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Abstract. Dryocosmus kuriphilus (Hymenoptera: Cynipidae), also known as the Asian chestnut gall wasp, is a non-native invasive
species that has recently appeared in many regions of Europe, including the Iberian Peninsula. This species is an important pest
of chestnut trees in several regions and is of concern for foresters in these areas. The results of this research revealed 14 differ-
ent hotspots of infestation of D. kuriphilus and resulted in the development of models that predict the distribution of D. kuriphilus
in Spain over the next 37 years (2019—-2055). These results indicate a rapid spread in all Spanish chestnut forests and identify
areas that are theoretically highly suitable and susceptible to colonization by this cynipid based on predictions of three different
niche models. Although D. kuriphilus is able to induce galls on all chestnut trees, the models indicate that there are differences in
the suitability of the different regions for this species. This differential suitability results in some areas having better environmen-
tal conditions than others for D. kuriphilus, which is a factor that should be taken into account in its management and biological
control. This study of the current distribution, patterns of dispersal using GIS and potentially suitable areas for D. kuriphilus, using

niche models will assist in the management and control of this pest in Spain.

INTRODUCTION

The Asian chestnut gall wasp, Dryocosmus kuriphilus
Yasumatsu, 1951 (Hymenoptera: Cynipidae), is a cynipid
species native to southern China, where it induces galls on
all species of Castanea Mill. (Fagaceae). Taxonomically,
it is included in the tribe Cynipini (Hymenoptera: Cynipi-
dae), a large group of cynipids commonly known as oak
gall wasps, with approximately 1000 species that induce
galls on plants in the family Fagaceae, especially Quercus
L. (Nieves-Aldrey, 2001). Dryocosmus kuriphilus is uni-
voltine, involving parthenogenetic thelytokous reproduc-
tion, which means that only females are known. The adult
females are small insects of approximately 2 mm in length
and their life expectancy is only approximately ten days.
Adults emerge from galls between May and August and
lay eggs in chestnut buds that will develop into galls the
next spring (Yasumatsu, 1951; CABI, 2015), which pre-
vents the formation of healthy shoots and leaves (Maltoni
etal., 2012).

Dryocosmus kuriphilus induces galls on new shoots,
stipules and leaves of chestnut (Castanea spp.). It has
been reported that D. kuriphilus adversely affects chestnut
trees by reducing fruit production by up to 80% (EFSA,
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2010), modifying plant architecture (Gehring et al., 2017)
and even rarely negatively affecting the survival of trees
(Payne et al., 1975). This cynipid is distributed in different
regions around the world where chestnut forests are pre-
sent, such as Japan (Oho & Umeya, 1975), North America
(Payne et al., 1975) and Europe (Brussino et al., 2002).

Gall wasp proliferation and invasiveness in newly colo-
nized areas is facilitated by the absence of natural enemies
(Stone et al., 2002). Despite the recruitment of numerous
indigenous parasitoids by D. kuriphilus after its arrival
in Europe, which shifted onto this new resource from the
Cynipini parasitoid communities on oaks, none were able
to control this invasive species (Aebi et al., 2006, 2007,
Cooper & Rieske, 2007; Quacchia et al., 2012). As these
native parasitoids are not effective in controlling the abun-
dance of D. kuriphilus, there have been attempts to control
it using its natural enemy, Torymus sinensis Kamijo, 1982
(Hymenoptera: Torymidae) (Moriya et al., 1989; Muraka-
mi et al., 2001). This torymid, also a native of China, has
been used in different countries against D. kuriphilus with
good results (Moriya et al., 2003; Cooper & Rieske, 2007;
Quacchia et al., 2012; MatoSevi¢ et al., 2016; Ferracini et
al., 2018).
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In addition to short-distance dispersal (SDD) by fly-
ing and wind-assisted passive transportation (Graziosi &
Rieske, 2012), the dispersal of D. kuriphilus has also been
facilitated by passive long-distance dispersal (LDD). Such
dispersal mainly occurs through the trade in and transport
of infested chestnut trees from chestnut nurseries. These
chestnut trees have dormant buds in which D. kuriphilus
had previously laid eggs in their place of origin (Bernardo
et al., 2013). LDD is considered to be the most important
factor determining the dispersal of D. kuriphilus, especial-
ly the colonization of distant areas (Quacchia et al., 2008;
Gilioli et al., 2013). By this means of dispersal, D. kuriphi-
lus arrived in Catalonia in 2012 (northeast Iberian Penin-
sula) (EPPO, 2012; Pujade-Villar et al., 2013), spread to
other Spanish regions, such as Galicia (northwest Iberian
Peninsula) and Malaga (Andalusia, southern Iberian Penin-
sula), and arrived in Portugal in 2014 (EPPO, 2014). Some
authors have suggested that the rapid spread of D. kuriphi-
lus is related to the genetics of the European populations of
this species (Bonal et al., 2018: Avtzis & Matosevic, 2013).

Chestnut trees in Spain occur in the wet northern part
of the country, except the Pyrenees; they are also present
in the Midwest and southern half of Spain, although a few
trees are also found in various urban areas and gardens
throughout Spain. Therefore, all the mentioned areas are
likely to be susceptible to D. kuriphilus and should also be
monitored and managed.

One of the most important tools that can be used for
monitoring invasive species in different areas are species
distribution models, which assess the potential of a region
for invasion (Jiménez-Valverde et al., 2011). By overlap-
ping different climatic variables and the current distribu-
tion of a species, it is possible to infer the requirements or
ecological preferences of D. kuriphilus, such as, optimal
temperatures (Bonsignore & Bernardo, 2018). Taking this
into account, predictions regarding the presence or absence
of populations in a particular area can be made using math-
ematical models that describe the potential distributions of
species. For this gall-inducing species, the distribution of
its hosts can be used as a predictor of its potential distribu-
tion (Nieves-Aldrey et al., 2006; Rodriguez et al., 2015).

Therefore, updating the knowledge on gall wasp occur-
rence in Spain and providing tools for monitoring its spread
may fill the gaps in its geographic distribution and will fa-
cilitate management. In this study, we aim to (a) character-
ize the current distribution of D. kuriphilus in Spain, (b)
predict the spread of this species regarding only its SDD,
taking into account that there are no new LDD events that
affect their natural dispersal., and (¢) identify the most suit-
able areas in Spanish forests using niche models.

MATERIALS AND METHODS

Current distribution of D. kuriphilus in Spain

We obtained georeferenced, nation-wide and unpublished
records from the Spanish Ministry of Agriculture (MAGRA-
MA, 2015), departments of forests and biodiversity of Catalo-
nia (MNBC, 2015) and Andalusia (JAND, 2015), research by
Perez-Otero et al. (2017) and the Biodiversidad Virtual database
(BVdb) (BVdb, 2018a). These 24,916 georeferenced records
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of D. kuriphilus in Spain were combined in two maps showing
where this species of cynipid was present, one for 2012 to 2015,
the early period of the spread, and another for 2012 to 2018, the
current distribution. Most of the records are for the Catalonian
region (Fig. 1A) mainly because of the quality of the information
provided by MNBC. As the number of records per unit area for
Catalonian was higher than that for other regions, a lower number
of records was used to homogenize the number of locations where
D. kuriphilus was present. This method prevents a possible bias
that would result if all 414 locations for Catalonian were used to
evaluate the model performance as it would suppress other data
on the niche of D. kuriphilus in this region. Maximum and mini-
mum values of each climatic variable for all the records for the
Catalonian region were taken into account, and equal proportions
of data points were selected for each area (Fig. 2).

Based on the information available up to 2018, it is assumed
that, in the absence of any control of D. kuriphilus, this cynipid
wasp is still present and abundant in areas where it was record-
ed in previous years. In addition, D. kuriphilus has been able to
spread by SDD and colonize adjacent areas.

A map of the distribution of C. sativa was created using geo-
referenced records from different sources: the GBIF (Global
Biodiversity Information Facility) (GBIF Data Portal, 2018),
MAGRAMA (unpublished data) and BVdb (BVdb, 2018b). Data
from GBIF and BVDB were appropriately processed and filtered,
and possible inconsistencies, such as locations with very low geo-
referenced accuracy or errors, were deleted and only the records
from the period 1997 to 2018 were selected for homogenization
with other records. All these chestnut tree records were used to
predict the spread and potential distribution of D. kuriphilus in
Spain.

This dataset constitutes an approximation of the current distri-
bution of chestnut trees in Spain, especially the large number of
trees of commercial interest and those of public heritage. How-
ever, it is assumed that some chestnut trees were not included
because they were not georeferenced or referenced in official and
inaccessible data sources.

Differences among values of bioclimatic variables for Spain
were analyzed using a paired Student t-tests with a Bonferroni
correction based on a similar number of locations for each of the
regions considered.

Models of dispersal of D. kuriphilus

The models were used to identify chestnut trees that could
theoretically be threatened by D. kuriphilus in the next 37 years
(2019-2055). These models were constructed using the distribu-
tion map of all the records of C. sativa in Spain, the values of the
mean annual linear rate of SDD for D. kuriphilus (6.6 km/year),
and the maximum annual rate of 11 km/year based on the results
of Gilioli et al. (2013). Due to a lack of data regarding the mean
rate of dispersal for this cynipid species in Spain, the informa-
tion derived from this approach was used to determine the annual
rate of dispersal in threatened areas. Previous research, such as
that of Gilioli et al. (2013), provides many parameters describ-
ing the dispersal of D. kuriphilus. However, in Spain, research
on this pest began only recently and there are several factors that
can affect the dispersal of D. kuriphilus (Fernandez-Conradi et
al., 2017), which have not yet been measured. Other examples
of parameters that can influence the dispersal of D. kuriphilus
are wind, precipitation and temperature. In fact, the annual range
of high temperatures may affect D. kuriphilus development and
activity (Bonsignore & Bernardo, 2018) because, as D. kuriphi-
lus is an ectotherm, low temperatures can limit or reduce its dis-
persal, while high temperatures can increase its dispersal ability.
We aimed to study these aspects because of the lack of previous
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Fig. 1. A.i: Map showing the distribution of D. kuriphilus early in its colonization of Spain (up to April 2015). Red spots indicate the presence
of D. kuriphilus, green spots uninfested chestnuts. Circles indicate infestation hotspots: 1 — West Ourense and East Pontevedra, 2 — Val do
Dubra, 3 — A Corufa, 4 — East Lugo, 5 and 6 — central areas of Asturias, 7 — East Cantabria and West Vizcaya, 8 — Pasajes (Guipuzcoa),
9 — Catalonia, 10 — Madrid, and 11 — Sierra de las Nieves. A.ii: Current distribution of D. kuriphilus (up to May 2018). The current hotspots
are 1&4 — West and South Galicia and El Bierzo, 2 — Val do Dubra, 3 — A Corufia, 5&6 — Central Asturias, 7 — East Cantabria and West
Vizcaya, 8 — East Cantabria and West Basque Country, 9 — Catalonia, 10 — Madrid, 11 — Sierra de las Nieves, 12 — Lanjarén, 13 — Prades,
and 14 — Alta Sanabria. B: Predicted gall wasp distribution in 2020, 2025 and 2035 using a mean SDD of 6.6 km/year. C: Predicted de-
crease in non-infested chestnut trees from 2019 to 2055. The solid line is that obtained using a mean rate of dispersal of 6.6 km/year, while

the dashed line the maximum rate of 11 km/year.

studies on infestation rates of D. kuriphilus in Spain. The prob-
ability that an individual would infest a chestnut tree within its
range of dispersal was based on the maximum distance it is able
to disperse. For these models, LDD was not considered because it
is impossible to predict.

The annual increase in the distribution of D. kuriphilus in Spain
was analyzed using a buffer tool based on the total set of locations
where it was present. This method used 6.6 and 11 km/year as
the annual mean and maximum rates, respectively, to obtain the
possible dispersal or influence area. By overlapping the bufters
surrounding chestnut trees, new infestations of chestnut trees in
subsequent years were predicted. This process was repeated itera-

tively until predictions for ten years were obtained. ArcGIS 10.1
(ESRI, 2010) software was used to generate the maps.

A graph of the estimated fitted curves of the infestation rate
was also created, which shows that the area over which C. sativa
occurs where D. kuriphilus is absent would decrease due to the
possible expansion of the species each year based on the dispersal
values. The estimated area was calculated using the overall trend
in D. kuriphilus dispersal, which can stabilize at an asymptote or
intersect the y-axis, indicating that it would hypothetically be able
to infest all the chestnut trees in this area. These fitted curves were
obtained using CurveExpert Professional 2.4 (Hyams, 2010).
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Fig. 2. PRISMA diagram of the methodology used in this study. This diagram includes the documentation of the search, the inclusion
process and criteria for homogenizing the presence records, and a summary of the predictions of the models.

Models of the distribution of D. kuriphilus

For a better understanding of the incidence of D. kuriphilus and
its possible future spread throughout Spain, five different types
of predictive distribution models were constructed. The models
were a generalized linear model (GLM), generalized additive
model (GAM) (Guisan et al., 2002), random forest (RF) model
(Breiman, 2001), maximum entropy (MaxEnt) model (Phillips et
al., 2006; Phillips & Dudik, 2008) and environmental coverage
model (ECM) (Jiménez-Valverde et al., 2011).

Furthermore, since all the records refer to galls on chestnut
trees, it must be considered that the presence or absence of chest-
nut trees cannot be considered as a simple variable in the model
but has to be considered as a limiting variable (Rodriguez et al.,
2015). This means that at any point where chestnut trees were not
recorded, the presence of D. kuriphilus galls could also not be
recorded, even though dispersing adults of D. kuriphilus could
potentially be found there. To solve this problem, this cynipid was
considered a priori to be unable to disperse beyond the maximum
or mean SDD values. Consequently, buffer areas around infested
chestnut trees or with a high probability of infestation with the
chestnut wasp were identified. This total buffer area of influence
of D. kuriphilus was used as a limit on the preliminary models
(Fig. 2).

The selection of bioclimatic variables was determined by the
phenology of the adult cynipid. The adult stage occurs only for
a short period of time, between May and August (Bernardo et
al., 2013; Pérez-Otero et al., 2017), with the highest abundance
in Spain recorded in the months of June and July (Gil-Tapetado
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et al., unpubl. data); therefore, only summer variables were used
in this analysis. Therefore, the chosen summer variables were
extracted from WorldClim version 1.4 (Hijmans et al., 2005) at
a scale of 30 arc seconds (Table 1). The variables bio08 (Mean
Temperature in Wettest Quarter) and bio09 (Mean Temperature
in Driest Quarter) were not included in the analysis due to their
anomalous pattern in Spain and the great difference in values for
areas that were very close together. Later, an iterative variance
inflation factor (VIF) (Lin et al., 2011) analysis was conducted,
which deleted correlated variables (VIF>5). The chosen and
non-correlated bioclimatic variables were bio03 (Isothermality),
bio07 (Temperature Annual Range), biol6 (Precipitation of Wet-
test Quarter), biol7 (Precipitation of Driest Quarter).

ECMs are potential distribution models that take into account
the fundamental niche, i.e., the potential suitability of an area,
depending on the ranges in the values of the environmental vari-
ables for the habitat in which a species is located. Following
Jiménez-Valverde et al. (2011), all bioclimatic variables were
transformed, normalized and checked to verify that there were no
discrepancies among them using the software Biomapper (Hirzel
et al., 2007). Then, an iterative ecological niche factor analysis
(Hirzel et al., 2002) was performed to obtain factors and elimi-
nate redundant information. The correlations between bioclimatic
variables are represented by a similarity dendrogram that includes
only those that were not auto correlated. Subsequently, following
the broken stick criterion used in the program, the first 6 factors
were selected. Using these 6 factors, a discriminant model (using
presences and pseudo absences) was generated in STATISTICA
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Table 1. Bioclimatic variables from WorldClim 1.4 (except bio08 and bio09) and the altitude and codes used to refer to them in this study. The variables used in
the environmental coverage model (ECM) are indicated by 1, while the variables used in the generalized linear (GLM), environmental coverage (ECM), maxi-
mum entropy (MaxEnt) and random forest (RF) models are indicated by 2. Mean, standard deviation (SD), and maximum (MAX) and minimum values (MIN) for
the locations where D. kuriphilus is present in all regions and three different regions in Spain (Euro Siberian, Catalonian and Malaga) are also included in the

description of the area occupied by this cynipid wasp.

Total regions

Euro Siberian region Catalonian region Malaga region

Variable Code \IEAN SD MAX MIN MEAN SD MAX MIN MEAN SD MAX MIN MEAN SD MAXMIN
Altitude Alt 465.1 300.2 147 -1 403.6 276.9 1447 -1 305.9 256.7 934 1 750.8 189.0 1145 115
Annual mean temperature bio01 135 15 179 7.7 127 12 149 77 144 13 162 1 148 0.9 17.913.1
Mean diurnal range [mean of monthly bio02 86 14 118 58 84 12 103 58 73 04 87 69 103 04 11.8 86
(max temp—min temp)]’

Isothermality (bio02-bio07)-100" 2 bio03 3.8 03 44 3 39 02 44 35 31 01 35 3 40 00 4 38
Temperature seasonality (standard deviation-100)"bio04 481.6 63.9 664.5319.4 446.1 57.1 549.1319.4 546.6 10.7 576.7515.5 522.1 20.5 626 457
Max temperature of warmest month’ bio05 26.0 2.3 31.1 221 245 1.3 282 221 268 1.1 282 238 293 0.3 31.129.1
Min temperature of coldest month' bio06 35.2 17.1 7.9 -2.1 34 19 79 21 39 13 58 03 37 12 76 04
Temperature annual range (bio05—-bio06)": 2 bio07 225 29 307 1562 211 28 26 152 229 06 248 22 256 1.1 30.7221
Mean temperature of warmest quarter’ bio10 199 1.8 242 148 186 09 21.1 148 216 1.2 231 183 219 0.6 242215
Mean temperature of coldest quarter bio11 76 1.6 123 1.6 73 1.7 107 16 77 13 9.6 46 86 1.1 123 5.7
Annual precipitation bio12 952.5 225.0 1557 444 1098.7167.8 1557 765 763.7 73.8 916 564 718.7 42.2 786 546
Precipitation of wettest month bio13 130.5 31.1 242 56 1484 275 242 102 989 69 110 81 108.6 53 119 71
Precipitation of driest month bio14 28.2 17.1 70 1 353 126 70 16 36.7 7.0 51 19 28 07 8 1

Precipitation seasonality (coefficient of variation)! bio15 41.6 16.1 72 19 370 89 49 20 250 41 35 19 671 20 72 51
Precipitation of wettest quarter? bio16 354.2 84.3 606 156 400.5 71.3 606 268 240.0 13.5 264 200 323.4 17.5 352 201
Precipitation of driest quarter? bio17 114.2 60.7 259 16 139.1 42.7 259 75 149.2 19.7 186 94 214 21 33 16
Precipitation of warmest quarter' bio18 128.9 67.2 278 21 152.6 48.8 278 75 176.7 264 223 118 296 27 33 21
Precipitation of coldest quarter’ bio19 321.1 104.2 596 127 373.5 855 596 205 159.6 11.6 186 127 311.2 185 341 199

(Statistica-StatSoft Inc, 2009). By means of the second Ma-
halanobis distance (Farber & Kadmon, 2003), the environmental
favourability for D. kuriphilus was calculated for each location. A
location was considered to be potentially suitable for this species
if its favourability was similar to or higher than the lowest fa-
vourability recorded for the localities where it was present, and a
favourability map was generated. Moreover, using the calculated
factors and presence data for D. kuriphilus, a raster layer was
obtained using the algorithm BIOCLIM (Hijmans et al., 2005)
implemented in the program DIVA-GIS (Hijmans et al., 2004).
Finally, an ECM model map was generated in ArcGIS, which
combined the favourability map and the BIOCLIM model.

The GLMs, GAMs and RF models were analyzed using R
version 3.3.1 (R Development Core Team, 2008) in RStudio
0.99.903 (RStudio Team, 2016) using the dismo 1.1-4 (Hijmans
et al., 2017), mgev 1.8-23 (Wood, 2018) and randomForest 4.6-
14 (Breiman & Cutler, 2018) packages. The MaxEnt models were
constructed using the Maximum Entropy Species Distribution
Modelling software, version 3.4.1 (Phillips et al., 2006; Phillips
& Dudik, 2008). The Area under curve (AUC) values (Fielding
& Bell, 1997) and explained deviance/variance of all models are
presented in Table 2. The AUC values for the model evaluation
were calculated using a random 30% of the total number of loca-
tions where D. kuriphilus was present.

A consensus model (CM) was also constructed using averages
from the GLM, GAM, MaxEnt model, RF model and ECM. The
decision regarding which models to include in this ensemble was
made according to (1) the standard deviation per pixel of each
resulting consensus model resulting from the combination of dif-
ferent models and (2) the comparison among models according
to pixel favourability values based on the Euclidean dissimilarity

Table 2. Summary of the results of the four models used to con-
struct the consensus model. This summary includes the type of
absence (Type), percentage of the deviance or variance explained
(Exp.Dev/Var %), and (AUC) values of the area under the curve
for each model.

Model Type Exp.Dev/Var (%) AUC
GLM Weighted background 57 0.70
ECM Only presences 95 -
RF Pseudo absences 80 0.96
MAXENT  Weighted background - 0.86

distance among the individual models. Similar models were in-
cluded in CM in order to obtain a prediction of the favourability
for this species, whereas dissimilar models were considered as
different hypotheses.

RESULTS

Current distribution of D. kuriphilus in Spain

The map of the distribution of D. kuriphilus in Spain,
which includes all the records available in May 2018, re-
veals that this species has a disjunct distribution (Fig. 1A),
likely caused by LDDs due to human activity, such as
chestnut forestry, although sporadically isolated trees can
become infested resulting from SDD. The hotspots of D.
kuriphilus occur in three different regions in this country:
one Euro Siberian area and two separate Mediterranean
areas; the regions of Catalonia and Malaga. In the early
stages of colonization by D. kuriphilus in 2015, there were
eleven different areas where the chestnut wasp was present
in Spain, 8 in the Euro Siberian region of Spain (1-8) and
3 in the two Mediterranean regions (9-11): West Ourense
and East Pontevedra (1), Val do Dubra (A Coruiia) (2), A
Coruiia (3), East Lugo (4), central Asturias (in two separate
areas, 5 and 6), East Cantabria and West Basque Country
(7), Navarra and East Basque Country (8), Catalonia (Bar-
celona and Gerona) (9), Madrid (10) and Valle del Genal
and Sierra de las Nieves (Malaga) (11) (Fig. 1A). Currently,
in 2018, the spread of D. kuriphilus by SDD into adjacent
areas has occurred as the hotspots 1 and 4 have become
one continuous hotspot (1&4) as well as has the hotspots
5 and 6 (5&6). Hotspot 1&4 now includes the region of El
Bierzo, along with Galicia, one of the most important areas
for producing chestnuts. Hotspot 8, in the north, has be-
come a continuous area of infected chestnut trees extend-
ing towards the south of France. In addition, there are two
new hotspots in the Mediterranean region, Lanjaron (12),
Prades (13), and one new hotspot in the Euro Siberian re-
gion, Alta Sanabria (14). It has also been recorded infesting
trees in the central area of Spain, such as, the Tiétar valley
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Table 3. Summary of the results of the paired student t-tests between bioclimatic variables from WorldClim 1.4 and altitude for three
different regions where D. kuriphilus is present. Eur is the Euro Siberian region, Cat the Catalonian region, and Mal the Malaga region.

Variables t-value p Variables t-value o]
Cat vs. Eur —2.366 0.021 * Cat vs. Eur 12.828 0.000 >
Alt Cat vs. Mal -7.857 0.000 ** bio10 Cat vs. Mal -1.200 0.234
Eur vs. Mal -5.612 0.000 ** Eur vs. Mal -16.673 0.000 **
Cat vs. Eur 6.973 0.000 ** Cat vs. Eur 2.198 0.031 *
bio01 Cat vs. Mal -1.519 0.133 bio11 Cat vs. Mal -3.052 0.003 *
Eur vs. Mal -9.041 0.000 ** Eur vs. Mal —4.982 0.000 **
Cat vs. Eur -5.235 0.000 ** Cat vs. Eur -10.492 0.000 **
bio02 Cat vs. Mal -27.835 0.000 ** bio12 Cat vs. Mal 2.891 0.005 *
Eur vs. Mal -8.226 0.000 ** Eur vs. Mal 12.729 0.000 *
Cat vs. Eur -21.909 0.000 ** Cat vs. Eur -9.287 0.000 **
bio03 Cat vs. Mal -49.853 0.000 ** bio13 Cat vs. Mal —7.091 0.000 **
Eur vs. Mal -3.331 0.001 ** Eur vs. Mal 7.382 0.000 **
Cat vs. Eur 10.384 0.000 ** Cat vs. Eur 2.042 0.045 *
bio04 Cat vs. Mal 6.892 0.000 ** bio14 Cat vs. Mal 28.891 0.000 **
Eur vs. Mal -6.822 0.000 ** Eur vs. Mal 19.528 0.000 **
Cat vs. Eur 7.866 0.000 ** Cat vs. Eur —7.488 0.000 b
bio05 Cat vs. Mal -14.308 0.000 ** bio15 Cat vs. Mal -56.176 0.000 o
Eur vs. Mal -18.726 0.000 ** Eur vs. Mal -20.854 0.000 **
Cat vs. Eur 1.985 0.051 * Cat vs. Eur -11.960 0.000 **
bio06 Cat vs. Mal 0.219 0.827 bio16 Cat vs. Mal -25.362 0.000 **
Eur vs. Mal -1.614 0.111 Eur vs. Mal 4.843 0.000 **
Cat vs. Eur 3.494 0.001 ** Cat vs. Eur 3.384 0.001 >
bio07 Cat vs. Mal -10.441 0.000 ** bio17 Cat vs. Mal 38.226 0.000 o
Eur vs. Mal —7.985 0.000 ** Eur vs. Mal 22.097 0.000 *
Cat vs. Eur 19.336 0.000 ** Cat vs. Eur 4.226 0.000 b
bio08 Cat vs. Mal 22.819 0.000 ** bio18 Cat vs. Mal 34.266 0.000 o
Eur vs. Mal -2.522 0.014 * Eur vs. Mal 17.861 0.000 **
Cat vs. Eur -1.891 0.062 Cat vs. Eur -13.142 0.000 b
bio09 Cat vs. Mal —4.360 0.000 ** bio19 Cat vs. Mal —-42.780 0.000 **
Eur vs. Mal -16.075 0.000 ** Eur vs. Mal 2.824 0.006 *

* Significant value; ** Significant value using Bonferroni correction.

(Avila), El Jerte valley (Caceres) and Sierra de S. Vicente
(Toledo), but the phytosanitary authorities have effectively
eliminated this pest from this area by cutting and burning
all the early galls. Therefore, this area is not included in the
distribution or dispersal models. In Table 1, there are the
ranges in altitude and climatic variables recorded for the
areas where D. kuriphilus is currently present, which are
used as an approximation of the ecological characteristics
of this exotic cynipid in Spain. The Madrid hotspot (10)
was not included in the comparison of regions since only
two records of the presence of D. kuriphilus are recorded
for this hotspot. The comparison of the bioclimatic values
for the different regions revealed significant differences
between most of the values and wide variation in all bio-
climatic variables among the regions, indicating that this
species occurs in areas with very different climatic condi-
tions (Table 3).

Models of dispersal of D. kuriphilus

The dispersion model predicts that the area of infested
chestnut trees in Spain is expected to increase over the next
thirty-seven-years (2019-2055) (Fig. 1B). The maps also
show the rapid spread of this cynipid across Spain from
first presence to saturation between the years 2032 and
2041, when the potential occupation curves for both annual
dispersal rates become asymptotic (Fig. 1C). This decel-
eration of potential occupation would hypothetically leave
only 4% of Spanish forests not infested with D. kuriphilus,
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indicating the theoretical advance and final distribution of
this species in Spain. This pattern only occurs because of
the disjunct distribution of C. sativa on the Iberian Pen-
insula, with only chestnut forests in the centre of the Ibe-
rian Peninsula remaining uninfested via SDD. However,
these forests would still be vulnerable to new D. kuriphilus
LDD events. The declining curves of the mean and maxi-
mum dispersal were adjusted to a reciprocal form with
correlation coefficients of 0.99 for each annual dispersal
rate. However, they have a breakpoint at x, , =2041 and
X1 = 2032 in terms of the mean and maximum dispersal,
respectively, with both models predicting constant disper-
sal and an asymptote at 52,317.5 km? at the end of this pe-
riod. Considering these predictions, only =20.7% of the
total area of chestnut forest in Spain would not be infested
with D. kuriphilus. The equations for the best fitting curves
for the theoretical decrease in area for mean and maximum
dispersal up to a particular year are as follows:

1
—1.69E 3+8378E 'x

Ye.6km—

1
—2863E +1.419E °x

Yitkm™

where y is the area of chestnut forest without D. kuriphilus,
and x a particular year. The first equation is for mean dis-
persal and the second for maximum dispersal.
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Fig. 3. Maps showing the predicted potential distribution of D. kuriphilus in Spain: (A) generalized additive model map, (B) consensus
model map, (C) map of the percentage dissimilarity in the areas predicted by the two models. Areas bounded by black lines indicate the

total area of C. sativa forest in Spain.

The distribution maps for different years (Fig. 1B) show
the patterns of distribution of D. kuriphilus throughout
Spain, with a considerable increase in the area infested in
the northwest corner of the Euro Siberian region. Accord-
ing to the mean dispersal model, the hotspots in the Euro
Siberian region will unite into a continuously infested area
in the year 2031.

Models of the distribution of D. kuriphilus

The maps of the potential distribution of D. kuriphilus
in Spain predicted by the models are shown in Fig. 3: the
GAM (Fig. 3A) and mean CM of the GLM, ECM, MaxEnt
model and RF model (Fig. 3B). The decision to separate
the GAM from the CM was their higher pixel values of
favourability compared to the predictions of the other four
models for the west-central areas of Spain, as the average
of the total ensemble of these models would resulted in a
very different prediction for areas in west-central Spain.
Of the total number of pixels in this west-central area, 69%
had standard deviations of between 28 and 42, resulting
in areas with values of low consensus between models
(Fig. 3C). In addition, GAM was not included in CM be-
cause the prediction of this model differs from those of the
other models (mean Euclidean distance = 0.72 between the
GAM and other models).

Both final maps of the distribution of D. kuriphilus
are similar but their suitability values per pixel differ
(R?2=0.358); the GAM suitability values are mostly higher
in the west-central and southern areas of Spain, but lower
in the northern part. The range of variation and suitability
predicted by GAM are, respectively, greater and a lower

than predicted by CM (Mean,,,,=0.37, SD,, =0.31;
Mean,,,=0.40, SD_,,=0.26). Very high suitability values
predicted by GAM (>0.85) in practically all areas in the
west-central and southern Spain where C. sativa is pre-
sent, whereas the high values predicted by CM are in the
D. kuriphilus hotspots in the Mediterranean regions of
Catalonia (9) and Malaga (11). The map of the percentage
dissimilarity (Fig. 3C) shows the areas that are similarly
predicted by GAM and CM and those with the lowest dis-
crepancy. The predictions of the two models for these areas
are similar. The comparison of the bioclimatic variables as-
sociated with D. kuriphilus presence and favourability in
the different regions (Table 3) indicate they are very simi-
lar in the Euro Siberian region and differ significantly in
the west-central area of Spain.

DISCUSSION

Current distribution of D. kuriphilus in Spain

Dryocosmus kuriphilus effectively colonized Spain by
LDD, with at least, 11 entry points between the years 2012
and 2015, and was then most likely transported from in-
fested areas by the trade in chestnut trees. However, new
hotspots of D. kuriphilus occurrence were detected, high-
lighting the role of LDD in the establishment of new hot-
spots in a region. There are currently a total of 14 such
hotspots in Spain.

The main cause of the occurrence of multiple hotspots
of D. kuriphilus is related to human activity and it is like-
ly that it is driven by the transport of Castanea trees and
seedlings for commercial purposes related to chestnut for-
estry. Such transport should be controlled and prevented
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from areas where this cynipid is known to occur or by
transporting only trees that have undergone an appropri-
ate quarantine. Many cases of invasion could be prevented
by quarantine, during which the imported trees are kept
at a sealed location during the period of the annual repro-
ductive cycle of the chestnut wasp. This would be the best
way to prevent further LDD of D. kuriphilus to other areas
where the chestnut trees are not infested, although it would
be difficult given the cryptic nature of the early galls of D.
kuriphilus.

It is interesting that D. kuriphilus is in Madrid (10) and
Pasajes (8) (Guipuzcoa, in the north of Spain), as these
areas are isolated and its arrival there must be a result of
city-wide LDD events. This is also recorded for the hot-
spots at Lanjaron (12) and Prades (13). Specifically, in the
city of Madrid, this cynipid is restricted to the Royal Bo-
tanical Garden Alfonso XIII of Ciudad Universitaria (Ma-
drid) and the Royal Botanical Garden of Madrid. These lo-
cations are surrounded by urban areas, and the last chestnut
trees that were planted in these green spaces more than 3
years ago (2012) came from El Bierzo (1&4), where this
cynipid was first recorded in 2017. This could indicate that
LDD in this case is due to a factor other than the transport
of chestnut trees, such as, the transport of other propagules.
In addition, sporadic and intermittent hosts can have a
profound effect on the dispersal of D. kuriphilus (Rieske,
2007) and it is likely there are other unknown factors that
affect the spread of cynipids. The presence of D. kuriphilus
at Pasajes could have been due to the transport of chestnut
trees into this area, although it is also possible that it was
by a sequence of SDD events from France. However, there
are no published georeferenced data that show how the dis-
persal of this cynipid has occurred in this area.

Regarding the climatic characteristics associated with D.
kuriphilus records (Table 1), which are assumed to relate
to this gall wasp’s ecological requirements, they all seem
to be correlated with the niche of Castanea trees. How-
ever, as these records are for three separate areas, differ-
ent climatic conditions can affect the ecophysiology of this
wasp and its host plant (Stone et al., 2002). The ecophys-
iology of the host plant can indirectly affect the cynipid
and may also determine the level of suitability of each area
and, therefore, it is a factor that should be taken into ac-
count. Differences between the two Mediterranean regions
and the Euro Siberian region are related to high rates of
precipitation and lower temperatures in the Euro Siberian
region, while the opposite occurs in other regions. As C.
sativa is widely distributed in Spain in areas not subject to
prolonged droughts in summer and with well-drained and
permeable soils, high precipitation, and low temperatures
(Conedera et al., 2004; Pereira-Lorenzo et al., 2012), it is
likely that chestnut trees in drier areas occur under worse
ecological conditions, which affects tree growth and gall
formation, and as a consequence are less suitable for D.
kuriphilus (Gil-Tapetado et al., unpubl.). With respect to
the two Mediterranean regions, it is not by chance that all
sites are similar to one another except in terms of altitude
because of the climatic compensation between latitude and
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altitude. However, this pattern can also occur in very cold
areas in the north of Spain, where frosts occur and the vi-
ability of C. sativa and D. kuriphilus is likely to be less.

Overall, the models used in this paper indicate that areas
that are highly suitable for D. kuriphilus exist in different
regions independent of the difference in the variables re-
corded in each region. This high suitability could indicate
that all these regions in Spain are suitable for D. kuriphilus
(Fig. 3A).

Models of dispersal of D. kuriphilus

The hypothetical distribution of D. kuriphilus presented
in this paper (Fig. 1B) depends mainly on the presence of
chestnut trees, and thus is very sensitive to changes caused
by the introduction of new locations for C. sativa in Spain.
The existence of non-georeferenced individuals of chestnut
trees is highly likely, and they can worsen the hypothetical
trend in dispersal identified in this paper. This possibility
highlights the importance of knowing the distribution of
C. sativa and indicates that it is indispensable that all these
trees in Spain are georeferenced in order to achieve a high-
ly accurate monitoring of the status of the pest cynipid. The
theoretical final distribution of D. kuriphilus in Spain in
the year 2055 indicates that two-thirds of the chestnut trees
will be infested by this wasp. These first approximations of
the possible future framework of spread of D. kuriphilus
in Spain also indicate that the high dispersal ability of D.
kuriphilus may be a major concern for chestnut forestry.
However, many parameters that affect the dispersal of this
wasp are still unknown, and others cannot be taken into
account either because they are analytically complex or
a lack of information. Therefore, the parameters that de-
termine the presence of D. kuriphilus are related to their
probability of establishment or infestation (Jerde & Lewis,
2007), their intrinsic population growth rate (Neubert &
Caswell, 2000) and natural or artificial barriers and ele-
ments of resistance, such as wind direction or the presence
of urban structures that may affect the rate of dispersal, as
well as the frequency of introductions and size of prop-
agules. Another factor to take into account is the sensitivity
of D. kuriphilus to the volatiles produced by chestnut trees
(Germinara et al., 2011), similar to what occurs in other
galling insects, such as fig wasps (Chalcidoidea: Agaoni-
dae) (Ahmed et al., 2009) and other cynipids, such as An-
tistrophus rufus Gillette, 1891 (Tooker et al., 2002). These
volatiles may affect the dispersal of this species and may
attract individuals to specific areas where there are high
densities of chestnut trees or with particular characteristics.
Indeed, attractant and repellent volatiles and wind speed
and direction are factors that increase the complexity of the
patterns of dispersal.

The climatic conditions of the regions included in this
study are very different (see Table 3), presumably indi-
cating that D. kuriphilus is not limited by ecological re-
quirements apart from the presence of Castanea trees. As
a consequence of LDD events due to human activity in
Spain (see Fig. 1A), and since D. kuriphilus can become
established in any chestnut forest, this cynipid could occur
in better or worse areas depending on its ecological niche.
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The above limitations may have skewed the results of
this study but may also indicate how the dispersal of D.
kuriphilus is not ecologically restricted except by the spa-
tial configuration of C. sativa trees and that the maximum
distance D. kuriphilus can spread and the areas it is poten-
tially able to colonize each year is determined by its SSD.
Within this framework, the stabilization of the infested
area may occur quickly, and, in the absence of control
measures and based on the dispersal rate of D. kuriphilus,
the spread should end in 2032 if there are no new infesta-
tion hotspots due LDD events. These two types of dispersal
are the most important and influential determinants of the
patterns of dispersion (Liebhold & Tobin, 2008) because
new introductions can modify all the predictions based on
SDD (Gilioli et al., 2013).

Although all the data on the presence of D. kuriphilus
was collected in 2018, the monitoring of specific areas of
Spain for D. kuriphilus has continued, especially in the
areas of Malaga (11), West and South Galicia and El Bierzo
(1&4). Predictions of the rates of spread noticeably differ,
being greater in reality than that predicted by the models,
even though the parameters included in these models are
not restrictive.

Models of the distribution of D. kuriphilus

The models are limited in their predictions as many vari-
ables were not included due to a lack of data, such as, the
biotic interactions between autochthonous fauna (Zimmer-
mann et al., 2010), chalcid parasitoids of oak gall com-
munities, and the experimental release of biocontrol spe-
cies and the natural enemy, 7. sinensis, in specific areas,
or other variables that are not measurable, such as local
wind direction and the fitness of individual chestnut trees.
The variables considered are those associated with summer
conditions, the only period in the cynipid cycle when this
insect experiences the environment outside of the micro-
environment of the gall (Yasumatsu, 1951; Bernardo et al.,
2013). As cynipid larvae develop within galls, the climatic
conditions in other seasons affect Castanea tree gall tissues
but do not directly affect the wasp, which reduces the ef-
fects of some of the variables in ecological niche models of
the requirements of D. kuriphilus.

The different models (Fig. 3A, B) predict different suit-
ability values for different areas in Spain. The GAM (Fig.
3A) indicates that the west-central and southern areas of
Spain are the most suitable areas for D. kuriphilus. Howev-
er, there are also areas of high suitability near the northern
hotspots of D. kuriphilus, which greatly affect the predic-
tions of the model for these areas, perhaps due to a com-
mission error, and decreases the predictive potential of this
analysis. Based on this model, the zones in the west-central
areas of Spain, where D. kuriphilus is currently not present
and potentially free of SDD events are the areas likely to
experience the greatest theoretical settlement given their
high suitability. Thus, preventing LDD events in this area
is critical because D. kuriphilus cannot reach this highly
suitable area by SDD. Therefore, a special monitoring of
the transportation of C. sativa trees in these areas should be
developed in order to prevent D. kuriphilus spreading into
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these chestnut forests. In fact, LDD events are reported
for these areas (sites of Avila, Caceres and Toledo prov-
inces), where developing galls of D. kuriphilus galls were
detected, but quickly destroyed by the forestry authorities.
Its presence there was not included in the models because
galls were destroyed before adult emergence, making it
impossible for it to disperse and become established in the
west-central area of Spain. The CM (Fig. 3B) indicates that
the hotspots in Catalonia (9) and Malaga (11) are the areas
with the highest suitability; however, most of the northern
chestnut forests also have high values. Unlike GAM, CM
indicates that all of the chestnut tree areas in the north-
ern part of Spain are very suitable, not only those close
to where the pest is recorded. This fact may indicate that
most of Spain is suitable for D. kuriphilus; however, there
are differences in the levels of these high values. The CM
may indicate that Mediterranean regions have the best con-
ditions and are the most suitable areas for D. kuriphilus,
possibly due to their high or moderate temperatures, which
favour the development of this species (Bonsignore & Ber-
nardo, 2018). Differences between the Euro Siberian and
Mediterranean regions (Tables 1 and 3) include hotter tem-
peratures and lower precipitation in the latter and greater
probability of frost occurring during winter in the former,
negatively affecting chestnut development (Casasoli et al.,
2004). Therefore, the concept of suitability used here is
based on the environmental conditions that could affect the
life cycle of D. kuriphilus, especially those that can mod-
ify its development in chestnut forests. As discussed pre-
viously the ecological requirements of chestnut trees are
also highly suitable for this pest and coincide with predic-
tions of CM of intermediate rates of precipitation and mild
temperatures in all the chestnut forests in Spain (Table 1).
These are the optimal habitat conditions for C. sativa. The
map of the percentage dissimilarity in the areas predicted
by the two models (Fig. 3C) shows that they agree in terms
of the suitability values in most of the region except the
west-central areas. Although there are differences in these
areas, the models similarly predict high or low suitability
values in most of the zones, even if there are a few differ-
ences between them, for example, in Malaga (11) and West
and South Galicia and El Bierzo (1&4).

The two models agree in that certain areas are of high
suitability (Fig. 3C), specifically the previously mentioned
hotspots. In these areas it is very likely that the conditions
are optimal for D. kuriphilus, since five ecological niche
models indicate these areas are highly suitable. It is crucial
to manage these highly suitable areas, the main D. kuriphi-
lus hotspots, using biological control based on different
methods, such as the introduction of its natural enemy, T.
sinensis, in order to mitigate this gall wasp adverse effects
on the production of chestnuts in these regions. That an
area is predicted to be of low suitability does not indicate
that D. kuriphilus will not become established in these
areas; instead, they indicate that the vigour or fitness of
C. sativa and D. kuriphilus is likely to be reduced or ad-
versely affected by the environment in these areas and that
these populations are more limited ecologically than those
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in areas that are more suitable. This low suitability might
be reflected in D. kuriphilus inducing smaller or more ir-
regular shaped galls. In addition, it is possible that the sub-
optimal conditions in these areas will also will prevent 7.
sinensis from becoming established or thriving there. Al-
though the models do not predict areas of low suitability
near hotspots, it is possible that a gradient in high suitabil-
ity could affect the establishment of 7. sinensis. This fact,
together with the information mentioned in Quacchia et al.
(2008), could explain the differences in the successful es-
tablishment of 7. sinensis in different areas.

In conclusion, in Spain the spread and infestation of
chestnut forests by D. kuriphilus is predicted by using
models that are based on the distribution of chestnut for-
ests in this area; in addition, this study is the first attempt
to understand the spread and habitat selection behaviour
of D. kuriphilus in this area. The climatic characteristics
in the areas where this pest is present do not seem to be
important, with the only factor limiting its dispersal and
distribution, the presence of chestnut trees. The models,
however, indicate arcas of greater or lesser suitability
where D. kuriphilus could occur under different conditions
and possibly behave differently. The models of distribution
show that because of the configuration of their spatial dis-
tribution in this region approximately half of the Castanea
forests in Spain are likely to be colonized by D. kuriphilus
as a result of SDD and predict two scenarios for the areas
that are highly suitable. Areas close to where D. kuriphilus
is known to be present are the most likely to be colonized
by this pest, however, the occurrence of new LDD events
resulting in this pest arriving from another country, the
main type of dispersal of D. kuriphilus between countries,
could greatly change the situation.
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