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PREFACE ¢

Preface

The present thesis is the result of the work carried out by Quim Canelles Trabal
between 2018 and 2021. The thesis was developed in Centre de Ciéncia i Tecnolo-
gia Forestal de Catalunya (Solsona) and includes an internship in USFS Corvallis
(Oregon, USA). From the work derived from this thesis, the following articles were
published or are about to be published in international scientific journals:

Canelles, Q., Aquilué, N., James, P. M., Lawler, J., Brotons, L. 2021. Global review
on interactions between insect pests and other forest disturbances. Landscape
Ecology, 1-28. Doi: doi.org/10.1007/s10980-021-01209-7

Canelles, Q., Bassols, E., Vayreda, J., Brotons, L. 2021. Predicting the potential
distribution and forest impact of the invasive species Cydalima perspectalis in
Europe. Ecology and Evolution. Doi: doi.org/10.1002/ece3.7476

Canelles, Q., Aquilué, N., Brotons, L. Anticipating B. sempervirens viability in front
of C. perspectalis outbreaks, fire, and drought disturbances. Under revision in
Science of Total Environment.



= ABSTRACT

Abstract

Insect pests are integrated elements of forest landscape dynamics. However, an
increase in the number of pest outbreaks and in their impact has been experi-
enced in recent decades, causing severe consequences for ecosystems and society.
The reasons behind these changing dynamics are mainly related to changes in
land-use, climate, and the introduction of invasive species due to international
trades and human mobility. The central goals of this thesis are to advance in
the understanding of insect pest impacts on forest landscapes and to integrate
them in modelling tools that help the prediction of consequences in a global
change future. To face these goals, I defined the direct and indirect effects of
insect pests and their interactions with other forest landscape disturbances (fire,
drought, storms, pollution, etc.), and described the mechanisms underlying these
responses. Aiming at working on a specific actual concerning pest, I examined the
case of boxwood moth (Cydalima perspectalis), a Lepidoptera native to Asia and
invasive in Europe since 2007. I described the ecologic niche of the species as well
as its distribution and potential impact on the invaded area. Finally, I anticipated
impacts of this pest and its interactions with other disturbances in the Southern
Pyrenees under future climatic conditions.

In this thesis, I proposed different methodologies to study the impact of forest
pests. First, I demonstrated that a combination of information from the native
and invaded areas is required for a correct application of Species Distribution
Models (SDMs) in invasive species. Second, I evidenced that spatially explicit sim-
ulation models are appropriate tools for the study of forest disturbances, identify-
ing key parameters in determining their dynamics, analyzing their interactions,
and anticipating their impacts in the face of global change uncertainty. Finally, I
highlighted the adequacy of differentiating the presence versus the severity of a
disturbance in order to effectively apply the methodologies described.
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The results presented in this thesis provide new evidence of the processes gov-
erning pest dynamics - and their associated impacts — on forest functioning, in
particular, the case of C. perspectalis. I demonstrated that the distribution of C.
perspectalis in the Southern Pyrenees depended on the presence of the host plant
(Buxus sempervirens) and the insect spread capacity (which is usually altered by
involuntary anthropochory), while it was not limited by the fragmentation or
heterogeneity of the habitat. However, severe defoliation was only found in places
with high climatic suitability, defined by low seasonal precipitation and temper-
ature, and low temperature diurnal range. These conditions define a continen-
tality pattern where the most endangered boxwoods were those located near the
coast and at low elevation (in the provinces of Girona, Barcelona, and Navarra)
and excluding areas of the central Pyrenees (Lleida, Huesca). Future projections
of C. perspectalis impact describe a cyclic consumer-resource relationship with
the host plant. In addition, climate change may reduce the area of severe impact
being concentrated only in few locations. The interaction between C. perspectalis
and extreme drought was not significant. However, as I reported for other forest
pest species, interactions with other disturbances are complex and occur in var-
ious directions, effects (antagonistic and synergistic) and spatial and temporal
scales. For instance, trees that are damaged by fire or drought can synthesize
ethanol, monoterpenes, and pheromones that attract insects; trees killed by an
insect pest result in an accumulation of fuel that facilitates the spread of fires;
trees weakened by drought have a lower response capacity (resin synthesis,
regrowth capacity, etc.) and are therefore more susceptible to insect attacks. All
this information offers a valuable basis for future research and for designing for-
est and pest management actions.
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= RESUM

Resum

Les plagues d’insectes son elements integrats a la dinamica del paisatge
forestal. Tot i aix0, durant les tltimes decades, han experimentat un aug-
ment en nombre i impacte, implicant conseqliéncies severes pels ecosistemes
i la societat. Els motius d’aquesta dinamica sén principalment els canvis en
1"Gs del sol, els canvis en el clima i la introduccié d’especies invasores degut al
comer¢ internacional i a la mobilitat humana. L’objectiu central d’aquesta
tesi és avancar en el coneixement de I'impacte de les plagues d’insectes al pai-
satge forestal i integrar-lo en eines de modelitzaci6 que ajuden a la predic-
cié de conseqliéncies en un futur canviant. Hem basat I'aproximacié en definir
els efectes directes i indirectes de les plagues d’insectes mitjancant la descrip-
cié de les interaccions amb altres pertorbacions del paisatge forestal (el foc, la
sequera, les tempestes, la contaminacio, etc.) i descriure els mecanismes que hi
influeixen. Hem exemplificat el paper de les plagues forestals amb el cas d’es-
tudi de la papallona del boix (Cydalima perspectalis), un lepidopter originari
d’Asia i invasor a Europa des de 2007. Hem descrit el ninxol ecologic de I'espe-
cie aixi com la seva distribucio i impacte potencial a 'area d’invasié. Finalment
hem anticipat els impactes d’aquesta plaga i les seves interaccions amb altres
pertorbacions a la vessant sud dels Pirineus en un futur regit pel canvi climatic.

Aquesta tesi proposa diferents metodologies per a I'estudi de les plagues forestals i
el seu impacte al paisatge. Primer es demostra que per una correcta aplicacio dels
Species Distribution Models (SDM) en especies invasores és necessaria la combi-
nacio6 d’'informacio de la zona nativa i la zona d’invasid. Segon, s’ha evidenciat que
els models de simulacié espacialment explicits son eines adequades per descriure
les pertorbacions forestals, identificar els parametres clau de la seva dinamica,
analitzar les seves interaccions i anticipar els seus impactes davant la incertesa
del canvi global. Finalment, es constata que per tal de fer una aplicacio eficac de
les metodologies descrites és necessari diferenciar I'ocurrencia d’'una pertorbacid
de la severitat del seu impacte.
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Els resultats aqui exposats proporcionen noves evidéncies dels processos que
regeixen la dinamica de plagues forestals i, en concret, de C. perspectalis. Es dem-
ostra que la distribucid de C. perspectalis al sud dels Pirineus depéen de la presen-
cia de la planta hoste (Buxus sempervirens) i la capacitat d’expansid de I'insecte
(que es veu normalment alterada per introduccions antropocories involuntaries),
mentre que no és limitada per la composicié de I'habitat. Tot i aix0, la defoliacié
severa nomes es troba en llocs d’alta adequacio climatica, definida per un rang de
temperatures dilirnes petit i una baixa estacionalitat de la precipitacio i la tem-
peratura. Aquestes condicions defineixen un cert patré de continentalitat on els
boixos més susceptibles de ser atacats son aquells que es troben a prop de la costa
i a baixa elevacid (a les provincies de Girona, Barcelona i Navarra) i excloent zones
del Pirineu central (Lleida, Huesca). Les projeccions futures de 'impacte causat
per C. perspectalis descriuen una relacié de consumidor-recurs ciclica amb l'estat
dels boixos. A més el canvi climatic podria reduir I'area d'impacte sever causat
per I'insecte concentrant-lo només a algunes localitats. La interaccié entre C. per-
spectalis i altres pertorbacions com el foc i la sequera extrema no ha resultat sig-
nificativa. Tot i aix0, tal com he descrit en altres especies d’insectes forestals, les
interaccions amb altres pertorbacions sén complexes i es produeixen en diverses
direccions, efectes (antagonic i sinérgic) i escales espacials i temporals. Per exem-
ple shan revisat estudis sobre arbres que quan estan danyats pel foc o per sequera
sintetitzen etanol, monoterpens i feromones que atrauen als insectes; els arbres
morts per causa d'una plaga d’insectes impliquen una acumulacié de combustible
que facilita la propagacio d’'incendis; els arbres debilitats per la sequera tenen una
capacitat de resposta (sintesi de resines, capacitat de rebrot, etc.) menor i per tant
son meés susceptibles als atacs d’'insectes; etc. Tota aquesta informacio ofereix una
base de gran valor per a la futura recerca i pel disseny d’estrategies de gestié de
boscos i plagues.
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= INTRODUCTION

Forest insects as landscape
biotic drivers

Insects are key drivers of change in landscape ecosystems around the world (FAO
2008). They are integrated components of forests dynamics, although they may
lead severe disturbances compromising growth and viability of their host trees.
For instance, insects may drive forest succession by disturbing only pioneer spe-
cies and speeding up the process towards later development stages (Berryman
1986). Other studies have documented that some conifers have co-adapted to the
bark beetle Scolytus ventralis LeConte, becoming susceptible to attacks at an age
that maximizes their offspring’s success (Raffa and Berryman 1987). Insects also
alter forest productivity because they are usually more successful at attacking
and reproducing on trees that are under the greatest stress, regulating the recy-
cling process of nutrients that are used by healthy trees to grow. Besides, borers
and defoliator insects play an essential role in food web as primary consumers of
vegetal tissues not profitable by other species, as in the case of spruce budworm
(Choristoneura fumiferana Clem.), causing a birdfeeder effect and corresponding
to a cascade of increasing diversity and food-web complexity (Eveleigh et al. 2007).
Forest insects play other functions in the ecosystem including their role as polli-
nators, as pathogen vectors that accelerate the decomposition of dead wood, etc.
(Berryman 1986; FIG 1).

However, insect may cause a decay on host plant growth, limit its regenerative
capability, and compromise its viability. When this impact is continued and/or
accentuated it may lead to important ecological, economic, and cultural impacts.
Ecological impacts include losses in the biodiversity, since insect disturbances
indirectly influence other species living in the ecosystem altered (Kenis et al. 2009;
FIG 1). This is the case of the dramatic mortality observed in Fraser fir (Abies fraseri
Pursh) and Eastern hemlock (Tsuga canadensis L.) due to Adelges spp. that has
totally altered forest plant communities in eastern USA (Eschtruth et al. 2006). Fur-
thermore, some insects act as vectors or facilitators of other forests diseases that
disturb ecosystems incrementing the mentioned consequences (Brasier, 2000).
Insect attacks may alter tree reproduction, transpiration and growth processes,
modifying forest productivity and, consequently, its economic performance in
the case of managed forests. It has been reported that insect pests impact 35 M
hectares worldwide (van Lierop et al. 2015), and this represents almost US $10,000
M of annual costs including management costs, losses in forest market, and in
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Forest succession
Forest productivity
Primary consumers
Pollinators

Land-Use changes
Climate change
International trade

Host tree decay
Loss of biodiversity

Loss of productivig

» FIGURE 1

Role of insects on forest dynamics when are in
equilibrium in the ecosystems (upper panel).
Human activity lead to severe insect pest epi-
sodes and increase the impact on forests

(low panel).

non-market values (i.e., recreation, aesthetics, and homeowner benefits of prop-
erty; (Rosenberger et al. 2015; Diagne et al. 2021). Finally, the cultural consequences
of forest pests when impacting species or regions of high interest should also be
considered. For example, in North America, the loss of the Black ash (Fraxinus
nigra Marshall) due to emerald ash borer (Agrilus planipennis Fairmaire) impacts
on the traditional basket making carried out by the Native North Americans (Dia-
mond and Emery 2011; Willow 2011; Reo 2012).

Insect pests and global change
in the Anthropocene

Insect pests have shaped ecosystems for ages. They are already mentioned in
the biblical texts (Ex. 10:1-20) and considered problems for the economy in Euro-
pean informs of the 17th century (Azcarate Luxan 1996). However, there has been
an increase of the frequency and severity of insect pest episodes during the last
decades, as a direct and/or indirect consequence of human activity (Hulme 2009;
Ayres and Lombardero 2018). In the current age named Anthropocene (Crutzen
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2006), climate change, the increasingly intensive human land use and the propa-
gation of nonnative species have led the current dynamics of insect pests (FIG. 1).

As a feature of land use changes, there are millions of hectares of productive for-
ests around the world that involve monocultures of nonnative tree species (Ayres
and Lombardero 2018). Although the use of nonnative tree species is motivated to
optimize production and avoid tree natural herbivores and pathogens, the lack of
enemies can also work to the benefit of nonnative herbivores when they arrive
and cause severe impacts on cultivated trees (Elton, 1958). For example, Sirex wood
wasps (Sirex noctilio F.), which are native to Europe, (Lombardero et al. 2012), have
become an enormous pest for pine plantations in the Southern Hemisphere fol-
lowing their accidental introduction via wooden shipping materials (Slippers et
al. 2012). Also, invasive Gonipterus spp. beetles, native to Australia, are challeng-
ing the viability of eucalyptus production forests on every continent where the
tree species is introduced for cultivation (Reis et al. 2012). Habitat configuration as
a consequence of land use changes also influences insect dynamics. Landscape
management leads to greater forest fragmentation around the world, which
impacts the biodiversity and behavior of the species that live in there (Roland 1993;
Riitters et al. 2000). In the case of forest insects, there are cases documenting an
Allee effect in how habitat fragmentation implies a decay of insect performance
(Barron et al. 2020), while other studies demonstrate that insects perform better at
the edges of forest patches, which are favored by forest fragmentation (Samalens
and Rossi 2011).

Climate change modifies the distribution and phenology of multiple species,
including insects and plants, as well as the insect-host relationship. For instance,
climate warming has permitted Dendroctonus bark beetles and the processionary
moth (Thaumetopoea pityocampa D. and Shiff) to expand their ranges into coni-
fer forests at higher latitudes and elevations that just few decades ago were pro-
tected by temperatures too cold for the winter-feeding larvae (Battisti et al. 2005;
Bentz et al. 2010; Weed et al. 2013). Rising temperatures and changes in degree-
days modify insect phenology by regulating its diapause and increasing the num-
ber of generations per year (known as voltinism; Forrest 2016; Suppo et al. 2020).
This was observed in different species of the genus Dendroctonus in North Amer-
ica, where an increase in the number of generations per year led to longer insect
feeding season and, consequently, to a more severe impact to the forest (Bentz et
al. 2010; Mitton and Ferrenberg 2012; Everall2015). Moreover, climate change may
lead to the loss of climatic suitability of the host plant, causing its decline and a
lower response capacity to insect attacks. Thus, the severity of insect pest damage
depends on both the insect fitness and the response of their hosts (Hart et al. 2014;
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Sangiiesa-Barreda et al. 2015). However, it is necessary to emphasize that new
climatic conditions do not always favor the spread and virulence of insect pests.
In some cases, climate suitability of insect species is reduced under changing con-
ditions, leading to a transition or reduction in the distribution area (Bebber et al.
2013; Grunig et al. 2020). Other studies propose that water stress reduces the vul-
nerability of trees to insect attack because of the less hospitable environment that
insects experience in a drought-stressed tree (Kolb et al. 2016).

Biological invasions

Biological invasions also contribute to an increase of the insect pest impacts. Such
invasions progress through four consecutive phases: a) introduction, b) establish-
ment, ¢) spread, and d) impact (Vermeij 1996; Blackburn et al. 2011). Species in this
process are known as alien species (also referred to as introduced or non-native)
and only those that reach the spread and impact stages are considered invasive
(Blackburn et al. 2011).

During the last 20 years we have witnessed an increase in biological invasions
and in the research focusing on it. But in general, the movement and introduction
of species (stage a) has been linked to human activity for millennia due to inter-
national trade that favors the accidental introduction of species into new ecosys-
tems (Hulme 2009; Bradshaw et al. 2016). In fact, defining moments in biologi-
cal introductions are linked with the European arrival to America (15th century),
the Industrial Revolution (19th century), the European migrations between 1820
and 1930, and, most remarkably, the recent era of market globalization (Hulme
2009). This trend is more notorious in countries with high economic activity, large
transport infrastructure, and facilitators of international trade, an idea that is
exemplified in that the Gross Domestic Product of different countries was found to
correlate with the richness of alien species (Kobelt and Nentwig 2008).

New climatic conditions are also described as a key factor in the increase of
alien species and its probability to establish, spread and impact new locations
(stages b, ¢, and d; Dukes and Mooney 1999; FAO 2008). In general, invasive spe-
cies share traits such as short generation times, rapid dispersal, or environ-
mental plasticity that could be advantageous in a transitioning climate (Dukes
and Mooney 1999). However, as mentioned in the section above, climate change
does not always lead to a climatic-niche widening of the introduced species.
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Indeed, climate influence varies according to taxon, species, and potential areas
of invasion (Eaton and Scheller 1996; Peterson et al. 2008). This is the case of the
Argentinian ant (Linepithema humile Mayr), whose area of suitable climate is
predicted to retract in the tropical regions, but expand at higher latitudes (Rou-
ra-Pascual et al. 2005).

In the case of invasive forest insects, their direct ecological consequences are
related to genetic hybridization with native species and to competition for
resources with native herbivores. Indirect impacts encompass their role as
plant and insect vector diseases, and, more important in the case of forest out-
breaks, severe defoliation of native forest species and related impacts (Kenis et al.
2009; Blackburn et al. 2014). There are multiple examples of defoliation by inva-
sive insects, but probably one of the best studied is the case of the gypsy moth
(Lymantria dispar L.), native from Europe and introduced in North America in
the 19th century, becoming the main pest of broadleaved trees in Eastern North
America. Repeated defoliation may lead to severe tree mortality, particularly in
oak (Quercus spp.) stands (Kenis et al. 2009). Since then, the costs associated with
the damage caused by this pest and its management range between US $10-25
M (Tobin et al. 2012; Diagne et al. 2021). This opens the debate on which manage-
ment of invasive insects is appropriate considering their economic, ecological,
and cultural costs. Blackburn et al. (2011) proposed that intervention time is key to
pest management, and that with each change of stage, management strategies
must be adapted: prevention is necessary to avoid the introduction of alien spe-
cies; once introduced, efforts must be focused in eradicating them,; finally, if the
species is in the dispersal phase it will be necessary to implement containment
and mitigation measures.

Interaction between insect pests and
other forest disturbances

Direct effects of insect pests on forests have been exposed in the text above. How-
ever, insect pests indirectly drive forest landscape dynamics via the interaction
with other disturbances such as fire, windstorms, or drought. These disturbances
both drive and are driven by landscape dynamics, so it is commonly reported
that the consequences of one disturbance in the landscape alter the likelihood
or behavior of a later one. Moreover, an increase in disturbance occurrence and
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severity has been documented in the recent decades over the globe due to a com-
bination of land-use changes, human-induced climate warming, and changes
in disturbance management, leading to more frequent and new disturbance
interactions (Seidl et al. 2017). Thus, the study of landscape disturbances is getting
more complex and requires studying not only the individual behavior of each one,
but also the interaction between them (Turner and Gardner 2015).

In the case of insect outbreaks interacting with other disturbances, a complex
net of involved processes has been reported (FIG . 2). Insect pests may influence
and be influenced by fire, drought, windstorms, forest management, pollution,
and other pests or diseases impacting forests. For instance, it has been broadly
described how insect pests modify the accumulation of fuel and consequent wild-
fire susceptibility and severity (McCullough et al. 1998; Parker et al. 2006; Jenkins
et al. 2014; Meigs et al. 2015; James et al. 2017). Or conversely, Kelsey et al., (2014,
2011) proposed that trees that are stressed by fire, drought or pests generate more
ethanol, monoterpenes sugars, and pheromones that attracts new insects. Even
less studied disturbances such as windstorms, landslides or snow avalanches
may influence insect dispersion, tree susceptibility or forest structure in general
that favor insect attacks (Hanewinkel et al. 2008; Simard and Lajeunesse 2015;
Havasova et al. 2017).

Catalonia and insect pests

In this study I used the Southern Pyrenees and, more specifically, Catalonia as an
area to analyze the impact of insect pest outbreaks on forest landscape (FIG . 3).
Catalonia is a Mediterranean region of about 32,000 km2 located in northeastern
Spain, with high population density (242 inhabitants per km2 in 2019). Its complex
orography, with an altitude range from 0 to more than 3,000 m above sea level
and a lineal coast extending over 750 km, results in highly diverse climate and
vegetation patterns. Catalonia landscapes encompass diverse mosaics of agricul-
tural plains, pine-oak forests and mountainous shrublands. Sixty percent of the
area is covered by forests and shrublands, the third most forested area in Europe
(Ibafiez et al. 2002). Dominant tree species are pines (Pinus halepensis, P. nigra, P.
sylvestris, P. uncinata and P. pinea) and Holm oaks (Quercus ilex and Q. suber). The
understory is highly heterogeneous and usually rich in helio-xerophytic species
including Q. coccifera, Rosmarinus officinalis, Erica multiflora, Cistus spp., etc. in
Mediterranean forests and Buxus sempervirens in limestone of sub-Mediterra-
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» FIGURE 2
Main interactions between insect pests and other forest

disturbances such as fire, drought, storms, pollution, and land
use changes.

» FIGURE 3
Location of Catalonia (in black) and Southern Pyrenees (dark grey)

in the European context.
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nean and sub-alpine environments (Villanueva 2005). Shrublands are dominated
by R. officinalis, Thymus vulgaris, Globularia alypum and Q. coccifera.

The study of insect pests in Europe is relatively young and less developed than the
study of agricultural pests, due to its lower economic value. The first European
publication on forest entomology is dated in 1752 by the parish priest of Regenes-
burg, J. C. Schiffer, specifically on L. dispar (Azcarate Luxan 1996). In Catalonia,
there are some publications of agricultural pests from the 18th century, as in the
case of locust pest (Dociostaurus maroccanus, Thunb.) and especially the phyllox-
era (Daktulosphaira vitifoliae, Fitch) which destroyed 385,000 ha of vineyards in
the region between the end of the 19th and beginning of 20th centuries (Piqueras
Haba 2005). The first report on forest insect pests was written at the end of the
19th century, also describing the affectation of L. dispar on oaks and cork oaks
(Quercus spp.) of Girona region (NE Catalonia). Other reports published in that
period mentioned the impact of the flathead oak borer (Coraebus undatus, F.)
and the wood ant (Formica rufa L.) on cork oaks (Azcarate Luxan 1996). These spe-
cies still have significant impacts on Catalan forests today, while other species
have increased its scientific interest (TABLE 1). Currently, main insects impacting
Quercus spp. are L. dispar, C. undatus, Tortrix viridana L., and Kermes vermilio
Planch. The main insects impacting conifers are T. pityocampa, Tomicus spp., and
L. monacha L. (TABLE 1)

T. pityocampa has been the main defoliating insect in Catalan forests during the
last years, focusing the concern of society, forest owners and forest managers.
This native Lepidoptera causes severe defoliation on pines, mainly on tender-
est leaves, during its larval stage from October to February (Battisti et al. 2005).
Although defoliation due to the processionary moth does not induce the host tree
death, it causes weakness that may result fatal in the face of other disturbances
such as drought, or consecutive pest outbreaks. The population dynamics of the
pine processionary is described as cyclical, with severe episodes every 5-6 years
(Hodar and Zamora 2004; Robinet et al. 2007). However, during recent years, this
pest has impacted more severely and in more areas of the region. Climate change
is pushing favorable conditions for the development of the moth and in particu-
lar increasing winter temperatures, which is considered the main constraint for
its survival (Battisti et al. 2006; Hédar and Zamora 2012). Changing weather con-
ditions leads the pine processionary to reach new areas and higher elevations
where it was not previously found. Because the larval stinging is dangerous for
human and pets and because its important landscape impact, management of
the pine processionary is performed every year through the use of pheromone
traps and pesticides by local and regional governments.
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Management of other insect pests in Catalonia includes measures such as mon-
itoring populations by pheromone traps, forest management to prevent focus of
infection, and phytosanitary control by spraying of Bacillus thuringensis (a bac-
terium that causes the collapse of the digestive system of many species of lep-
idoptera, dipterans, coleoptera and hymenoptera) from trunks, planes, or heli-
copters. However, management of these species is controversial, especially when
using pesticides, and an example is the case of L. dispar. This species dynamics
is described as cyclic involving more severe attacks every 7-9 years (Allstadt et al.
2013), causing a high impact on the media and on the popular opinion. On the one
hand, the market of timber and cork is damaged by the pest, and forest owners
are demanding quick and efficient treatments. On the other hand, the use of pes-
ticides such as B. thuringensis is rejected by part of the population and scientific
community, as this bacterium may not always be effective at landscape scales
and it is not specialist on L. dispar so that it can compromise insect biodiversity in
fumigated areas. Finally, there is an unequal awareness of the population regard-
ing pest control, which is biased by the popularity of some species/areas but is not
based on the ecological processes involved.

Catalonia and a broader region of the Southern Pyrenees have a high degree of
anthropization and tourism activity and are placed in an important point for both
land and sea transport. These areas have suffered a major land transformation in
recent years leading to an increase in habitat fragmentation. All these character-
istics, together combined with the climatic heterogeneity of the area, have histor-
ically favored the introduction and establishment of non-native species (Pino et
al. 2005). The list of invasive species in Catalonia exceeds 1700 species (Andreu and
Pino 2013), and the main insects that cause damage to the forest landscape are:
the western conifer seed bug (Leptoglossus occidentalis H.), an hemipter native to
the western USA present in Catalonia since 2004 (Ribes and Escola 2005) that feeds
on tender shoots and pine cones; beetles of the genus Monochamus with non-Eu-
ropean origin, which cause damage as facilitators of the nematode Bursaphelen-
chus xilophilus and cause the sudden decay of pines; and, more recently, the box
tree moth, Cydalima perspectalis W (TABLE 1).

The tree box moth C. perspectalis (Lepidoptera: Crambidae) is a native insect from
Asia and was introduced in Europe in 2007 (Germany) via the trade of ornamen-
tal box trees (Leuthardt 2013; Nacambo et al. 2014). In recent years, new observa-
tions have been recorded in Switzerland and the Netherlands (Straten and Muus
2010; Leuthardt 2013), and in a period of 10 years, the insect has spread across
Europe and into Asia Minor (Bras et al. 2019). In Europe, C. perspectalis is hosted on
Buxus sempervirens L., and its larvae feed on boxwood leaves, leading to complete
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defoliation and dead of the host plant. However, the resprout ability of boxwood
plants and their survival capacity after consecutive defoliation episodes are still
unknown (Artola 2019). Distribution and impact of the box tree moth seems to
be restricted by the presence of its host plant and by climate, that influences the
diapause and larval development (Nacambo et al. 2014). In Catalonia, C. perspec-
talis was first identified in 2014 in Girona, and since then it has spread across the
boxwood distribution (Bassols and Oliveras 2014). Management of this species is
complicated because of large knowledge gaps on its biology, its ecological/climatic
niche, the processes of interaction with new competitors and predator species,
and the long-term effects to the invaded landscape.

The arrival of this new invasive species compromising rich forest landscape
means an ideal context for the study of insect pest outbreaks to Mediterranean
integrated landscape, the role of the interactions between insect pests and other
disturbances and the projection of the dynamics of an invasive species using
landscape simulation models.
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NATIVE SPECIES

NAME TAXONOMY | HOST PLANT IMPACT MANAGEMENT
TECHNIQUES
USED

Gypsy moth Lepidoptera | Quercus suber, Foliage feeder that | Favoring pred-

(Lymantria Q. ilex. causes severe atory birds and

dispar) defoliations mod- use of pheromone

ifying the seed,
wood, and cork
production.

traps. The use of
pesticides is only
recommended in
extreme cases.

Flathead oak | Coleoptera Q. suber Xylem feeder that Use of pheromone
borer (Corae- borers bark dam- and chromatic
bus undatus) aging cork use and traps.
market.
Green oak Lepidoptera | Q. suber, Foliage feeder that Naturally con-
tortrix (Tortix Q. pubsecens, causes severe trolled by birds
viridana) Q. ilex defoliations influ- and parasites.
encing tree growth,
seed productions
and leading to tree
dead.
Kermes Hemiptera Q. ilex, Sap feeder that Naturally
vermilio Q. coccifera produces damages | controlled by
and other on leaves, drying of | parasites and
Quercus twigs and reduc- entomopathogens
tion of shoots. fungi.
Pine proces- Lepidoptera | Pinus nigra, Foliage feeder that | Forest manage-
sionary P. sylvestris, causes severe ment to avoid
(Thaumeto- P. radiata, P. defoliation on the insect focus of
poea canariensis host trees influ- infection, removal
pityocampa) and other encing tree growth | of nests, use of
Pinus and and inducing other | pesticides, phero-
Cedrus. biotic attacks. mone traps
Caterpillars are
stinging to people
and pets.
Pine beetles Coleoptera Pinus spp. Xylem feeders Forest manage-

(Tomicus
piniperda,

T. minor,

T. destruens)

influencing tree
growth, leaves and
wood production
and leading to tree
decay and dead.

ment to avoid
insect focus, food
traps. The use of
pesticides is only
recommended in
extreme cases.

Nun moth
(Lymantria
monacha)

Lepidoptera

Pinus sylves-
tris and other
Pinus, Abies
and Picea

Foliage feeder
causing tree decay
and other biotic
attacks.

Monitoring of the
species and use
of pesticides.
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ALIEN SPECIES

ima perspec-
talis)

NAME TAXONOMY | HOST PLANT IMPACT MANAGEMENT
TECHNIQUES
USED
Western Hemiptera P. halepensis, Seed feeder, caus- Monitoring of the
conifer seed P. pinea, P. syl- ing problems with species.
bug vestris, P. nigra | seed production
(Leptoglos- and other and fitness.
sus occiden- Pinus.
talis)
Monochamus | Coleoptera Pinus spp. Xylem feeder that -
spp. borer dead or dying
trees and acting
as facilitators of
the nematode
Bursaphelenchus
xilophilus causing
the sudden decay
of pines
Box tree Lepidoptera | Buxus Foliage feeder that Monitoring of the
moth (Cydal- sempervirens defoliates box tree species, phero-

causing a decay or
even the dead of
the host plant.

mone traps.

» TABLE1

Summary of the main forest insect pests in
Catalonia, both native and alien species.
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Objectives and thesis structure

The general goals of this thesis are to offer new visions in the insect pests and their
impacts on forest landscape, to explore current and future interactions between
insect pests and other disturbances, and to offer novel modelling approaches to
describe and anticipate insect dynamics. The combined use of Species Distribution
Models, spatially explicit landscape simulation models and the comprehensive
discussion of insect impacts integrated on disturbed landscapes aim at informing
management policies and aspire to create the basis for further research.

THE SPECIFIC AIMS OF THE THESIS ARE:

+ To evaluate insect pests as a key driver of landscape dynamics.

+ To analyze the role of climate change on the dynamics of insect
pest outbreaks.

+ To describe the direct and indirect impacts of insect pests on forest
systems and their interactions with other disturbances.

+ To anticipate the future potential interaction between insect pests and
other disturbances under a global change scenario.

+ To introduce new modelling methodologies that simulates alien species
distribution and impact.

+ To explore different modelling tools for the study of landscape dynamics.

+ To offer a theoretical context to base management strategies.
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STRUCTURE

This thesis starts with a general introduction which aims to present the general
state of the art on insect pest research, highlight the relevance of this topic on
current forest ecology sphere, and point to the main challenges faced by man-
agement and research under the current global change situation. Then, I aimed
to respond the questions mentioned above through the following tree chapters:

In Chapter 11 conducted an exhaustive scientific literature review about the inter-
action between insect pests and other forest disturbances such as fire, drought,
pollution, or storms. To select the final set of 216 scientific articles, I fulfilled a
systematic review using specific keywords on different platforms. I described a
complex net of forest interactions through different spatio-temporal levels, and
I concluded that simulation models are key tools to study their dynamics. This
chapter is a convenient summary of insect pest consequences beyond its direct
effects and establishes the basis for further research.

Cydalima perspectalis, native from Asia, arrived in Catalonia in 2014 and in 2017
severely impacted boxwoods in the region. In Chapter 2 I used this species as a
prime example of forest insect pest. I modelled its climatic and ecological niche
and projected its spread and impact across the study area. Because this is an alien
species in Europe, modeling its suitability required the use of data from the native
and the invaded area.

In Chapter 3 I analyzed Buxus sempervirens viability in Southern Pyrenees (Spain)
facing fire, drought, and C. perspectalis pest disturbances. I projected landscape
dynamics for the period 2020-2080 through the design and use of a landscape
simulation model. I evaluated different climatic scenarios and the interaction
between insect pests and the other disturbances. This chapter compiles informa-
tion presented in the previous two, highlighting the use of simulation models to
study the impact of insect pests and its interactions on forest landscapes.

Finally, I discuss the main findings and contributions of this thesis while the
main concluding remarks are exposed in the last section.
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Abstract

Forest landscapes worldwide are shaped by abiotic drivers such as fire, wind-
storms, and drought, but also by biotic drivers like insect pests and pathogens.
Although the effects of such drivers on forest dynamics have been studied exten-
sively, knowledge of the interactions between insect pests and other drivers of
change is still coarse and fragmented. Indeed, new invasive insect species and
global change may lead to novel interactions and produce impacts on forest eco-
systems never before experienced. We aimed to review the mechanisms under-
lying interactions between insect pest outbreaks and other forest disturbances,
identify interactions emerging from current disturbance dynamics, and high-
light the role of simulation models in exploring these interactions in a dynamic,
mechanistic, and spatially explicit manner. We reviewed the state of the science
regarding interactions between insect pests and other forest disturbances, collect-
ing a set of 216 scientific articles. Most studies focused on the interaction between
insect outbreaks and fire, whereas interactions between insect pests and drought,
forest management or forest diseases received much less attention. Although we
identified some trends in how interactions were manifested, interactions were
not more commonly found at particular spatial or temporal scales. Relatively few
studies used simulation models to explore interactions between disturbances and
very few studies explored multiple interactions. Interactions between pests and
other forest disturbances play critical roles in driving forest dynamics. The effects
of these interactions are likely to increase in the face of continuing global change.

KEYWORDS
Simulation modeling; outbreak; fire; drought;
climate change; landscape dynamics.
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CHAPTER 1: DISTURBANCE INTERACTIONS ¢

Introduction

Forest disturbances such as fire, drought, windstorms, landslides, disease, and
insect outbreaks are key drivers of change in forested landscapes. Disturbances
modulate landscape dynamics by modifying forest composition and structure,
influencing forest ecosystem functioning and resource availability (Seidl et al.
2017, White et al. 1985), and facilitating adaptation to new environmental condi-
tions (Thom et al. 2017). Despite the essential role that natural disturbances play
in forest ecosystem functioning and composition, our understanding of their
future impacts remains limited due to the complex feedbacks that exist between
disturbances and global change (Dale et al. 2001; Turner 2010). For instance, ongo-
ing changes in the global economy, land use, and climate change may lead to
more extreme disturbances (such as windstorms, floods, and wildfires) with yet
unknown consequences for forest landscapes (Duane and Brotons 2018; Weed et
al. 2013). Such changes may also result in novel disturbance caused by invasive
species introduced via international trade (Brockerhoff et al. 2006; FAO 2008; van
Lierop et al. 2015).

Insect pests are one of the main agents shaping forest landscapes, affecting
almost 35 million hectares annually, mainly in boreal and temperate biomes
(van Lierop et al. 2015). Although many native pests and diseases are integral
agents of forest ecosystems, high-intensity outbreaks can have adverse effects
on tree growth and survival (van Lierop et al. 2015). The extent and subsequent
economic and ecological costs of pest outbreaks have increased in recent dec-
ades as world trade has facilitated the spread of invasive species (Hulme 2009;
Turner 2010).

Insect pests are highly sensitive to global change. New environmental condi-
tions resulting from changes in temperature, precipitation, and drought can alter
insect development and reproduction (Ayres and Lombardero 2000; Kingsolver et
al. 2011), and hence population dynamics and outbreaks. These changes may also
enable native and invasive insect pests to spread to areas currently free of such
outbreaks (Cullingham et al. 2011). Changes in land use can also influence insect
population distributions and local viability (Rosenberger et al. 2017). Although the
impact of direct climate-pest and land-use-pest have been examined, we know
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less about the indirect consequences of insect pests on forest ecosystems through
their interactions with other disturbances (Ayres and Lombardero 2000; Hessburg
et al. 2015; Raffa et al. 2008).

A deeper understanding of forest disturbance dynamics and their interactions is
required to better forecast how global change will affect forest ecosystems (Buma
and Wessman 2011). Insect outbreaks have complex relationships with other dis-
turbances, and can be affected by fire (Chou et al. 2010; Hicke et al. 2012; Jenkins
et al. 2014; Parker et al. 2006), drought (Sangliesa-Barreda et al. 2015; Temperli
et al. 2015), windstorms (Potterf and Bone 2017; Reyes and Kneeshaw 2008), for-
est management (Bauce and Fuentealba 2013; Rosenberger et al. 2017), pollution
(Agrell et al. 2005; Roth et al. 1998), and other pests or diseases affecting the forest
(Borkowski and Skrzecz 2016; Jones et al. 2015). Many studies have explored the
interactions between insect pests and other disturbance agents (Agne et al. 2018;
Anderegg et al. 2015; Colgan and Erbilgin 2010; Day and Pérez 2013; Gitau et al.
2013; Kolb et al. 2016; Leverkus et al. 2018; Millar and Stephenson 2015). However, to
date, no global synthesis exists that integrates such interactions with insect pests
across different agents and regions, analyzing how global change may influ-
ence these interactions in the near future (Seidl et al. 2011), or how alterations in
current ecosystems may lead to novel interaction regimes (Turner 2010). Such a
synthesis is challenged by the diversity of insect feeding strategies and outbreak
dynamics, the multiple ways in which one can characterize insect outbreaks
(e.g., severity, frequency, extent), and the multiple spatiotemporal scales at which
disturbance interactions occur (Hanula et al. 2002; Joseph et al. 2001; Kelsey and
Westlind 2017a; Meigs et al. 2015, 2016).

Ecological models are essential for improving our understanding of interac-
tions between pests and other disturbances in the face of rapid global change.
Although empirical models (based on statistical relationships among drivers
and a response variable; TABLE 1) are widely used, they can only model observed
dynamics and are therefore limited in their capacity to make predictions in novel
contexts. In contrast, simulation models (mechanistic models based on a combi-
nation of theoretical understanding and mathematical/empirical information;
Gustafson and Keene 2014) can be designed to include the effects of uncertain,
multiple interacting disturbances characterized by cumulative effects, non-linear
dynamics, cross-scale interactions and, most importantly, with the potential to
capture unobserved dynamics (Ager et al. 2007; Baker and Robinson 2010; Clark
and Gelfand 2006; James et al. 2011a; Keane et al. 2015; Leite et al. 2018; Maroschek
et al. 2015; Taylor et al. 2009). Such simulation models are particularly appropri-
ate methods to assess changes in insect species ranges, predict novel insect out-
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breaks, and anticipate host-insect relationships under novel environmental con-
ditions (Barbet-Massin et al. 2018; Maino et al. 2016; Taylor et al. 2009).

Here we present a systematic review of spatiotemporal interactions between
insect pest outbreaks and other forest disturbances. We aim to: 1) detail the pro-
cesses that determine how insect pest outbreaks interact with other disturbances,
while highlighting the main sources of variability in such interactions; 2) identify
current and potential future interactions between insect pests and emerging dis-
turbances in the face of global change; and 3) discuss the role of simulation mod-
els as a tool for studying both current and novel forest disturbance interactions.

Methods

We searched for publications that examined interactions between insect pests
and other forest disturbances. We used the Web of Science, Scopus, and Google
Scholar databases to identify articles published between 1990 and 2019 that con-
tained the following words in the title, abstract, or keyword: (Insect) AND (out-
break* OR defoliat* OR infest* OR pest OR bio* disturb* OR epidemic*) AND (forest*
OR tree* OR landscape* OR stand*) AND (*fire* OR *burn* OR *drought* OR *logging*
OR forest management OR harvest* OR *wind* OR hurricane OR *snow* OR *storm*
OR *flood* OR *slide* OR disease OR *pollution*) AND (interact*).

We defined an interaction between disturbances as a direct or indirect relation-
ship in which one disturbance affects the likelihood, extent, severity, or impacts
of another. These effects could be either synergistic (a disturbance favors the like-
lihood or accentuates the impact of a subsequent disturbance) or antagonistic (a
disturbance hinders, reduces, or prevents the likelihood or impact of a subsequent
disturbance). We did not explicitly include climate change as a disturbance, but
its effect was implicit in the influence of insect pest outbreaks, drought episodes,
wildfire, wind, and flooding. Papers that were out of our thematic scope (e.g.,
studies focusing on agricultural instead of forest pests, or that studied multiple
disturbances or climate effects on insect pests but not the interactions between
them) were excluded. Finally, we included those articles that considered forest
management and silvicultural interventions as drivers of change in forests, but
not those that analyzed pest control via forest management. A final pool of 216
papers was selected.

41

SAOH.13IN



METHODS

- CHAPTER 1: DISTURBANCE INTERACTIONS

We applied a common analysis scheme to all the reviewed studies. For each
paper, we recorded information about the study area (at continental level), insect
species examined, feeding guild (sensu Coviella and Trumble 1999; Labandeira
2013), disturbance agents involved, occurrence or lack of interaction, order of the
disturbances, type of response, methodological approach, spatial and temporal
scale, ecological explanation, and inferences regarding possible future trends of
the interaction when applicable (TABLE 1). We categorized publications as being
either empirical analyses or simulation modeling studies (see TABLE 1; Gustafson
and Keene 2014). For simulation modeling studies, we also listed the modeling
approach, the explanatory variables, the data source, and the projection scenar-
ios considered. Information about disturbance interaction impacts (including the
mechanisms of community between species, the immediate and indirect con-
sequences of the disturbance, possible regeneration after impact, etc.) was not
always available in the reviewed papers or was difficult to compare. Thus, we
calculated summary statistics (frequencies) regarding the above-mentioned var-
iables as a proxy for the incidence of interactions in ecosystems. Finally, studies
that found interactions between disturbances were coded with “1”, and those that
failed to find such interactions with “0”. We then used logistic regression analyses
with the presence of an interaction as the binary response variable and several
predictors considered to influence the disturbance interactions (i.e., disturbance
agent, order of the disturbance, type of response, insect feeding guild, spatial
scale, and temporal scale) as explanatory variables. Regression models were fitted
using the glm function in R (R Core Team 2019) and significance level was consid-
ered at p-value < 0.05.

Differences in the number of publications on disturbance interaction among con-
tinents could reflect either true geographic differences in the frequency of inter-
actions between forest pests and other disturbances, or differences in the general
amount of forest research being conducted. To account for such differences, and
to control for potential geographic bias, we conducted a second search in the Web
of Science looking for publications on forest disturbances, in order to then calcu-
late the ratio (per continent) of articles addressing insect pest interactions with
other forest disturbances to articles only addressing forest disturbances.

» TABLE 1

Information extracted from the
selected articles. The right-

hand column lists in detail the
different categories into which we
classified each study within each
information field.
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PARAMETER

CATEGORIES

Study area

Africa; Asia; Europe; North America; Oceania; South America

Insect species

Genus or species reported

Insect feeding guild

Xylem/phloem feeders: insects feeding on the vascular tissue
system (e.g., bark beetles).

Foliage feeders: insects feeding on leaves or needles (e.g., defo-
liators).

Other: gall producers, saproxylic feeders, seed feeders, or root
feeders.

Disturbance agents

Drought; Fire; Forest management; Landslides; Other pathogen/
disease; Pollution; Snowstorm; Wind; Flood.

Occurrence
of interaction

Lack of interaction: one disturbance has no effect on another.
Occurrence of interaction: one disturbance affects another
Synergistic: a disturbance increases the likelihood or
impact of a subsequent disturbance.
Antagonistic: a disturbance reduces the likelihood or
impact of a subsequent disturbance.

Order of disturbances

Insect pest later influences another disturbance; Other distur-
bance later influences insect pest; Insect pest and other distur-
bance occur at the same time.

Type of response

Likelihood: earlier disturbance affects the probability of the
later one.

Severity: earlier disturbance influences the severity or intensity
of the later one.

Fitness: earlier disturbance influences the fitness of later insect
pests in terms of reproductive success and progeny survival.
Spread: earlier disturbance influences later insect spread

Methodological
approach

Empirical model approach: models assessing statistical rela-
tionships, whether causal or not, between two or more variables
(also called correlative or phenomenological models).
Simulation model approach: mechanistic models built on a
combination of theoretical understanding and mathematical
concepts (also based on empirical information and correlative
relationships) to emulate a real life system. Normally, simulation
models project results to simulated future conditions. They are
also called mechanistic or process-based models.

Temporal scale

Days/months; 1year; 2-9 years; 10-49 years; 50-99 years; >100
years.

Spatial scale

Physiological level; Tree level (individual); Stand level (microhab-
itat); Landscape level.

Ecological explanation

Conceptual explanation based on ecological processes that
cause the interaction of different disturbances (detailed in Table
2).
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Results
GEOGRAPHIC COVERAGE

Most of the 216 papers reviewed addressed North American forest systems (173;
79%; FIG. 1). Of these papers, most focused on forest insects in western Canada
and the USA (133; 61% of the total), followed by Europe (39; 18%). Studies from other
continents were very rare and no studies were conducted in Africa.

With respect to articles that studied forest disturbances in general (those with
and without interactions among disturbances), the greatest number were from
North America and Europe (9931; 43% and 7453; 32%, respectively). The proportion
of forest disturbance studies that addressed interactions with pests was similarly
small across all continents: North America (1.73%), Europe (0.52%), South America
(0.16%), Asia (0.13%), Oceania (0.07%), and Africa (0%).

INSECT SPECIES

Xylem and phloem feeders, mainly bark beetles, were the most studied forest
insect pests (71%), mainly Dendroctonus spp. and Ips typographus (FIG. 2). Foli-
age feeding insects such as defoliating budworms (Choristoneura spp.) and gypsy
moth (Lymantria dispar) (22%), and insects of other feeding groups (7%) were also
studied. We also found that interacting disturbance agents varied with insect
feeding group: fire, wind, and diseases were usually associated with xylem/
phloem feeders (72%, 66%, and 64% over all studies of each disturbance, respec-
tively), pollution was mostly studied in conjunction with foliage feeders (73%).
The influence of drought, forest management, and other disturbances (landslides,
floods, etc.) was considered across most feeding groups.
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Number of studies

» FIGURE 1

Geographical distribution of number of studies
at continental level. Solid filled circles indicate
the distribution of the 216 papers addressing
interactions between

<10

10-50
50-100
100-500
500-1000
1000-10.000

insect pests and other forest disturbances
included in the review. Striped circles indicate
the distribution of papers addressing forest
disturbances.
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» FIGURE 2
Proportion of studies addressing each insect
species, grouped by insect feeding guild.
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DISTURBANCE INTERACTIONS

Interactions between fire and forest insect pests were the most commonly studied
(41%; FI1G. 3). Of these fire-insect studies, 48% examined how insect-induced tree
mortality affects fuel loads and consequent fire activity, 36% investigated how
fire promotes insect attacks, and 16% looked at how fire and insect pests together
affect forest structure and composition. The second most studied interaction was
with drought (24%). Such publications investigated how water-stressed trees are
more susceptible to insect attacks and how insect outbreaks can increase the vul-
nerability of trees to moisture stress. Other interacting agents included forest dis-
eases (11%), forest management (10%), pollution (6%), and wind and winter storm
events (5%). Finally, 3% of studies examined other types of forest disturbances
(e.g., landslides and floods). Although we did not explicitly include climate change
as a disturbance in our list, it was considered in 48% of the papers examined.

Drought Drought

Fire Diseases Fire Diseases

Management Pallution Management Pollution
@ Synergistic int. @ Likelihood
@ Lack of int. @ Severity
Other disturbances @ Antagonistic int. Other disturbances @ Other
» FIGURE 3

Number of papers reporting synergistic inter-
actions, antagonistic interactions, and a lack of
interactions between insect pest and each type
of forest disturbance (left panel). Number of
papers analyzing influences on the likelihood,
severity, or another type of response between
insect pests and each type of forest distur-
bance (right panel).
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SPATIAL AND TEMPORAL SCALES

A similar number of studies focused on disturbance interactions at landscape
scale (26%), stand scale (35%), and tree scale (30%), and only 9% of the studies
focused on the physiological scale (FIG. 4). Simulation modeling studies tended
to focus on landscapes (48%) and stands (44%) and much less on trees (8%; FIG.
5). Temporal scales covered a broad range, from a few days to hundreds of years,
although most of the studies focused on interactions occurring between 2 and
9 years (36%) or 10 and 49 years (24%; FIG. 4). Longer temporal scales were more
frequent in simulation model studies, where 10-49 years accounted for 60% of

studies and 50-99 years 48% (FIG. 5).

80
60

40

20 - SOEM 50-100 >100
months ears ears ears

n? of papers

84% 50%

0%

100% 68% 30%

43%

Physiological
level

Tree level

Stand level

Landscape level

» FIGURE 4

Histograms of spatial and temporal scales used
by reviewed studies. Heatmap indicates the
percentage of interactions or lack of the inter-
action reported.

20 40
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60
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IMPACT AND SOURCES OF VARIATION

Most studies reported the occurrence of interactions between disturbances (71%),
considering both synergistic (54%) and antagonistic relationships (17%; FIG. 3). We
found that interactions were more often identified at shorter time scales than at
longer ones, while the interactions were more frequently identified at the physi-
ological, tree, and stand scales (74%, 75%, and 71% respectively), than at landscape
scale (65%; FIG. 4). However, logistic regressions showed that the presence of dis-
turbance interactions was not significantly affected by spatial (r? = 0.34, p-value >
0.41) or temporal scales (r? = 0.11, p-value = 0.15). Similarly, relationships between
temporal or spatial scales and the disturbance agent involved were not statisti-
cally significant (r? = 0.18, p-value > 0.06 and r? = 0.14, p-value > 0.13, respectively).
However, interactions between fire and insect pests were identified more often at
short, than at long temporal scales (Z = |1.15|, p-value = 0.06 and Z = [1.03|, p-value
= 0.07 at temporal scale categories 1 year and 2-9 years, respectively).

No disturbance was found to play a role in interaction occurrence more frequently
than any other (r? = 0.11, p-value > 0.12 in all levels). In terms of frequencies, insect
pest and forest management interactions occurred in 79% of the reviewed papers;
insects and diseases, 77%; insects and drought, 74%; insects and pollution, 73%;
insects and wind, 67%; insects and fire, 67%; and the two studies addressing insect
pests interacting with storms and landslides also reported interactions (FIG. 3).
No insect feeding guild tended to be more associated with interaction occurrence
than any other (r? = 0.17, p-value > 0.91 in all levels). We also found no significant
association between the occurrence of an interaction and the order of occurrence
of the disturbances (r? = 0.14, p-value = 0.31). Nonetheless, we found that insects
tended to follow fires in 57% of the reviewed studies, whereas fire followed insect
pest outbreaks in 76% of the studies. We also found that the interaction of drought
followed by xylem/phloem feeder insect pests occurred significantly more often
than other combinations (Z = 48.79, p-value < 0.001).

Studies varied in terms of the specific effects of disturbance interactions they
examined. For example, most of the studies reviewed (59%) investigated how an
initial disturbance influences the likelihood of a subsequent one and, of these
studies, disturbance interactions were successfully identified in 73% of the cases
(FI1G. 3). Other papers (27%) examined how a disturbance affects the severity of
subsequent disturbances, finding such an interaction in 70% of cases. Finally,
some studies examined how multiple disturbances affect other features, like dis-
turbance spread (10%) or competitiveness of insect pests (4%). However, logistic
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regressions showed that no interaction type was more associated with interac-
tion occurrence than any other (r? = 0.13, p-value > 0.10 for any type), neither in
the case of any disturbance agent in particular (r? = 0.12, p-value > 0.06).

SIMULATION MODELS AND INTERACTIONS
BETWEEN DISTURBANCES

We found 23 articles (11%) that used simulation models to investigate the inter-
action between insect pests and other disturbances. Again, the most frequently
studied interaction was between insect outbreaks and wildfires (82%), followed
by interactions with drought (35%; FIG. 5). Nine articles included three for-
est disturbances in a model (insect pests plus two other disturbances; FIG. 5).
Almost all the models operated at either the landscape or stand scale (96%),
and the most common temporal scale was 10-49 years, although some made
projections over as many as 300 years. Most of the studies (63%) used previously
published models (e.g., LANDIS, SORTIE, LandClim) while some built and used
their own models. Many models used forest attributes (e.g., individual tree
diameter, age, basal area, tree species), disturbance severity (for both insect
pests and the interacting disturbance), and climatic variables as inputs. Other
variables such as topography, forest spatial distribution, and soil properties
were only occasionally considered. Data sources were mainly external empir-
ical data, either from public repositories or from published studies (70%). Only
in eight articles did authors compile their own data and in one case model data
were simulated. With respect to scenarios, most of the studies tested models
under different scenarios, either simulating different disturbance intensities
and/or the effects of different IPCC climate scenarios (83%; Moss et al. 2010).
Finally, simulation-model studies reported finding interactions between dis-
turbances at a similar frequency as the empirical studies reviewed here (68%).

» FIGURE 5

Studies assessing insect pest interactions poral and spatial scales used, and the explana-
with other disturbances via simulation models tory variables considered. Table next page.
showing the disturbances included, the tem-
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Discussion

Global change is increasing the frequency and severity of disturbances and the
uncertainty linked to disturbance interactions. Understanding forest ecosystem
dynamics in such a context requires integrated research approaches that consider
both individual disturbances and their interactive effects. In surveying the pub-
lished literature regarding the reciprocal influence of forest insect pests on other
disturbances, we found that interactions with fire and drought were the most
frequently studied. We found that any of the factors considered (i.e., disturbance
agent, type of response, insect feeding guild, or spatial and temporal scale) could
be associated with the probability of an interaction being detected and reported
in the scientific literature. Finally, simulation models were used in only 23 publi-
cations despite their enormous potential to help us further unravel how complex
interactions among climate change, forest disturbance, and forest recovery pro-
cesses contribute to forest dynamics and ecosystem resilience.

GEOGRAPHIC COVERAGE AND BIAS

Most studies of interactions between insect pests and other disturbances were
conducted in North America and Europe. However, these two continents also pro-
duced most of the published papers on forest disturbances in general, with or
without interactions. There are likely two main reasons for this, acting in combi-
nation: first, the reported absolute forest area affected by disturbances is larger in
North America (followed by Europe, Africa, and Asia, respectively) than on other
continents (FAO 2008; Parker et al. 2006; Weed et al. 2013). Second, as a result of
economic and educational factors, scientific research output in general tends to
be higher in North America and Europe (Gonzalez-Brambila et al. 2016; Smith et
al. 2014).

The insect species represented in our survey reflect the geographic distribution of
these studies, thus most of the insect pests studied were from North America and
Europe. The most common species were those that exhibit large-scale and peri-
odic outbreaks, such as the mountain pine beetle (Dendroctonus ponderosae) and
the eastern spruce budworm (Choristoneura fumiferana), as well as other Coleop-
teran phloem feeders such as the North American spruce beetle (Dendroctonus
rufipennis) and the European spruce bark beetle (I. typographus). These species
attract greater research attention as they have large impacts on forests around
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the globe in terms of extent and severity, and they commonly occur in regions
that are also subject to fires, drought, and forest management (FAO 2008). The
economic consequences of outbreaks of these species for management agencies
and the forest industry are not negligible (Chang et al. 2012). However, our find-
ings suggest that other insect pests in other regions are understudied, such as the
brown Christmas beetle (Anoplognathus chloropyrus) and the eucalyptus weevil
(Gonipterus scutellatus) that interact with fires in Australia (Carnegie et al. 2005;
Loch and Matsuki 2010), and the dynamics of the latter (G. scutellatus) also being
related to drought in South Africa (Graziosi et al. 2020).

FOREST DISTURBANCES INTERACTING WITH INSECT PESTS

Fire - insect pests

Fire is the most studied disturbance that interacts with insect pests (TABLE 2).
Although there is a well-established hypothesis that insect attacks lead to the
accumulation of more fuel and a consequent amplification of wildfire suscepti-
bility (McCullough et al. 1998), the studies we reviewed provided mixed evidence of
positive, negative, and no effect of insects on wildfire (James et al. 2017; Jenkins et
al. 2014; Meigs et al. 2015; Parker et al. 2006) (FIG. 2). Studies showing evidence of
insect-induced fire highlight the increase in litter (Agne et al. 2016; Jenkins 2011),
crown fuel accumulation (Hoffman et al. 2012; Jolly et al. 2012; Simard et al. 2011,
Woolley et al. 2019), vertical connectivity (Candau et al. 2018; Crotteau et al. 2018;
Watt et al. 2018), flammability of needles (Jolly et al. 2012), and wind penetra-
tion due to the lack of leaves (Linn et al. 2013) as the main drivers of the interac-
tion, leading to high risk of ignition, spread, and severity of fire (Bigler et al. 2005;
Kulakowski and Thomas 2007). Other authors did not find a positive link between
insect outbreaks and fire, arguing that insect attacks reduce forest fuel connec-
tivity and therefore fire activity (DeRose and Long 2009). Still other studies have
suggested that the varying responses of fire ignition to insect activity is due to the
different temporal scales at which researchers have looked for these interactions:
when examining the effect of spruce budworm (C. fumiferana) outbreaks on fire
ignition risk in Ontario (Canada), James et al. (2017) found that immediately fol-
lowing an outbreak the risk decreased but, nine to ten years after the outbreak,
ignition risk increased. However, at broad spatiotemporal scales, studies found
that other factors such as climate, forest structure, and topography had a greater
influence on fire ignition risk than did the spatial legacies of past insect outbreaks
(Andrus et al. 2016; Speer and Kulakowski 2017). The specific ecology of the insect
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species of interest (Cohen et al. 2016; Meigs et al. 2015), severity of the outbreak
(Meigs et al. 2015, 2016; Simard et al. 2011), and eco-regional context (James et al.
2017) also affect fire-insect relationships.

Fires also shape the probability of insect outbreaks, directly through their effects
on tree resistance and indirectly through their effects on forest structure and
succession. Interactions between fire and insects affect successional trajectories
by reducing regeneration potential (Veblen et al. 2006). Alternatively, the com-
pounded effects of fire and insects also facilitate regeneration by reducing tree
competition, favoring seed dispersal (Land and Rieske 2006; Liang et al. 2016),
changing forest-age structure (Arbellay et al. 2017), and replacing dominant spe-
cies (Bergeron et al. 1993). A study on the spruce budworm (C. fumiferana) system
suggests no effect of fire-insect interactions on long-term forest composition due
to rapid regeneration of its primary host (Sturtevant et al. 2012).

In terms of direct effects, non-stand-replacing fires compromise tree defenses,
making them more susceptible to insect attacks, due to both a reduction in bark
thickness and to stress, which reduces resin production (Boulanger et al. 2013;
Bradley and Tueller 2001; Davis et al. 2012; Lombardero and Ayres 2011; Ryan and
Amman 1996; Santoro et al. 2001). Fire-injured trees also synthesize and accumu-
late ethanol, monoterpenes, and hormones that, once released to the atmosphere,
act as primary attractant for some insect species such as Dendroctonus valens, D.
brevicomis, Gnathotrichus pilosus, or Hylurgops porosus (Beh et al. 2014; Kelsey
and Joseph 2003; Kelsey and Westlind 2017a; Westlind and Kelsey 2019), which can
promote outbreaks.

Drought - insect pests

Much like fire-stress, drought influences insect-pest outbreaks because drought-
stressed trees synthesize chemicals that act as insect attractants and, at the
same time, may reduce their leaf- and stem-water potential limiting their resist-
ance to insect attacks (Anderegg et al. 2015; Kelsey et al. 2014; Kelsey and Joseph
2001; Klutsch et al. 2017; Lusebrink et al. 2011). In the case of defoliators, drought
stress can increase tree vulnerability as trees produce fewer palatable leaves and
therefore insects need to consume more foliage to survive (Backhaus et al. 2014).
Stressed trees are also limited in their ability to capture nutrients (McNulty and
Boggs 2010) and produce resins, which makes them less able to defend themselves
against insect attacks and therefore more vulnerable (Sangiiesa-Barreda et al.
2015; Wong and Daniels 2017).
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Conversely, insect outbreaks increase tree vulnerability to water stress. When
trees are attacked by insects the crown and/or roots are damaged, compromising
water-regulation capacity. Thus, trees become more susceptible to later episodes
of extreme drought leading to higher mortality rates (Allen et al. 2010; Altmann
2013; Anderegg et al. 2015; DeRose and Long 2012; Kolb et al. 2016; McDowell et al.
2008; McDowell et al. 2010). Some authors have down-played the relevance of
drought-insect interactions arguing that such interactions are secondary relative
to other factors, such as tree fitness or the consequences of forest management
(Hart et al. 2015). Indeed, some studies have proposed that water stress reduces
trees’ vulnerability to insect attack because of the less hospitable environment
insects experience in a drought-stressed tree (Hart et al. 2014; Kolb et al. 2016).
Yet other studies have provided evidence that defoliators can enhance tree water
status by reducing canopy transpiration under drought, which is called the defo-
liation paradox (Bouzidi et al. 2019; Itter et al. 2019)

Diseases or other insect pests — insect pests

Insect pests also interact with other biotic disturbances, such as diseases, path-
ogens, and other insects. These interactions may take the form of mutualisms,
such as in the case where insects act as vectors for fungal infections such as
Dutch elm disease or beech bark disease (the first caused by fungus Ophiostoma
ulmi and the second by Neonectria faginata and N. ditissima; Addison et al. 2014;
Aukema et al. 2010; Ceriani-Nakamurakare et al. 2016; Firmino et al. 2017; Pinna
et al. 2019; Rankin and Borden 1991; Reed et al. 2015; Shanahan et al. 2016; Xu et
al. 2018) or vectors for other bark beetle species (Croise and Lieutier 1993). As hap-
pens in the cases of fire and drought, when insects or fungi attack trees, they
induce the production of volatile chemicals that attract other insects (Aukema et
al. 2006; Grégoire et al. 2015; Kelsey and Manter 2004; Martini et al. 2017). However,
inter-specific competition among insects or pathogens may diminish effects on
host trees (Kennedy and McCullough 2002; Kopper et al. 2004; Rankin and Borden
1991; Tabacaru and Erbilgin 2015).

Forest management - insect pests

Pest control through forest management is a major topic that is out of the scope
of this review. However, forest management (whether focused on pest control
or not) causes alterations to forest landscapes and may interact with insect pest
disturbances. Forest management affects insect outbreaks both negatively and
positively (FIG. 3) and at different scales, from individual trees to landscapes
(Ager et al. 2007; Hindmarch and Reid 2001; Johansson et al. 2007; Temperli et al.
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2014). Thinning, prescribed burning, and commercial plantations change forest
composition, landscape mosaics, and tree-age distributions. The “silvicultural
hypothesis” states that forest diversity can mitigate the effects of outbreaking
insects (Jactel and Brockerhoff 2007; Miller and Rusnock 1993). This hypothesis is
supported by repeated observations that more diverse forest stands comprising
hardwood species tend to experience less damage than homogenous coniferous
stands do (Campbell et al. 2008; Su et al. 1996). Further, in a recent long-term
study, Robert et al. (2018) found that the legacy of forest management strate-
gies helped to explain the frequency, intensity, and spatial synchrony of spruce
budworm (C. fumiferana) outbreaks. Removing dead trees, replanting new tree
species, or prescribed burns interfered with outbreak development and spread
(D’Amato et al. 2011; Rossi et al. 2011). Also, thinned stands were less susceptible
to bark beetle species attack, likely because the plumes of pheromone the insects
use for communication could not reach their targets (Thistle 2005), and because
vigor and resistance to insect attacks was improved in thinned trees (Anhold et
al. 1996; Macquarrie and Cooke 2011).

Pollution - insect pests

Pollution also interacts with insect pest disturbances. Most research indicates that
pollutants reduce host-tree quality as well as insect fitness, leading to a reduction
in insect attacks. For instance, high ozone concentrations reduce insect fecun-
dity and colonization rates. Increased CO, and heavy metal concentrations reduce
growth, survival, development, and size of larvae and adults (Kopper and Lindroth
2003). Acid rain negatively affects insects directly by causing mortality, or indi-
rectly by reducing host-plant quality (Butler and Trumble 2008; Kinney et al. 1997).
However, some studies find little influence of pollution on insect performance or
even a positive influence (Awmack et al. 2004). Some aphids and lepidopterans
increase their growth rate and survival under high concentration of SO,, NO,, or
0, (Butler and Trumble 2008). Elevated concentrations of CO, may play a role in
insect interactions with pathogens (Roth et al. 1998; Roth and Lindroth 1994; Stiling
et al. 1999) or insects’ natural enemies (Percy et al. 2002), although most common
responses were negative or neutral. Some studies verified that under simulated
acid rain conditions, insect attacks were more severe than in the control situation
(Palokangas and Neuvonen 1995; Saikkonen et al. 1995).

Other disturbances - insect pests

Other disturbances such as storms, windthrow, snow avalanches, and landslides
influence insect outbreaks and their effects on forests. Together, these agents

55

NOISsSNasia



DISCUSSION

- CHAPTER 1: DISTURBANCE INTERACTIONS

build a complex picture of direct, indirect, bidirectional, and multidirectional
interactions. Such disturbances may cause changes in forest structure, compro-
mising later insect attacks (Hanewinkel et al. 2008; Louis et al. 2014; Perovich and
Sibold 2016). Also, after severe gales, storms, or landslides, the accumulation of
dead wood and hence the probability of insect attacks may increase (Howe and
Baker 2003; Simard and Lajeunesse 2015; Yamazaki 2011). Finally, some authors
have mentioned that episodes of strong winds might facilitate the spread of
insect pests (Havasova et al. 2017; Potterf and Bone 2017; Stadelmann et al. 2014).

Climate change - insect pests

Climate change is not a forest disturbance in itself, but it has been widely recog-
nized as a major driver of changes in insect pest regimes (Bolte et al. 2010; DeRose
and Long 2012; Pawson et al. 2017; Rogers et al. 2017; Rouault et al. 2006; Temperli
et al. 2015; Temperli et al. 2013). Like many of the disturbances we have discussed,
climate change influences insect pests both directly and indirectly. In terms of
direct effects, increases in temperature and changes in moisture availability
may increase insect survival and development rates (van Lierop et al. 2015; Male-
sky et al. 2018). These changes are likely to lead to shifts in geographic distribu-
tions (Bolte et al. 2010; DeRose and Long 2012; Friedenberg et al. 2008; Jaime et al.
2019; Marini et al. 2017; Pawson et al. 2017; Renwick et al. 2016; Rogers et al. 2017,
Schwartzberg et al. 2014), although such positive feedback is still under discussion
(Pysek et al. 2010). In terms of indirect effects, climate change affects insect pests
through direct and indirect influence on other agents (Pechony and Shindell 2010;
Seidl and Rammer 2017, Seidl et al. 2017; Temperli et al. 2013).

» TABLE 2

Summary of main perturbations
interacting with insect pests,
their interaction cause, and its
ecological explanation.
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SOURCES OF VARIATION IN DISTURBANCE INTERACTIONS

The interactions between insect pests and other forest disturbances highlighted
in this review were often significant and synergistic (FIG. 3). Disturbances disrupt
the structure and composition of ecosystems, create heterogeneous landscape
mosaics, and change the physical environment (White et al. 1985; Turner 2010). In
doing so, they can force ecosystem renewal, cause temporal disorganization, and
alter the susceptibility of forests to new disturbances. Such synergistic interac-
tions are especially important for the dynamics of biotic disturbances in a chang-
ing climate (Seidl et al. 2017).

In this review, we aimed to identify the main elements that favor or limit forest
disturbance interactions. Different authors emphasize the relevance of the par-
ticular insect species involved in the interaction (Hanula et al. 2002; Joseph et al.
2001; Kelsey and Westlind 2017a; Meigs et al. 2015, 2016), as different species tend
to have different autecologies and vary in terms of feeding strategies, even within
feeding guilds. Further, some species were studied more than others with respect
to their interactions with other disturbances (e.g., the interactions between Den-
droctonus spp. and C. fumiferana with fire). We therefore hypothesized that insect
feeding guild (i.e., defoliators vs. xylem/phloem feeders) might be associated with
particular disturbances, but the results presented here did not support this the-
ory. Only disturbances caused by xylem/phloem feeders tended to occur more fre-
quently following periods of drought, probably due to the higher concentration
of soluble sugars in the bark of water-stressed trees resulting in improved insect
larvae performance (Caldeira et al. 2002).

We hypothesized that interactions between disturbances might be more frequent
at smaller spatial (at the physiological- and tree-scale) and temporal scales (one
year or less; FIG. 4). When larger spatiotemporal scales are considered, there may
be more agents and processes that influence forest dynamics and disturbance
and, therefore, it becomes more difficult to identify clear relationships between
disturbances. Also, interactions at small spatiotemporal scales, such as positive
attraction of insects at the physiological scale a few days after a fire or drought,
are probably unlikely to translate into landscape-scale outbreaks (Kelsey et al.
2016; Kelsey and Joseph 2001, 2003; Kelsey and Westlind 2017b, 2017a). However,
although we identified differences in the frequency of interactions according
to spatial and temporal scale, these were not significant. Thus, we concluded
that scales are not correlated with the probability of identifying an interaction
between two disturbances.
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Studies of interactions between disturbances include a broad range of distur-
bance-specific features (e.g., fire disturbances are described with respect to size,
severity, probability of ignition) that may affect the interaction. This is the case
that Meigs (2015, 2016) and Harvey (2013, 2014) presented when they reported that
insect attacks did not increase fire likelihood but altered its severity and spread.
Thus, in this study we specified the type of response in disturbance interactions
reported in every study (influences on the likelihood, severity, spread or insect fit-
ness). Most of the reviewed papers that focused on insect-fire interactions exam-
ined how increased fuel loads caused by insect attacks (according to the dura-
tion of defoliation and time since the end of defoliation) facilitate subsequent fire
ignition (e.g., Watt et al. 2020). In respect of severity, studies such as Derose and
Long (2009) and Donato et al. (2013) reported a reduction in fire severity follow-
ing insect attack because defoliation resulted in reduced horizontal and vertical
fuel connectivity. However, our results showed that the occurrence of interactions
between disturbances was not correlated with the type of response considered,
either for the specific case of fire or for other disturbances. Only a small rela-
tionship between pollution and its impacts on insect fitness was found. Thus,
we highlight the importance of characterizing the specific nature of disturbance
interactions and the consequences on disturbed ecosystems, in addition to identi-
fying when and where an interaction occurs.

THE ROLE OF SIMULATION MODELS

There is increasing interest in examining the combined effects of multiple distur-
bances on landscape dynamics (Chew et al. 2004; Lucash et al. 2018; Scheller et al.
2018; Seidl et al. 2016; Tabacaru et al. 2016; Temperli et al. 2015). However, empirical
approaches are limited in their ability to address such complex questions because
past disturbances may provide an insufficient basis to understand potential
future changes resulting from climate change, invasive species, and increasing
human activity (Temperli et al. 2015; Temperli et al. 2013). Simulation modeling
provides one useful approach to studying future landscape changes and exploring
emergent dynamics (Perera 2015).

Nonlinear, cross-scale interactions are inherent in forest landscape dynamics
(e.g., interactions at tree level may leave a footprint at the landscape level; Peters
et al. 2007). Empirical approaches have limited application at broad temporal and
spatial scales or when processes occur across scales. Most of the modeling studies
we reviewed used spatially explicit models at the scale of the landscape or stand.
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These models also explored longer time frames than did empirical studies (FIG.
5), of up to 300 years (Hoffman et al. 2012; James et al. 2011a; Loehman et al. 2017;
Sturtevant et al. 2012). The ability to explore long-term dynamics is essential in
the case of insect pest disturbances because of the long term spatial legacies they
can create and, in some cases, the cyclical population dynamics they generate
(FIG. 5; Robert et al. 2020).

Future environmental change is uncertain, as are the dynamics of stochas-
tic disturbances. Simulation models allows for the explicit integration of this
uncertainty through scenario testing. Model-mediated exploration of such
uncertain parameter space is essential to improve understanding of how differ-
ent sources of uncertainty might impact the target system. Most of the articles
we examined here engaged in some sort of scenario testing. (FIG. 5). Scenarios
were mainly used to analyze the role of climate change in forest disturbances,
usually using the IPCC climate projections (Moss et al. 2010). Other studies used
scenarios to test different disturbance impacts or the response of the affected
habitat (FIG. 5). Long-term projections based on a range of plausible scenarios
are also valuable in facilitating policy development (Moran-Orddiiez et al. 2018;
@kland et al. 2016).

While a modeling approach has benefits relative to relying on historical empirical
data (e.g., the opportunity to observe unexpected emergent phenomena), develop-
ing spatial models of forest disturbance interactions can be challenging. A central
challenge relates to the acquisition of high-quality data for parameterizing com-
plex spatially-explicit simulation models, especially at large scales. Indeed, the
lack of such information often stimulates the adoption of a modeling approach.
Some authors collected their own data to calibrate the model (DeRose and Long
2009; Hansen et al. 2015; Hoffman et al. 2012; Hoffman et al. 2012; Linn et al. 2013;
Nitschke et al. 2012; @kland et al. 2016; Simard et al. 2011), whereas others used
another approach, simulating the input data of the model based on expert knowl-
edge (Temperli et al. 2015). Most modeling studies we reviewed here used data
from public repositories or from other publications (FIG. 5). Long-term data mon-
itoring and remote sensing data are particularly useful in landscape dynamics
modeling because these sources offer continuous information in time and/or
space (Ager et al. 2007; Chapin and Starfield 1997; Gustafson et al. 2010).

Other challenges to developing useful models of forest disturbance include inte-
grating multiple relevant processes and their interactions at different spatiotem-
poral scales, as well as modeling them in a mechanistic way (Baker and Robinson
2010). Addressing these challenges requires explicit assumptions and simplifi-
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cations, compromising realism while maintaining coherence, internal consist-
ency, and plausible descriptions of modelled dynamics (Baker and Robinson 2010;
Moran-Orddiiez et al. 2018). Thus, when working with multiple disturbances, one
is restricted to including only relevant landscape variables (one or a few in num-
ber) both as explanatory and response variables (e.g., stand volume, species; Clark
and Gelfand 2006; Gustafson et al. 2010).

Of the 216 articles we reviewed, only 23 were based on simulation models. How-
ever, interest in using simulation modeling to explore disturbance interactions
seems to be increasing: 83% of the model-based studies were published after
2010. Given the utility of simulation models mentioned above, both in scien-
tific research and in the development of forest policies, we would emphasize
the importance of the further development of simulation modeling capacity
through research on how to better model complex processes and their mul-
ti-scale dynamics. To complement such model development, additional empiri-
cal information is required to improve model parameterization and model pre-
dictions, and it is the reciprocal interaction between empirical and simulation
studies that will identify new challenges and opportunities and move our collec-
tive understanding forward.

EMERGING DISTURBANCES AND CHALLENGES TO THEIR STUDY

Climate change, increasing global trade, and land-use change all have the poten-
tial to alter interactions between insect pests and other disturbances. Such driv-
ers lead to an increase in invasive species that will compromise host ecosystems
(Brockerhoff et al. 2006; Choi et al. 2019; Dix and Britton 2014; van Lierop et al. 2015;
Lovett et al. 2006; Smith et al. 2012; Ward and Masters 2007). Some species consid-
ered to be invasive were introduced centuries ago and their effects on ecosystems
are usually considered alongside native species. That is the case with the gypsy
moth (L. dispar), which is of Euro Asiatic origin but was introduced to the US at the
end of the 19th century (Kinney et al. 1997; McDonald et al. 1999; Roth et al. 1998).
However, impacts of recent invasive insect pests are hard to predict because there
is little empirical evidence about their performance in new environments with
new competitors. One such species is the box tree moth (Cydalima perspectalis)
native to Asia, which has been invading European forests since 2007 (Bras et al.
2019). Its defoliating effect leads to the death of box trees (Buxus sempervirens),
which are abundant in the understories of European forests. This may cause an
increase in fuel availability and consequently affect the severity of fire risk or,
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conversely, it may reduce the probability of fire spread by eliminating the main
understory species and reducing fuel connectivity.

Land-use change poses another challenge to understanding interactions between
insects and other forest disturbances. It is broadly assumed that the replacement
of primary forests with pastures and croplands causes a reduction in insect biodi-
versity, as seen in different ecosystems around the world (Almeida et al. 2011; Koh
2007; Korasaki et al. 2013; Meijer et al. 2011). Moreover, Barragan et al. (2011) docu-
mented a loss in beetle functional diversity (based on food relocation, body size,
daily activity period, and food preferences) as a result of land-use changes in Mex-
ico. However, the study of land-use effects on insect pests is mainly focused on
agriculture (Kiritani 2007; van Lierop et al. 2015), and few studies investigate forest
insects in the context of land-use change (Rosenberger et al. 2017). An example
may be the pine processionary moth (Thaumetopoea pityocampa), whose growth
is linked to habitat type (Torres-Muros et al. 2017). Given rural abandonment and
pine reforestation in the natural range of this insect species (Cervera et al. 2019;
Pausas et al. 2008), an increase in pine processionary moth pest risk is possible.
Thus, researchers and managers should acknowledge that current dynamics and
management policy effects extend beyond the short-term and local scale and
should pay special attention not only to current forest pests but also to those that
may have future impacts.

Finally, it is essential to improve theoretical knowledge of outbreaking insect
species (genetics, population dynamics, species ecology, and distribution) to bet-
ter understand the mechanisms behind interaction dynamics (Ayres and Lom-
bardero 2000; Loehman et al. 2017; Xu et al. 2018). Other authors have highlighted
problems with obtaining high-quality data for such studies, because long-term
and broad-scale monitoring is needed (Aukema et al. 2010; Gustafson et al. 2010;
Hanula et al. 2002). New technologies and platforms, such as data obtained using
satellites or LiDAR, as well as improved demographic and population genetic data,
represent enormous resources with which we can better parameterize spatial-
ly-explicit simulation models (Chou et al. 2010; Hollaus and Vreugdenhil 2019).
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Conclusions

Our review summarizes the current understanding of interactions between insect
pest outbreaks and other forest disturbances and highlights the complexity of
these processes. Such interactions are critical drivers of landscape dynamics in
many forested systems. Reported interactions between disturbances were syner-
gistic, antagonistic, or not detected. They were detected at different spatial (from
tree to landscape level) and temporal (from days to century) scales and included
various types of interaction (influences on the likelihood, severity, spread or
insect fitness). However, we found no clear relation between such disturbance
features and the occurrence of interactions.

The impacts of insect pest outbreaks are expected to increase with intensifying
global change. The fitness and distribution of insect species are strongly influ-
enced by climate. Furthermore, insect pest outbreaks can interact with pollution
and land-use changes, and invasions by insect species are increasing as a result of
global trade. Understanding the potential for altered interactions between insect
pests and other disturbances as well as the emergence of novel interactions are
major challenges in forest dynamics research. In this context, simulation mod-
els and spatially explicit simulations of potential future global-change scenarios
may play an important role in the management of disturbance interactions and
landscape dynamics because they can incorporate multiple drivers that operate at
broad spatiotemporal scales and can be used to project possible future scenarios.
Such predictions of future ecosystem conditions must be supported by appropri-
ate theoretical knowledge and must be relevant to decision-making processes.
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Abstract

Invasive species have considerably increased in recent decades due to direct and
indirect effects of ever-increasing international trade rates and new climate
conditions derived from global change. We need to better understand how the
dynamics of early species invasions develop and how these result in impacts on
the invaded ecosystems. Here we studied the distribution and severe defoliation
processes of the box tree moth (Cydalima perspectalis W.), a tree defoliator insect
native to Asia and invasive in Europe since 2007, through the combination of spe-
cies distribution models based on climate and landscape composition informa-
tion. The results showed that the combination of data from the native and the
invaded areas was the most effective methodology for the appropriate invasive
species modeling. The species was not influenced by overall landscape factors, but
only by the presence of its host plant, dispersal capacity and climate suitability.
Such climate suitability was described by low precipitation seasonality and min-
imum annual temperatures around 0°C, defining a continentality effect through-
out the territory. We emphasize the need of studying distribution and severe defo-
liation processes separately because we identified that climate suitability was
slightly involved in limiting species spread processes but strongly constrained
ecosystem impact in terms of defoliation before the species reaches equilibrium
with the new environment. New studies on habitat recovery after disturbance,
ecological consequences of such impact and community dynamics in a context
of climate change are required for a better understanding of this invasive species.

KEYWORDS

Biological invasion, box tree moth,
ecological niche model, forest disturbance,
habitat suitability
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Introduction

The incidence of alien species to invaded host ecosystems has increased in recent
years due to climate change and the growth in international trade (Hulme, 2003).
The movement of alien species (not native to a specific location, also referred to as
introduced or non-native species) has been linked to human activity for millennia
due to international trade that favors the accidental introduction of species into
new ecosystems (Bradshaw et al., 2016; Hulme, 2009). The association is so strong
that key moments in history involving international commerce match alien spe-
cies redistribution peaks, highlighting the end of the Middle Ages, the industrial
revolution and, most remarkably, the recent era of market globalization (Hulme,
2009). The last 50 years have been characterized by an increase in transport net-
works and demand for commodities, allowing displacement of species into new
ecosystems. This trend is more notable in countries with high economic activity,
large transport infrastructure and facilitators of international commerce (such
as dismantling of customs checkpoints in the case of European Union countries;
Hulme, 2009; Roques et al., 2016).

Global warming is known to push changes in species distributional areas and
may increase the probability that alien species become established and markedly
impact new locations, becoming invasive species (alien species with an ecological
or healthy impact). Many invasive species share traits such as short generation
times, rapid dispersal or environmental plasticity that could be advantageous in
a transitioning climate (Dukes & Mooney, 1999). Moreover, climate change may
intensify the impact severity and likelihood of pest outbreaks, both in native and
alien species (Bebber, Ramotowski, & Gurr, 2013; FAO, 2008). However, some sci-
entists question the relevance of climate change on alien species performance,
because its importance is equivalent to other factors such as land cover or geog-
raphy of each site (PySek et al., 2010). They also argue that new climate conditions
do not always lead to increasing the climate niche of alien species, because each
species could perform differently in distinct areas (Bebber et al., 2013; Peterson,
Papes, & Soberdn, 2008).

Biological invasions progress through the following consecutive phases: (1) arrival,
(2) establishment, (3) dispersion and (4) impact (Vermeij, 1996). Only a small per-
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centage of alien species eventually progress to the last stage when the species is
considered invasive and causes damage to the environment, human economy or
human health (Roques et al., 2016). However, their effects on the economy, society
and ecology may be massive. Invasive insects (the second largest invasive group
behind vascular plants; Seebens et al., 2017) are mainly studied because they cause
economic and social damage in agriculture. The damage caused by invasive insect
species in the forest industry is also significant, reaching $70 billion annually for
the world (Bradshaw et al., 2016).

The ecological effects of invasive insect species occur at different levels of biologi-
cal organization, from genetics (genetic hybridization with native species), to pop-
ulations (new prey-predator relations) to ecosystems (phylogenic and taxonomic
diversity, trophic networks, ecosystem productivity, etc.; Blackburn et al., 2014).
Landscape may be directly affected by massive cases of herbivory leading plant
species or entire ecosystems to high risk (e.g., the case of Elatobium abietinum
W., which is invasive in North America and threatening to Picea engelmannii;
Lynch, 2004). However, invasive insect species can also have indirect effects on
communities, either by frustrating plant reproduction mechanisms (the case of
Lymantria dispar L. causing oak seedling mortality both in native and invaded
area; Gottschalk, 1989) or by triggering a cascade effect leading to the facilitation of
other disturbances such as fire, arrival of other diseases or sensitivity to drought
(Canelles, Aquilué, James, Lawler, & Brotons, 2021).

Management actions and policies are required to deal with invasive species
impacts on ecosystem functioning and associated goods and services. Identifying
the potential distribution and the stage of invasion of the studied species is criti-
cal for an adequate management strategy and quick development of action plans
is required because eradication after the species establishment stage represents
colossal costs and is often unsuccessful (Perrings, Dehnen-schmutz, Touza, & Wil-
liamson, 2005; Pimentel, Zuniga, & Morrison, 2005). Species distribution models
(SDMs) are commonly used to predict the potential distribution range of invasive
species (Uden, Allen, Angeler, Corral, & Fricke, 2015). SDMs are built on the general
concept of a fundamental niche and predicted species distributions that depend
on the modeling algorithm that is applied. Such algorithms are trained with a
given species occurrence and associated environmental data and then projected
onto different areas to identify regions with environmental suitability for such
species (Elith & Leathwick, 2009; Guisan, Thuiller, & Zimmermann, 2017). How-
ever, the application of species distribution models to invasive species (SDMi) is
under discussion because it may contradict two SDM assumptions: (1) ecological
niches are stable in space and time and (2) the studied species is in quasi-equi-
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librium with the environment (Barbet-Massin, Rome, Villemant, & Courchamp,
2018; Elith & Graham, 2009; Gallien, Douzet, Pratte, Zimmermann, & Thuiller,
2012; Gallien, Minkemtiller, Albert, Boulangeat, & Thuiller, 2010). Thus, for an ade-
quate understanding of the species, it is necessary to combine information from
the original area and the invaded area as well as develop a synoptic view of the
mechanisms involved in the invasion process, identify source populations, clarify
invasive pathways and describe the main ecological factors and processes that
favor or restrict invasive species performance (Bras et al., 2019; Kriticos et al., 2003;
PysSek et al., 2010). Moreover, differential description of species distribution (where
the species is present) and severe damage dynamics (where the impact is high)
may help accurate management strategies (Roques et al., 2016). To perform proper
management, approaches must combine global and regional information of the
invasive species as well as incorporate its processes dynamically (Hulme, 2003).
Thus, cooperation between scientific researchers and managers is mandatory.

The box tree moth, Cydalima perspectalis W. (FIG. 1), native to Asia, is a prime
example of an invasive alien species in Europe with a potential for high eco-
system impact. This species arrived in central Europe in 2007 and has spread
throughout the continent (Kim & Park, 2013; Kriiger, 2008; Maruyama & Shinkaji
1987). C. perspectalis causes economic and huge ecological effects because during
its caterpillar phase it feeds on species of the genus Buxus, often leading to com-
plete defoliation and producing significant damage to natural habitats as well as
parks and gardens with ornamental boxwood fences. The persistence of consec-
utive defoliation episodes and the habit of caterpillars to eat the bark when there
are no leaves may lead to the death of the plant (Artola, 2019; Mitchell, Chitanava,
Dbar, & Kramarets, 2018; Straten & Muus, 2010). The ecological effects of C. per-

» FIGURE 1
Adult individual of C. perspectalis.
Source: Jenny Llopis.
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spectalis and consequent boxwood decay include the risk of species hosted in box
trees (Mitchell et al., 2018) and the endangerment of some Mediterranean moun-
tain ecosystems where the box tree is the main undercover species (Di Domenico,
Lucchese, & Magri, 2012).

In this study, we aimed to identify the main determinants of C. perspectalis dis-
tribution and how these factors constrain distribution dynamics and ecosystem
impact after the species establishment in a new environment. More specifically,
we addressed the following questions: (1) Does the climate niche in the native area
define the expansion process of the species in recently invaded areas? (2) Is the
species distribution influenced by habitat composition (e.g., forest cover, habitat
fragmentation, etc.) interacting with the climate niche? (3) Are the processes of
spread and impact different in terms of the underlying factors that determine
these dynamics?

Methods
STUDY SPECIES

The tree box moth C. perspectalis W (Lepidoptera: Crambidae), formerly placed
in the genera Glyphodes, Diaphania and Neoglyphodes (Mally & Nuss, 2010), is
a native insect from Asia, mainly China, Japan, Korea and India (Kim & Park,
2013; Maruyama & Shinkaji, 1987; Park, 2008). This species was first introduced
in Europe in 2007, entering in Germany via the trade of ornamental box trees
between China and Europe (Casteels et al., 2011; Leuthardt, 2013; Nacambo et al.,
2014). In recent years, new observations have been recorded in Switzerland and
the Netherlands (Leuthardt, 2013; Straten & Muus, 2010), and in a period of 10
years, the insect has spread all across Europe and into Asia Minor (Bras et al.,
2019). Such spread is thought to be due to the flight capability of the species but
mainly due to the accidental transport of individuals to different localities in
Europe (Kenis, Roques, Timms, & Lopez-vaamonde, 2009; Matosevi¢, 2013; Roques
et al., 2016). According to its biological development, C. perspectalis has a classical
egg—caterpillar-pupa-adult cycle. Adult mating phases start in the spring and end
in the late summer with a cycle of 2-3 generations per year (Bakay & Kollar, 2018;
Leuthardt, 2013; Nacambo et al., 2014; Nagy et al., 2017; Santi, Radeghieri, Inga Sig-
urta, & Maini, 2015), but up to 5 generations per year have been reported in China
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(Chen et al., 2005). Temperature (minimum temperature and degree days) and
relative humidity have usually been considered critical for species development
(Suppo, Bras, & Robinet, 2020). Egg hatching success has been reported success-
ful between 15 and 30°C in Asia (Maruyama & Shinkaji, 1987), while development
threshold temperatures and degree days (dd) were 10.9°C and 45 dd for the egg
stage; 8.4°C and 322 dd for the larval stage; and 11.5 °C and 133 dd for the pupal
stage (Nacambo et al., 2014). In its native range, up to 10 different Buxus species
have been documented as host plants, with a preference for Buxus microphylla
Siebold & Zucc. (Maruyama, T. ; Shinkaji, 1991). In Europe, C. perspectalis is hosted
on Buxus sempervirens L., a common species in southern and western European
forests as well as a decorative plant in gardens throughout the continent (Artola,
2019; Bras et al., 2019; Wan et al., 2014).

STUDY AREA

The area of study was Catalonia, a 32,114 km2 region located in northeastern Spain
with a predominantly Mediterranean climate. Its complex orography, with an alti-
tude range from 0 to more than 3,000 m above sea level (a.s.l.) and a coast extend-
ing over 750 km, has resulted in a highly diverse climate. The region is extensively
covered by forest (40%) and scrublands (16%), while agricultural lands (29%) and
urban areas (6%) contribute to the fragmentation of natural areas (Ibafiez, Burriel,
& Pons, 2002). Forests are dominated by Aleppo pine (Pinus halepensis M.), Holm
oak (Quercus ilex L.), Scots pine (Pinus sylvestris L.) and European black pine (Pinus
nigra subsp. salzmannii A.), which together represent two thirds of the total forest
surface in Catalonia. B. sempervirens is widely distributed in the study area, being
essential for some of the ecosystem understory (because it is shade tolerant) but
also frequent in open shrub areas. It is normally found in limestone of sub-Medi-
terranean environments, although it can be also found in subalpine and Mediter-
ranean forests covering a range of 100-1,900 m a.s.l. (Folch, 1985).

Catalonia has a high concentration of exotic species due to the high population
density—and consequent trade movements and anthropization of the land-
scape—and the moderate climate conditions (Gasso et al., 2009). The box tree
moth was first observed in Catalonia in 2014 (Bassols Isamat & Oliveras Giralt,
2014), but 2017 was the first year of high severity defoliation recorded specifically
in northeastern Catalonia. Since then, the species has spread through the center
of the territory.
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GENERAL OVERVIEW OF MODELING

The research presented in this paper comprises different interconnected models
(FIG . 2):

1. — Climate suitability model for the distribution of C. perspectalis cali-
brated in the native area, Asia (ClimAsia). This model is projected to Asia
and Europe.

2. — Climate suitability model for the distribution of C. perspectalis cali-
brated in the invaded area, Europe (ClimEurope). This model is projected to
Europe and Asia.

3. — Climate suitability model for the distribution of C. perspectalis cali-
brated in the invaded area, Europe, but background information weighted
with the ClimAsia projection in Europe (ClimEuropeWeighted). This model
is projected to Europe and Asia.

ClimAsia T ClimEurope
Weighted
background
ClimEuropeWeighted
T =Z
TS 20
£§ 25
DistCat ServerCat
*DisCat-Reduced *ServerCat-Reduced

» FIGURE 2
Conceptual diagram of the different models included
in the study and the established relationship between them.
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4. — Distribution model in Catalonia (DistCat). This is an ecological niche
model that uses previous ClimEuropeWeighted output and other informa-
tion as input variables. A variation of this model using fewer input varia-
bles was built (DistCat-Reduced).

5. — Severe defoliation model in Catalonia (SeverCat). This is an ecologi-
cal niche model that uses previous ClimEuropeWeighted output and other
information as input variables. A variation of this model using fewer input
variables was built (SeverCat-Reduced).

The above-mentioned models are based on the SDM methodology (Guisan, Thu-
iller, & Zimmermann, 2017). Modeling code is available at https://github.com/

quimcanellestrabal/Cydalima QuimCanelles.

CLIMATE SUITABILITY MODEL APPROACH
(CLIMASIA AND CLIMEUROPE)

Climate suitability models for C. perspectalis in Asia and Europe were built com-
bining C. perspectalis occurrences and associated environmental data. Occurrence
data of C. perspectalis at the global level were obtained from the Global Biodiver-
sity Information Facility (GBIF, 2020) and complemented with literature citations
(Kim & Park, 2013; Wan et al., 2014). Information was accurately selected by dis-
carding observations with incomplete information, without associated quality
coordinates, spatially clustered records, and duplicated locations. A final set of 83
and 3,074 occurrence data were obtained from Asia and Europe, respectively. To
calibrate the climate suitability model, 10,000 randomly generated background
points were created in each model extent (ClimAsia extent: longitude = 95 to 150,
latitude 20 to 45; ClimEurope extent: longitude = -15 to 50, latitude = 35 to 75; Elith
et al. 2011; Phillips et al. 2009).

We regressed the presence/absence of C. perspectalis models for Asia and Europe
with eight explanatory climate variables obtained from CHELSA (Karger, 2017)
at 30 arc seconds (ca. 1,000 m) spatial resolution and mean values for 1979-2013
(TABLE 1). These eight variables were the final selection from an initial set of 19
climate variables that were subjected to a multicollinearity test using Pearson’s
correlation coefficient and variance inflation factor (VIF) analysis both in Asian
and European regions (Marquaridt, 1970). We finally selected only one variable
from each set of highly correlated variables (|r| > 0.7; VIF > 10) depending on its
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» TABLE 1

Summary of variables used in each model.

VARIABLE

TYPE

MODEL

Mean diurnal range (bio2) [°C]

Max temperature of warmest
month (bio5) [°C]

Min temperature of coldest
month (bio6) [°C]

Annual precipitation (bio12)
[mm/year]

Precipitation seasonality (bio15)
[coefficient of variation]

Precipitation of driest quarter
(bio17) [mm/quarter]

Precipitation of warmest quarter
(bio18) [mm/quarter]

Precipitation of coldest quarter
(bio19) [mm/quarter]

Climatic suitability [%]

Bioclimatic

ClimaAsia,
ClimEurope and
ClimEuropeWeighted

Elevation [m]

Aspect [N-W-S-E categories]

Topographic

Forest cover 1km radius [%]

Mean basal area at 1km radius
[m2*ha-1]

Habitat fragmentation (n?
landscape patches / n? habitat
classes)

Habitat heterogeneity (n?
landscape patches * n2 habitat
classes)

Buxus sempervirens cover 10km
radius [%]

Habitat
composition

DistCat and SeverCat

Min distance to C. perspectalis
observations [m]

Min distance to high severity
C. perspectalis observations [m]

Dispersion

DistCat

SeverCat
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relative contribution to the overall model and corroborated by the described bio-
logical relevance to the studied species in the literature (Artola, 2019; Nacambo
et al., 2014).

Climate suitability models for C. perspectalis in Asia and Europe were assembled
by the species distribution modeling algorithm MaxEnt in R 3.6.1 (R Core Team,
2019), with the dismo (Hijmans, 2017) and the maxnet (Phillips, 2017) packages.
MaxEnt is a machine learning algorithm used for describing probability distribu-
tions following the principle of maximum entropy, subject to restraints imposed
by the presence of species and their surrounding environment (Phillips et al.,
2009). Modifying MaxEnt algorithm parameters so that they are adequate for
each study is highly recommended (Elith et al., 2011; Merow, Smith, & Silander,
2013; Morales, Fernandez, & Baca-Gonzalez, 2017). Thus, according to the sample
size, the broad extension, and the limited knowledge of the studied species, we
parametrized the MaxEnt algorithm with p-multiplier = 3, discarding the use of
threshold prediction and featuring predictors with quadratic response curves.
We realized a sample data-splitting procedure for evaluating the model. First,
models were calibrated with 70% of the initial data. Second, models were run 10
times taking the average as the final model. Finally, models were evaluated on
the remaining 30% of initial data with two model evaluations: the area under the
receiver operating characteristic curve (AUC; Hanley & Barbara J. McNeil, 1982) and
the continuous Boyce index (CBI; Boyce, Vernier, Nielsen, & Schmiegelow, 2002).
AUC values are between 0 and 1, where values close to 0.5 are equivalent to a ran-
dom prediction, values greater than 0.8 are considered a reliable prediction and
values up to 1 represent perfect agreement of the model with the observed data
(Fielding & Bell, 1997). CBI values are continuous between -1 and +1, where positive
values indicate a model that presents predictions consistent with the distribution
of occurrences in the evaluation, values close to zero indicate a model equivalent
to arandom model and negative values indicate counter predictions (e.g., predict-
ing no occurrence in areas where actual presence is recorded; Hirzel et al. 2006;
Manzoor, Griffiths, and Lukac 2018).

Because invasive species are not in equilibrium with the invaded area, there are
climatically suitable locations in which the species may not have arrived yet due
to dispersal constraints and the invasion story. Hence, background sample con-
sidered in the model may include both “true” and “false” absences (Gallien et al.,
2012). To analyze the adequacy of the models, we checked the ClimEurope model
adequacy when projected in Asia and ClimAsia when projected in Europe (Srivas-
tava, Griess, & Keena, 2020). Finally, another SDM model called ClimEurope-
Weighted was calibrated with occurrence data from Europe (the same that were
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used in ClimEurope) but background data were weighted with the ClimAsia pro-
jection in Europe. Weights for each background point (x) were obtained from the
formula presented by Gallien et al. (2012):

1
Weight (x)=

1+( ClimAsia projection in Europe (x) )2
ClimAsia projection in Europe (x) - 1

The highest weight values (i.e., a low habitat suitability) were attributed to a back-
ground sample that showed a high level of agreement with the ClimAsia model
projection (i.e., it probably represents a “true” absence). Comparison of these three
approaches through respective output value correlations, AUC and CBI evaluations
and climate variable response curves allowed us to analyze the data to define the
distribution of the species in the native and invaded area.

ECOLOGICAL NICHE MODEL FOR DISTRIBUTION
AND SEVERE DEFOLIATION

We built two models of potential distribution and severe defoliation (as an indi-
cator of ecosystem impact) in Catalonia, where controlled quality data and dis-
tribution dynamics were more manageable than on a global scale. Occurrence
data used in Catalonia were obtained from the community science project Alerta
Forestal (AF), a collaborative tool where users upload field observation of forest
disturbances (fire, drought, or some forest pests) providing a picture, its coordi-
nates, and the level of disturbance severity (low, moderate, high, and very high
according to the percentage of defoliation). We combined AF data with observa-
tions obtained from forest rangers (Agents Rurals de la Generalitat de Catalunya)
in 2018 and 2019 that sampled boxwood locations all along the study area (avoid-
ing sampling bias) and also reported the level of disturbance severity (four levels
according to the percentage of defoliation, equivalent to AF data). Data quality was
checked by discarding observations with no associated quality coordinates, wrong
locations or species identification and spatially clustered records. Disturbance
severity levels were subsequently evaluated by experts reviewing the percentage
of defoliation using the picture facilitated. Two final sets of 566 and 1,022 occur-
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rence data points were collected in Catalonia during 2018 and 2019, respectively.
We generated a random located set of 10,000 background points in Catalonia to
calibrate the models.

Potential distribution and severity were defined with the use of biotic and abiotic
variables (TABLE 1), which were selected according to ecological descriptions of the
species (Artola, 2019; Nacambo et al., 2014; Roura-Pascual, Brotons, Garcia, Zam-
ora, & De Caceres, 2012). Abiotic variables were defined by elevation and aspect
variables obtained from the Digital Elevation Model of the Spanish National Geo-
graphic Institute (Ministerio de Fomento, 2011) as a topographic approximation
and the ClimEuropeWeighted model projection as a summary of relevant climate
information.

Biotic determinants were defined by the amount of suitable habitat composition
for the species, as they are demonstrated to improve species distribution modeling
(Meier et al., 2010; Stanton, Pearson, Horning, Ersts, & Resit Akcakaya, 2012). First,
we calculated the percentage of forest and the mean basal area at a 1 km radius
around every observation plot, obtained from Variables Biofisiques de I'Arbrat de
Catalunya (Bozal & Orriols 2016). Second, we calculated the habitat fragmentation
and habitat heterogeneity from the number of patches and habitat classes per
square kilometer considered in the Land Cover Map of Catalonia (Ibafiez et al.,
2002). We finally included the percentage of the host species B. sempervirens at
a 10 km radius around each plot (that is the reported maximum flight distance
per year for C. perspectalis adults; Bras et al. 2019; Straten & Muus 2010). Boxwood
presence was defined by the combination of occurrences reported in the Fourth
Spanish National Forest Inventory (IV IFN, 2008-2017) and the Map of Habitats of
Catalonia (Carreras, 2004; Carreras, Ferré, Oliva, & Pérez-Prieto, 2014).

To define the dispersal capability of the species, we calculated the distance
between each 2019 species observation and the closest 2018 observation. For defoli-
ation severity dynamics of C. perspectalis (SeverCat model), we repeated the same
methodology but selected only high severity observations of 2018 and 2019 and cal-
culated the minimum distance to such points. All variable information for Sever-
Cat and DistCat models were prepared at a 1 km pixel resolution.

The potential distribution model was calibrated with the occurrence data from
2019 and climatic, topographic, habitat composition and map of distances for
2018 as explanatory variables, using the MaxEnt algorithm in R 3.6.1 (R Core Team,
2019), with the dismo (Hijmans, 2017) and the maxnet (Phillips, 2017) packages. The
severity defoliation model was also calibrated with occurrence data from 2019
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and the same explanatory variables but using map of distances to high severity
points for 2018. Once again, models were calibrated with 70% of initial data and
evaluated with the remaining 30% and AUC and CBI validation.

The distribution of C. perspectalis may be limited to the distribution of its host
plant and dispersal story (i.e., distance between observations). To analyze the
relevance of the other variables, we generated the models DistCat-Reduced and
SeverCat-Reduced that were repetitions of previous models but using a new back-
ground set randomly distributed in a 10 km buffer around each presence (thus
eliminating the distance factor; Gallien et al., 2012; Phillips et al., 2009) and mask-
ing only the locations with the presence of boxwood (thus eliminating this factor).

Results
DEALING WITH NON-EQUILIBRIUM IN THE INVADED AREA

Three approaches were used to evaluate the adequacy of the data defining C. per-
spectalis distribution in the invaded area. The ClimaAsia model had an AUC of 0.88
and a CBI of 0.85 in the native area, but 0.64 and 0.18, respectively, when projected
to Europe (FIG . 3). The ClimEurope model achieved good performance when pro-
jected in Europe (AUC = 0.96 and CBI = 0.99), but its evaluation fell to 0.67 and 0.02,
respectively, when applied to Asia. Finally, the ClimEuropeWeighted model scored
an AUC of 0.92 and a CBI of 0.78 in Europe and 0.76 and 0.41, respectively, when
projected to Asia.

When analyzing the response curves for the main variables, similar variable
contributions were found in the different models. However, in general, ClimAsia
accounted for a wider range of values for each variable than ClimEurope, while
ClimEuropeWeighted was in between the other two (FIG. 4).
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CLIMATE SUITABILITY IN THE NATIVE AND INVADED AREAS

Heuristic estimation of the relative contribution of each climate variable defined
Precipitation of driest quarter (biol7), Min temperature of coldest month (bio6),
Precipitation seasonality (biol5; that is, the temporal distribution of precipita-
tion on a monthly basis) and Mean diurnal range (bio2; that is, the annual mean
of the difference between the maximum and minimum daily temperature) as
the main explanatory variables both in ClimAsia and ClimEurope (FIG . 4). These
four variables combined accounted for 87.6% and 94.3%, respectively, of the vari-
ability in the climatic models. According to the model, the most suitable areas for
C. perspectalis are those with precipitations over 90 mm in the driest quarter and
low coefficient of variation of precipitation during the year. Mild temperatures
(annual minimal between -2 and 2°C) and low diurnal variation (lower than 12°C)
may favor the presence of C. perspectalis.

These variables defined the area of high suitability for C. perspectalis, including
southeastern China, Taiwan, Japan and North and South Korea in the native area
(FIG . 5). There is an apparent trend toward continentality for both the Asian and
European species distributions. In the invaded area, central European countries
including the United Kingdom were the main suitable areas for the species (FIG.
5). Here again, in the Mediterranean Sea, the Cantabrian Sea, the Black Sea, the
Baltic Sea and the North Sea, continentality seemed to be relevant. The main
mountain ranges such the Alps, the Pyrenees, the Balkans, and the Carpathian
were excluded as suitable areas for the species.

ECOLOGICAL NICHE

Ecological niche models for C. perspectalis in Catalonia showed good adjustment
with the observed data (DistCat, AUC = 0.90 and CBI = 0.92; SeverCat, AUC = 0.89 and
CBI = 0.90). Boxwood cover and Min distance to C. perspectalis observations in the
previous year were the two main variables that explained the distribution of the
species and severe defoliation (FIG . 6). These two variables combined accounted
for 86% and 87.2% of the variability of the DistCat and SeverCat models, respec-
tively, diminishing the effect of other variables. Response curves indicated that
the probability of presence of the species and the severity of defoliation increased
almost linearly with the increase in the boxwood cover, while this probability
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» FIGURE 5

Maps of climate suitability for C. perspectalis. in the native area (according

to the ClimAsia model) and the invaded area (according to the ClimEurope-
Weighted). Grey points indicate known species occurrences while color legend
indicates the suitability index.
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decreases as Min distance to C. perspectalis observations were longer than 15 km
for DistCat and 40 km for SeverCat.

The execution of the DistCat-Reduced and SeverCat-Reduced models revealed the
role of other variables beyond the presence of boxwoods and the distance between
observations of C. perspectalis. Both models showed good adjustment with the
observed data (DistCat-Reduced, AUC = 0.75 and CBI = 0.68; SeverCat-Reduced, AUC
= 0.80 and CBI = 0.74). Climate suitability was the main variable in both models,
followed by mean basal area and the forest cover. Elevation was marginally rele-
vant while aspect, habitat heterogeneity and habitat fragmentation variables did
not provide additional information to the model (FIG. 6).

REGIONAL DISTRIBUTION AND SEVERE DEFOLIATION

Although comparison of models for the distribution of C. perspectalis (DistCat) and
the severity of defoliation (SeverCat) had similar patterns both in the contribution
of the explanatory variables and in the resulting maps, some differences must be
noted (FIG. 6). Boxwood cover relevance in the DistCat model was half that of the
contribution of distance between observations (27% and 59%, respectively). Both
variables were similarly relevant in the SeverCat model (44% and 43%, respec-
tively). The additional contribution of other variables was minimal in both mod-
els. Ignoring boxwood cover and distance between observations, the SeverCat-Re-
duced model was more closely related to the climate suitability variable (73%)
than any habitat composition factors (none higher than 13%). In addition, the
SeverCat-Reduced model revealed an exponential relationship with climate suit-
ability variable, increasing the severe defoliation probability when the climate
suitability value was higher than 0.5 (FIG. 6). By contrast, variable contributions
in the DistCat-Reduced model were more balanced (44% for the climate suitability
variable, 21% for basal area and 15% for forest cover), and the relationship between
model performance and the climate suitability variable was almost linear from 0
to 1. Additional contribution of aspect and habitat fragmentation and heterogene-
ity variables were poor in all four models.

Observations of C. perspectalis in 2018 in Catalonia occurred in the eastern interior
of the region, while observations in 2019 expanded further west and south. Thus,
the DistCat and SeverCat models for 2019 and their projections for 2020 produced
maps with this same trend toward the western portion of the territory. Our mod-
els defined 541,000 ha of the distribution area and 317,000 ha of severe defolia-
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tion for C. perspectalis in 2019, while projections to 2020 predicted 643,000 ha and
380,00 ha, respectively (FIG. 7). These areas remain strongly related to the spatial
coincidence of the boxwood distribution area with locations of high climate suit-
ability for C. perspectalis (FIG. 8).

Discussion
REALIZED REGIONAL NICHE VERSUS GLOBAL NICHE

The application of SDMs to invasive species is controversial because invasive spe-
cies are still expanding and not in equilibrium with the novel environment (Gal-
lien et al., 2012). To address this issue, we compared three climate models consid-
ering realized regional niches (range of conditions actually occupied by a given
species) in the native area (ClimAsia) and the invaded area (ClimEurope) and the
combination of both, estimating the global niche (ClimEuropeWeighted; Gallien et
al. 2012; Roura-Pascual et al. 2009; Uden et al. 2015).

Climate models developed from occurrence data in Asia (ClimAsia) and Europe
(ClimEurope) resulted in good quality adjustment in respective calibration areas
but were not reliable on a worldwide scale. Differences between these two mod-
els were explained because the presence in Asia covered a wider range of val-
ues in the considered climate variables and, therefore, presented a wider climate
niche than ClimEurope. This is a case of niche shift in biological invasion and it is
widely discussed in distribution and invasion studies (Zhang, Mammola, McLay,
Capinha, & Yokota, 2020). Niche variation may correspond to the fact that the spe-
cies in its native area had more time to expand and to be in pseudo-equilibrium
with the environment (Gallien et al., 2012), although the small number of occur-
rences collected in Asia for this species may increase such an effect (Hernandez,
Graham, Master, & Albert, 2006; Wisz et al., 2008). Consequently, the ClimAsia
model applied to Europe did not provide a good match because it considered many
false positives (causing specificity problems). Moreover, although the ClimEurope
model provided good adjustment in Europe, it overestimated false negatives when
analyzed globally (causing sensitivity problems). Thus, using only one estimate
of realized regional niches (the native or the invaded area) may misrepresent the
environmental preferences of the species and may lead to incomplete predictions
(Broennimann et al., 2012; Fitzpatrick, Weltzin, Sanders, & Dunn, 2006).
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The combination of information through the realized regional niche background
sample weighted with the global niche information increased prediction accuracy
and thus limited the influence of false negatives, maintaining the true positives
of the regional model and letting climate variables at the regional level refine the
model. Thus, the ClimEuropeWeighted model perfectly matched occurrences in
Europe and estimated that the niche of C. perspectalis may be slightly wider than
the realized niche. Hence, the species still has space for expansion.

ECOLOGICAL NICHE

In this study, we have presented a modeling design that considered the dispersal
limitations of the species, the biotic environment (including community con-
strains) and the abiotic environmental conditions (including climate suitabil-
ity) because the combination of these influences determines species occurrence
in a given space area (Lortie et al., 2004; Séberon, 2007). Dispersal processes were
approximated with distance between observations; this variable accounted for
the species distribution and impact as identified by the DistCat and SeverCat
models. C. perspectalis observations were usually grouped, normally not exceed-
ing a 15 km distance. This aggregation pattern is common in invasive species,
which increase their radius of dispersal more rapidly in the early years of inva-
sion (Roques et al., 2016). However, human-induced dispersion is a critical factor
in the distribution of C. perspectalis and may facilitate a faster dispersal rate
than estimated by the models.

As expected, boxwood cover was also a key factor for understanding the species
distribution and severe defoliation. C. perspectalis is totally dependent on box-
wood as a host species and does not develop on other host plants (Straten & Muus,
2010). Thus, this biotic factor may limit the distribution of C. perspectalis but at the
same time accentuate the risk for the boxwood in the territory. In addition, box-
woods are usually used in gardening (parks, cemeteries, private gardens, etc.) and
may play a key role of connectors between boxwood forests. Other biotic factors
(habitat descriptors in terms of fragmentation and heterogeneity) were consid-
ered but were not relevant for the distribution or severity of C. perspectalis. These
findings indicate that this species is a non-habitat specialist, similar to other spe-
cies (Litvinchuk et al., 2014; Sarda-Palomera & Vieites, 2011; Vallecillo, Brotons, &
Thuiller, 2009). Forest cover and mean basal area were also considered as habitat
descriptors as well as for their influence on microclimatic conditions (direct radi-
ation, forest temperature, etc.) that may affect insect development (Notter-Haus-
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mann & Dorn, 2010). Species distribution was sensitive to these factors, perform-
ing a better response in areas of high forest cover and basal area between 20 and
30 m2/ha, and this may suggest that C. perspectalis performs better on understory
boxwood than on open shrub areas. However, such a relation should be specifi-
cally questioned because observations and severe defoliation by the species were
observed in both habitat types as confirmed by Danés et al. (n.d.) and Artola (2019).

Abiotic environmental conditions were considered through climate suitabil-
ity and the two topographic variables. The use of climate suitability as a model
input summarizing all climate information is increasingly relevant in ecolog-
ical research (Jaime, Batllori, Margalef-Marrase, Pérez Navarro, & Lloret, 2019).
Although climate suitability was not related to the species distribution and did
not impact the DistCat and SeverCat models, it was the main factor when dis-
tance between observations and boxwood cover were excluded (i.e., climate is
critical once the species arrives in a boxwood area). Climate models described C.
perspectalis suitability through mild climate conditions, with low precipitation
seasonality combined with a small temperature diurnal range. The relevance of
those climatic variables has also been emphasized by other studies that identified
climate conditions during the larval development as the key for the species suc-
cess (Nacambo et al., 2014; Suppo, Bras, & Robinet, 2020). For example, the mean
diurnal range may lead to a high degree day value (warmth above a development
threshold temperature); this factor is highly related to insect development, as
observed by Herms (2004) and Nacambo et al. (2014). Mild temperatures (mini-
mum around 0) and low precipitation seasonality directly influence insect activ-
ity, growth and phenology (Jaworski & Hilszczariski, 2014). In addition, low precip-
itation may indirectly affect the insect development by damaging the host plant
and, thus, resource availability (Jaworski & Hilszczaniski, 2014; Zhu et al., 2014), but
such interaction should be specifically studied for these species.

Exposed climate conditions defined the climate of western Europe and the Brit-
ish Isles (where precipitation during the dry period is over 200 mm/quarter) as
well as the Atlantic Ocean, the Black Sea, the North Sea and the Mediterranean
coasts (where there is little precipitation and temperature seasonality; Karger,
2017). Thus, climate suitability for C. perspectalis was characterized by a certain
continentality effect, being more suitable in the coast than inland, both in its
native and invasive area (FIG. 5); these findings had been identified by Nacambo
et al. (2014). Although the elevation variable was not significant in our model, cli-
mate conditions defined lower climate suitability at higher elevations. The model
indicates climatically suitable areas where the species is already found and areas
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where it has not been established (Ireland, Scotland, the coast of Norway and
Sweden, etc.) but potentially could subject to the presence of boxwoods.

Finally, because precipitation seasonality and temperature are estimated to
increase with climate change in the areas where the species is currently found
(Karger, 2017), our results suggest that future conditions may affect the success of
C. perspectalis (proposed in terms of phenology; Suppo, Bras, & Robinet, 2020) or
even compromise its expansion and severity. Thus, the positive contribution of
climate change on alien species performance is unclear (Bebber et al., 2013; Peter-
son et al., 2008).

INVASION STAGES: DISPERSION AND IMPACT

A description of the process by which C. perspectalis has invaded Catalonia is
crucial to understand the invasion stage of the species (following the progress of
arrival, establishment, dispersion, and impact). C. perspectalis has been contin-
uously present in Catalonia since 2014, indicating that the arrival and establish-
ment phases have been reached. Modeling distribution dynamics (as a proxy of
dispersion) and defoliation severity (as a proxy of impact) separately allowed us
to differentiate the mechanisms behind the two processes. Although both mod-
els showed high sensitivity to the same variables, climate suitability contributed
more to the impact model (SeverCat), so this may be a mitigating factor for severe
defoliation impact (i.e., the species could spread to different localities, but damage
to the boxwoods would be severe only where there is higher climate suitability).

The output model maps indicated that areas of distribution and severe defoli-
ation were linked: the higher the probability of occurrence of the species, the
higher the defoliation impact (FIG. 7). Moreover, projections for 2020 indicated
that potential areas to invasion and severe defoliation may increase at a simi-
lar rate. However, climate constraints to severe defoliation combined with the
continentality pattern of climate suitability may reduce the inland advance of
severe defoliation impact. This may cause slight asynchrony between the distri-
bution and severe defoliation areas, as some occurrences were found far from
the area of severe impact (FIG. 7), but pooled data from 2 years is not enough to
check such patterns.
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Natural enemies such as birds, bats, other insectivores or parasitoids may play
an important role controlling the distribution of C. perspectalis, as happens with
other invasive species (Snyder & Evans, 2006; Wanger et al., 2011). Wan et al.
(2014) described the natural enemies of C. perspectalis in Asia, but in Europe only
a few studies have covered this topic. Authors have described predation of C. per-
spectalis by Passer domesticus L., Parus major L., Turdus merula L. and Ficedula
albicollis Tem (Bakay & Kollar, 2018). Moreover, C. perspectalis may interact with
biotic diseases like fungi Cylindrocladium sp. (Henricot, Pérez Sierra, & Prior,
2000) altering both impacts on B. sempervirens, although this topic has not been

studied to the date.
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IMPACT AND MANAGEMENT

Consecutive defoliation periods of boxwoods by C. perspectalis may lead to host
plant decay or death. Although boxwood can resprout after defoliation attacks,
the synchrony between the generation of new leaves and the emergence of new
insect generations (3-5 generations per year as mentioned above) compromises
the viability of boxwoods (Artola, 2019; Straten & Muus, 2010). Boxwood loss has
cultural, economic and ecological consequences (Mitchell et al., 2018). Ecologi-
cally, boxwoods host hundreds of species; indeed, 63 of them are found only in
this host plant (Mitchell et al., 2018). At the landscape scale, boxwoods represent
a key element of different Mediterranean habitats, both as an understory species
and as dominant species in scrublands (Di Domenico et al., 2012). In Catalonia,
boxwoods are abundant in 30% of the forest area (Carreras, 2004; Danés et al., n.d.)
and are present in some singular forests (Comas, Gracia, & Vayreda, 2013). The loss
of understory boxwoods may alter community dynamics by reducing inter-spe-
cific competition for soil water consumption or via fuel changes (in terms of both
guantity and continuity) that could modify the fire regime in particular areas.

In the present study, climate suitability was described as an important variable
in C. perspectalis distribution, but especially when defining high defoliation area,
as mentioned in the previous section. Our results suggest that climate suitability
is subject to a continentality effect (less suitability inland) and does not co-occur
with boxwood distribution (FIG . 8). Thus, those boxwoods placed in areas with
less favorable climatic conditions for the insect (i.e., inland and in high elevation)
would be safe from high defoliation.

The impact of C. perspectalis on boxwoods concerns land managers. This study
emphasizes that two key factors in the species distribution and impact are insect
dispersal capability and climate suitability (considering boxwood presence).
Because C. perspectalis cannot travel long distances by itself, the control of human
activities (via commercial trades or via accidental anthropochorous transfer
between forest areas) is crucial to limit the rapid expansion of the species. On
the other hand, climate limitations have defined those areas most vulnerable to
severe defoliation and, therefore, where protection efforts may be targeted. At the
same time, the cultural value of particular forests should be valued to prioritize
those singular areas of the territory.
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B. sempervirens vs C. perspectalis distributions
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Finally, it is necessary to question what the future of C. perspectalis in the invaded
areas will be. When C. perspectalis impacts boxwoods in climatically suitable
areas, its viability could be compromised due to food shortages. This could lead to
a fatal decline in the population of the insect or to a cyclical relationship between
boxwood defoliation-resprout and moth population dynamics. Hence, we empha-
size the need for specific research that studies the viability of C. perspectalis and
its host plant in the future.

Conclusions

In this study we found that the distribution of C. perspectalis mainly depends on
the presence of its host plant and its ability to spread, so in the near future (with
enough time for C. perspectalis to fully spread), all boxwoods might be affected
by the insect. However, climate suitability may be a handicap for C. perspecta-
lis development in some areas. The climatic niche is characterized by limited
seasonality of precipitation and temperatures and low diurnal ranges, defining
higher suitability in western Europe and in coastal areas. The case of C. perspec-
talis may not be favored by variations due to climate change, but climate niche
projections would be necessary. Habitat descriptors and topographic variables
were not relevant in our models; hence, this species is not habitat selective. How-
ever, the species is not in pseudo-equilibrium with the invaded environment, so
the processes of interaction with new competitors and predator species is still
unknown.

Understanding the invasion phases in the area of invasion is essential to differen-
tiate the processes of dispersion and impact. We found that a high climate effect
markedly impacts the process, indicating that in some areas where the species
could spread, its impact may be mitigated due to unsuitable climatic conditions.
This information is valuable when designing management plans, but questions
remain regarding the boxwood resprout capability after defoliation or how C. per-
spectalis may interact with other disturbances.
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Abstract

Forest ecosystems face an increasing pressure of insect pest outbreaks due to
changes in land-use, new climatic conditions, and the arrival of new invasive
species. Also, insect outbreaks may interact with other shifting disturbances such
as fire and drought, that eventually may boost the impacts of pests on forest eco-
systems. In the case of invasive species, the lack of long-term data and their rapid
spread challenges their study and require appropriate new management strat-
egies to cope with them. Here we studied the case of boxwoods (Buxus semper-
virens) in Southern Pyrenees under the pressure of the invasive insect box tree
moth (Cydalima perspectalis), fire, and drought events. We projected the future of
boxwoods through the development of a spatially explicit simulation model and
its implementation under different climatic and ecological scenarios. The results
showed an initial boxwood decay due to C. perspectalis fast spread but a later sta-
bilization of the population resulting from a cyclic consumer-resources dynamic.
Climate change is expected to reduce overall insect habitat suitability and future
negative impacts on boxwoods. Furthermore, boxwood drought-induced mortal-
ity and burning will increase under new climatic conditions. Interaction between
drought and insect pest conditioning regeneration after defoliation were negligi-
ble in our analyses. Boxwood decay was anticipated to be more notorious in loca-
tions under 800 m a.s.l. and in habitats where the species dominates the forest
understory, while boxwood in open shrub forest types typical of higher elevations
will be less endangered. Our results provide valuable information for boxwood
and C. perspectalis management in a context of joint disturbance impacts and
contribute to a better identification of the role of forest disturbances and their
interactions.

KEYWORDS

Simulation model, landscape dynamics,
invasive alien species, forest insect pest.
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Introduction

Natural disturbances play an essential role in forest ecosystem functioning and
are key drivers of landscape changes (Seidl et al. 2017). Disturbance regimes have
been shifting during the last decades worldwide because of anthropogenic pres-
sure and the resulting global change (Dale et al. 2001; Turner 2010; Ayres and Lom-
bardero 2018). For instance, forest pests are important agents of forest landscape
change, shaping forest composition and structure, altering ecosystem function-
ing, and causing large economic impacts in both managed and planted forests
(Hulme 2009; Turner 2010; Suarez-Mufioz et al. 2019). Such impacts have increased
in the recent decades due to global change, as new climatic conditions alter insect
development, reproduction, and population dynamics (Ayres and Lombardero
2000; Kingsolver et al. 2011), and changes in land-uses influence insect popula-
tion distributions and local viability (Rosenberger et al. 2017). In addition, interna-
tional trade has favored the introduction of invasive species into new ecosystems
(Hulme 2009; Bradshaw et al. 2016). Invasive species spread and impact is boosted
by climate change as many of them share traits such as short generation times,
rapid dispersal or environmental plasticity that could be advantageous in a tran-
sitioning climate (Dukes and Mooney 1999). However, new climate conditions do
not always lead to increasing the climatic niche of alien species, as each spe-
cies could perform differently in distinct areas (Peterson et al. 2008; Bebber et al.
2013; Bates et al. 2020). For all this, the dynamics of invasive insect pests and their
impact on ecosystems in a context of global change is a key factor when studying
landscape dynamics and ecosystem viability (Fares et al. 2015; Sudrez-Mufioz et
al. 2019).

Other natural disturbances such as wildfires and drought events have been widely
studied in their role of forest dynamics drivers (Silva et al. 2011; Williams et al.
2013). Land-use changes, new climate conditions, and disturbance management
strategies have been described to push new forest disturbances regimes (Duane et
al. 2019b). Furthermore, such background disturbances may interact with insect
pests, drawing a complex diagram of synergistic and antagonistic relations that
will ultimately impact on forests (Canelles et al. 2021a). For instance, drought
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may weaken the defensive system and recovery capacity of host plants (Sangiie-
sa-Barreda et al. 2015; Wong and Daniels 2017), or insect pests may alter fuel load
and thus, fire risk (Meigs et al. 2016).

The study of invasive insect pests impacts on forests and their interactions with
other disturbances is usually challenging due to the limitations on obtaining
long-term quality data and therefore, forecasting their dynamics under novel
environmental conditions. In this context, landscape dynamics simulation mod-
els are useful tools to integrate disturbances available information into spatially
explicit modelling frameworks, and to anticipate medium and long-term dis-
turbance dynamics via projections under future global change scenarios (Keane
et al. 2004, 2015; Gustafson et al. 2010). The ability of such simulation models to
explore dynamics to distant futures is crucial in the case of insect pest distur-
bances because of the long-term spatial legacies they may create and the host-in-
sect cyclic dynamics they may induce (Robert et al. 2020). Also, such modelling
frameworks allow to test the relevance of certain processes and the weight of key
parameters that are difficult to empirically estimate, but that may have a sig-
nificant incidence in landscape dynamics (e.g., timing in disturbance processes,
interactions between disturbances, etc.; Bouchard et al., 2019).

The case of box tree (Buxus sempervirens L.) in Southern Pyrenees (Spain) is a
prime example to study the coexistence between insect pest, fire, and drought
disturbances. B. sempervirens is the main undercover species in some moun-
tain and temperate ecosystems in Southern and West Europe (Decocq et al. 2004;
Di Domenico et al. 2012). Since 2007, the species deals with the invasive box tree
moth (Cydalima perspectalis W.), native from Asia and introduced in Germany
via the trade of ornamental box trees (Maruyama and Shinkaji 1987; Leuthardt
2013). Since then, the box tree moth has spread across Europe and has arrived up
to Asia Minor (Nacambo et al. 2014; Bras et al. 2019). During its caterpillar phase, C.
perspectalis feeds on species of the genus Buxus (only B. sempervirens in Europe),
often leading to complete defoliation and dead of the host plant. Although the
resprouting ability of boxwood plants, their survival capacity after few consecu-
tive defoliation episodes is still unknown (Artola 2019). Distribution and impact
of the box tree moth seems to be restricted by the presence of its host plant and
by climate, that influence the diapause and larval development (Nacambo et al.
2014; Canelles et al. 2021b). Climate suitability for C. perspectalis is controlled by
low precipitation seasonality and minimum annual temperatures around 0° C,
limiting its climatic niche to Western Europe and coastal areas (Nacambo et al.
2014; Poitou et al. 2020; Canelles et al. 2021b). However, many other features of the
ecology and potential impacts of the box tree moth are still unknown, such as
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the interaction with other competitors and predator species, possible host-pest
cycling patterns, or the long-term effects to the invaded landscape.

Although effects of wildfires on B. sempervirens have not been widely studied,
available evidence suggests that the species can resprout after fire, even if its via-
bility and vigor after fire are conditioned by light availability, the age of individ-
uals prior to fire, and the intensity of the fire disturbance itself (Casals and Rios
2018; Monfort-Bague et al. 2020). With respect to climate, B. sempervirens is an
evergreen small-tree species, highly capable to cope with adverse weather con-
ditions (like extreme temperatures or episodes of severe drought; Hormaetxe et
al., 2007). However, some physiological experiments indicate that boxwoods are
sensitive to persistent water stress conditions, and therefore it experiences leaves
curling, shrinking, and decoloring, opening of the plant's canopy, and sagging
of the branches that may lead to the dead of the plant (De Jong et al. 2012). In the
European Mediterranean bioclimatic zone, the species is currently found where
climate conditions are particularly stable with respect to water availability, such
as wet fluvial valleys, gorges, ravines, and around mountain basins, indicating
that water availability has a strong ecological influence on the distribution of the
species and that aridification may compromise its viability (Di Domenico et al.
2012).

We aimed at studying the viability of B. sempervirens in Southern Pyrenees in
a context of increasing C. perspectalis pest, fire, and drought impacts. In 2014,
the tree box moth was first identified in the Spanish Pyrenees (Bassols and Oli-
veras 2014) and in 2017 a high severe impact to boxwood trees expanded through
the east of the region covering up to more than 1500 kmz2. In addition, in this
anthropized forest landscape, wildfires represent an important natural forest dis-
turbance (Trabaud 1994; Duane et al. 2019a) and drought is projected to diminish
tree growth and viability of tree species in their southern xeric distribution limits,
as is the case of boxwood (Camarero et al. 2011; Gazol et al. 2020). Thus, ecosys-
tems dominated by B. sempervirens are endangered in the area and to anticipate
their viability is required to design adequate management strategies. We build
a landscape dynamics simulation model to address the following questions: (1)
What is the future viability of B. sempervirens according to its main disturbances?
(2) What is the role of climate change on B. sempervirens disturbances and their
dynamics? (3) Are these disturbances influenced by any spatial pattern and/or
ecological variable (e.g., elevation, forest community)?
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Methods
STUDY AREA

The area of study was the Spanish Southern Pyrenees (FIG . 1), which includes the
regions of Catalonia, northern Aragon (Zaragoza and Huesca provinces), Navarra,
La Rioja, and Basque Country. This area located in north-eastern Spain sums
87,684 km2. Its complex orography, with altitudes ranging from 0 to more than
3,000 m above sea level (a.s.l.), and coast lines extending over 970 km summing
up the Mediterranean and Cantabrian coasts resulted in highly diverse climate
and plant communities. The region is extensively covered by forest and scrub-
lands (58%), while agricultural lands (36%) and urban areas (6%) contribute to
the fragmentation of natural areas (Spanish Forest Map; Ministerio para la Tran-
sicidén Ecoldgica, 2013; Ibafiez et al., 2002). Forests are dominated by Aleppo pine
(Pinus halepensis M.), Holm oak (Quercus ilex L.), Scots pine (Pinus sylvestris L.),
and European black pine (Pinus nigra subsp. salzmannii A.), which together rep-
resent two thirds of the total forest surface. B. sempervirens is widely distributed
in the study area, being essential for some of the ecosystem understory but also
frequent in open shrubby areas. It is usually found in limestone of sub-Mediterra-
nean environments, between 500 - 1,500 m a.s.l., although it can also be found in
subalpine forests covering a range of 100 - 2,400 m a.s.l. (Folch, 1985).

MODEL OVERVIEW

In the modelling framework we developed, boxwood dynamics are driven by
insect pest defoliation (C. perspectalis), fire, and drought, and can regenerate
after several years without any type of these disturbance (FIG . 2). In this spa-
tially explicit stochastic model, the spatial information is represented in raster
format and covers the full extent of the study area at 1 km resolution. The tempo-
ral scale is fixed at one year and simulations are run from 2020 to 2080. The state
variables whose values change because of spatial processes are land cover types
(LCT; TABLE 1), time since last pest (TSP), and time since last fire (TSF). Climatic
variables and consequently, climatic suitability for the boxwood and C. perspec-
talis species (SDMBuxus and SDMCyd, respectively) are annually updated with
climatic niche data a priori calculated. Finally, fire risk is a static spatial varia-
ble that accounts for both fire ignition risk and fire spread probability (FireRisk).
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wood and Other. Pest outbreak, fire, and process.

129

SAOH.13IN



METHODS

- CHAPTER 3: DISTURBANCES ON B. SEMPERVIRENS VIABILITY

The model is implemented in R 3.6.1 (R Core Team, 2019) and available at GitHub
(https://gith m/quimcanellestrabal/SM-Buxus- lima/blob/main/Func-
tions_scenarios_SimulationModel).

INITIAL CONDITIONS

Initial LCT differentiated three land cover types: forested areas without box-
wood, including forests and shrublands (hereinafter “forest”); forested areas
with boxwood, including forests and shrublands (hereinafter “boxwood”); and
other land uses, including urban, water and crops (hereinafter “other”; FIG. 2).
LCT layer was based on the Spanish Forest Map (Ministerio para la Transiciéon
Ecoldgica, 2013). Initial boxwood distribution was calibrated with information
from National Forest Inventories (IFN; Villanueva, 2005), the Map of Habitats of
Catalonia (Carreras 2004; Carreras et al. 2014), and the Global Biodiversity Infor-
mation Facility (GBIF, 2019a).

Initial C. perspectalis distribution was estimated using species occurrence infor-
mation from GBIF (GBIF, 2019b), the community science project Alerta Forestal (a
collaborative tool where users upload field observation of forest disturbances;
http://www.alertaforestal.com/es/), and observations obtained from forest
rangers (Agents Rurals de la Generalitat de Catalunya). The initial distribution
described 2019 state. To calibrate TSP, we gathered species occurrence from 2017,
when the first severe impact of C. perspectalis was observed in the region (Artola
2019) to 2019. Initial TSF values for the period 2010-2019 were calculated based on
wildfire patterns and fire historical statistics in the region (Ministerio de Agricul-
tura Pesca Alimentacion y Medio Ambiente., 2019).
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DESIGN CONCEPTS

Pest

Boxwoods affected by C. perspectalis may die after severe pest episodes. In this
study, box tree moth dynamics are based on species distribution models (Gui-
san et al. 2017) already generated by Canelles et al. (2021b). SDM for C. perspec-
talis (SDMCyd; TABLE 1) was calibrated with the species occurrence data (GBIF,
2019b) and climatic data from BIOCLIM (Fick and Hijmans 2017; Petrie et al. 2021)
and Chelsa (Karger et al. 2017) for the period 1979-2013. SDMCyd was projected to
the future for three periods (2021-2040, 2041-2060, and 2061-2080), but to overcome
sudden changes in SDMCyd projections, annual variation in SDMCyd were calcu-
lated to derive a series of 1-year SDMCyd data.

We differentiated C. perspectalis distribution (where the species is present) from
severity (measured as extensive defoliation leading to boxwood dieback). Species
distribution depended on the distance to species occurrences in the year before
(MaxCydDist; 5 km according to Canelles et al. (2021b), a climatic suitability
threshold for C. perspectalis occurrence (ThCyd; calibrated with the mean value of
the SDMCyd in the percentile 5 of all species observations), and a random factor
weighted by SDMCyd value (the higher SDMCyd value, the more probability to pest
occurrence).

Boxwood died after severe pest defoliation episodes and the LCT variable changed
to forest. Levels of severity depended on the number of consecutive years of C.
perspectalis occurrence (Cydincidence; a model parameter that changes according
to the scenario), a climatic suitability threshold for pest severity (ThCydSev; cali-
brated by overlapping the SDMCyd data and high defoliation observations accord-
ing to Agents Rurals de la Generalitat de Catalunya and Alerta Forestal), and a
random factor weighted by a SDMCyd value (the higher SDMCyd value, the more
probability to severe pest attack).

Fire

Fire disturbance may burn both forest and boxwood areas, but not other land cov-
ers. All pixels (either boxwood or forest) become forest after burning. Pixels with
TSF equal or lower than 10 years were assumed to lack the required amount of
fuel and cannot burn (MinTSF; TABLE 1). Number and sizes of fires were derived
from the projections used in Duane, et al., (2019a). Fire ignition and spread were
simulated using the SpaDES R package (Chubaty & Mclntire, 2021), and both prob-
abilities depend on a fire risk map calibrated according to elevation, aspect, and
slope (FireRisk; Burriel, 2017).
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PARAMETER

DESCRIPTION

VALUE

DATA SOURCES

Land Cover Type
(LCT)

State variable
layer. It is dynamic
because of the
model processes.

3 categories: box-
wood, forest, and
other

Spanish Forest Map,
National Forest
Inventory, Map of
Habitats of Catalo-
nia, Global Biodi-
versity Information
Facility.

Time Since Pest
(TSP)

State variable
layer. It is dynamic
because of the
model processes.

Numeric (years)

Global Biodiversity
Information Facil-
ity, Alerta Forestal,
Agents Rurals de
la Generalitat de
Catalunya

Time Since Fire
(TSF)

State variable
layer. It is dynamic
because of the
model processes.

Numeric (years)

Generalitat de Cata-
lunya; Ministerio de
agricultura, pescay
alimentacién

FireRisk

Ignition and spread
probability. State
variable layer.

Numeric (index
between 0-1)

Burriel, 2017

Initial Cydalima
distribution

Presence spatial
points.

Global Biodiversity
Information Facil-
ity, Alerta Forestal,
Agents Rurals de
la Generalitat de
Catalunya

SDMCyd and its
projections

Suitability index
for C. perpsectalis.
Variable layer. It is
dynamic because
the information

is external to the
model.

Numeric (index
between 0-1)

Canelles et al., 2021b

determines the pest
occurrence. Fixed
value.

MaxCydDist Annual flight dis- 5 km Canelles et al., 2021b
tance by C. perspec-
talis. Fixed value

ThCyd Threshold that Numeric Mean value of the

SDMCyd in the
percentile 5 of all
species observations
according to Alerta
Forestal and Agents
Rurals de la General-
itat de Catalunya.

Cydincidence

Consecutive years
of pest occurrence
to generate severe
impact.

Numeric (years)

According to the
scenario.
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without fire to burn
again. Fixed value.

PARAMETER DESCRIPTION VALUE DATA SOURCES
ThCydSev Threshold that Numeric Mean value of the
determines the SDMCyd in the
severe pest. Fixed high severity points
value. according to Alerta
Forestal and Agents
Rurals de la General-
itat de Catalunya.
MinTSF Consecutive years 10 years Brotons et al., 2013

Fire number and size

Table with fixed

Number of fires

Duane, et al., 2019a

and projections

B. sempervirens.
Variable layer. It is
dynamic because
the information

is external to the
model.

distribution values. is numeric.
Size of fires has 6
categories: 1, 3, 5, 10,
100, 500 km2
SDMBuxus Suitability index for Numeric (index Calculated with

between 0-1)

GBIF occurrences
and BIOCLIM and
CHELSA climate
data.

determines the
regeneration. Fixed
value.

ThBuxus Threshold that 0.45 Mean SDMBuxus
determines the value of the box-
effect of drought. woods in the lowest
Fixed value. percentile 5.

ThBuxusReg Threshold that 0.83 Mean SDMBuxus

value of the box-
woods in the highest
percentile 50 /
According to the
scenario.

Time since pest
for regeneration
(TSPReg)

Consecutive years
without pest to
regenerate. Fixed
value.

Numeric (years)

According
to the scenario.

» TABLE 1

Name, description, value, and source
of the parameters used in this study.
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Drought

Boxwoods may die because of water availability constraints (i.e., drought). Here,
boxwood sensitivity to drought was estimated using climatic SDM for the box-
wood species (SDMBuxus; TABLE 1). SDMBuxus was calibrated with data from all
Europe using occurrences of the species from GBIF, 10,000 randomly generated
background points across the species distribution extent (Ellith 2011, Phillips 2009),
and climate information from BIOCLIM (Fick and Hijmans 2017; Petrie et al. 2021)
and Chelsa (Karger et al. 2017) for the period 1979-2013. Climate variables included
isothermality, maximum temperature of warmest month, minimum tempera-
ture of coldest month, mean temperature of wettest quarter, mean temperature
of driest quarter, annual precipitation, and precipitation seasonality (bio3, bio5,
bioé, bio8, bio9, bio12, and biol5, respectively according to BIOCLIM code). These
variables were the final selection from an initial set of 19 climate variables that
were subjected to a multicollinearity test using Pearson’s correlation coefficient
and variance inflation factor analysis (Marquaridt 1970). We finally selected only
one variable from each set of highly correlated variables (|r| > 0.7; VIF > 10) depend-
ing on its relative contribution to the overall model. SDMBuxus was assembled
by the species distribution modeling algorithm MaxEnt in R 3.6.1 (R Core Team,
2019) with the dismo package (Hijmans, 2017). We realized a sample data-splitting
procedure to evaluate the models. First, models were calibrated with 70% of the
initial data. Second, models were run 10 times taking the average as the final
model. Finally, models were evaluated on the remaining 30% of initial data with
two model evaluations: the area under the receiver operating characteristic curve
(AUC; Hanley and McNeil, 1982) and the continuous Boyce index (CBI; Boyce et al.,
2002). SDMBuxus was projected to the future with climatic data for the periods
2021-2040, 2041-2060, and 2061-2080. To overcome sudden changes in SDMBuxus
projections, the annual SDMBuxus variations were calculated to derive a series
of 1-year SDMBuxus data. We defined a climatic suitability threshold (ThBuxus,
TABLE 1) to identify the boxwoods that were under a persistent drought situation
and may die. Such threshold value is calculated as the mean SDMBuxus value
of the boxwoods in the lowest percentile 5. However, this threshold value was
initially lower and annually increased the first 10 years to avoid an imbalance of
dead by drought the first year.
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Regeneration

Regeneration of boxwood is the process of forest shift into boxwood. This happens
in locations where boxwood was present at some point in the past, TSF is higher
than 10 years or TSP is higher than the minimum time since pest needed to regen-
erate (TSPReg; this value changed according to the scenario; TABLE 1), and SDM-
Buxus is higher than a threshold value (ThBuxusReg). This threshold is calculated
as the mean SDMBuxus value of the boxwoods in the highest percentile 50.

Scenarios

We designed two sets of scenarios to explore the role of climate and B. semper-
virens ecology respectively, on the viability of the species at the landscape scale
in the future (TABLE 2). First, we tested the effect of climate on boxwoods and the
related disturbances. We therefore considered three future climatic conditions:
no change (Business-As-Usual, ClimBAU), moderate climate change (ClimMOD),
and severe climate change (ClimSEV). The climate change scenarios were framed
within the Representative Concentration Pathways (RCPs) built for the assess-
ment report on climate change IPCC5 (Moss et al., 2010). We used RCP 4.5 (for
ClimMOD) and RCP 8.5 (for ClimSEV) for the periods 2021-2040, 2041-2060, and 2061-
2080 (Karger et al. 2017; Petrie et al. 2021).

Second, although boxwood resprouts after defoliation, the capacity of doing so
after some consecutive years of C. perspectalis attacks was still unknown. Fur-
thermore, low climatic suitability may influence boxwood regeneration. Thus,
we tested the implication in boxwood dynamics of climatic requirements in the
regeneration process through the ThBuxusReg parameter (i.e., low ThBuxusReg
value indicates that boxwood regeneration was not constrained by climate, mean-
ing that drought and the other disturbances did not explicitly interact; ClimMOD_
NoInt). Finally, we also analyzed boxwood regeneration dynamics according to
the number of consecutive years of C. perspectalis defoliation considered to be a
severe outbreak (CydIncidence) and the minimum time to regenerate (TSPReg) in
anew scenario named ClimMOD_ShortInc. We ran these two last scenarios under
RCP 4.5 climatic conditions and compared them with ClimMOD.
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SCENARIO

CLIMATE

ThBuxusReg

Cydincidence

TSPReg

DESCRIPTION

ClimBAU

BAU

0.83

10

This scenario assumes
that current climate
will persist in the
future.

ClimmoD

RCP 4.5

0.83

10

This scenario simu-
lates that climate will
change moderately as
CO2 emissions peak
around 2040 and
then decline. We used
this as the baseline
scenario.

ClimSEV

RCP 8.5

0.83

10

This scenario simu-
lates that climate will
severely change as
CO2 emissions con-
tinue to rise.

ClimMOD_
Nolint

RCP 4.5

0.45

10

This scenario sim-
ulates a moderate
climatic change, and
that climate does not
constraint boxwood
regeneration, mean-
ing no interaction
between drought and
insect pest outbreaks
or fire.

ClimMOD_
Shortlnc

RCP 4.5

0.83

This scenario simu-
lates a moderate cli-
matic change and that
boxwood dies after
only two consecutive
years of severe pest
defoliation, but regen-
eration occurs after a
short time period.

» TABLE 2

Description and parametrization
of the scenarios.
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Analysis

We ran 30 simulation replicates of each scenario from 2020 to 2080 at 1-year time
step. Response variables were annual occurrence of severe pest defoliation, fire,
drought, and boxwood regeneration. Based on these variables we further analyzed
the trend of boxwood occurrence and the dynamics of the three main distur-
bances considered, the total area affected by each disturbance by 2080, and their
probability of occurrence at the cell-level. We explored the disturbance occurrence
as function of elevation and forest type (differentiating open boxwood shrub areas
with no canopy and forests where boxwood dominates the understory; Ministerio
para la Transicion Ecoldgica, 2013; Carreras, 2004). All analysis were fitted using
the glm function in R (R Core Team 2019) and significance level was considered at
p-value < 0.05. Finally, we evaluated the regional distribution of boxwood distur-
bances (i.e., administrative division by provinces).

Results
BOXWOOD DYNAMICS ACCORDING TO FOREST DISTURBANCES

Viability of B. sempervirens in Southern Pyrenees is under the pressure of drought,
wildfires, and insect pest outbreaks. According to our model, the area of distri-
bution of the species decayed during the initial period 2020-2035 (13% — 30% of
area loss according to the scenarios). After that, a cyclical dynamic was predicted,
defining a general trend of boxwood area loss by 2080 up to 14 — 40% of the initial
area, as anticipated by the different scenarios (FIG. 3).

C. perspectalis severe impact appeared as the disturbance that most largely
affected boxwoods. In all scenarios, C. perspectalis dynamics experienced an ini-
tial (2020- 2025) expansion of its distribution area reaching 23% of the boxwood
area and consequent boxwood severe defoliation (3% of the boxwood area), a
decay of its distribution between the period 2025-2035, and it followed a cyclic
consumer-resources pattern that tended to stabilize. After 60 years of simulation,
scenarios varied between 21.000 and 58.000 kmz2 of C. perspectalis total area of dis-
tribution, and between 1.400 and 5.400 km2 of area severely defoliated (ClimSEV
and ClimMOD_ShortInc, respectively in both cases).
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Wwildfires represented annual losses of boxwood of 20 - 50 km2 (less than 1% of
the boxwood area) and by the end of the simulation, total burned boxwood area
ranged between 1.500 and 3.800 km2 (ClimBAU and ClimSEV, respectively). B. sem-
pervirens mortality by drought was not negligible and compromised between 2
- 9% of the boxwood area by the year 2080 (in ClimMOD and ClimSEV where cli-
mate change was simulated; TABLE 2). Drought-induced mortality was more pro-
nounced between 2020 - 2050 than 2051 — 2080, being consistent with the climatic
niche future projections (see Supplementary FIG. 1).

Boxwood regeneration started after the time considered by TSPReg (2 or 10 years
according to the scenarios) and its dynamics was linked to C. perspectalis severe
attack. From the first peak of regeneration, regeneration occurred to a maximum
of 3% of the boxwood area, representing a sine wave according to the consum-
er-resources dynamics described above. By the end of the simulation, total box-
wood regenerated area was 3.000 — 6.800 km2 (ClimSEV and ClimMOD_ShortInc,
respectively).

» FIGURE 3

Distribution area of B. sempervirens, area
affected by C.perspectalis outbreaks, drought,
and wildfires, and area of regenerated boxwood
under the five scenarios considered (TABLE 2),
both in annual dynamics from 2020 to 2080
(upper row) and total area affected by the end
of the simulation (lower row). Drought and fire
annual dynamics are simplified to their trends
(exponent 3) to facilitate their comprehension.
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THE ROLE OF CLIMATE CHANGE

Climate strongly constrained C. perspectalis spread and derived severe impacts
on boxwoods (Supplementary FIG. 2). C. perspectalis habitat suitability decreased
under climatic change projections, translating into a decreasing trend of the dis-
tribution and impact of the pest, a less pronounced cyclability, and a lower total
area of distribution and severe impact (FIG. 3).

The dynamics of severe impact caused by C. perspectalis showed higher values of
defoliation under BAU climatic conditions (ClimBAU), leading a trend to up to 60
km?2 of annual defoliation. Under RCP 4.5 conditions (ClimMOD), the annual affec-
tation was up to 30 kmz2, and close to 0 km2 under RCP 8.5 projections (ClimSEV).
This implied significantly different total area affected by the insect by the end of
the simulation: higher in ClimBAU (3.950 km2), then ClimMOD (2.730 km2), and
the lowest in ClimSEV (1.300 km2; p-value < 0.001 in all cases; FIG. 3).

Boxwood mortality by wildfires and drought increased under climatic change
conditions. By 2080, total area of drought-induced mortality was significantly
higher under RCP 8.5 conditions (630 km2), followed by those scenarios under
RCP 4.5 conditions (270 km2), and lower under BAU conditions (160 km2; p-value
< 0.001in all cases; FIG. 3). Total area burned (of forest and boxwoods) was also
lower under BAU conditions than under climatic change scenarios because of the
input fire information (Duane, et al., 2019a; FIG. 3). Finally, and as a consequence
of the dynamics described above, by the end of the simulation boxwood total area
was higher in ClimMOD (5314 km2), followed by ClimBAU (4870 km2) and lower in
ClimSEV (5314 km2; p-value < 0.001 in all cases; FIG. 3).

SENSITIVITY TO PARAMETRIZATION

When omitting climate constrains for boxwood regeneration (ClimMOD_Nolnt),
trends of C. perpsectalis severe impacts and boxwood regeneration were similar
than when considering such climate requirements (ClimMOD). However, regen-
eration and insect defoliation in ClimMOD_NoInt were slightly higher every year,
leading to a final total defoliated and regenerated areas significantly higher than
in ClimMOD (2908 km2 and 4233 km2, respectively; p-value < 0.001 in both cases;
FIG. 3). The effect of other disturbances was not significantly different between
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» FIGURE 4
Asynchrony between B. sempervirens and the elevation. Boxplots indicate the differences in
disturbances distributions according to eleva- elevation between disturbed and not disturbed

tion. Histograms show the area of disturbedvs.  boxwood.
not disturbed boxwoods according to the

ClimMOD and ClimMOD_NoInt neither in the dynamics trend or the total area
affected (p-value = 0.79 in the case of fire; p-value = 0.26 in the case of drought).
Lastly, final boxwood area in 2080 was higher in ClimMOD_NoInt than ClimMOD
(5595 km2; p-value < 0.001; FIG. 3).

When the boxwoods died after only two consecutive years of pest severe defo-
liation and regenerated after two years (ClimMOD_ShortInc), the period of the
insect pest - boxwood cyclability was shorter than in the other scenarios. Con-
sequently, dynamics of C. perspectalis severe impact and boxwood regeneration
influenced more area annually in ClimMOD_ShortInc than in ClimMOD, and the
total area affected by C. perpsectalis severe impact and regeneration were sig-
nificantly higher in ClimMOD_ShortInc (5322 km2 and 6647 km2, respectively;
p-value < 0.001 in all cases). However, wildfires and drought were not different
between ClimMOD_ShortInc and ClimMOD in their dynamics, neither the total
area affected (p-value = 0.26 and p-value = 0.52, respectively). Final boxwood area
in 2080 was higher in ClimMOD_ShortInc than in ClimMOD (5694 km2; p-value <
0.001; FIG. 3).
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THE ROLE OF ALTITUDE AND HABITAT

Our analyses showed that C. perspectalis severe defoliation was more likely at
lower elevations (between 500 - 1100 m a.s.l.) than at higher elevations (p-value <
0.001in all scenarios; FIG . 4). A similar pattern was found in wildfire distribution,
that mostly burned forests and boxwoods below 1000 m (p-value < 0.001 in all
scenarios). Drought-induced mortality occurred in both lower and upper limits of
the boxwood altitudinal distribution (p-value < 0.001 in all scenarios). In scenarios
with climate change, more boxwood died in the lower elevation range than in the
upper (FIG. 4). Because of the incidence of the three disturbances, elevation factor
was significant when analyzing the total disturbance probability, being boxwoods
at lower elevations the most endangered (p-value < 0.001 in all scenarios).

Analyses of forest type in which boxwood is most commonly found revealed
that open boxwood shrub areas were less probably affected by C. perspectalis and
drought than boxwoods found in forest understories (p-value < 0.001 in both cases
in all scenarios). However, both forest types were equally affected by wildfires
(p-value > 0.2 in all scenarios).

SPATIAL PATTERNS IN DISTURBANCE EFFECTS

Boxwood distribution in the Spanish provinces of the Southern Pyrenees is une-
qual (FIG S. 5 AND 6): Huesca, Lleida, and Navarra host more than 1.000 km2 of
boxwood distribution each; Barcelona, Girona, Tarragona, Zaragoza, and Alaba
between 100 and 1.000 km2 and, La Rioja, Guipuzkua and Bizkaia have less than
100 km2 of boxwood. According to our simulations, the viability of boxwood and
the impact of each disturbance was also different in each province and scenario.
While boxwood viability was higher in the provinces of Huesca, Navarra, Zaragoza
and La Rioja, populations in Barcelona and Girona were severely threatened (only
13-21% and 5-15% of all boxwood without any disturbance according to the sce-
nario, respectively; FIGS. 5 AND 6).

Defoliation by C. perspectalis was the main disturbance in Girona (68% — 84% of all
boxwood according to the scenario; FIG. 5), Barcelona (70% - 78%), and Lleida (11%
- 38%). Most of the boxwood in these regions were affected by the insect, but also
showed high regeneration indexes. In the provinces of Navarra, Tarragona, and
Huesca C. perspectalis was testimonial, and completely absent in the other regions.
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» FIGURE 5

Boxwood area affected by C. perspectalis, wildfires, and
drought, as well as regenerated area in every province
from east to west according to different scenarios.

143

s1Ns3y



RESULTS

- CHAPTER 3: DISTURBANCES ON B. SEMPERVIRENS VIABILITY

Wildfires burned boxwood formations differently according to the climate sce-
narios. Under BAU climatic conditions, wildfires were not a relevant disturbance
for boxwoods in any region, but it was under climate change. Under a moderate
emissions scenario, wildfires were the main disturbance in Zaragoza (7% of all
boxwood), Navarra (6%), and Huesca (4%), while under a higher emissions sce-
nario, wildfires represented a major endangerment for boxwoods all over the
territory, mainly in Navarra (80%), Zaragoza (68%), Huesca (52%), La Rioja (52%),
Lleida (30%), and Girona (22%). Finally, drought was more severe in the regions of
Tarragona (10% - 80% according to the scenario), Zaragoza (1% - 20%), and Lleida
(3% —13%). Drought impact was more notorious in those scenarios with climate
change (FIG. 5).

» FIGURE 6
Recurrence of boxwood disturbances

Drought Fire C. perspectalis
W= W< os 0 <15 (average of times across all the model
= < b < replicates)during the period 2020-2080
W-os W -5 for the three climatic scenarios.
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Discussion

Here we studied boxwood viability in Southern Pyrenees under the combined
pressure of three different forest drivers. The invasive insect species C. perspec-
talis strongly impacts boxwood in eastern, more humid regions of the study area
(Girona and Barcelona provinces). Wildfires are also predicted to be a major dis-
turbance for all boxwood formations, while drought-induced mortality seems to
be less harmful across the study area. However, climate change influences all
these dynamics: it leads to an increase of the drought pressure and the burned
area per year, but it may strongly constraint the expansion and severity of the
impact caused by the box tree moth. These dynamics compromise boxwood via-
bility in the future and should be considered to manage these forest ecosystems.

ANTICIPATING C. PERSPECTALIS EXPANSIONS

Biological invasions follow these consecutive phases: (a) arrival, (b) establish-
ment, (c) dispersion, and (d) impact (Vermeij 1996; Sakai et al. 2001; Blackburn et
al. 2011). In the case of C. perspectalis, it arrived in Southern Pyrenees in 2014 in
Girona. The species established in this region and further dispersed throughout
the territory. According to the population dynamics here simulated, the species is
still in the phase of dispersal, and it will likely reach its maximum distribution
around 2025, while the effects on boxwood populations will become more notice-
able in those areas with consecutive years of defoliation.

After the spreading peak, our models predicted a cyclic pattern both for the C. per-
spectalis populations and the outbreak severity. This pattern is broadly described
in animal populations, in Lepidoptera order in particular (Myers 1988; Allstadt
et al. 2013; Myers and Cory 2013; Tenow et al. 2013), and found in forest pests like
Lymantria dispar L. (Allstadt et al. 2013), Operophtera brumata L. (Tenow et al. 2013),
or Malacosoma disstria H. (Cooke and Lorenzetti 2006). Such populations fluctu-
ations can be motivated by several reasons including food limitation, induced
plant defenses, pathogens incidence, parasitoids or predators, and patterns of
fecundity (Myers 1988). In our model, the fluctuations of C. perspecatlis popula-
tions are directly caused by food limitation, following an extension of the Lot-
ka-Volterra model that tightly links consumer (i.e., C. perspectalis) and resources
(i.e., boxwood) dynamics (Vandermeer, 2006; Wilson et al., 2003). Cyclic popula-
tion patterns are more evident in those scenarios without climate change where
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there are less ecological pressures on the insect (ClimBAU). Even so, C. perspectalis
is an invasive species in the process of dispersion and not in equilibrium with
the new habitat, so many other factors can influence these fluctuations either by
emphasizing them (e.g., fertility patterns linked to population density, parasit-
ism or predation relationships; Myers and Cory, 2013) or reducing them (e.g., new
introductions in particular areas).

In spite of the overall fluctuating pattern simulated, C. perspectalis tends to a sta-
bilization of its distribution and impact at around 12% and 1% of the initial box-
wood extension, respectively. Such distribution and impact will be concentrated
only in climate suitable areas and may lead to an isolation of the C. perspectalis
populations in the near future.

THE ROLE OF CLIMATE CHANGE

Climate change influences the transport, distribution, and impact of invasive
species (Hellmann et al. 2008). In the case of forest pests, changes in tempera-
ture may create favorable conditions for the species development and dispersal,
leading to more severe disturbance impacts (Robinet and Roques 2010). However,
new climate conditions do not always increase the climate niche of forest pest
species and there are also examples of outbreaks that have been diminished due
to climate change (Ims et al. 2008). Projections of C. perspectalis climatic suita-
bility anticipated a regression of the favorable area in the future. This loss of cli-
mate niche was more remarkable under more severe climatic projections (higher
distribution regression in RCP 8.5 conditions than in RCP 4.5). This result may
seem counterintuitive at first sight since the increase in temperatures is usually
associated with an increase in suitable conditions for C. perspectalis involving
a possible movement of the species towards higher elevation areas. Likely, the
moth may have better conditions for its development during a longer time, what
implies more viable generations per year and a more subsequent severe impacts
on boxwoods, as it happens with other pest species (Robinet et al. 2007). However,
Myers & Cory, 2013 postulated that climate change leading to warmer tempera-
tures may reduce the frequency of forest Lepidoptera outbreaks. In the case of C.
perspectalis, Canelles, et al. (2021b) demonstrated that mild climate conditions
including abundant precipitation with low seasonality and small temperature
diurnal range are the optimal climatic conditions for the species. Thus, under
future climate change, precipitation and temperature seasonality will increase
as well as drought will to the detriment of C. perspectalis. The reduction in the
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climatic suitability was reflected in smoother fluctuations of the populations, and
a tendency to low impact values, resulting a secondary disturbance for boxwoods
across most of the territory (FIG. 3).

Several studies have predicted increases in wildfire activity to the end of the cen-
tury in Mediterranean ecosystems (Amatulli et al. 2013; Batllori et al. 2013; Turco
et al. 2018). It is not only an increase in the number of fires, but in the type and
impact of these, since the new climatic conditions may lead to an increase in
large wildfires (Duane et al. 2019a). In this study case, we projected how the total
burned area and boxwood area could increase under climate change scenarios.
Although these fires were unequally distributed across the territory, they repre-
sented the main pressure on boxwood populations in some scenarios. Here again,
as the species has a great regeneration capacity post fire, it is described as a pas-
sive pyrophyte (Di Domenico et al. 2012). Recurrence and burning intensity of fire
episodes both seem to be crucial for the species viability (Casals and Rios 2018).

B. sempervirens is classified as an evergreen shade and drought tolerant species
(Niinemets and Valladares 2006). However, in the Mediterranean region, box-
woods suffer an aridification process that led to populations fragmentation and
overall species decline (Di Domenico et al. 2012). In our modelling framework, we
introduced the SDMbuxus parameter to study the climate suitability of boxwood
in the area and the projected damage of adverse climatic conditions. Higher cli-
matic suitability for boxwoods was found when maximum temperatures were
between 10 and 20 °C, minimum temperatures were not lower than -5 °C, and
annual precipitation was between 500 and 2.500 mm year-1, conditions mainly
observed in mid mountain areas. However, our results showed that adverse cli-
matic conditions were not a major disturbance for boxwoods, meaning only a
small percentage of the general boxwood decline. Even under climate change
conditions (both RCP 4.5 and RCP 8.5 scenarios) drought-induced mortality was
not the main disturbance and only affected the populations in the limits of the
climatic niche, found in particular locations and elevations (discussed below).

BOXWOOD REGENERATION AND ITS RELATIONSHIP WITH DROUGHT

Boxwood population in Southern Pyrenees is projected to suffer an important
decay in the following years mainly due to the impact of C. perspectalis and wild-
fires. However, because its regeneration capacity and the reduction of the insect
climatic niche, boxwood may recover, and its population stabilize (only under

147

NOISsSNasia



DISCUSSION

- CHAPTER 3: DISTURBANCES ON B. SEMPERVIRENS VIABILITY

most severe climate change conditions boxwood decay will continue). Regener-
ation capability of boxwood is argued to be high enough to ensure the viability of
the species under different disturbances pressures. Although it is described that
boxwoods attain status as a mature plant about 10 years after being burnt (Casals
and Rios 2018), it is still unknown whether the plant is capable to resprout after
repetitive attacks of C. perspectalis, and the time needed to do so. In this study,
we assumed that the box tree always regenerates after enough time without any
kind of disturbance and the climatic conditions are favorable. We checked differ-
ent timings for boxwood dead after pest outbreak and for regeneration via sce-
nario parametrization. Results showed that regeneration is conditioned by the
cyclability pattern of C. perspectalis. The period of fluctuation of the populations
changed according to such parameterization (much shorter in ClimMOD_Short-
Inc) but the general trend of the boxwood and its moth populations was not dif-
ferent. Thus, regeneration has a decisive role in boxwood viability, but the time
needed to regenerate does not affect the general dynamics of populations. How-
ever, a long-term data monitoring is required to confirm such patterns and the
validation of these parameters.

Climate suitability requirements after defoliation were also reported to influence
boxwood regeneration. Drought often interacts with insect outbreaks through
hindering of insect performance, but also via changes in the suitability of the host
species and its response capacity (Sangliesa-Barreda et al. 2015; Wong and Daniels
2017). In this study, we hypothesize that regeneration post-fire or post-pest may
not occur under adverse climatic conditions for the host plant (Petrie et al. 2016;
Casals and Rios 2018; Monfort-Bague et al. 2020). If only one of the disturbances
acted (fire or insect pest) the boxwood could regenerate, but the combination of
these disturbances with drought conditions may lead the species dieback. We
used different scenarios to verify the effect of climatic requirements on regener-
ation capacity. Results showed that if boxwood regeneration was constrained by
high climatic suitability, the cyclic waves of C. perspectalis and boxwood regen-
eration would be more pronounced. On the other hand, the trend of the host-pest
dynamics was similar whether such the interaction with drought was considered
or not. This means that such interaction was not relevant for the viability of box-
wood neither the behavior of C. perspectalis populations.

There are other interactions to study in this context, as insect outbreaks have
often complex relationships with other forest natural disturbances and can
affect and be affected by fire and drought among others (Canelles et al. 2021a).
For instance, the lack of boxwood in some understory forests because of insect
defoliation may influence the fuel availability for subsequent fires (Meigs et al.
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2016) or how fire weakens the defensive system of the host plant contributing to
insect pest establishment (Kelsey and Joseph 2003; Lombardero and Ayres 2011).
But these questions require specific information to be answered and are beyond
the scope of the present study.

UNEVEN BOXWOOD VIABILITY

Boxwoods are mainly found in mountain systems, but also some scarce popula-
tions are placed in wet locations at low elevations that are reminiscences from
the historical species distribution (Di Domenico et al. 2012). Conversely, other pop-
ulations are found at higher elevations, in the limit of the treeline and, in some
cases, in south faces of the mountain as is the case of Cadi range (Carreras 2004).
In the study area, boxwoods were mainly distributed between 600 and 1.200 m
a.s.l., however boxwood disturbances were concentrated between 600 and 800 m
a.s.], showing that elevation matters for the viability of the species (FIG. 4).

The SDMbuxus parameter defined climate suitability for the species in mid
mountain system and those boxwood populations placed at higher elevations or
in lowlands are more susceptible to die because of adverse climatic conditions.
Fire probability is also directly related with elevation (Broncano and Retana 2004;
Brotons et al. 2013) and our projections confirmed that fire affected more those
forested areas at lower elevations. Finally, according to SDMCyd that restricted
distribution and impact of C. perspectalis, climate suitability for the species was
characterized by a certain continentality effect (being more suitable in the coast
than inland) and defined lower climatic suitability at higher elevations (Canelles
et al. 2021b). Thus, C. perspectalis impact was concentrated around 800 m a.s.l.
and completely null over 1.400 m a.s.l. Because of the disturbance distribution, we
argue that boxwoods present in the limit of its climate niche (in lowlands or over
1.800m a.s.l.) or around 800 m a.s.l. are the more susceptible to be damaged.

We also found uneven viability between the different hosting boxwood forest
types. In the studied area, boxwoods are commonly found in open boxwood shrub
areas from mid mountains limestones as a dominant species or coexisting with
Amelanchier ovalis Nutt., Rhamnus saxatilis Jacq., and as understory species in
forests of Quercus ilex L., Q. pubescens Willd., Fagus sylvatica L., Pinus sylvestris
L., P. nigra J.F.A., Abies alba Mill., and Fraxinus excelsior L. (Carreras 2004). We
showed that boxwoods in open shrub areas were less probably affected by C. per-
spectalis severe defoliation and drought than boxwoods in forest understory, so
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its viability was less compromised. We recognize that forest types also respond to
elevation gradients, so such pattern may not be related to the microclimatic con-
ditions or habitat dynamics of the different forest types but only to the elevation
constrains to boxwood disturbances. However, we consider this result of enough
value to apply correct management strategies in particular habitats.

Finally, we checked how disturbances were distributed across the Southern Pyr-
enees. Although boxwood was mainly present in Huesca, Lleida, Navarra, Barce-
lona, and Girona provinces (Supplementary FIG. 1), C. perspectalis impacts were
concentrated in the last two. According to our projections, severe outbreak is
already near its peak and, although the insect could still spread further, it does
not seem that it will affect areas which have not already been affected. Provinces
hosting small and residual boxwood populations may be lost because of drought,
as anticipated to happen in Tarragona. Uneven distribution of boxwood viability
compromises entire habitats and the age of boxwoods in some regions. Again,
this should be considered by managers as well as by manufacturers of products
derived from boxwood (Mitchell et al. 2018).

CHALLENGES IN BOXWOOD-CYDAL/IMA MANAGEMENT

Boxwood loss has cultural, economic, and ecological consequences. Ecologically,
boxwoods host hundreds of fungi, chromists, lichens and invertebrate; indeed,
64 species are only found in this host plant (Mitchell et al. 2018). At the landscape
scale, boxwoods represent a key species of different habitats and singular forests
in the study area (Comas et al. 2013). Although boxwood is not an important forest
species in terms of wood economy, it is valuable in gardening and there is a small
market related with wood kitchen utensils. Also, boxwood loss could have major
indirect and non-market economic effects, as forest recreation.

Since we showed that boxwood disturbances are and will still be concentrated in
some regions and forest types, prioritizing management interventions consider-
ing its threats, its ecological relevance, and its economic value would be required
(Mitchell et al. 2018). Such priorities may include mixed deciduous forests present
in Tarragona, mountain olm oak forests in the east of the region, or beech forests
of great economical/cultural relevance across the studied area.

Management of the insect pest C. perspectalis must be carefully treated. Despite
the use of bacterial pesticide Bacillus thuringensis was proved to be lethal for the
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box tree moth (MatoSevic¢ 2013; Wan et al. 2014), the application of pesticides is
very expensive and its effectivity at the landscape scale is not demonstrated yet
because it may interfere with the density-dependent mortality dynamics (Lieb-
hold 2012). Also, the use of pesticides is under discussion because it is difficult to
ensure that treatments actually affect the targeted species only (Isenring, 2010;
Pimentel, 1995). Similar controversy has arisen when considering the introduc-
tion of natural C. perspectalis enemies from the native area, like Chelonus tabonus
Sonan. as proposed by Wan et al., (2014). Although this Hymenoptera belongs to
a subfamily known to usually be host specific, further research should be real-
ized before implementing such a measure in new habitats (Liebhold 2012; Wan
et al. 2014). Less intrusive management strategies include the removal of dead
boxwoods and mechanical removal of larvae (Kenis et al., 2013), but this strategy is
not feasible at broad landscape scale, only in particular gardens or specific endan-
gered highly-valuable forest stands. Ayres and Lombardero (2018) proposed adap-
tative science and management as the most adequate strategy. Such means man-
agement measures based on empirically demonstrated theories, taking advantage
of shared knowledge among regions (in this case, native and invaded areas), and
pushing agreements between managers, scientists, and decision-makers. In
this paper we also pledge for adaptative management and we provide important
insights based on native and invaded areas (see SDMCyd construction in Canelles
et al., 2021b) to design adequate management strategies. We anticipate that C.
perspectalis distribution and impact will not exponentially increase, but it will
be cyclical. Further, climate change is projected to mitigate pest impact in some
regions, as happens with other forests pests (Ims et al. 2008; Johnson et al. 2010).
We should also consider that C. perspectalis is an invasive species recently arrived
in the study area, so natural enemies such as birds, bats or other insectivores may
become pest controllers in the future (Bakay and Kollar 2018).

Interactions between boxwood disturbances should be also considered by forest
managers. Despite we did not find that the interaction between C. perspectalis
occurrence and drought was relevant for the boxwood viability, other interac-
tions may be significant (for instance, between fire and insect pest as mentioned
above). In this interaction dynamics two elements must be remarked: First, man-
agement is crucial in facilitating/hindering such interactions like the failure to
control wildfires may predispose forests to outbreaks (Billings et al. 2014), or fire
suppression may result in changes in forest composition increasing susceptibility
to forest insect outbreaks (McCullough et al. 1998). Second, simulation models and
spatially explicit simulations are essential tools in disturbance interactions man-
agement as they can operate at broad spatio-temporal scales and can be used to
project possible future scenarios (Canelles et al. 2021a).
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Finally, we emphasize that improved monitoring and control of the C. perspecta-
lis pest, wildfires, and drought in the following years (as done in Catalonia since
2019) combined with qualitative science studies are crucial for the conservation of
boxwoods in the Southern Pyrenees.

Conclusions

B. sempervirens in Southern Pyrenees is facing several disturbances that will lead
to a decay of the population. C. perspectalis is now an important driver of such
decay, but its exponential growth registered since its arrival in the area is pro-
jected to flow onto a cyclic dynamic. Also, climate change is predicted to reduce
the suitability area of the insect and the severity of the impacts. Conversely, cli-
mate change will lead to an increase in burned area, and thus boxwood mortality
by fire, as well as by drought.

Boxwood decay is not even distributed across the territory. C. perspectalis impact
will be concentrated in Girona and Barcelona provinces and its climate suitability
is limited at higher elevations. Fire and drought are also driven by an elevation
pattern, affecting more low land populations. Such disturbance distribution imply
that some boxwood habitats are more endangered (like forests with understory
of boxwood) than others (like open shrub forest). We encourage forest managers
to apply adaptive strategies according to these disturbances trends and prioritize
endangered areas, as well as we emphasize the need of monitoring future box-
wood populations and their associated disturbances.
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- GENERAL DISCUSSION AND CONCLUSIONS

Forest insect pests are changing in an anthropized world. Although insects are
part of the forest landscape dynamics, an increase in their frequency and severity
has been experienced in the recent decades. Forest insects often exceed the eco-
system threshold of tolerance and may cause severe damages to the ecosystem.
The factors behind these dynamics are complex and directly or indirectly con-
ditioned by human activity. In this thesis I analyzed the role of insect pests as a
forest landscape driver and I deepened into the study of invasive species (Chapter
2 and 3), the effects of climate change (Chapter 3), and insect pest interactions
between other disturbances (Chapter 1 and 3) as main factors defining insect pest
impacts on ecosystems. Specifically, I used the case of the box tree moth (Cydal-
ima perspectalis) as a prime example of invasive insect pest impacting the forest
landscape.

Studying invasive insects

Invasive species are increasing in recent decades mainly due to international
trades (Hulme 2009; Bradshaw et al. 2016). However, many of the alien species
that arrive to new areas fail in their invasion process, whether in the transport,
the introduction, the establishment, or the spread stage (Blackburn et al. 2011).
Species reaching the spread stage are considered invasive but may have either no
impact on the invaded area, a discernible impact but without effects at the pop-
ulation or community level, a reversible impact for the invaded community or a
fatally irreversible impact (Blackburn et al. 2014). Therefore, here I emphasized the
importance of differentiating the presence of the invasive species from its impact.

Modeling dispersion and impact separately facilitates the understanding of the
factors behind each process, and adapting management strategies. Guisan et
al. (2017) described that the presence of a species is the result of a combination
between its dispersal capacity, the biotic environment, and the abiotic environ-
ment. I used this theoretical framework to describe not only the presence of the
species, but also the ecological niche for severe impact (TABLE 1). For example, in
the study case presented here, the presence of the invasive insect C. perspectalis
depended on the distribution of its host plant as the main biotic factor and on the
insect dispersal capacity, in turn conditioned on its flight ability and involuntary
introductions by humans and other animals. Although the abiotic factors (in our
case climate variables) were not relevant to define the presence of the species,
they were essential to define the severity of its impact.
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The stage of invasion of the box tree moth (C. perspectalis) has already passed the
arrival and establishment phases in Southern Pyrenees (where it is present since
2014; Bassols and Oliveras 2014) and it is in the process of spreading throughout
the territory. The severe impact on the boxwoods was first identified in 2017 in
the region of Girona and followed an East-West spread since then. The modeling
of its impact demonstrated that C. perspectalis is a habitat generalist species (it
has no requirements related to the fragmentation or heterogeneity of the habitat)
and proved that severe defoliation impact was restricted by climate suitability.
By adjusting a species distribution model (SDM), I concluded that mild climate
conditions with low precipitation seasonality combined with small tempera-
ture diurnal range defined the suitability for a severe impact of C. perspectalis.
These climatic variables were described to influence insect development in gen-
eral (Herms 2004; Suppo et al. 2020) and the case of C. perspectalis in particular
(Nacambo et al. 2014). Climate suitability for C. perspectalis defined a certain con-
tinentality effect: climate conditions in the coast are more suitable than in inland
areas or higher elevations.

An important finding thus is that, although C. perspectalis can be found inland
and at high elevation locations, severe impacts caused by the species are restricted
to areas where climate suitability is higher. Severe impact can lead to total box-
wood defoliation and, despite the resprouting capability of the hosting plant, it
might lead to a lack of food for the insect in the following seasons. Consequently,
a cyclical relationship is established as an extension of the Lotka-Volterra model
that tightly links consumer (i.e., C. perspectalis) and resources (i.e., boxwood)
dynamics as happens with other insect pests (Wilson et al. 2003; Cooke and Loren-
zetti 2006; Vandermeer 2006; Allstadt et al. 2013; Tenow et al. 2013). In the case of
box tree moth, the periodicity and severity of this cyclic pattern is conditioned by
the capacity and timing of boxwood regeneration, two parameters that are still
not well defined due to the recent arrival of C. perspectalis. At the same time, C.
perspectalis is not in equilibrium with the invaded habitat, so other factors can
influence its impact (e.g., fertility patterns linked to population density, parasit-
ism, or predation relationships) until the species will be naturalized in the ecosys-
tem (Myers and Cory 2013).
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The role of climate change

Climate change is described as a key driver of change defining the impact of for-
est pests and invasive species (Jactel et al. 2019). Insects are responsive to climate
change due to their sensitivity to temperature, short generation times and high
flight capacity. Hence, climate change influences the expansion of species (new
climatic conditions push insects to new localities, usually because of the increas-
ing temperatures at higher latitudes and elevations), insect abundance (in tem-
perate climates, insects respond positively to temperature via more generations
per year or less winter mortality during the diapause), the response capability of
host plants and, consequently, the intensity of insect pest outbreaks (Pureswaran
et al. 2018; Jactel et al. 2019). However, the effects of climate change on forest
insects cannot be generalized to all species even within the same guild or biome.
For example, both positive and negative effects of climate change can occur
simultaneously, as observed in the pine processionary moth (Thaumetopoea pity-
ocampa) during summer heat waves in 2003 (Pureswaran et al. 2018). Such waves
led to a collapse of the front edge population in France by killing early stages of
the insect, while triggering a record annual expansion in the Italian Alps by facil-
itating female flight (Battisti et al. 2006; Robinet et al. 2014). In the case of invasive
species, traits such as short generation times, rapid dispersal, or environmental
plasticity could be advantageous in a changing climate, while native species more
established in the ecosystem are not as moldable as the previous ones (Dukes and
Mooney 1999; Hellmann et al. 2008).

Although climate change influences the fitness and expansion of insects, insect
impacts on forests are also conditioned by the response of the host plant (TABLE 1).
Thus, the effects of climate change on the host plant also determine the dynam-
ics of forest pests. In Chapter 1 of this thesis, I described that drought-stressed
trees synthesize chemicals that act as insect attractants and, at the same time,
may reduce their leaf and stem-water potential limiting their resistance to insect
attacks (Kelsey et al. 2014; Anderegg et al. 2015; Klutsch et al. 2017). In addition,
when insects attack the crown and roots of a tree, they compromise water-regu-
lation capacity and, therefore, trees become more susceptible to later episodes of
extreme drought leading to higher mortality rates (Allen et al. 2010; Altmann 2013).
These are only few cases of indirect effects of climate change on forest insects
and their impacts as more examples include interactions with other forest distur-
bances that are also sensitive to climate, such as storms, floods, windstorms, or
the wildfire regime (discussed below).
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In the case of C. perspectalis, the projections of its climate suitability under cli-
mate change conditions described a reduction in its suitable area and a reduction
of its impact (studied in Chapter 3). The predicted increase in temperatures and
concentration of precipitation in shorter periods are detrimental to the develop-
ment of C. perspectalis, which develops under more stable climatic conditions.
I also modeled the climate suitability of Buxus sempervirens to understand the
response capacity of the host plant under climate change conditions. I confirmed
that B. sempervirens is a drought tolerant species (Niinemets and Valladares 2006)
and that its response to C. perspectalis attacks is not expected to be strongly con-
ditioned by climate change. Thus, I concluded that C. perspectalis is an example of
invasive species not favored by climate change as I predict a reduction of its suit-
able area and that the drought experienced by its host plant will not accentuate
the insect impact.

Forest disturbances interacting with
insect pests

The effects of insect pests on forest landscape are not limited to direct herbivory
and xylofagy, but also involve different indirect impacts when interacting with
other disturbances. Disturbances disrupt the structure and composition of ecosys-
tems and change the physical environment causing temporary disorganization
of the ecosystem and, consequently, altering the susceptibility of forests to new
disturbances (Turner 2010). In Chapter 3 of this thesis, I described the main inter-
actions impacting landscape dynamics and I analyzed the mechanisms behind
them. Most of the revised papers were focused on forests pests interacting with
fire while interactions with drought, pollution, storms, wind, forest diseases, or
other pests received much less attention. These interactions may be synergistic,
antagonistic, or even non-existent in some cases. Although interactions were
described in different insect feeding guild, spatial and temporal scales, I found
that any of these aspects were directly linked to interaction likelihood, avoiding
generalist conclusions. I strongly recommend differentiating when a disturbance
increases the occurrence likelihood of another with respect to when a disturbance
increases the severity of the subsequent one is adequate for a better understand-
ing and management of disturbance interactions (TABLE 1; (James et al. 2011;
Meigs et al. 2016).

165



- GENERAL DISCUSSION AND CONCLUSIONS

FIELD MAIN CHALLENGES
Insect pest Describing the future potential impact of the insect pest.
outbreaks

Prioritizing the management of those areas and habitats more vul-
nerable according to their ecological and cultural value.

Invasive species

Integrating information from both native and invaded area since the
invasive species is not in equilibrium with the invaded ecosystem.

Identifying the invasion stage and making distinction between the
presence and the impact of the invasive species.

Describing the main species requirements and restrictors.

Climate change

Analyzing the climate change impact to the insect species but also to
the host plant species.

Disturbance
interactions

Evaluating not only the likelihood of an interaction, but also other
features such as insect spread or disturbance severity.

Identifying the emergence of novel interactions as a consequence of
current dynamics.

Considering interactions at different spatial and temporal scales.

» TABLE 1

Summary of the main challenges in the study
and management in different fields of forest

insect pests.
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Studying the interaction between insect pests and other disturbances offers a
comprehensive description of the impacts on the forest landscape. At the same
time, it allows anticipation of new interactions that will result from continued
global change (TABLE 1). The increase of invasive species may lead to new insect
pest regimes as well as new interactions, as I studied in this thesis. Land use
changes may also influence fitness of insect pests or shift their range of expan-
sion. Thus, researchers and managers should acknowledge that current dynam-
ics and management policy effects extend beyond the short-term and local scale,
and they should pay special attention not only to current forest pests but also to
those that may have future impacts.

I studied the potential interaction between C. perspectalis attacks and drought
through climatic requirements for the boxwood regeneration after severe defolia-
tion. However, such interaction did not significantly alter the population dynam-
ics of boxwood neither C. perspectalis. Still, I proposed the analysis of other inter-
actions, such as the lack of boxwood in some understory forests because of C.
perspectalis induced defoliation may influence the fuel availability for subsequent
fires, as future study challenges.

Challenges in the study
and management of insect pests

During the development of this thesis, I identified and discussed different chal-
lenges for the study of forest pest and invasive species impacts. Species distri-
bution models (SDMs) are commonly used to predict the potential distribution
range of invasive species (Uden et al. 2015). SDMs are built on the general concept
of fundamental niche and are based on the species occurrence and associated
environmental data. I used the SDM methodology not only to predict the species
distribution, but also the potential severe impact occurrence. As exposed above,
differentiation of distribution and impact allow to distinguish the main factors
and mechanisms behind each process and a better understand of the species
dynamics. The application of species distribution models in the case of invasive
species (SDMi) is under discussion because it may contradict two SDM assump-
tions: (a) ecological niches are stable in space and time, and (b) the studied species
is in quasi-equilibrium with the environment (Elith and Graham 2009; Gallien
et al. 2010; Barbet-Massin et al. 2018). Thus, for an adequate understanding of the
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species, it is necessary to combine information from the original area and the
invaded area to develop a synoptic view of the mechanisms involved in the inva-
sion process (PySek et al. 2010). I used information from the native area of the
species to calibrate the data of the invaded area (Gallien et al. 2012), obtaining
satisfactory results of the species ecological niche.

Furthermore, I have emphasized the adequacy of spatially explicit simulation
models in order to understand and predict the future of insect pest dynamics. To
do so, I analyzed the methodology developed by different researchers (Chapter 1)
and finally I designed, built, and applied my own model for the study case of the
box tree moth. I emphasize the use of such models for two main reasons: First,
simulation models are able to explore dynamics to distant futures, that is crucial
in the case of insect pest disturbances because of the long-term spatial legacies
they may create and the host-insect cyclic dynamics they may induce, as seen in
the case of C. perspectalis (Robert et al. 2020). Second, such modelling frameworks
allow testing the relevance of certain processes and weighting key parameters
that are difficult to empirically estimate, but that may have a significant inci-
dence in landscape dynamics as is the case of the timing in disturbance processes
or interactions between disturbances that I analyzed in Chapter 3 (Bouchard et al.
2019).

In this thesis I do not explicitly analyze forest pest management strategies, but I
do emphasize that it is an essential unresolved issue that requires greater coor-
dination between researchers that study species biology and impacts, managers
who design and apply control measures, and forest owners who have economic
interests. Therefore, I emphasize that the type of study presented here offers an
opportunity to deepen on the knowledge of forest pests and invasive species while
establishing an essential basis on which to build management strategies.

168



GENERAL DISCUSSION AND CONCLUSIONS ¢

Conclusions

1.

4.

Forest insect pests are integrated elements of forest landscape dynamics,
but they are shifting in a global change context pushed by anthropic pres-
sures. Main drivers of insect pest dynamics are land use changes, climate
change, and arrival of new invasive species due to international trade.

The invasive species Cydalima perspectalis depends on the presence of its
host plant, its availability to spread and its climate suitability. Habitat com-
position variables such as forest cover, habitat fragmentation and hetero-
geneity resulted non-significant to describe C. perspectalis distribution and
impact.

Climate suitability for C. perspectalis is characterized by limited seasonality
of precipitation and temperatures and low diurnal ranges These conditions
are common in Western Europe and in coastal areas. In Southern Pyrenees,
such climate suitability is usually found at low elevation and more fre-
quently in some boxwood habitats, like forests with understory of boxwood,
than others like open shrub formations.

Climate suitability is a more restrictive variable to C. perspectalis severe
impact than to the species distribution, indicating that C. perspectalis may
be present in some areas where its impact may be limited.

Climate change is one of the main drivers of insect pests and their conse-
quent impacts on forest landscape dynamics. It can promote or limit the
establishment of invasive insect species, shift the geographic distribution,
increase the number of insect generations per year, regulate predators or
competitive species, determine the response capability and viability of the
host plants, and lead to more extreme disturbance interactions. In the case
of C. perspectalis, climate change is projected to reduce the species suitable
area and, therefore, the severity of defoliation. Thus, I concluded that C. per-
spectalis is an example of invasive species not favored by climate change.

Defoliation of Buxus sempervirens by C. perspectalis may lead to a cyclic

dynamic between the host plant and the insect as an extension of the Lot-
ka-Volterra model that links consumer and resources.
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7.

10.

.

12.

13.

14.

170

Other disturbances may challenge B. sempervirens viability, mainly wildfire
and severe drought. These disturbances impacts are increased under cli-
mate change conditions.

Interactions between insect pests and other disturbances are critical driv-
ers of forest dynamics worldwide. Connections between disturbances are
complex including different spatial and temporal scales (from physiology
to landscape and from days to century, respectively) and various types of
interaction (influences on the likelihood, severity, spread or insect fitness).
Any of such disturbance features is significantly linked to the occurrence of
disturbance interaction.

Fire interacting insect pests are broadly studied, although interaction with
drought, pollution, other diseases, storms, landslides, and management
have also been considered.

Forest disturbances and their interactions with insect pests are predicted
to increase due to global change as insect pests are strongly influenced by
climate. Also, novel interactions may emerge as a result of increasing pollu-
tion, land use changes and arrival of new invasive species.

Differentiation of disturbance likelihood versus disturbance severity is rec-
ommended for the study of disturbance interactions.

Differentiation of the presence of the species (resulting from its spread) ver-
sus the severe defoliation caused (resulting from its impact) is appropriate
when analyzing insect pest outbreaks and, specially, in the case of invasive
species.

The combination of SDMs and simulation models are presented as recom-
mendable tools to study the current and potential impact of insect pests and
their interactions with other disturbances. SDMs allow to anticipate inva-
sive species spread and impact even though the species is not in equilibrium
with the invaded environment.

Spatially explicit simulation models allow to make predictions incorporat-
ing multiple drivers that operate at broad spatiotemporal scales and mak-
ing predictions under possible future scenarios. Both methodologies help
the improvement of the study of insect pest and disturbance interaction
and play an essential role in the management of landscape dynamics
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