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Abstract

+ Key message Cork oak decline is widespread in all its
distribution range and seems to be triggered mainly by both
mismanagement and unfavorable climatic factors. As a re-
sult, cork oak forests become susceptible to pest attack,
which accelerates the onset of decline. Pest management
strategies for this valuable and highly biodiverse ecosystem
are examined in this review, taking into account the main
insect pests and how their impact on cork oak forests is
affected by climate change. While monitoring pests may
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provide the tools to predict the transition from endemic to
epidemic insect populations, forestry practices (sanitary
felling), biological control, and trapping are some of the
most promising measures in protecting cork oak forests.

« Context Over the last decades, cork oak (Quercus suber L.)
decline has affected millions of trees throughout its distribu-
tion range. Cork oak is a typically Mediterranean species re-
markably relevant for the biodiversity and landscape conser-
vation of vast evergreen oak forests. Cork oak is also well
known and highly valued for cork production. Climatic
changes, management practices, and biotic factors, particular-
ly plant pathogens and insect pests, play a decisive role in tree
death and market devaluation of cork.

+ Aims Here, we review the major insect pests possibly in-
volved in cork oak decline, while discussing pest management
strategies.

« Methods A survey of the current literature was performed to
identify major insect pests affecting cork oak trees, as well as
to establish the most promising pest management strategies
under climate change.

+ Results Many authors seem to agree that the decline is trig-
gered by both anthropogenic and abiotic factors, such as the
mismanagement of cork oak forests and unfavorable climate
(high temperatures and droughts). Consequently, trees be-
come susceptible to pests and pathogens, which accelerate
the onset of decline.

+ Conclusion Since a further increase in temperatures and
droughts is expected, developing adequate management strat-
egies to adapt cork oak trees to climate change, while simul-
taneously preventing and reducing insect pest attacks, is of
foremost importance in the effort to conserve these unique
and highly diverse ecosystems.

Keywords Quercus suber - Cork oak decline - Climate
change - Forest management
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1 Introduction

Among evergreen oaks, cork oak Quercus suber L. is of par-
ticular landscape, conservation, and economic importance,
due to the high biodiversity of cork oak-dominated stands,
its use in agro-silvo-pastoral systems, and its exploitation for
cork. Cork oak forests occur mainly in the central and western
part of the Mediterranean Basin, in discontinuous areas from
southern Italy to the Iberian Peninsula, and in North Africa
among the Atlas Mountain forests, in Morocco, Algeria, and
Tunisia in genetically differentiated populations (Magri et al.
2007) (Fig. 1). Cork oak finds optimal growing conditions in
humid and sub-humid areas with at least 450 mm mean annual
rainfall, such as in the Atlantic areas (Portugal and Morocco)
of its geographical range. A unique aspect of the cork oak
forest ecosystem is its continuing manipulation by humans
since ancient times. In its western range, the management of
these forest areas has led to low-density cork oak savannas
with about 30-60 trees per ha, with a high diversity of asso-
ciated plant and animal communities, and whose conservation
is dependent on human mediated actions (Bugalho et al.
2011). In Spain and Portugal, for example, cork oak, together
with other oak species, is part of a traditional Mediterranean
silvopastoral system, which has high socio-economic impor-
tance, also providing environmental benefits (Antonietty
2013). Yet, the over-exploitation of cork oak in northwestern
Africa, as well as partial abandonment in southwestern
Europe, may still both compromise the sustainability of these
forest areas and raise conservation concerns.

Over the last decades, cork oak decline has affected mil-
lions of trees throughout its distribution range (Luisi et al.
1993). Records from the whole cork oak distribution range
highlighted the increasing occurrence of weakened cork oak
trees (Sechi et al. 2002), as confirmed by a higher mean defo-
liation rate (Michel et al. 2014) with a resulting decrease in
cork production (losses ranged from 40 to 89 %) (Sousa and
Kadiri 2005). This phenomenon includes also an increase of
the annual rate of clearance (from 3.9 to 4.4 % per year) (Cano
etal. 2003; Costa et al. 2014) and even a regression of the cork
oak forests (Sedda et al. 2011).

Driving factors of tree decline are numerous, including
abiotic, biotic and anthropogenic ones. Climatic anomalies,
namely increasing temperatures, repeated and prolonged pe-
riods of drought (Branco and Ramos 2009), as well as recur-
ring wildfires (Catry et al. 2014) are among the most impor-
tant factors involved in this phenomenon. Anthropogenic fac-
tors, namely, incorrect management practices, which lead to
soil overuse, overgrazing, and over-exploitation of trees
(Branco and Ramos 2009; Pereira et al. 2012; Branco et al.
2014) are involved as well. In addition, biotic factors, partic-
ularly plant pathogens and insect pests, play a decisive role in
tree death, which may be in part explained by predisposition
factors induced by tree physiological stress. Indeed, several
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harmful insect species are increasingly more abundant and
frequent in cork oak forests, contributing to the general cork
oak decline and market devaluation of cork (Sousa and Kadiri
2005). Here, we review the major insect pests affecting cork
oak trees, while scrutinizing their possible role in cork oak
decline. Furthermore, we examine pest management strategies
for this unique and highly biodiverse ecosystem and discuss
how forest health is affected by climate change.

2 Cork oak pests

Many phytophagous insects feed frequently or occasionally
on cork oak trees (Villemant and Fraval 1993a; Villemant
and Fraval 1993b), though only some species attain pest sta-
tus. These species can be sorted into five main feeding guilds:
sap-sucking insects, gall makers, acorn feeders, defoliating
insects, and bark-/wood-boring insects. Sap-sucking insects
are not usually harmful to cork oaks, causing mostly aesthetic
damage, such as Phylloxera quercus Boyer de Fonscolombe
and Kermes vermilio Planchon, just to name a few. However,
the latter species deserve more consideration as it poses as a
possible vector of the pathogenic fungus Diplodia mutila Fr.
apud Mont. (Ibarra et al. 2001). Some gall makers, gall
midges, and gall wasps occur on cork oaks; however, damage
is almost never recorded on this plant species (Villagran et al.
2002; Skuhrava et al. 2006; Pujade-Villar et al. 2010). As
regards acorn feeders, insects that mostly feed on acorns are
the weevil Curculio elephas (Gyllenhaal) (Coleoptera,
Curculionidae) and moths from the genus Cydia Hiibner
(Lepidoptera, Tortricidae). They somewhat contribute to
threatening both natural regeneration and afforestation pro-
jects in cork oak ecosystems; however, several other biotic
agents play a bigger role here, like birds and mammals, affect-
ing acorns, seedlings, and young cork oak plants (Acécio et al.
2007). Furthermore, abiotic factors, like water stress (Vaz
et al. 2012), and anthropogenic factors, such as woodland
multiuse and associating pastures (Branco et al. 2002;
Branco and Ramos 2009), contribute to this phenomenon.

For all these reasons, sap-sucking insects, gall makers, and
acorn feeders were not considered in this review. On the other
hand, several defoliating insects can be particularly harmful to
both young and adult trees, while some bark- and wood-
boring species can cause serious damage, especially to adult
and senescent trees. Hence, in this review, we will focus on
these two groups.

2.1 Defoliating insects

While a high diversity of defoliators is associated with
0. suber, as with oak species in general, only some defoliating
insect species are able to cause very severe and recurring de-
foliations, engendering significant damage (Branco and
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Fig. 1 Current distribution of Q. suber (EUFORGEN database http://www.bioversityinternational.org/networks/euforgen)

Ramos 2009). Severe damage is normally associated with
outbreaks in which insect populations attain high-density
levels causing extensive or even complete defoliation.
Usually, these outbreaks last from 1 to 4 years. Leaf mass
reduction caused by the voracious larvae may then have con-
sequences on tree growth, affecting both height growth and
radial increment, as well as cork production (Magnoler and
Cambini 1970). Further defoliation causes plant physiological
stress and reduced vigor, which may be long-lasting with con-
sequences persisting over subsequent years (Tiberi et al.
1993). Indeed, trees need several years, depending on defoli-
ation intensity, to re-establish normal growth rates (Tiberi
et al. 1993). Thus, severe and repeated insect defoliations are
considered a significant causal factor of oak decline, if not of
oak mortality, since they further predispose trees to the attack
of other organisms such as pathogens and xylophagous insects
(Thomas 2008).

Among the numerous cork oak defoliating insects, moths
are the most abundant and harmful. Still, there are differences
across the different Mediterranean regions among the most
damaging defoliator species. Some defoliating moths are re-
ported as cork oak pests in the entire Mediterranean Basin,
such as Lymantria dispar (L.) (Lepidoptera: Lymantriidae)
and Tortrix viridana L. (Lepidoptera: Tortricidae) (Luciano
and Prota 1995; Ben Jamaa et al. 2002; Chakali et al. 2002;
Martin et al. 2002; Serrdo 2002; Ouakid et al. 2005; Sousa and
Kadiri 2005; Villemant 2005; Mannai et al. 2010; Bouchaour-
Djabeur 2013). In contrast, some species are harmful only in
particular regions. This is the case of Euproctis chrysorrhoea

(L.) (Lepidoptera: Lymantriidae) in Spain, Portugal (Serrdo
2002; Sousa and Kadiri 2005; Ceia and Ramos 2014),
Morocco (Villemant and Fraval 1993b), and Algeria
(Chakali et al. 2002), as well as Malacosoma neustria (L.)
(Lepidoptera: Lasiocampidae) in southern Italy (Magnoler
and Cambini 1970; Luciano and Prota 1995; Verdinelli et al.
2002; Catry et al. 2012; Ceia and Ramos 2014). Finally,
Periclista andrei Konow (Hymenoptera: Diprionidae) is
mainly reported as a cork oak pest in Portugal (Branco and
Ramos 2009).

A few other species are minor pests in restricted areas. For
example, Orgyia trigotephras Boisduval (Lepidoptera:
Lymantriidae) is a cork oak pest in Morocco and Algeria
(Villemant and Fraval 1993a; Chakali et al. 2002), while no
damage from it is reported in Europe or Tunisia, where it
prefers shrubs (Ezzine et al. 2014). Although cork oak, like
other evergreen oaks, has leaves all year round, most defolia-
tor species feed on new leaves, during spring and summer.

2.1.1 L. dispar

The gypsy moth L. dispar is the major cork oak defoliator all
over its geographical range. It is a univoltine species and a
mid-season defoliator. During summer, females lay
overwintering egg masses on host tree trunks and branches.
Larval hatching is spread out over a period of more than
2 months; therefore, larval development lasts for a long period
until summer (Mnara et al. 2005). Each larva completes its
development in about 2 months, depending on food quality.
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For example, development rate decreases when larvae feed on
older leaves, because of low nitrogen content (Schafellner
et al. 2005; Kula et al. 2013), or when they feed on non-
preferential host trees and after severe defoliations (Roden
and Mattson 2008).

L. dispar is well known for being polyphagous, yet, in the
Mediterranean regions, cork oak and the holm oak Quercus
ilex L. are its preferred host species (Villemant and Fraval
1999). Among Mediterranean oaks, cork oak also offers the
best food to its larvae (Luciano et al. 1999). Plant community
makeup may be a relevant factor; for instance, in Sardinia,
L. dispar infestations are more frequent when cork oak occurs
in pure forests than in mixed ones (Cocco et al. 2010).

L. dispar has periodic fluctuations in its population density
(Luciano and Prota 1995; Cocco et al. 2010). Heavy infesta-
tions, lasting about 3 years (during which trees are almost
completely defoliated), are followed by latent periods, varying
from 5 to 6 years up to 10—12 years (Luciano and Prota 1995;
Villemant and Fraval 1999; Martin et al. 2002; Basri et al.
2005). In Tunisia, defoliation periods of 13 consecutive years
have been observed, with latent intervals of even 20-25 years
(Ben Jamaa et al. 2002). During outbreaks, L. dispar can de-
foliate huge forest areas; for example, up to 60 % of 100 ha of
Sardinian cork oak forests were defoliated in a single year
(Contarini et al. 2013). In conclusion, L. dispar is one of the
most damaging cork oak defoliators because of multiple fac-
tors, including the severe and recurrent outbreaks, the voracity
of the larvae, and the long feeding period. A single year may
be enough to cause complete defoliation and induce subse-
quent diebacks, making this insect of utmost concern, as ob-
served on deciduous oaks (Thomas 2008).

2.1.2 T viridana

The green oak leaf roller 7. viridana is one of the main oak
defoliators in the Palearctic region (Ivashov et al. 2002). In
Mediterranean areas, 7. viridana causes heavy defoliations to
cork oaks (Villemant and Fraval 1993b; Mannai et al. 2010;
Antonietty 2013). In Algeria, heavy infestations, lasting about
2 to 3 years, are followed by latent 5-year intervals (Chakali
et al. 2002), while in Sardinia, outbreaks occur every 6 to
10 years and last 3 to 5 years (Luciano and Prota 1995).
Like L. dispar, T. viridana has one generation per year,
though it is an early-season defoliator. Larvae hatch at
budburst and then first instar larvae start to feed inside the
buds. After this stage, larvae feed on the young leaves, which
provide a more nutritious food (Feeny 1970; Ivashov et al.
2002). In fact, older Quercus leaves have both a lower content
in amino acids and water and a higher content in phenols
(Feeny 1970). Although newly hatched larvae can resist star-
vation for up to 10 days, the fitness of this insect species relies
on phenological synchronization with the host plant (Ivashov
etal. 2002). Therefore, egg hatching is well synchronized with
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host bud break, which varies according to the host species,
giving rise to host adaptation (Du Merle 1999). Thus, distinct
subpopulations of the moth may occur in mixed oak forests,
displaying different development length depending on the
host plant bud break time (Ivashov et al. 2002; Serra and
Lentini 2012; Schroeder and Tiberi 2014). Antonietty (2013)
recently confirmed this by finding a positive correlation be-
tween leaf development and larval development.

2.1.3 E. chrysorrhoea

The brown-tail moth, . chrysorrhoea is the only late-season
defoliator, among the species here considered. This insect
species is polyphagous; it feeds on both broadleaf trees and
shrubs (Frago et al. 2010). It occurs frequently on cork oak,
but seldom causing serious damage. This insect species has a
long-lasting larval stage of up to 10 months. In autumn, the
larvae weave an overwintering nest, made up of leaves tied
together by silk threads, and which is usually located on the
outer portion of the tree crown.

Other Mediterranean defoliator species similarly overwin-
ter as larvae, such as the pine processionary moth
Thaumetopoea pityocampa (Denis & Schiffermiiller).
However, in contrast to the pine defoliator, E. chrysorrhoea
larval development during autumn-winter greatly depends on
the presence of leaves on the host plant. On deciduous plants,
larval winter diapause is longer, while on evergreen hosts, like
for example the strawberry tree Arbutus unedo L., larvae feed
during winter as long as the weather conditions allow it (Frago
etal. 2010). The opportunity to eat for a longer period leads to
increased larval size (Frago et al. 2010) and probably also
reduces larval mortality, as verified for other overwintering
lepidopteran larvae (Battisti et al. 2005). Similarly, being the
cork oak an evergreen tree, we assume that E. chrysorrhoea
larvae may benefit of the same advantages as on the strawber-
ry tree. Differences in phenology according to host species
may also cause limited gene flow between populations, which
may explain the existence of host-races within this species
(Marques et al. 2014).

E. chrysorrhoea is dangerous for human health and warm-
blooded animals in general, due to urticating larval hairs,
which increase with larval growth (Werno and Lamy 1994).
Thus, public health concern is most elevated during May and
June, when this species reaches larval maturity. In this period,
in urban and suburban areas, as well as in cork oak plantations,
cases of skin irritation and breathing difficulties may be fre-
quent and sometimes severe, especially during heavy
E. chrysorrhoea infestations.

2.1.4 M. neustria

M. neustria is an univoltine species which, similarly to
L. dispar, is a mid-season defoliator. M. neustria often shares
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host plants with L. dispar for larval development; however, its
populations are less numerous and confined to limited areas, if
not to individual oak trees. The outbreaks typically fluctuate
every 8 to 9 years (Luciano and Prota 1995), but damage may
be extended for several subsequent years due to consequent
losses in both cork and wood production (Verdinelli and
Sanna-Passino 2003). M. neustria is a polyphagous species,
but among Quercus species, the holm oak Q. ilex seems to be
its preferred host.

2.1.5 P. andrei

P, andrei is a sawfly which is particularly active in the western
distribution of the cork oak, namely, in Portugal, where it is
one of the main cork oak defoliators (Branco and Ramos
2009; Pereira et al. 2012). Reproduction is mostly partheno-
genic. After hatching, the larvae start feeding on the new fo-
liage; development lasts about 2 to 3 weeks, after which the
larvae descend to the soil to pupate. A prolonged diapause of 1
to 3 years may then occur. Defoliation may be intense, leading
to complete defoliation in some areas.

2.1.6 Minor defoliators in restricted areas

As for the other defoliators that cause more localized damage,
we report three species with a quite early behavior.
O. trigotephras, a xerothermophilic species, feeds on ever-
green oaks and shrubs (Ezzine et al. 2014; Ezzine et al.
2015). Several sub-species are known, Orgyia trigotephras
anceps Oberthiir being the most cited in Algeria and
Morocco for its damage to cork oaks (Villemant and Fraval
1993b; Chakali et al. 2002). Furthermore, two species belong-
ing to the Catocala genus, Catocala nymphaea (Esper)
(Lepidoptera: Noctuidae) and Catocala nymphagoga (Esper)
(Lepidoptera: Noctuidae), are reported, mainly on holm oak
and cork oak in North Africa (Villemant and Fraval 1993b;
Chakali et al. 2002).

2.2 Bark- and wood-boring insects

Insects associated with bark and wood play a major role in oak
decline in Europe (Thomas 2008; Inacio et al. 2011). They dig
galleries under the bark and into the wood of weakened trees,
frequently causing tree death (Sallé et al. 2014). In addition,
they play a major role in pathogenic fungal spread (Sousa and
Inacio 2005; Henriques et al. 2006; Belhoucine et al. 2011).
Some xylophagous species in particular are associated with
cork oak decline (Sallé et al. 2014). Usually, these are consid-
ered “secondary” species, attacking stressed and weakened
plants (Sallé et al. 2014), although in some cases they can be
very dangerous even for healthier trees (Martin et al. 2005).
Physiological stress by abiotic causes (Du Merle and Attié
1992; Cao and Luciano 2005) and insect defoliation (Sousa

and Kadiri 2005) are two main predisposing factors. In addi-
tion, the cork extraction process and pruning have been shown
to be stress factors in cork oaks, thus favoring the outbreaks of
these insects (Cao and Luciano 2005; Lopez-Pantoja et al.
2011).

The main xylophagous insects harmful to the cork oak
belong to the Coleoptera order: specifically the
Cerambycidae, Buprestidae, and Curculionidae families
(Branco and Ramos 2009; Sallé¢ et al. 2014). Platypus
cylindrus (Fabricius) (Coleoptera: Curculionidae:
Platypodinae), as well as the long-horned beetles Cerambyx
cerdo L., Cerambyx cerdo mirbeckii (Lucas), Cerambyx
welensii (Kuster), and Prinobius myardi Mulsant, is the spe-
cies most often associated with cork oak decline (Thomas
2008; Inacio et al. 2011; Sallé et al. 2014). Furthermore, the
buprestids Coraebus florentinus (Herbst) and Coraebus
undatus (Fabricius) (Branco and Ramos 2009; Gallardo
et al. 2012; Jiménez et al. 2012) are considered significant
for the damage they cause, especially in the Iberian
Peninsula. Particularly C. undatus, whose galleries in the
phellogen, the tissue responsible for cork production, causes
the depreciation of cork planks (Du Merle and Attié 1992;
Jiménez et al. 2012).

2.2.1 P, cylindrus

P cylindrus is an ambrosia beetle characterized by a
xylomycetophagous behavior. Its adults dig tunnels in the
wood of the host plants, while injecting fungal ectosymbionts,
such as Raffaellea sp., whose mycelium is fed on by both
adults and larvae. On the contrary, the other reported species
feed on subcortical layers and/or the host plant’s wood only
during their larval stage, while adults feed on foliage, nectar,
or liquids exudating from the bark of trunks and branches.
Additionally, P. cylindrus helps the spread of many other fun-
gi, some of which are phytopathogenic, such as the agent of
cork oak charcoal canker, Biscogniauxia mediterranea
(De Not) (Inécio et al. 2011). These associations are particu-
larly harmful, as these fungi further contribute to cork oak
decline (Sousa and Inacio 2005; Henriques et al. 2006). In
the Iberian Peninsula, the attacks of P. cylindrus are found
particularly dangerous, causing tree death in 1 to 3 years,
not only on weakened or stressed plants but also on ap-
parently healthy ones, as recently reported by Inacio et al.
(2011) and Bellahirech et al. (2014). The same occurred
in Morocco and Algeria, while in Tunisia, the insect
maintains a secondary pest status (Bellahirech et al.
2015). The meaning of this different aggressiveness of
P cylindrus’ populations is not yet understood; in fact,
Bellahirech et al. (2015) could not explain it as they did
not find differences in the beetle genetic features or in
morphological traits of its mycangial pits.
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2.2.2 C. cerdo

C. cerdo, being usually associated to aging or dead trees, is
considered a vulnerable and protected species in Europe; how-
ever, wounds from inappropriate pruning or cork stripping
may turn this species into a serious pest, damaging not only
old trees but also young ones (Martin et al. 2005). Its females
lay eggs in bark cracks (El Antry 1999); thus, they are favored
by the aforementioned wounds (Lopez-Pantoja et al. 2011), as
well as by the resulting physiological stress (Martin et al.
2005). Furthermore, exit holes produced by the long-horned
beetle provide an entryway for fungal infection by
B. mediterranea (Martin et al. 2005). High damage of the
sub-species C. cerdo mirbeckii is reported for Morocco (El
Antry 1999) and Algeria (Bouhraoua et al. 2002; Chakali
et al. 2002).

2.2.3 C. welensii and P. myardi

Like C. cerdo, these two beetles are, in some cases, also con-
sidered able to attack healthy plants. For example, attacks by
C. welensii and P. myardi against young plants in fine vege-
tative condition are becoming more frequent (Torres-Vila et al.
2012; Sall¢ et al. 2014). In addition, they may also facilitate
the entry of pathogens in trees, through their emergence holes
(Martin et al. 2005). However, these long-hormed beetles are
mostly known to colonize trees that are already showing
symptoms of some physiological decline (Torres-Vila et al.
2012).

2.2.4 C. florentinus and C. undatus

The two buprestids may also be associated with plant patho-
genic fungi. In particular, the association between
C. florentinus and the fungus D. mutila has been suggested,
as they are frequently observed together on the same plants
and on the same samples of wood (Tiberi et al. 2002).
C. florentinus attacks the lignified parts of the canopy, i.c.,
branches up to 8-cm wide, ultimately killing them. Frequent
occurrences are recorded for the holm oak and for the cork
oak, although tree damage is not severe as it is confined to
branches. On the other hand, C. undatus deserves much more
consideration, as it depreciates considerably the value of cork,
as well as reducing its production (Gallardo et al. 2012;
Jiménez et al. 2012). Its larvae dig long, sinuous tunnels wind-
ing between the wood and bark of living plants, both on the
trunk and main branches. Such tunnels, which after a short
time assume a blackish color, negatively affect the production
of cork and hinder the cork removal process (Evans et al.
2004). In addition, woodpeckers feeding on C. undatus larvae
along their galleries inflict further cork devaluation by open-
ing holes when searching for larvae. Last but not least, the
extraction of cork itself affects tree susceptibility to beetle
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attack, as it is positively correlated to the number of larval
galleries (Jiménez et al. 2012).

Other insects can cause damage to cork production, while
not being harmful to the plant itself. For instance, some spe-
cies of ants do not feed on the plant tissues, but find refuge in it
by building nests in the thickness of the bark (Verdinelli et al.
2012). This type of damage is reported both in Europe (Loi
et al. 2012; Verdinelli et al. 2012) and in North Africa
(Bouchaour-Djabeur 2013); the most common ant species be-
ing Crematogaster scutellaris Olivier (Hymenoptera,
Formicidae) and Lasius brunneus (Latreille) (Hymenoptera,
Formicidae) (Loi et al. 2012). These species cause consider-
able damage to cork production as ant nests depreciate its
value as well as hindering the extraction process (Verdinelli
etal. 2012).

3 Pest management of cork oak forests
3.1 Monitoring of pests

One of the problems in managing insect pests in cork oak
forests is the difficulty in predicting their outbreaks. Natural
enemies, climate, as well as plant quality have all been pro-
posed as factors regulating forest defoliator demographics
(Berryman 1996; Simchuk et al. 1999). Still, the weight of
each factor is not easily determined, and difficulties often arise
regarding the interpretation of the key ecological factors in-
volved (Villemant and Fraval 1999). Thus, appropriate and
reliable models for predicting the transition from endemic to
epidemic of a given pest population are still lacking.

However, some biological parameters may offer indica-
tions of the population density of some lepidopteran defolia-
tors. Useful results were attained, for example, considering the
average fertility of female gypsy moths to anticipate popula-
tion outbreaks. This can be done either by weighing samples
of egg masses (Bariselli et al. 1994) or by simply counting the
number of egg masses present in a sample area (Liebhold et al.
1995; Luciano and Lentini 2012). For M. neustria, counting
egg masses on a sample of twigs has proven useful for esti-
mating its population density (Verdinelli et al. 2002).
However, in the case of species that lay eggs in small cluster,
like 7 viridana, counting eggs is a less reliable or feasible
method. For several species, the sex pheromone is not only
known but also commercially available in dispensers, offering
new opportunities for monitoring populations (Jacobson et al.
1960; Arn et al. 1979). Experiments carried out in the cork oak
forests of Sardinia showed an interesting correlation between
the leaf roller catches in pheromone traps and the extent of
infestation (Gilioli et al. 1999).

However, some authors debate on the reliability of phero-
mone traps for population assessment of some moths, suggest-
ing the integration of other measures. In fact, Liebhold et al.
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(1995) did not observe a correlation between trap catches and
L. dispar infestations. Similarly, Antonietty (2013) did not
find a reliable correlation between the number of trapped
T. viridana adults and the number of collected larvae, in con-
trast to the observations by Gilioli et al. (1999). Thus,
Antonietty (2013) suggested integrating trapping data with
information from larval samples, also devising an easy meth-
od to determine the phenological phase of both plant and pest,
by counting the number of buds, shoots, and catkins. Finally,
for species causing complete defoliation during mass out-
breaks, like 7. viridana, intraspecific competition and
density-dependent variation in population growth rate may
have a major role in population dynamics (Kapeller 2009).
Thus, population simulation models may be useful tools for
land managers (Duning et al. 1995), as recommended by
Kapeller (2009).

For other groups of insects, such as xylophagous pests,
assessing population densities is far more difficult; in this
case, signs on the attacked trees may be taken into account.
Quantifying the level of C. undatus infestation in a cork forest,
for example, without first removing the bark off the trees, is
currently impossible (Gallardo et al. 2012). However, other
parameters provide information on the degree of infestation
of this species. For example, on most of the attacked plants,
leaking phloem sap from the tunnels dug by the larvae results
in white-yellowish chlorotic spots, visible on the bark
(Gallardo et al. 2012). The population dynamics of some
wood-boring pests can also be assessed by counting the emer-
gence holes per unit of bark surface, as well as the points of
reproductive settlement, repeating observations for subse-
quent pest generations.

For a few xylophagous species, trap devices can be used.
Purple prism traps baited with host plant volatiles were pro-
posed for monitoring C. undatus (Fiirstenau et al. 2014).
Furthermore, laboratory and field studies recently showed a
high sensitivity for P. myardi, C. welensii, and C. florentinus
to plant volatiles, suggesting a possible use of these com-
pounds in pest monitoring and control (Sanchez-Osorio
et al. 2007; Sanchez-Osorio et al. 2009; Fiirstenau et al.
2012; Sanchez-Osorio et al. 2015a; Sanchez-Osorio et al.
2015b). However, though using plant kairomone traps to es-
timate the population level may be a reliable method for some
xylophagous pests, it is not the case for most of them (Sallé
et al. 2014). For example, differences in trap catches of
C. welensii in two different areas in Spain did not reflect
differences in population size (Sanchez-Osorio et al. 2015b).
For this species, the mark-recapture method using traps baited
with food-related attractants seems to be more effective to
assess adult population size, though it is more time-
consuming (Torres-Vila et al. 2012; Torres-Vila et al. 2013).
For some beetle species, as in the case of P. cylindrus
(Algarvio et al. 2002), aggregation pheromones have been
identified. They may be promising tools for estimating the

population density of this insect pest; in fact, being more spe-
cific, aggregation pheromones are usually more reliable, while
having a lower impact on non-target species. In conclusion,
trap catches can be informative about a given defoliator or
wood-boring pest; however, the resulting population density
assessment may sometimes be unreliable and often time-con-
suming. Consequently, further research is needed to develop
reliable monitoring methods for these important cork oak
pests.

3.2 Pest control

Forestry practices are usually recommended for the prevention
and the control of forest pests, especially wood-boring species
(Jactel et al. 2009). For example, sanitary felling and removal
of'trees (or parts of trees) which have been damaged by abiotic
or biotic factors, as well as thinning practices which favor the
most vigorous trees, may restrain xylophagous insect infesta-
tions (Muzika et al. 2000; Thomas et al. 2002; Cardenas and
Gallardo 2012). In fact, such practices reduce the availability
of trees suitable for secondary species associated with weak-
ened plants. Other deterrent measures include chemical treat-
ments to the tree trunks after the removal of the cork, in order
to prevent attacks by xylophagous insects (Cao and Luciano
2005) and pathogens (Luque et al. 2008). Furthermore, prun-
ing wounds can lead to infections by pathogens or attack by
pests (Martin et al. 2005; Jactel et al. 2009). Considering that
pruning of cork oak is a traditional exploitation of some open
cork oak woodlands and is usually very intensive (Cafiellas
and Montero 2002), protectants should be used to prevent
damages. Finally, some precautions in managing cork oak
forests may be useful to prevent the onset of decline. For
example, refraining from collecting cork in the years of total
defoliation caused by moths, or in years of severe drought, is
highly recommended (Cao and Luciano 2005). Although
there are doubts about the effectiveness of simple forest man-
agement in the control of wood-boring pests (Sallé et al.
2014), in many cases, it is the only measure of containment
used (Evans et al. 2004).

Among direct control methods, those based on biological
criteria are the most promising and safest. For the control of
cork oak lepidopteran defoliators, Bacillus thuringiensis
Berliner var. kurstaki (Btk) is one of the most used biological
control agents, both in Europe and in North Africa. However,
the effectiveness of Btk is controversial. While in Sardinia, for
example, the results of Btk treatments were evaluated over a
period of 10 years and were considered satisfactory (Luciano
and Lentini 2012), on the other hand, Btk has been shown to
be easily washed off by rain, reducing its efficacy (Serrdo
2002). One advantage of Btk is its low persistency, which
results in its reduced accumulation in the soil (Petrucci et al.
2012), but, on the other hand, this can affect the treatment’s
usefulness. In fact, after treatment, once all trees have been
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defoliated, the larvae simply migrate from the neighboring
non-treated areas to the treated, yet no longer effective, Btk-
treated trees (Martin et al. 2002). For the same reason, the
remarkable temporal staggering in the hatching of some spe-
cies’ larvae, such as L. dispar, causes difficulties in planning
treatments. Furthermore, the use of Btk is controversial be-
cause of its non-specificity and, therefore, its potential collat-
eral effects on non-target lepidopteran species (Contarini et al.
2013).

For all these reasons, the gypsy moth nucleopolyhedrovirus
is sometimes preferred to control L. dispar, instead of Btk
(Hajek and Tobin 2010). This virus is highly specific, effective
only against the intended target, and it is used in the USA even
in areas where rare or endangered species of moths are present
(Hajek and Tobin 2010). Since the 1970s, this virus has been
introduced and tested in North Africa and in Italy, with good
results, although more studies are still needed to determine its
effectiveness in the field (Cerboneschi 2005). In addition,
large-scale production of this virus is not simple, as it involves
in vivo techniques (Hajek and Tobin 2010). In any case, the
use of this product may prove to be promising in the
Mediterranean countries where L. dispar causes considerable
loss to cork production, especially where the biocenosis needs
to be protected as much as possible.

Studies on natural enemies of cork oak pests cover only
few pest species and their results are debatable. For instance,
the biological control agent Qoencyrtus kuvanae (Howard)
(Hymenoptera, Encyrtidae), an egg parasitoid native to
Japan, was introduced in North America, Europe, and North
Africa against L. dispar. The results were variable and depen-
dent on the density of the host (Brown 1984). In Tunisia, the
parasitoid was not able to control the outbreaks of its host;
however, other natural limiting factors are sometimes enough
to contain the moth populations (Ben Jamaa et al. 2002).
Another natural enemy of the gypsy moth is the gregarious,
braconid species Glyptapanteles liparidis (Bouché)
(Hymenoptera, Braconidae). This species, whose behavior in-
cludes the injection, during oviposition, of a symbiotic virus
and venom into the host larva (Schafellner et al. 2004), has a
main role as a larval parasitoid in Austria (Schafellner et al.
2005).

Sex and aggregation pheromones are also promising for
pest control strategies. Sex pheromones, successfully used to
monitor lepidopteran defoliators, may be also used as direct
control tools, e.g., through sexual confusion (Tiberi et al.
1988). The mating disruption technique may be used to con-
trol gypsy moth (Thorpe et al. 2006). In fact, aerial or ground
applications have proved successful in reducing isolated pop-
ulations or low-density populations on wide areas (Thorpe
et al. 2006). As regards beetles, mass trapping trials of
P cylindrus using pheromone traps in Portugal have proved
effective in reducing its population levels (Bonifacio, pers.
observ.). This control technique is considered the best option
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to control the ambrosia beetle; in fact, it acts preventively, it is
specific, and it is environmentally friendly (Henriques et al.
2010).

To control beetle pests, good results have been achieved
also using traps baited with attractants. For example, food
attractants (Torres-Vila et al. 2012) and synthetic blends mim-
icking fermentation odors (Sanchez-Osorio et al. 2015b) have
been effectively used for the mass capture of C. welensii
adults, especially before they could mate (Torres-Vila et al.
2012). Furthermore, traps baited with plant semiochemicals
have been proposed to control C. cerdo (Gonzalez et al.
2013). In general, attractants used to capture or prevent mating
of pests may be a key factor in integrated pest management to
control their population density.

The most promising strategies for future pest management
are those integrating several control methods under an inte-
grated pest management strategy. In particular, to control lep-
idopteran defoliators, Btk treatments could be combined with
the artificial enhancement of parasitoids; Btk would ensure an
effective short-term containment, allowing the parasitoids to
respond to their host’s population density. Significant results
could be also achieved by combining sex attractants with the
artificial enhancement of natural enemies in the environment,
as well as by using aggregation pheromones together with the
timely removal of plants attacked by xylophagous pests
(Tiberi and Covassi 1994).

4 Effect of climate change on cork oak pests

Over the last decades, many studies on climate trends have
been carried out and results demonstrate that the ongoing cli-
mate change concerns large parts of our planet, affecting both
animals and plants (Coley 1998; Cannon 1998; IPCC 2014,
Ockendon et al. 2014). Many plant and animal species might
be unable to adapt locally or move fast enough to counterbal-
ance negative effects of climate changes (IPCC 2014). As
regards insects, warmer temperatures might affect directly
their population dynamics through changes on survival, gen-
eration time, fecundity, and dispersal (Stange and Ayres
2010). Furthermore, climate change can affect phytophagous
insects also indirectly, by modifying host resistance and qual-
ity (Mattson and Haack 1987; Allen et al. 2010; Choi 2011;
Sallé et al. 2014), as well as by affecting their natural enemies
(Stireman et al. 2005; Hance et al. 2007; Klapwijk et al. 2012).
However, predator and parasitoid insects are supposedly more
susceptible to environmental changes than herbivorous ones,
since they also depend on their hosts’ resilience (Hance et al.
2007). Anyway, some plant and animal species may react to
this phenomenon, showing a response to climate change,
which may lead to adaptation and mitigation of its effects
(Skelly et al. 2007).
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Climate change causes increasing droughts in the northern
hemisphere, particularly in the Mediterranean climates, with
resulting damage to plants. A 20-year study (1987-2007) con-
ducted in the Iberian Peninsula showed an increase in the
indices of tree defoliation due to intensifying water deficit,
especially in the more arid areas (Carnicer et al. 2011). An
increasing number of studies also show a link between
drought and cork growth reduction (Caritat et al. 2000), as
well as tree mortality (Allen et al. 2010; Carnicer et al.
2011). Despite being a species resistant to drought due to its
deep root system and to the water lift adaptation mechanism
(Kurz-Besson et al. 2006), the cork oak can be affected by this
phenomenon (David et al. 2007; Grant et al. 2010). Reduction
of tree resistance to biotic factors, especially xylophagous in-
sects, due to water stress is a well-known mechanism (Allen
etal. 2010; Choi 2011; Sallé et al. 2014). After multiple years
of drought, in particular if site conditions are not ideal, cork
oaks may undergo extensive die-offs, often associated with
insect pest infestations. In fact, during protracted drought, sto-
matal closure leads to poorer photosynthesis, as well as to a
lower tissue water potential, thus causing carbon starvation
and possibly a decrease in production and translocation of
secondary metabolites, used by the plant as defense against
insect pests and pathogens (Allen et al. 2010). An additional
effect of the water content reduction is the consequent higher
concentration of nutrients in plant tissues, which make them
more nutritious for several insect species (Mattson and Haack
1987).

Insects are differently affected by stress-induced plant
changes accordingly with the plant tissues they feed on and
with their feeding method (Koricheva et al. 1998; Huberty and
Denno 2004). Sap-sucking insects may be positively affected
by a stress-induced increase in soluble nitrogen, but only if the
water stress is intermittent, because they need turgid plants to
efficiently ingest this nutrient (Huberty and Denno 2004).
Defoliating insects, particularly free-living ones, cannot take
advantage from increased nitrogen, because water stress often
increases also allelochemical levels, mainly in leaf tissues;
thus, they are negatively affected (Inbar et al. 2001).
[lustratively, in Portugal, recent outbreaks of L. dispar were
more confined (Serrdo 2002) and lasted fewer years in com-
parison with the first half of the twentieth century (Nogueira
1968), which is in accordance to this hypothesis. Similarly,
gall formers are not favored by water stress too, because gall
formation is possible only on vigorous, expanding plants
(Huberty and Denno 2004). As regards insects adapted to
exploit stressed or senescent plants, like bark- and wood-
boring insects, clearly they are positively affected. These sec-
ondary species may take advantage of greater quantities of
stressed plants, suitable for colonization, allowing further
build-ups of their populations. Outbreaks would then make
these species particularly dangerous, even for healthier trees.
This is confirmed by the ability of some wood-boring species

harmful to the cork oak in attacking apparently healthy plants,
as in the case of P. ¢ylindrus, Cerambyx spp., Coraebus spp.,
and P. myardi (Martin et al. 2005; Allen et al. 2010; Inacio
et al. 2011; Torres-Vila et al. 2012; Sall¢ et al. 2014).

The increase in average winter temperatures recorded since
the second half of the 1900s (Kumar et al. 2005) is also central
to pest populations, especially considering this trend is likely
to continue in future years. The recurrence of milder winters
may favor population outbreaks of several insect pests and
plant pathogens due to reduced winter mortality.
Temperature can also indirectly affect insect mortality, as fa-
vorable temperatures may allow overwintering larvae to feed
during the winter months, thereby increasing their survival
(Battisti et al. 2005) and reducing development time (Berger
et al. 2008). As far as cork oak is concerned, if we take as an
example E. chrysorrhoea, whose overwintering larvae would
benefit from warmer winter weather conditions, climate
change would result in higher populations, making it more
dangerous for cork oak in the near future. Similarly, lower
winter temperature have a limiting effect on the survival of
Phytophthora cinnamomi Rands (Brasier and Scott 1994;
Bergot et al. 2004), one of the most devastating forest patho-
gens, as well as on L. dispar egg survival at the northern
margin of its expanded range (Nealis et al. 1999). Due to
global warming, the survival of these species during winter
is supposed to increase, leading to their range expansion
(Bergot et al. 2004).

Higher spring and summer temperatures may favor thermo-
philic insect species, while negatively affecting the cork oak
(Correia et al. 2014). In such a context, some cork oak pests
would find optimal conditions for their development, both in
terms of thermal needs and temperature-driven effects on their
host plants. For example, the larvae of C. florentinus are fa-
vored by temperatures above 28 °C, although their optimum
could be even higher (Cardenas and Gallardo 2012).
Consequently, they would be boosted by a rise in tempera-
tures, as confirmed by the fact that this species has recently
been expanding progressively towards northern latitudes
(Moraal and Jagers op Akkerhuis 2011; Buse et al. 2013).
Other wood-boring insects harmful to the cork oaks, e.g.,
C. cerdo, are thermophilic species (Sallé et al. 2014); thus,
they may shift or enlarge their geographic ranges in response
to climate change, as it was observed for many other animals
(IPCC 2014). This is particularly true for C. cerdo mirbeckii,
which is currently present only in the southern part of the cork
oak range. Furthermore, these secondary insects are indirectly
favored by the physiological effects caused by high tempera-
tures on cork oak, which are similar to those occurring in
senescent tissues (Correia et al. 2014).

Many species have shown shifting phenology in response
to warming trends; however, phytophagous insects and their
host plants may react differently (Singer and Parmesan 2010).
A warmer spring, which is likely to cause a premature cork
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oak budburst (Pinto et al. 2011), might affect moths strictly
synchronized with their host, like 7. viridana. A plausible
consequence may be the phenological asynchrony between
the insect and its host, as they show different magnitudes of
response to warming trends (Singer and Parmesan 2010).

Finally, increasing droughts and rising temperatures may
lead to an increased risk of fire (Aronson et al. 2009). This
hypothesis is supported by the more frequent occurrence of
wildfires during the last decades in the Mediterranean Basin
(Catry et al. 2014). Recurring wildfires, together with drought
and other stresses, may negatively affect post-fire survival of
trees (Aronson et al. 2009). In addition, the outbreaks of
wood-boring insects, especially beetles, following the fires
may further affect cork oak stands, as recorded in Portugal
by Catry et al. (2014).

5 Conclusion

The widespread decline affecting the cork oak seems to be
governed by multiple factors. Many authors seem to agree that
the decline is triggered by both anthropogenic and abiotic
factors, such as the mismanagement of cork oak forests and
unfavorable climatic factors (Sousa and Kadiri 2005; Thomas
2008; Branco and Ramos 2009). Consequently, trees become
susceptible to pest and pathogen attacks, which accelerate the
onset of decline. Insect population density is linked to the
climate, either directly or indirectly, such as through plant
physiology; since a further increase in temperatures and
droughts is expected, this matter is even of more of concern.
Thus, developing adequate management strategies to adapt
cork oak trees to climate change (Vericat et al. 2012), while
simultaneously preventing and reducing pest populations, is
of foremost importance in the effort to conserve these unique
and highly diverse ecosystems. Simulation models may be
particularly useful in predicting population response to envi-
ronmental changes; thus, they could help to develop forest
management measures to compensate for climate change
damages (Duning et al. 1995).
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