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Abstract

The chestnut gall wasp Dryocosmus kuriphilus is a major insect pest affecting chestnut
trees worldwide. Medium and long-term control of this pest can be improved by using
resistant or less susceptible cultivars and hybrid clones. In addition, little is known about
the local patterns of dispersal of the pest. We obtained data from trees of 3 chestnut spe-
cies and 27 hybrid clones in a field trial in NW Spain with the aim of evaluating the sus-
ceptibility of the material to the gall wasp and identifying possible drivers of local spatial
dispersal. In the first 3 years of the invasion by D. kuriphilus, the number of trees attacked
and the number of galls on each tree were spatially clustered. Tree height significantly pre-
dicted both variables, suggesting that gall wasps may use visual cues to locate suitable
host trees, at least in the early stage of invasion. Assessment of the susceptibility of hybrid
clones/pure species must take concurrent indicators of infestation levels into account. We
suggest the use of indices involving galls on shoots because these enable good assessment
of the damage to chestnut trees. The study findings add to existing knowledge on the sus-
ceptibility of hybrid chestnut clones. We report, for the first time, two hybrid clones resist-
ant to the pest and one hybrid clone which exhibited consistently low values for all of the
indicators of infestation level. The results have important implications regarding selection
of plant material for use in afforestation in Spain, where the current high rate of chestnut
planting is expected to continue.

Keywords Chestnut trees - Hybrid clones - Asian chestnut gall wasp - Level of infestation -
Local dispersal

Introduction
The European chestnut (Castanea sativa Mill.) is a hardwood species of considerable agro-

economic and strategic importance in NW Spain. This species provides several environ-
mental functions, as well as economic (firewood, biomass, timber and nut production) and
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socio-cultural benefits. Framing these contributions as ecosystem services enables ecosys-
tems to be linked to human welfare, ecological value and biodiversity and acknowledges
the important role of these systems in rural development and the preservation of traditional
landscapes and culture.

This species has been threatened by social factors, economic changes and two major
introduced pathogens: Phytophthora cinnamomi Rands and Cryphonectria parasitica
(Murril) Barr. The first of these, P. cinnamomi, causes ink disease, which usually leads
to death of the affected trees. The widespread damage to C. sativa populations in NW
Spain led to the initiation of a programme of hybridization between European chestnut
and two Asiatic chestnut species (Castanea crenata Siebold & Zucc and Castanea mollis-
sima Blume) aimed at breeding local cultivars harbouring the resistance genes of the Asi-
atic species (Ferndndez-Lopez 2011). Clonal forestry has been promoted with this hybrid
material, with the main objectives being wood production and production of rootstocks for
grafting with traditional varieties.

The Asian chestnut gall wasp (Dryocosmus kuriphilus Yasumatsu; Hymenoptera: Cyn-
ipidae) is the main insect pest that affects trees of the genus Castanea. It is a widespread
invasive species that has become of concern in many countries, including Spain. In Galicia
(NW Spain), D. kuriphilus was first reported in 2014 (Pérez-Otero and Mansilla 2014),
and it is now present throughout the region (Gil-Tapetado et al. 2020). The current distri-
bution of the gall wasp includes all ecosystems where chestnut trees occur: isolated trees,
orchards, wild populations, coppices and hybrid clonal plantations. Infestation by the gall
wasp can reduce nut production by up to 80% (Battisti et al. 2014) and can also reduce tim-
ber production (Marcolin et al. 2021) and the chestnut component of honey (Gehring et al.
2018a).

The existence of cultivars or varieties of chestnut that are resistant to D. kuriphilus was
first reported in Japan, by Shiraga (1948). Several other authors subsequently reported that
the level of infestation on C. sativa orchards mainly depends on the cultivar used (Panza-
volta et al. 2012; Sartor et al. 2015; Pérez-Otero et al. 2017; Miguez-Soto et al. 2018). To
date, studies that have focused on the comparative susceptibility of hybrid clones to the gall
wasp are scarce (Sartor et al. 2015; Miguez-Soto et al. 2018). Both of the aforementioned
studies reported a wide range of variability among clones in regard to the level of infesta-
tion by D. kuriphilus, suggesting a clear genotype-dependent variation in susceptibility.
However, in some trials in both studies, the assessment was carried out inside insect-proof
screened houses and with a controlled number of gall wasps on the infested trees. In addi-
tion, only seedlings were used, and therefore the responses of older trees to the pest may
not have been reflected (Kolb et al. 2016). Moreover, previous studies in Japan with C.
crenata showed that a biotype of the insect was able to overcome the resistance of some
selected genotypes (Murakami 2010; Dini et al. 2012). This highlights the importance of
assessing a large number of hybrid clones for future use.

Susceptibility to the gall wasp is commonly assessed by secondary effects, i.e. by means
of some measure of the level of infestation, usually the number of galls per bud or the
ratio of attacked buds (e.g. Kotobuki et al. 1985; Sartor et al. 2009), although susceptibil-
ity can act at other levels such as the number of eggs laid in each bud (Anderson et al.
1989; Nugnes et al. 2018). Moreover, in assessing susceptibility, the position where galls
are formed on the plant organ has often been overlooked, although it is a key factor for
assessing the effects of the pest (Kato and Hijii 1997; Maltoni et al. 2012).

At landscape scale, the natural dispersal of D. kuriphilus is assumed to be strongly
affected by prevailing winds (EFSA 2010), although biotic factors such as host plant avail-
ability are also important (Gilioli et al. 2013). Nevertheless, little is known about the
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patterns of dispersal of the pest at the local scale (but see Graziosi and Rieske 2012). The
aforementioned study (op. cit.) was carried in an area with a few sporadically distributed
hosts occurring at a very low density, i.e. with a very different host distribution to that
found in most areas of Europe where chestnut trees occur, including NW Spain.

The oviposition of cynipids and subsequent gall development can be sensitive to host
attributes including genotype and size, among others (Stone et al. 2002). As in other gall-
ing insects, the gall wasps use host plant cues to detect and orient them to chestnut buds.
Germinara et al. (2011) reported that D. kuriphilus responds to olfactory cues in the choice
of host buds, although this was observed at spatial scales of less than one metre. In some
galling insects, females prefer to oviposit on taller individuals (e.g. Cronin et al. 2001),
and it has even been suggested that differences in bud size affect oviposition behaviour in
D. kuriphilus (Kato and Hijii 1993). It can therefore be hypothesized that visual cues may
play a role in both oviposition selection by adult gall wasps and in the subsequent infesta-
tion level. Thus, both tree and bud size are potentially important features explaining these
phenomena.

If genotype is a key factor in explaining host plant quality, local-scale spatial dispersion
should be driven by the spatial location of certain genotypes (e.g. Anderson et al. 1989). In
addition, neighbouring trees or tree attributes such as tree size may help in interpreting the
spatial patterns of this dispersion. An existing field trial in which chestnut hybrid clones
with potentially different levels of susceptibility to gall wasp occurred in the same area pro-
vided an opportunity to examine the dispersal patterns.

In this study, we obtained data from trees of 3 chestnut species and 27 hybrid clones
growing in a field trial with the aim of evaluating (1) the susceptibility to gall wasp as indi-
cated by different infestation indicators and (2) the possible drivers of local-scale spatial
patterns of gall wasp dispersal.

Material and methods
Field trial and experimental design

The field trial is located in San Xoan de Lagostelle (Galicia, NW Spain), at an elevation
of 505 m a.s.l. (ETRS89/ UTM zone 29T coordinates: 587,161 mE, 4,786,989 mN). The
trial was established in the spring of 2004 to test certain traits of interest in the Galician
breeding programme for hybrid chestnut clones. The traits considered include vigour, api-
cal dominance, stem straightness and resistance to ink disease. Shrubs were cleared and
subsoiling was carried out before planting, and a plant spacing of 3.8 x3.8 m was used.
In total, trees of 3 chestnut species (C. sativa, C. crenata, C. mollissima) and 31 hybrid
chestnut clones were planted. In four of the clones (‘88°, ‘125°, 392’ and ‘90044’), some
of the variables were not measured because the high density of tall shrubs prevented access
to several trees, and the data on these clones were therefore excluded from further analy-
sis. A total of 27 clones were finally considered (Table 1). Thirteen of these clones are
approved as belonging to qualified or tested categories of forest reproductive material in
Spain (MITECO 2021), and they can therefore be produced for commercial use in affores-
tation according to Directive 1999/105/EC (European Council 1999). Moreover, 5 of these
13 clones are approved as commercial rootstocks for grafting C. sativa varieties in Spain
(BOE 2020).
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Table 1 Data on the approved use as forest reproductive material and as rootstock of the 27 hybrid chestnut
clones and 3 pure chestnut species considered in the study

Hybrid clone/pure species ~ Approved as forest Forest reproductive ~ Approved as & (m)
reproductive material material category rootstock Mean (min—-max)

2’ No - No 4.8 (2.6-8.2)
3’ Yes Qualified No 7.3 (5.0-9.3)
‘19’ Yes Tested No 5.2 (2.5-7.1)
‘89 Yes Qualified No 6.6 (3.2-8.8)
‘1107 No - No 8.2 (6.0-9.8)
‘111 Yes Tested Yes 6.6 (4.1-9.1)
324° Yes Qualified No 7.0 (3.7-9.5)
334’ No - No 8.3 (4.8-10.1)
‘431° Yes Tested No 5.3 (3.6-6.8)
‘483’ No - No 6.8 (4.8-9.5)
502’ No - No 7.9 (6.0-10.0)
525’ No - No 6.3 (4.2-7.6)
‘1483’ Yes Qualified Yes 5.3(3.2-7.0)
2671 Yes Qualified Yes 7.6 (3.0-10.1)
‘6351° No - No 5.6 (3.7-1.5)
“7509° No - No 8.1 (3.6-10.3)
“1521° Yes Tested Yes 7.8 (4.0-9.5)
“7801° No - No 9.8 (8.6-10.9)
“7810° Yes Qualified Yes 6.9 (3.9-8.9)
“7811° No - No 9.4 (7.6-10.5)
“1817 No - No 7.6 (4.1-10.4)
‘9187 No - No 6.4 (5.0-9.1)
‘9514’ No - No 9.7 (7.8-11.0)
‘90025’ Yes Tested No 54 (2.3-7.1)
‘CA-15° Yes Tested No 8.6 (4.0-10.2)
‘HS’ Yes Tested No 6.9 (2.1-9.9)
‘T-13’ No - No 7.5 (6.2-9.0)
C. crenata No - - 6.7 (1.8-9.3)
C. mollissima No - - 3.2(1.4-5.6)
C. sativa Yes Source-identified - 4.8 (2.7-6.4)

The mean, minimum and maximum heights of trees of each hybrid clone/pure species are also included
(Min. and Max. in brackets)

Clone ‘CA-15" originates from a breeding programme conducted in France by the
INRA (Salesses et al. 1993) and is also called ‘Marigoule’. The majority of the clones
(26) are hybrids obtained by crossing C. crenata and C. sativa, and one clone (‘7521°) was
produced by crossing C. mollissima and C. sativa. Trees of the three species used in the
hybridization process (C. crenata, C. mollissima and C. sativa), grown from seed, were
also included in the trial.

The experimental design was a randomized complete block design for the hybrid clone/
pure species level. Six replicate blocks were established, although only four adjacent rep-
licates were considered in the present study (A to D in Fig. 1). We selected only the four
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Fig. 1 Location of the field trial in Galicia (NW of Spain), and location of the four replicate blocks within
the trial

replicate blocks corresponding to a north-facing slope to prevent including gradient of
environmental variation. Seven plants of each hybrid clone or pure species were initially
planted in each replicate. Some mortality occurred after planting and therefore seven plants
were not available for some hybrid clones/pure species. A total of 834 trees were finally
evaluated.

The pest is assumed to have arrived to the field trial in the summer of 2015, as fresh
galls were first observed in the 2016 growing season.

Plants of most of the hybrid clones were propagated by the layering technique and only
some were generated from cuttings. Layered ramets were supplied by the San Breixo Nurs-
ery (property of the regional Forestry Administration). Rooted cuttings were supplied by
the Maceda nursery (belonging to TRAGSA, a Spanish agricultural transformation com-
pany), which purchased certified plants of chestnut hybrid clones from CIF Lourizan in
2000 to establish a mother plant field. Layered ramets and rooted cuttings were 1 year old
at establishment. Seedlings of the three pure chestnut tree species were grown from seed
and were purchased from Sandeman Seeds, UK, as ornamental plant lots.

Field and laboratory sampling

We measured the following traits in the 27 hybrid clones and 3 pure species: diameter at
breast height, total height (4) and number of galls in each tree in the field trial. The first
two traits were assessed in March 2018, whereas the number of galls was evaluated in July
of each of the 3 years of the study (2016, 2017 and 2018). Diameter at breast height was
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measured with a caliper and total tree height with a digital hypsometer. In all trees visible
galls were counted by the same observer, with the aid of binoculars.

In September 2019, we randomly selected 10 trees per clone within the trial, and we
cut two branches from the upper region of the crowns in each tree. In each branch, we
located and examined the shoot that had grown in the previous growing season (2018).
Along the length of the old shoot, we counted both the number of newly developed buds
in the current (2019) growing season and the number of galls in these buds. When a gall
was present on any organ on the current-year developed bud, it was considered infested,
and the gall was further classified as present on a shoot or a leaf (Maltoni et al. 2012). We
used these data to calculate two commonly used susceptibility indices for each tree: (1)
the ratio between the number of galls and the number of buds in 2019 (GpB; e.g. Sartor
et al. 2009, 2015); and (2) the ratio between the number of attacked buds (i.e. buds with
the presence of galls) and the total number of buds (AB; Kotobuki et al. 1985). In addition,
we considered two susceptibility indices that focus on assessing the damage resulting from
D. kuriphilus attack: (1) the ratio between the number of galls on shoots and the number of
buds (GspB); and (2) the ratio between the number of galls on shoots and the total number
of galls, expressed as a percentage (pGs).

At the end of August 2020, we randomly chose three trees per clone/ pure species, and
we randomly selected and cut two terminal twigs from these. In the laboratory, we dis-
sected the first three buds per twig under a stereomicroscope. We counted the number
of eggs laid in each bud and we measured the diameter of the buds in two perpendicular
directions with a digital calliper (+0.01 mm).

Statistical analysis

We used different types of data analysis depending on the outcome data: continuous,
discrete (counts) and dichotomous. For continuous variables (susceptibility indices), we
aimed to identify any significant differences between hybrid clones/pure species. As tree
size may explain some of the observed variability, tree height was included as a covariable.
Before carrying out analysis of covariance (ANCOVA), we first examined the underlying
assumptions of normality and homogeneity of variance by using respectively the Shap-
iro—Wilk and Levene’s tests. When the results of these tests indicated non-compliance with
the assumptions, appropriate data transformation was carried out. When the ANCOVA
revealed significant differences between factors (@ =0.05), Tukey’s HSD post-hoc test was
used to identify different groups of hybrid clones/pure species.

Generalized linear models (GLM) were used to analyse count variables. To determine
the existence of any significant differences among hybrid clones/pure species in relation to
the number of eggs laid per bud, a GLM was performed using hybrid clone/pure species as
the main factor and the average bud diameter and tree height as covariates. As the depend-
ent variable is zero-inflated (i.e. it possesses an “excess’ of zero counts) and over-dispersed
(i.e. the conditional variance is greater than the conditional mean), a zero-inflated negative
binomial model was used. In order to analyze differences among hybrid clones/pure spe-
cies in relation to the number of buds per shoot, a Poisson regression model was used con-
sidering hybrid clone/pure species as the main factor and tree height as a covariate. In both
types of analysis, when the clone/pure species was found to be a significant factor, pairwise
comparisons of estimated marginal mean with Bonferroni adjustment were performed with
the emmeans package in R (R Core Team 2020).
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We used Global Moran’s I for statistical testing of global clustering of both attacked trees
and the number of galls per tree across the field trial. This analysis was performed with Arc-
GIS v 10.4.1 for Desktop with the Spatial Autocorrelation tool (ESRI 2015) for each of the
3 years of the study. When, as expected, these variables were not spatially distributed at ran-
dom, feasible causes of this performance were examined by modelling both the presence of
attacked trees and the number of galls per tree.

We modelled the presence of attacked trees in each year by using a binary logistic regres-
sion model (GLM) with a dichotomous response variable (O=tree not attacked; 1=tree
attacked) and considering the hybrid clone/pure species, replicate and tree height as potential
regressors. For each year, we considered only the trees belonging to hybrid clones/pure spe-
cies in which at least one tree with galls was observed in that growing season. To assess the
discriminatory power of the model, we used the area under the receiver operating characteris-
tic curve (AUC), where a value of 0.5 indicated no discrimination, 0.6—0.8 indicated accept-
able discrimination and 0.8-0.9 indicated excellent discrimination (Hosmer and Lemeshow
2000).

We modelled the number of galls per tree in each year using the replicate and the hybrid
clone/pure species as main factors and tree height and the number of galls in the previous year
(in 2017 and 2018) as covariates in the GLM. Poisson regression models or negative binomial
regression models were used, depending on the relative value of the variance to the mean
after accounting for the effect of the predictors. If the variance was larger than assumed in the
model (overdispersion), a negative binomial regression model was used; otherwise, a Poisson
regression model was used.

For all of the GLMs, the significant overall effect of categorical variables (clone/species
and replicate) was determined by a likelihood ratio test of two models, one with and one with-
out the categorical variables. Tree height was included as a covariate in all the GLMs, and as it
was only measured in 2018, these values were used for modelling variables measured in 2018
as well as in 2019 and 2020.

Furthermore, data on galls on trees in the 2016 and 2017 growing seasons were used to
analyze whether, in 2017, (1) the adults of the gall wasp showed a preference to spread to trees
of the same hybrid clone/pure species that it had attacked in 2016 and (2) the number of galls
per tree was related to the fact that the neighbouring tree was of the same hybrid clone/pure
species as that initially attacked. We only carried out this analysis for the period 2016-2017,
which corresponded with the beginning of the invasion and therefore the spread was able to
be traced without considerable overlapping. For the 30 trees initially attacked in 2016, we
identified the 4 closest neighbouring trees (above, below, right, left), and we subsequently
investigated whether the proportion of attacked trees in the following year (2017) differed sig-
nificantly depending on whether the neighbouring trees were of the same hybrid clone/pure
species as the trees initially attacked. Fisher’s exact test was used to test the null independence
of rows and columns in the contingency table. Negative binomial or Poisson models were
used to model the number of galls per tree in 2017, with tree height and the number of galls
per tree in 2016 considered continuous variables, and replicates and the neighbouring trees of
the same clone/species as the tree initially attacked considered main factors.

All analyses were carried out with R statistical software (R Core Team 2020).
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Fig.2 Changes in the spatial distribution of the infested trees and the number of galls per tree in the 3-year
period considered. Resistant clones are represented by red dots

Table2 Summary of global
Moran’s I test for the presence of

infested trees and for the number Moran’sI z-score pvalue  Moran’s1 z-score p value
of galls per tree

Year Attacked trees Number of galls/tree

2016 0.101 4.589 <0.0001 0.014 0.774 0.439
2017 0.206 9.125 <0.0001 0.216 10.043  <0.0001
2018 0.349 15.487 <0.0001 0.299 13.315 <0.0001

Results

The changes in the spatial distribution of the attacked trees for the 3 year-period considered
are shown in Fig. 2, in which the size of the points is proportional to the number of galls
per tree. In 2016 most of the attacked trees were in replicate D, and to a lesser extent, in
replicate A and B. No trees in replicate C were attacked at that time. In the following years
the attacked trees were distributed throughout all four replicates.

Global Moran’s I values and the associated z-score and p values indicated that the
attacked trees were not randomly spatially distributed in any of the 3 years considered.
The same clustered pattern was observed for the number of galls per tree, except in 2016
(Table 2).

In the first year when galls were present (2016), only trees of 10 of the hybrid clones
(‘19 “111°, ©7509°, “7801°, “7811°, ‘7817, ‘9514°, “7521°, ‘CA-15 and ‘HS’) and C. sativa
were attacked. In 2017, trees of all hybrid clones that were finally not resistant (all except
clones ‘3°, ‘89, ‘1107, ‘324°, ‘334’ and ‘90025’, see below) and of C. sativa and C. crenata
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were attacked. Galls were finally observed on C. mollissima trees in 2018. In 2016, 2017
and 2018, respectively 30, 384 and 607 of the 834 trees included in the trial were attacked.
In 2018, 48 trees of the hybrid clones that were attacked by the pest still had no galls.

For the 3 years considered, logistic regression models showed a positive relationship
between tree height () and the probability of a tree being attacked by the pest. Accord-
ing to the likelihood ratio test, the effects of both the clone/species and the replicate were
significant, except in the first and third year of the invasion, respectively. The AUC values
were higher than 0.73 for all 3 years, with the models showing an adequate capacity to dis-
criminate between attacked and non-attacked trees (Table 3).

The results of a Poisson regression model (for the year 2016) and negative binomial
models (for years 2017 and 2018) also showed a positive relationship between tree height
(h) and the number of galls per tree. For 2017 and 2018, the number of galls per tree in
the previous year was also significant and had a positive effect. According to the likeli-
hood ratio test, the effects of both hybrid clone/pure species and replicate were significant,
except for the replicate in the first year of invasion (Table 4).

The ratio of neighbouring trees attacked in 2017 of the same hybrid clone/pure species
as that initially attacked in 2016 was 0.826, whereas the ratio of attacked trees of a different
hybrid clone/pure species from that initially attacked was 0.611. The value of the Fisher’s
exact test was 2.708, and the associated p value, 0.0610, indicating that those proportions
are not significantly different. This result shows that, at least in the initial dispersal phases,
the gall wasp had no clear preference for spreading to trees belonging to the same hybrid
clone/pure species that it had previously attacked.

Results of the negative binomial model used to explain the number of galls per tree in
2017 in the four neighbouring trees to that attacked in 2016 showed that neither tree height
nor the replicate were significant, and only the number of galls per tree in the previous
year had a positive and significant effect (p value =0.0333). Interestingly, the fact that the
neighbouring tree was of the same hybrid clone/pure species as that initially attacked was
not significant (Table 5).

In 2018, the level of infestation by D. kuriphilus largely depended on the genotype.
No galls were found in hybrid clones ‘3°, ‘89’, ‘110°, ‘324°, ‘334’ and ‘90025’ in the
surveys carried out in 2016, 2017 and 2018, and therefore these clones were assumed
to be resistant. Galls were found on C. sativa trees in all 3 years of the study, whereas

Table 3 Results of the logistic models fitted to explain the presence of infested trees in each year

Year Variable Estimate SE z-value  Pr>(lzl)  Deviance Pr(> Xz) AUC

2016  h 0.548 0.212 1.909 0.0425 - - 0.737
Replicate - - - - -57.53 0.0128
Clone/species - - - - —43.98 0.472

2017  h 0.199 0.0934  2.127 0.0335 - - 0.754
Replicate - - - - —-169.4 <0.0001
Clone/species - - - - —2443 <0.0001

2018  h 0.290 0.1132  1.801 0.0436 - - 0.834
Replicate - - - - —78.25 0.346
Clone/species - - - - —191.6 <0.0001

For main factors “replicate” and “hybrid clone/pure species”, the results of the likelihood ratio test for
checking the overall effect are included
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Table 4 Parameter estimates, standard errors, and p values for Poisson (year 2016) and negative binomial
models (years 2017 and 2018) explaining the number of galls per tree in each year

Year Variable Estimate SE p value X2 Pr(>x?
2016 h 0.423 0.168 0.0118 - -
Clone/species - - - 43.798 <0.0001
Replicate - - - 2.549 0.110
2017 h 0.0572 0.0203 0.0394 - -
No. of galls in 2016 0.0739 0.0302 0.0143 - -
Clone/species - - - 62.475 <0.0001
Replicate - - - 16.822 0.0008
2018 h 0.101 0.0248 <0.0001 - -
No. of galls in 2017 0.0342 0.00838 <0.0001 - -
Clone/species - - - 177.418 <0.0001
Replicate - - - 39.503 <0.0001

For the main factors “replicate” and *“hybrid clone/pure species”, the results of the likelihood ratio test for
checking the overall effect are included

Table 5 Parameter estimates,
standard errors and p values for
the negative binomial model used h
to explain the number of galls per

Variable Estimate SE  pvalue x>  Pr(>x?

0.064 0.0355 0.0713 - -

neighbouring tree in 2017 No. of galls in 2016  0.182 0.0818 0.0333 - -
Replicate - - - 2.959 0.398
Same clone/species — - - 1.678 0.195

For the main factors “replicate” and “same hybrid clone/pure species”
the results of the likelihood ratio test used to check their overall effect
are included

galls were only identified on C. mollissima trees in 2018. In the 2018 survey, the level
of infestation in the 24 non-resistant hybrid clones and the three Castanea species was
very variable.

The ANCOVA results show that the effect of the hybrid clone/pure species was sig-
nificant for the four infestation indicators (p <0.0001). Tree height was also highly
significant for all indicators (p <0.0001), except the percentage of galls on shoots
(F1.236=15.228, p <0.0233). Post-hoc analysis identified between 3 (pgS) and 9 (AB) dif-
ferent groups of hybrid clones/pure species depending on the infestation indicator. Nev-
ertheless, there were no significant differences among the hybrid clones/pure species for
most of the indices (Fig. 3).

The ranking of hybrid clones/pure species varied depending on the indicator used to
assess the level of infestation, although the lowest values were consistently observed for
hybrid clones ‘9187’ and ‘431’ and C. mollissima.

According to the zero-inflated negative binomial model, the factor clone/species
significantly predicted the number of eggs laid per bud in the 2020. I growing season
(p value <0.0001), whereas neither the bud diameter nor tree height were significant
factors (p value=0.246 and 0.602, respectively). Pairwise comparison only revealed
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significant differences between hybrid clone 1483 and hybrid clones 9187 and 7801
respectively (Fig. 4).

Neither the clone/species nor tree height were significant factors in explaining the
number of buds per shoot, according to the fitted Poisson regression model (X2(1)= 1.2,
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Fig.4 Mean (+ SE) number of eggs laid per bud for the hybrid clones/pure species assessed (first row) and

number of buds per shoot for the 24 hybrid clones/pure species with galls (second row). Different letters
indicate significant differences (p value < 0.05) between hybrid clones/pure species
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Pr(> XZ) =0.177; and z-value=-0.380, Pr(>lzl) =0.704, respectively). Therefore, only one
group of hybrid clones was able to be defined according to this variable (Fig. 4).

Discussion

Analysis of the spatial dispersal of the gall wasp in the field trial suggested that, at least
in the first few years after invasion, the gall wasp did not choose the attacked trees at ran-
dom, but that the selection was affected by some variables. Hybrid clone/pure species was
a significant factor explaining both the presence of attacked trees and the number of galls
per tree in the whole field trial. Nevertheless, these results do not seem to be related to
the infestation level observed in 2018 in the different clones/species. Thus, the trees first
attacked in 2016 (19, ‘111°, “7509°, “7801°, “7811°, “7817’, ‘9514, “7521", ‘CA-15°, ‘HS’
and C. sativa) ranked intermediate according to the indicators used (the only exceptions
were hybrid clones ‘111” and ‘7811 for AB and GpB, which ranked high for these indices)
(Fig. 3).

In addition to the hybrid clone/pure species, tree size had a significant, positive effect
in explaining both the probability of a tree being attacked and the number of galls per tree.
The positive effect of tree height on the existence of galls may indicate the preference of
the gall wasp for the tallest trees within the hybrid clone/species, at least at the start of the
invasion. It can be hypothesized that at the early stage of invasion, D. kuriphilus might use
visual cues to locate suitable individual host trees. This type of behaviour has also been
observed in other gall wasps (e.g. Cronin et al. 2001). The positive effect of tree height
on the number of galls per tree was expected, as tree size will be correlated with the total
number of available buds per tree for oviposition by gall wasps (Vieira da Costa 2011).
These results support previous findings by Guyot et al. (2015), who observed that chestnut
trees smaller than their neighbours in forest landscapes were less severely damaged by the
invasive gall wasp.

The fact that the number of galls per tree in the previous year was a significant vari-
able explaining the number of galls in subsequent years (in 2017 and 2018) may be due to
recolonization of the same tree, at least when the gall wasp population density is low. At
this stage of population dynamics, it is plausible that a substantial proportion of the adults
will re-infect the same tree where they born, and the remaining population will colonize
nearby trees.

Our findings also highlight the existence of different levels of susceptibility of hybrid
clones and Castanea species in relation to gall formation. Six of the clones (‘3’, ‘89°, ‘110’,
324,334’ and ‘90025’) were considered resistant, as no galls were found on these trees in
any of the 3 year-period of study. Absence of galls was also reported by Miguez-Soto et al.
(2018) in four of these clones in a year-long experiment (hybrid clones ‘110’ and ‘334’
were not evaluated in the previous study), providing additional support for the assumption
of resistance. Galls were found on trees of all the remaining hybrid clones and each of the
three species, although the level of infestation varied. A substantial level of variability was
also be observed within hybrid clones and pure species.

Castanea sativa ranked intermediate between C. crenata and C. mollissima for the four
infestation indicators, but lowest for the percentage of galls on shoots (pgS). In a recent
study, Bombi et al. (2018) reported the existence of different levels of infestation in wild
European populations of C. sativa, suggesting that the differences are due to specific
features of individual trees within the populations. Until now, resistance has only been
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reported in a few cultivars of C. sativa (e.g. ‘Pugnenga’ and ‘Savoye’) (Sartor et al. 2015),
although several less susceptible varieties have been described (e.g. Sartor et al. 2009,
2015; Pérez-Otero et al. 2017; Miguez-Soto et al. 2018; Nugnes et al. 2018; Bracalini et al.
2019).

Remarkably, in the field trial, C. crenata displayed the highest levels of infestation
among the three pure species and according to the four indicators, except pgS. However,
puzzlingly, existing resistant cultivars worldwide are mainly generated from C. crenata
hybrids (Sartor et al. 2015), with C. crenata being the main source of resistance, as in
the European breeding program focused on improving ink disease resistance (Pereira-Lor-
enzo et al. 2016). The reported difference in levels of susceptibility in C. crenata cultivars
(e.g. Aino 1966; Park et al. 1981) may explain the contrasting findings in Euro-Japanese
hybrids: no galls were observed in ‘Bouche de Bétizac’, while high levels of infestation
were observed in ‘Marsol’ (Dini et al. 2012; Sartor et al. 2009, 2015).

We obtained mixed results regarding C. mollissima in our field trial. On the one hand,
three indicators showed a low level of infestation, but the percentage of galls on shoots
(pgS) was one of the highest observed. In addition, 6 of the 12 trees of this species included
in the trial did not have galls 3 years after invasion (in 2018 survey). On the other hand, the
only hybrid clone (“7521, obtained by crossing C. mollissima and C. sativa) evaluated had
one of the highest levels of infestation in the trial. This contrasting susceptibility may be
due to the high intra-specific genetic diversity of C. mollissima (Huang et al. 1994; Pereira-
Lorenzo et al. 2016), which is also reflected in the existence of some cultivars resistant to
the pest (Ding et al. 2004; Geng et al. 2015).

Regarding most Euro-Japanese hybrid clones, our findings confirm the moderate level
of infestation of the hybrid clone ‘CA-15" (‘Marigoule’), reported by Sartor et al. (2009,
2015) and Genger and Mert (2019), and the high level of infestation in hybrid clones ‘111°,
2671, *1483°, ‘7521’ and “7810’, and the low-level infestation of hybrid clone ‘431°, also
reported by Miguez-Soto et al. (2018).

According to the four indicators, the level of infestation across the field trial was quite
high in 2019, much higher than that observed by other authors for similar time from inva-
sion (e.g. Sartor et al. 2009, 2015; Gehring et al. 2018b; Gil-Tapetado et al. 2021). The
variations in hybrid clone/pure species rankings depend on the indicator used to assess the
level of infestation, highlighting the importance of defining susceptibility in selecting the
most suitable sampling design.

Most of the studies assessing gall wasp infestation levels are based on the number of
galls found on tree branches or on the ratio of attacked buds, whereas reports that consider
indices including the plant organ where galls are formed, such as GspB and pgS, are scarce
(e.g. Miguez-Soto et al. 2018; Genger and Mert 2019). The GspB and pgS indices can also
be considered proxies for tree damage, because the presence of galls on shoots precludes
stem elongation and green biomass formation, and galls therefore are responsible for the
high proportion of dead shoots and the most significant reduction in leaf area (Kato and
Hijii 1997; Maltoni et al. 2012; Gehring et al. 2018b, 2020). As a result, these indicators
are recommended in order to improve assessment of the actual damage in chestnut trees.

Remarkably, in 2020 some wasp eggs were found in all the hybrid clones/pure species
(irrespective of the level of infestation), although significant differences among the clone/
species in the number of eggs per bud were only found in three hybrid clones (‘1483 vs.
‘9187 and ‘7801). Two of the hybrid clones considered resistant (‘90025° and ‘334°) and
one with a low level of infestation (‘9187”) occupied the final positions regarding egg den-
sity. Nevertheless, this trend did not hold true for hybrid clone ‘431°, which had a low
level of infestation, or for the remaining resistant hybrid clones, which ranked intermediate
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according to the number of eggs per bud (Fig. 3). In addition, the absence of any effect of
bud diameter in oviposition density was not expected a priori, as some previous studies
have shown that D. kuriphilus prefers to lay eggs in larger buds (Kato and Hijii 2001; Pan-
zavolta et al. 2012). Our findings appear to indicate that visual cues for the gall wasps do
not include bud size.

Overall, the results suggest that the observed differences in the level of infestation by D.
kuriphilus in hybrid clones/pure species cannot be attributed to differences in the number
of eggs deposited in the buds. Likewise, the differences also cannot be attributed to differ-
ences in the number of buds per shoot available for oviposition as non-significant differ-
ences among clones/species were observed for this variable (Fig. 4).

Our results are consistent with those obtained by Fukuda and Okudai (1951), who
concluded that the oviposition selectiveness did not differ between resistant and suscep-
tible varieties of chestnut in Japan. Nevertheless, our findings contradict those of Nugnes
et al. (2018), who reported that female gall wasps lay significantly fewer eggs in buds of
a relatively unsusceptible C. sativa ecotype than in wild, susceptible ecotypes. Although
our results do not enable identification of the exact cause of resistance in hybrid clones
37, 897, ‘1107, ‘324°, 334’ and ‘90025’ and the presence of different levels of infestation
among other clones and species, we speculate that this phenomenon may be due to differ-
ences in the rate of egg or larval mortality. The mortality is probably due to a hypersensi-
tive reaction, i.e. induced resistance that can be detected in the area immediately adjacent
to the site of attack and appears as necrotic spots (e.g. Fernandes 1990).

Establishment of new chestnut plantations is one of the main actions required to pro-
mote, conserve and recover traditional agroforestry systems in rural areas and also provides
an excellent opportunity for preserving the high biodiversity (Rodriguez-Guitian et al.
2005; Guitian et al. 2012) and maintaining the associated cultural landscapes (Diaz-Varela
et al. 2018). Within this framework, a programme of incentives for chestnut plantations
has been implemented by the regional government of Galicia in recent years. As a result
of this initiative, an area of between 1000 and 2000 ha is currently planted annually with
chestnut trees in Galicia (DOG 2016-2021). Moreover, the main forest policy document of
the region (the Galician Forest Plan, Plan Forestal de Galicia or PFG) is currently under
review, and once approved will establish the main guidelines for the Galician forestry sec-
tor for the next 20 years (Xunta de Galicia 2018). Forecasts for this time horizon in the
PFG establish an increase in the surface area for chestnut tree species from the current
46,500 to 71,500 ha. The current high rate of chestnut planting should be accompanied by
appropriate selection of the plant material for use in afforestation, considering the exist-
ence of major forest health issues such as ink disease and gall wasp infestation.

More than 400,000 chestnut plants are currently produced annually in Galicia, and
more than half of these are hybrid clones (Xunta de Galicia 2020). Most of these plants
are used in new plantations in Galicia, although a significant proportion is distributed in
nearby regions in NW Spain (El Bierzo, Asturias). Clonal forestry has often been adopted
for chestnut plantations in NW Spain in recent years in order to achieve resistance to ink
disease and also to generate certain productive traits. Thus, to date, 39 hybrid clones have
been approved in Spain for use as forest reproductive material of tested and qualified cat-
egory. Nevertheless, as with the recent invasion of D. kuriphilus, the susceptibility to the
gall wasp is emerging as a new clonal feature that must be taken into account.

Release of the parasitoid Torymus sinensis carried out in previous years and future
releases will reduce the damage caused by the wasp in the medium term (Avtzis et al. 2019;
Nieves-Aldrey et al. 2019). Nevertheless, in areas where production of ecosystem services
is economically important, combining direct and short-term control with 7. sinensis and
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adequate selection of clonal material is recommended for medium and long-term impacts
(EFSA 2010).

Hybrid clones can be used for plantations aimed at round wood production, chestnut
fruit production and production of rootstock for grafting traditional chestnut varieties. Four
of the hybrid clones found to be resistant (‘3, ‘89°, ‘324’ and ‘90025’) are currently com-
mercially produced clones. The two additional hybrid clones identified as resistant (‘110
and ‘334’) have not yet been authorized as forest reproductive material, but are possible
candidates for upcoming approval taking this trait into account. Hybrid clone ‘110’ has
been recommended as rootstock (Pereira-Lorenzo et al. 2012) and could also be valuable
for nut production (Miranda Fontaifia and Fernandez Lopez 2008).

Hybrid clones ‘431° and ‘9187’ are also remarkable candidates for use in forestation
programs, considering their low susceptibility to gall wasp. The former is currently pro-
duced commercially and displays both high vigour and apical dominance, and it also has
straight stems and large nuts (Miranda Fontaifia and Fernandez Lopez 2008; Fernandez-
Lépez et al. 2009); it could therefore be useful for mixed wood and nut-oriented planta-
tions. Trees of the latter clone (not commercially produced) had a relatively high diameter
and height growth and apical dominance in the field trial, so that it could be useful for
plantations aimed at wood production.

The five commercial hybrid clones currently approved for use as rootstocks (‘111°,
‘1483, 2671°, 7521’ and ‘7810’) presented medium-to-high levels of gall wasp infesta-
tion. Nevertheless, this would not prevent their use for grafting with sweet chestnut cul-
tivars. A similar level of susceptibility was found for ‘CA-15" (non-commercial clone),
which has been recommended for chestnut production because of the good nut size and
early fruiting (Miranda Fontaifia and Fernidndez Lopez 2008; Pereira-Lorenzo et al. 2012).
Nevertheless, in these fruit-oriented plantations, the susceptibility of the clone to the pest
must be taken into consideration.

Finally, it must be highlighted that climatic conditions, particularly early spring frost
and summer drought, strongly limit the use of Eurasian hybrid clones in new plantations
in southern Europe and in Galicia (e.g. Beccaro et al., 2020). Thus, the main limitation
to growing hybrids, especially important for Eurojapanese hybrids, is their susceptibility
to spring frosts due to earlier blooming; in addition, they have a higher water requirement
than C. sativa, especially in summer months (Pereira-Lorenzo et al. 2012). As a result of
these constraints, the use of hybrids is recommended for elevations lower than 400-600 m
in Galicia, which corresponds almost exclusively to the coastal area of the region. For
higher elevations, the European chestnut is still recommended due to its better adaptation
to a wide range of environmental conditions.

Conclusions

The number of infested chestnut trees and the number of galls per tree caused by D. kuriph-
ilus were not randomly spatially distributed at the local scale. Tree height was a signifi-
cant predictor of both variables, suggesting that, at least at the early stage of invasion, gall
wasps might use visual cues to locate suitable host trees.

Assessment of the level of infestation by chestnut gall wasp must consider concurrently
different indices. We suggest the use of indices including the galls on shoots because these
allow better assessment of the damage to chestnut trees.
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Our study adds to existing knowledge on the susceptibility to gall wasps of different
hybrid chestnut clones and pure species. We identified two resistant hybrid clones (‘110
and ‘334’), not previously known to be resistant, and one hybrid clone (‘9187") with con-
sistently low values for all of the indicators of infestation level. The study findings have
important implications regarding selection of the plant material used in afforestation in
northern Spain, where the current high rate of chestnut planting is expected to continue in
the future.
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