 2005, high increase in popu-
lation levels was reported in early defoliators [70].

Observations of aphid populations during and after 2003 re-
veal varying effects of drought on these insects. For the poplar
woolly aphid, Phloemyzus passerinii (Sign.), climatic condi-
tions in 2003 seemed to have favored its installation and out-
break, particularly in the NE of France [62]. However, the out-
break that was expected in 2004 in the same region did not
materialize. Conversely, exceptionally high population levels
of the beech woolly aphid, Phyllaphis fagi L. were observed
in 2004 (Fig. 2) following a period of latency of several years.
Vigorous host, i.e. poplar stands with elevated temperatures,
high moisture and no direct light, usually favors aphid devel-
opment [5,62]. However, direct solar radiations and low mois-
ture may impact negatively aphid populations.

2.2. Effects of elevated temperatures and drought
on bark beetle development

Bark beetle populations were generally high since the 1999
“Lothar” storm that affected Western Europe, but were starting
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Figure 2. Frequency of reports of beech woolly aphid, Phyllaphis
fagi L., damage in France between 1999 and 2004 (total number of
records = 53). Data were extracted from the database of the French
Forest Health Department.

to decrease prior to 2003. The spruce bark beetle (Ips typogra-
phus L.) and the pine bark beetle (Pityogenes chalcographus
L.) accounted for most of the damage. In Northeastern France,
the volume of wood affected reached 380 000 m3 in 2003, an
increase of 29% from 2002 (Fig. 3). In Switzerland, damages
reached a record level of 2 000 000 m3 of wood infested [99].
Record levels of damage were also recorded in Germany [4]
and Austria [49]. In the Czech Republic, the volume of timber
infested reached 1 246 000 m3, five times the volume recorded
in 2002 [23].

Bark beetle development is directly affected by phloem
temperature, which in turn is dependent on air temperature and
direct solar radiation [95]. Although the increase in tempera-
ture observed in 2003 generally favoured woodborers, extreme
temperatures experienced during the heat waves may have had
negative effects on their performance and dispersal [3].

High spring temperatures lead to early flights of winter-
ing adults and, in most locations, to an extra generation in
the year. The minimum temperature threshold for the devel-
opment of I. typographus is 16.5 ◦C with an optimum between
22–26 ◦C [94]. In 2003, captures of I. typographus in North-
eastern France (Fig. 4) began earlier in the season than usually.
In France and Switzerland, I. typographus developed two gen-
erations at low altitude and three generations in some stands
in the plains instead of respectively one or two usually ob-
served [64,68]. However, at the beginning of August the num-
ber of adults captured had decreased, probably due to the effect
of the heat wave that prevented adult from flying [3].

The French Forest Health Department also observed that
the heat wave during the first two weeks of August 2003
stopped the development of most woodborer species [97]. Sur-
veys indicated high levels of egg and larval mortality. Temper-
ature inside the egg galleries exposed to direct sunlight has
been shown to exceed 50 ◦C, a fatal temperature for larvae,
pupae and adults [3, 68]. The same level of mortality did not
seem to have occurred in I. typographus populations. Damages
from this insect continued to increase in 2004 (Fig. 3).

The increase in temperature enhances the development rate
of Pityokteines curvidens (Germ.) which may result in the
development of a second generation the same year [1]. In

Switzerland, where even a third generation was observed in
some areas, populations of P. curvidens reached outbreak level
for the first time in 40 years [71]. This insect was responsible
for damages on 100 000 m3 of timber in Switzerland and more
than 50 000 m3 in Northeastern France [68]. In addition, pop-
ulations of the silver fir weevil, Pissodes piceae (Illiger) were
reported on the rise in France in 2003 [68]. P. piceae oviposits
on trunk within cavities [1]. Adults and larvae undergo a pe-
riod of summer dormancy during summer heat. Larvae located
in galleries under the bark usually develop slowly in summer
and autumn and then resume their development in spring. In-
crease of heat in galleries may have accelerated the develop-
ment and allowed larvae to enter winter at more advanced and
resistant instars, then resulted in higher population levels the
following year. However, for this species of secondary pest,
outbreaks occur only if increase in insect population are asso-
ciated with a weakening of the host tree and a decrease of its
resistance level [68].

2.3. Impacts on insect phenology in interaction with
host phenology

For many defoliators of temperate forests synchrony in phe-
nology between budburst and larval development is determi-
nant to growth and survival of these defoliators [83, 91, 92]. A
good synchronization between hatching and budburst allows
larvae to feed on soft and young foliage, with high food qual-
ity [5, 30, 36]; see also indirect effects).

For geometrids, generalist defoliators of broadleaf trees
such as O. brumata, larvae feeding on ageing foliage show de-
clining growth rates and increasing dispersal with a dramatic
increase in mortality since this dispersal is passive [19,82,83].
Consequently, a differential effect of warmer temperatures on
budburst and larval phenology would have marked effects
on the abundance of this species in extreme years such as
2003. However the potential for increased temperature to de-
synchronize O. brumata phenology with its host’s is still con-
troversial [19, 91]. In France, an outbreak of O. brumata had
already started in 2002. Defoliation due to this insect, locally
in association with Tortrix viridana L., continued to increase
in 2003 and 2004 in the north-eastern regions [21, 32]. In
Switzerland, the extent of the defoliation observed in 2004 in-
dicated that the 2003 conditions were favourable to the sur-
vival and growth of O. brumata populations [65]. Noticeable
levels of defoliation by this insect were also recorded in the
Czech Republic [23] and in Germany [4]. These observations
tend to indicate that the 2003 drought and heat did not have a
negative effect on O. brumata or other geometrids populations.

2.4. Impacts on distribution

The impact of an increase in mean temperature on the dis-
tribution of forest insects has been well documented (e.g. [6,
7, 9, 15, 41, 86]). The geographic distribution of many forest
insects is more limited than their host distribution; therefore,
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Figure 3. Annual volume of spruce timber salvaged from bark beetle infestation in France reported by the French Forest Health Depart-
ment [97].

Figure 4. Total captures of Ips typogaphus on spruce in 5 sites in northeastern France from 2001 to 2004. On each site, captures were realized
with 10 bottle-traps each equipped with “Pheroprax” (Cyanamid) (cis-verbenol et methyl-butenol), Ipsdienol (PheroTech) and exo-brevicomine
(PheroTech) diffusers. Traps were collected every two weeks. (A color version of this figure is available at www.edpsciences.org.)

insect distribution could change very rapidly in response to cli-
matic variations. Species distributions are often limited in their
northern range by winter temperatures [6, 89] and increase in
mean annual temperature means may favor populations to ex-
tend their geographic distribution.

The pine processionary moth, previously limited at about
the Loire valley in France, moved 90 km north in the last 30
years [9, 26]. In 2003, this insect was negatively impacted by
high summer temperatures in the continental areas [14, 15],
however an increase of the winter temperature may have al-
lowed the survival of remaining larvae and the progress of the
migration front.

Similarly, the poplar woolly aphid was recorded for the first
time in the Northeast of France in 2002 and lead to severe
damages in 2003 [62]. Temperature increase of foliage may
enhance performances of some defoliators that usually live un-
der their optimal temperature regime [89] and allow the pro-

gression of the populations. However positive effect of tem-
perature is often modulated by decrease of foliage quality [5].
Interaction between both factors (increase of temperature and
foliage quality) could explain in part insects’ migration and
the development of outbreaks [60].

3. INDIRECTS EFFECTS ON TREE RESISTANCE
AND INSECT PERFORMANCES

Extreme climatic events such as those observed in
2003 may also have indirect impacts on forest insect popu-
lations through plant-insect relationships and other trophic in-
teractions. Drought and high temperatures have an effect on
virtually every plant process. Impacts on tree physiology, bio-
chemistry and phenology will affect the nutritional quality of
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wood, foliage and sap, and plants mechanical and chemical
defenses against pest attacks.

Among the different theories that have been successively
put forward to explain plant defense mechanisms (reviewed
in [81, 98]) and how they can be impacted by water stress,
the Growth – Differentiation Balance theory (GDB; [40, 56])
appears today as the most mature. According to the GDB the-
ory, a moderate water stress would stimulated tree defenses. In
contrast, severe water stress would decrease tree resistance to
pest attacks [40, 53, 56, 85].

Drought may also affect the nutritional quality of plants,
positively by increasing the level of foliar nitrogen which may,
in turn, stimulate insect feeding [60,97], or negatively through
low leaf water content and increased concentrations of sec-
ondary metabolites (e.g. [45, 79, 80]). The net effect of water
stress on insect populations is often hard to grasp because ef-
fects on host physiology and phenology can be contradictory.
In drought conditions leaf maturation may become unsuitable
food tissues earlier in the season due to the accumulation of
defense compounds. However at the same time, their concen-
tration in nitrogen increases which may enhance insect perfor-
mances [28,45,48,60]. Drought effects also depend on the in-
sect feeding guild. Leaf-chewers such as moths, sawflies and
beetle, are often more susceptible to the increase in defense
compounds in leaf tissues than sap-feeders (aphids) feeding on
vascular tissues containing less of these compounds [45, 60].

Finally, not all forest insects are immediately concerned by
local drought conditions [62] and some, like aphids, must wait
for the trees to recover better living conditions [45] to exploit
the physiological modifications of the host due to drought.
Sometimes tree decline is not visible until several years af-
ter the stress period or the drought may be preceded by de-
foliation, a freezing period or a windstorm that could already
negatively impacted host trees. Then it becomes hard to deter-
mine what environmental factors were really responsible for
tree dieback [10, 16].

3.1. Effects of water stress on host attractiveness
to woodborers

Water stress may modify the acoustical, thermal, mechani-
cal, visual or chemical cues used by insects to recognize their
host [60]. After a prolonged stress, the vibrations that result
from the cavitation of xylem tissues could attract insects such
as bark beetles or woodborers [8, 60, 75]. First mechanical
defense of conifers against woodborer attacks, the constitu-
tive resin flow is reduced under severe water stress but is in-
creased under a moderate drought [75]; and see references
in [53]). In severely stressed hosts, the concentration of sec-
ondary metabolites implicated in host resistance is also re-
duced. Short range host attractiveness is then higher for wood-
borers (ref. in [53]), however intrinsic mechanisms implicated
in long range attraction is still unstudied. Usually, a reduction
of food quality occurs at the same time due to a decrease of
the water content in tree tissues [52,53]. Wood tissues in stress
trees also emit chemical compounds that attract secondary pest
insects [47].

Figure 5. Annual volume of fir timber salvaged from bark beetle
infestation in France reported by the French Forest Health Depart-
ment [97].

3.2. Impacts of prolonged drought on bark beetles

The success of the establishment of bark beetle populations
on their host tree depends, on the level of the insect popu-
lations and the ability of pioneer individuals to attract con-
geners, on the levels of tree natural defense mechanisms and
the efficacy of beetle associated fungi to stimulate these de-
fenses [20,52,72,76]. Water stress may impact the emission of
aggregation pheromones. Indeed, most Scolytid pheromones
are derived from host’s monoterpenes [20].

In 2004, populations of I. typographus have increased com-
pared to the levels recorded in 2003 (Fig. 3). If this increase
is indeed related to drought, one can expect it to continue in
2005, since tree susceptibility to bark beetles is usually max-
imum 1 or 2 years after a stress event [53, 69, 77]. Serious
damages caused by bark beetle were reported in 2005 [70].

Recent studies showed that moderate water stress increased
tree level of resistance to fungi associated with scolytids while
a severe or long stress decreased it [24, 53, 94]. In contrast,
several successive, short cycles of water stress may decrease
resistance [53].

Consequently, if normal summers in temperate regions may
stimulate conifer stand resistance to bark beetle attacks, it is
possible that exceptionally dry summers increase tree suscep-
tibility to these insects. This was confirmed by observations of
increased damages by bark beetles on spruce (Fig. 3) and fir
(Fig. 5) following the 2003 drought (conversely species as-
sociated to pine remained at endemic levels). In the fall of
2003, drought had weakened most conifers and broadleaves
resulting in the infestation by most species (Pityokteines on fir,
Pityogenes chalcographus on spruce, buprestids on broadleaf
trees. . . ). This illustrates differences between parasites that
seems to be indifferent to the status of their hosts, and those
that needs a weakened host to be successful.

Although conifers may become susceptible during a period
of extreme drought, experiments have suggested that they can
recover rapidly and resistance level return to normal as soon
as water is available [22,25,69]. Thus, good conditions of rain
during winter following a severe summer drought, could al-
low trees to recover their resistance and then to limit attacks
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Figure 6. Frequency of reports of Ips acuminatus damage in France
between 1999 and 2004 (total number of records = 662). Data were
extracted from the database of the French Forest Health Department.

the following year. Nevertheless, in case of several consecu-
tive years of severe water stress, bark beetle populations could
outbreak and extensive attacks on healthy trees could become
possible.

In contrast with I. typographus and P. chalcographus on
Norway spruce or P. curvidens on fir, whose populations in-
creased in 2004, populations of I. acuminatus on Scots pine
have decreased (Fig. 6). According to Bréda et al. [16, 17],
Pinus sylvestris was one of the conifers species least weak-
ened by drought at the end of August 2003. One may suppose
that in 2003, Scots pines were not stressed enough to attract
I. acuminatus and even that their resistance was increased, be-
cause usually outbreaks of this insect are related to drought
episodes [54]. Following the 2003 drought, other minor wood-
borers populations have also increase in France in 2004, on fir,
oak and beech [32, 68].

Bark beetle propagation was also triggered in Switzerland
and Germany [63]. During the 2003 drought episode, hosts
were already stressed in the spring [16] and severe cold during
the winter had damaged some crowns [61]. The addition of all
these climatic factors weakened spruce stands thus promoting
the increase of bark beetle population observed in 2003. The
first generation of beetle dispersing at this time thus certainly
found suitable sites for oviposition [61]. Two factors may have
modified locally the impact of drought and bark beetles. First,
conifers react differently to water stress. For example, Norway
spruce is the conifer least resistant to water stress, particularly
on unfavourable sites [16,17]. Second, sufficient precipitations
in the winter of 2002 may have allowed trees to enter the 2003
drought with a good resistance level in favourable sites [16].

3.3. Host attractiveness and defoliator performances

Leaf water content is the most important factor correlated
with the larval growth of the geometrids E. autumnata and
O. brumata (e.g. [39, 82]) and for the pine processionary
moth (T. pityocampa) and the pinyon sawfly (Diprion pini L.).
Young instars are usually the most sensitive to foliage qual-
ity [26,42,73], which may also have a negative effect on hatch-

ing rate [73,80,91,100]. For the pine processionary, mortality
observed in 2003 [14, 15] in young larvae could be the result
of starvation because of a decrease in needle quality [42, 43].
Lepidoptera hatching during a drought period are negatively
affected by leaf texture changes; leaves become tougher be-
cause of the decline in water content (see ref. in [5, 60, 74].
However, senescing foliage also provides insects with high
quality food containing high nitrogen concentration [44]. For
some insects, nutrient compounds in non-stressed plant are be-
low the insect optimum of development so even a moderate
stress can change foliage quality and increase insect perfor-
mances [50,60]. During, drought, the increase in nitrogen con-
centration usually stimulates insect feeding [60], but despite
an increase in consumption rates, growth may be slowed down
because the nutrition is less efficient due to low water content
and high secondary metabolite concentration in the stressed
foliage [19, 36, 79, 80].

In contrast with bark beetles that are known to perform bet-
ter under prolonged drought, most evidence suggest that leaf
chewers are negatively affected by continuous or high water
stress, while performances increase under moderate and inter-
mittent water stress [6, 45, 60, 93]. Mopper & Whitham [66]
propose that the optimum host for D. pini would be a tree
that had undergone a moderate stress followed by abundant
precipitation while the larvae are feeding. In France, defolia-
tors damages (e.g. L. dispar and T. pityocampa) observed in
2004 and 2005 show variable intensity according to the lo-
cation [21, 32]. Differences in damage level may be related
to host vigor and ability to resist and recover from a drought
episode. During drought, leaf miners show better performance
than leaf-chewers because of their ability to avoid compart-
mentalized secondary metabolites while in the same time ben-
efiting from nitrogen elevation [5, 50]. Intermittent and mod-
erate drought would promote defoliators performances, with
higher performances from aphids and leaf-miners, while pro-
longed drought would decrease defoliators outbreaks.

3.4. Impacts on interspecific interactions

Drought stress may also have indirect effects on forest in-
sect populations through biotic interactions such as compe-
tition, facilitation or predation. In this case, changes in in-
sect populations that were directly affected by drought will
in turn have effects on other insect species. These effects, of-
ten mediated through changes in plant chemistry and physi-
ology induced by the feeding of primary pests [28], may im-
mediately impact co-occurring species or persist for several
growing seasons. Indirect effects are often negative: drought-
increased performance of early defoliators often induces long-
lasting plant resistance that will have negative effects on insect
species occurring later in the season [96].

Severe defoliation due to drought together with defoliator
proliferation may also lower tree resistance and facilitate sec-
ondary pest attacks the year after the drought. Heavy defo-
liation of Picea sitchensis (Bong.) Carr. by the aphid Elato-
bium abietum Walker (more than 90%) increases significantly
the host susceptibility to secondary pest attacks by reducing
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Figure 7. Annual captures of Thanasimus formicarius in 5 sites in
northeastern France from 2001 to 2004. Capture methods are de-
scribed in Figure 4. (A color version of this figure is available at
www.edpsciences.org.)

both preformed and induced defense mechanisms [53, 77]. In-
crease of bark beetles attacks has been also demonstrated after
defoliation by Zeiraphera diniana Guenée and T. pityocampa
(ref. in [53]). In 2004, oak defoliation caused by geometrids
reached 60% of the foliage [32]. This defoliation is expected
to increase oak susceptibility to secondary pest attacks.

Drought may also indirectly impact forest pest insect popu-
lation dynamics through impact on parasitism. Low plant qual-
ity reduces the development rate of defoliators, lengthening
growth period thus increasing exposition period to parasitoid
attacks [34, 38, 55].

During drought, performance of D. pini parasitoids are af-
fected by the decrease in host size and quality in response to
the low nutritional content of water-stressed trees [33, 38, 79].

It has been hypothesized that the combined action of
changes in host plant quality due to drought stress and insect’s
response to increased temperature could allow insect popula-
tions to escape natural enemies [35, 84]. This hypothesis was
not verified for I. typographus and other Scolytidae during the
2003 drought: in Northeastern France, captures of Thanasimus
formicarius L., a parasitoid of these Scolytids occurred earlier
in 2003 than usually recorded (Fig. 7). Captures increased in
2004, following the increase of host populations, but occurred
later in the season.

4. DISCUSSION

We have compiled various observations of changes in for-
est pest populations during the 2003 drought and heat waves.
Although it is difficult to establish unambiguously a causal re-
lationship, it seems reasonable to assume that most changes
were related to drought. Indeed, the observed impacts were
often consistent with the nature and the timing of the stress.

In some instances, insects might have tried to escape from
stressful conditions through migration or behavioral changes;
however the spatial extent and the duration of the stress were
such that they were likely unsuccessful. Moreover, in several
cases, insects were at a developmental stage that was not mo-
bile enough to escape stress.

As expected, there were regional differences in the impacts
of drought and heat waves (Tab. I). For early instars of defo-
liators and aphids, these differences were related to regional
differences in the severity of the climatic stress and the di-
rect impacts of this stress on insect performance. For other
defoliators (e.g. L. dispar) and woodborers, regional differ-
ences can be explained by differences in host species composi-
tion. On spruce and fir that were severely impacted by drought
(especially at low elevation), populations of woodborers in-
creased. On host species more tolerant to drought (e.g. Pinus
sylvestris), populations actually decreased. Field observations
by The French Forest Health Department have also showed
site differences. Damages were essentially located in sites with
shallow soils, poor moisture-holding capacity or direct expo-
sition to solar radiations [10, 31, 32, 68]. These observations
illustrate the importance of soil water status in the level of
tree resistance to pest attacks. Indeed, the drought and the heat
waves had more impact on trees already weakened by other
biotic or abiotic factors. In some cases, the 2003 drought re-
vealed a poor choice of tree species in some plantations [10].

Overall, forest insects responded differently according to
their feeding guild. Woodborers infestations showed a signifi-
cant increase in 2003, while defoliators reacted rather in 2004
(Tab. I). Woodborer populations had already increased after
the 1999 windstorm and were still at epidemic levels at the be-
ginning of 2003. Populations increased in 2003 because of the
association between a severe water deficit that lowered tree re-
sistance and high mean temperatures that increased insect de-
velopment rates [68]. Plurivoltine insects are also able to react
faster to better life conditions than univoltine insects. Wood-
borers perform better under moderate but prolonged stress
while defoliator performances are increased under moderate
but intermittent stress. Increases of defoliator populations oc-
curred when the leaves recovered their water content. Aphids
would usually outbreak after a mild winter, on trees with both
high nitrogen content and high water content. Consequently,
drought followed by a warm winter will likely promote out-
breaks.

The impacts of the 2003 drought reported in this study il-
lustrate the sensitivity of most of the major Western European
forest insect species to extreme drought and heat waves. The
immediate and short term impacts appear fairly conspicuous.
The long term impacts, however, are more difficult to predict
for several reasons. First, drought can have a significant ef-
fect on plant and insect populations but a few years of lower
temperatures and higher rainfall may reverse the changes in-
duced by the drought [67]. Second, delayed effects on the in-
sects themselves, on their hosts and on trophic relations can be
important, but the complexity of the trophic structure in which
a particular insect is imbedded may prevent one from predict-
ing the trajectory of its population’s response and its capacity
to return to its original state. Finally, the correlations between
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drought stress and the variations of insect populations are not
always easy to interpret. In particular, it is often difficult to
separate the effects of a particular climatic event from the nor-
mal fluctuations of insect populations and, consequently, to as-
sess the real impact of the event.

The most important effects of climate change on temperate
forests will probably be mediated through changes in distur-
bance regimes such as fire, insects and pathogens. Hence, it
is useful to consider how climate change will affect these dis-
turbances. Already, considerable efforts have been put towards
the description of the effects of changes in mean climate pa-
rameters on insect populations through the use of equilibrium
biogeographic models (e.g. [85, 87, 98]). However, for many
species, it is expected that performance and survivorship will
not be affected by slight, progressive changes in climatic con-
ditions, but by the likelihood of catastrophic events. Extreme
droughts in association with bark beetle infestations have al-
ready revealed the potential to cause rapid changes in forest
composition [2, 18]. A clearer understanding of how climatic
extremes affect insect populations will enable better predic-
tions of the impacts of climate change on forest ecosystems.

We suggest that, in order to better understand the effects
of climatic extremes on forest insect populations, we need to:
(1) Quantify the basic relationships between extreme climatic
events and key processes including: per capita rate of develop-
ment, population growth, phenology and voltinism. This ques-
tion remains one of the most outstanding that prevent from
predicting the long term impacts of climate change on forest
insect populations. The controlled experimental approach that
has been used in trying to quantify these relationships in agri-
cultural systems is not always suited for forest species [92]. In
addition, there is a need to better relate small scale experimen-
tal results to population processes. (2) Take into account phe-
notypic and genotypic variability in the quantification of these
relationships. (3) Develop process-level understanding of the
dynamics of forest insect populations. It is often difficult to
disentangle density dependent and density independent pro-
cesses involved in the dynamics of forest insect populations.
Climate may interact with these processes or, conversely, lim-
itation or facilitation of climate impacts on populations may
come from indirect factors such as trophic interactions. One
difficulty relates to the complexity induced by the interaction
of the various factors influencing insect performance and pop-
ulation dynamics. (4) Continue and expand forest health sur-
vey programs. Qualitative surveys should be maintained and
augmented with quantitative assessments of populations’ lev-
els using appropriate sampling protocols. Survey and monitor-
ing programs should also better take into account site and host
plant conditions.
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