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Abstract

The introduction in the same area of different invasive species can result in novel interactions, with
unpredictable consequences. We carried out a study in Galicia (northwestern Iberian Peninsula) with
the aim of clarifying the interactions between two invasive species Cryphonectria parasitica and Dryo-
cosmus kuriphilus. In 2018, we selected five chestnut plots affected by both species. We compared trees
affected only by the insect and trees affected by both the insect and the fungus with respect to attack
level, gall characteristics, female size and fecundity, and concentrations of nitrogen, water and second-
ary metabolites. We also evaluated female preferences in a greenhouse assay. There were higher levels
of attack in trees affected by both invaders. However, the greenhouse assay showed that ovipositing
females do not preferentially choose trees attacked by the fungus. The presence of the fungus had no
effect on the size, wall thickness, or hardness of D. kuriphilus galls, but larvae were smaller in trees
also affected by the fungus. The fecundity of females was strongly related to the presence of chestnut
blight; the number of eggs per female was almost double in trees affected by the fungus. There were
no relations between blight and the nitrogen or water content in the galls, where the insects feed.
There were also no effects of chestnut blight on the concentration of terpenes or phenols, but con-
densed tannins were higher in trees with chestnut blight. The higher tannins induced by chestnut
blight may directly or indirectly benefit gall wasps. Positive relationships between condensed tannin
concentration and reproductive performance of other gall makers were previously reported. Tannins
can also improve the negative effects of environmental conditions inside the gall. Our results indicate
that the presence of chestnut blight can increase the suitability of chestnut trees for the invasive in-

sect, D. kuriphilus, through the increase in tannins due to the presence of the fungus.

Key words: Asian chestnut gall wasp, Castanea sativa, chestnut blight, interactions, invasive species

Introduction

The number of invasive pathogens and insect pests in forest ecosystems has in-
creased dramatically in the last century, mainly due to the growth of internation-
al trade and the associated increase in the movement of plants, wood and wood
products (Roques et al. 2009; Walther et al. 2009; Santini et al. 2013; Freer-Smith
and Webber 2017). Once established in the new environment, nonnative pests

199


https://orcid.org/0000-0003-0586-2219
https://orcid.org/0000-0002-1656-5255
https://orcid.org/0000-0001-6120-9068
https://orcid.org/0000-0002-3245-896X
mailto:mariajosefa.lombardero@usc.es
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3897/neobiota.19.130190
https://doi.org/10.3897/neobiota.19.130190

Marfa Flora Romay-Rio et al.: Interactions between invaders in chestnut forest

can have negative economic and ecological consequences for forest ecosystems.
Nonnative pests can cause growth losses and tree mortality (Aukema et al. 2011;
Bonello et al. 2020), act as vectors or facilitate the entry in the plant of other
damaging organisms (Meyer et al. 2015) and interfere with ecosystem services by
reducing biodiversity and wildlife habitats, or by altering natural landscapes and
diminishing their cultural value (Liebhold et al. 1995; Boyd et al. 2013). Also,
the invasive forest pests and diseases may affect the ability of forests to sequester
carbon, protect watersheds or combat desertification (Boyd et al. 2013; Seidl et al.
2018). In the most dramatic cases, these invasives can lead to functional extinction
of the afflicted tree species (e.g., chestnut blight, Dutch elm disease, and emerald
ash borer). The introduction in the same area of different invasive species can result
in novel interactions, with unpredictable consequences such as the emergence of
new associations among plant enemies (Santini and Battisti 2019) and new hybrid
enemies (Brasier 2001; Brasier et al. 2004).

The European chestnut, Castanea sativa Mill., is widely distributed in Europe
and Western Asia in natural and semi-natural forests, as well as in plantations and
has been cultivated to produce fruit and wood since ancient times (Conedera et al.
2004). In Spain, chestnut occurs mainly in the north, occupying an area of more
than 100,000 ha, of which some 45,000 ha are in Galicia (MARM 2011) where
this study was conducted. Global chestnut production has increased continuously
over the last 40 years (Freitas et al. 2021) and Spain is among the top three chest-
nut producers in the world (Freitas et al. 2021; Fernandes et al. 2022).

Chestnut blight (Cryphonectria parasitica (Murr.) Barr.) originally from Asia,
has been present in southern Europe since the mid-20™ century, probably intro-
duced from North America (Dutech et al. 2012). It was detected in Italy in 1938
(Biraghi 1946) and in Spain in 1947 (Elorrieta 1949). Symptoms of chestnut
blight involve swelling and cracking of the bark at the infection point on the
trunk and branches, which often becomes populated with yellow-orange fruiting
bodies. The fungus grows in the inner bark (phloem) and cambium tissue and
progresses rapidly from initial infection to large sunken or swollen stem cankers
that lead to complete girdling of the twigs, branches or the stems causing them
to wilt (Prospero and Rigling 2016; Kolp et al. 2018). However, not all cankers
girdle infected stems, canker expansion depends on tree resistance (Hebard et al.
1984), pathogen virulence (Griffin et al. 1983; Enebak et al. 1994), and other
abiotic and biotic factors such as associated fungi (Kolp et al. 2018; Kolp et
al. 2020). Susceptibility to this pathogen varies widely among Castanea species
(Graves 1950; Dane et al. 2003; Mellano et al. 2012). Asian species are tolerant
to C. parasitica, possibly because of a shared evolutionary history, but the Euro-
pean and North American chestnut species are highly susceptible to the patho-
gen, and infection normally results in tree mortality (reviewed in Griffin et al.
1983; Lovat and Donnelly 2019). The fungus functionally eliminated chestnut
trees from the forest canopy in North America, and American chestnut exists
today primarily as an under-story shrub emanating from preexisting root systems
(Paillet, 2002). In the European chestnut, the fungus might persist for years in
the same tree before the tree dies.

Dryocosmus kuriphilus Yasumatsu (Hymenoptera, Cynipidae) is a gall maker
wasp, considered one of the most important chestnut pests worldwide (EPPO
2005). The insect, native to China, spread to other parts of the world includ-
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ing Europe, where it was detected in 2002 in northwestern Italy (Brussino et
al. 2002). From there it expanded rapidly throughout Europe, reaching Spain
in 2012 (DOGC 2012; Pujade-Villar et al. 2013). The formation of the galls
interferes with the normal development of the vegetative and reproductive
structures of the chestnut tree, reducing wood and fruit production (Kato and
Hijii 1997; Battisti et al. 2014; Sartor et al. 2015; Marcolin et al. 2021), al-
though damage may vary depending on the forest structure (Castedo-Dorado
et al. 2023a).

Galling insects modify plant physiology by inducing the development of com-
plex gall structures in the plant tissue (Harper et al. 2004). Host chemistry can be
important both positively and negatively for larval performance of galling insects
(Rehill and Schultz 2012; Kot et al. 2018). Numerous reports show that gall-
ing insects can manipulate plant defenses to their own advantage (Schultz 1988;
Hartley 1998; Oliveira et al. 2016; Lombardero et al. 2022). Increases in terpenes
due to gall makers attack might have direct toxic effects on the attacking insect
(Naidoo et al. 2018) or attract parasitoids (Borges 2018). Increases in terpenes
were reported after D. kuriphilus attack in C. mollissima (Wang et al. 2024). Phe-
nolics include many compounds with toxic or repellent effects towards insects and
microorganisms (Lindroth and Hwang 1996). Nevertheless, the role of phenols for
gall makers is ambiguous. Galls may contain lower (Nyman and Julkunen-Tiitto
2000; Allison and Schultz 2005) or higher (Hartley 1998) phenolic concentration
compared with ungalled tissue. Some phenols are expressed as tannins, which are
antibiotic and antixenotic, and have long been associated with pathogen and her-
bivore defense (Feeny and Bostock 1968; Griffin and Elkins 1986). Tannins can
be dramatically elevated in galled plant tissue (Cornell 1983) including galls of our
study system (Lombardero et al. 2022). High tannin concentrations in galls have
been interpreted as a protection to the larvae against damaging agents (Cornell
1983; Taper et al. 1986; Schultz 1992).

Terpenes might also function in defense against fungal pathogens in conifers
(Zeneli et al. 2006). Changes in phenolic composition in response to injury or
fungal infection have been considered an active defense response (Brignolas et al.
1995; Evensen et al. 2000; Viiri et al. 2001), including in Castanea sativa (Dinis et
al. 2011; Camisén et al. 2019). Tannin deposition has been interpreted as a local-
ized host defense against advancing mycelia during active chestnut blight infection
(Lovat and Donnelly 2019). Tannin profile differences between Asian Castanea
species and C. dentata and C. sativa may explain some differences in blight tol-
erance between these two species groups (Elkins et al. 1979; Griffin and Elkins
1986; Cooper and Rieske 2008). However, Cook and Wilson (1915) suggested
that tannins were used by C. parasitica as a source of nutrition.

Both invasive species, D. kuriphilus and C. parasitica, can colonize the same
trees. Since the entrance of D. kuriphilus into Europe, numerous associations
have been described between this species and native or introduced pathogenic
fungi (Seddaiu et al. 2017; Morales-Rodriguez al. 2019), including reports of
higher incidence of C. parasitica (Meyer et al. 2015; Vannini et al. 2018). We
conducted a study in Galicia (northwestern Iberian Peninsula), one of the most
important areas for chestnut production in southern Europe, with the aim of
testing for interactions between the two invasive species since it could have im-
plications for chestnut management.
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Materials and methods

We conducted studies in the field and in greenhouses to assess potential interac-
tions between D. kuriphilus and C. parasitica living on the European chestnut.

Field sampling

From January to March of 2017, we established 16 study plots to follow the dam-
age caused by D. kuriphilus on C. sativa in Galicia (see more details in Lombardero
et al. 2021). Five of the plots studied by Lombardero et al. (2021) also had trees
attacked by C. parasitica; these plots were used for the present study. The number
of trees per plot that were affected by both the pathogen and the gall wasp ranged
from 5 to 9 and the number of study trees attacked only by D. kuriphilus ranged
from 12 to 18. The plots were in the inner part of Galicia (Fig. 1) and share similar
climatic conditions (mean annual temperature 10-12 °C, total annual precipita-
tion 1100-1350 mm; more details in Castedo-Dorado et al. 2023a). The distance
from one plot to the next nearest plot ranged from 1.2 to 19 km. The plots were in
private chestnut plantations intended for wood production or both wood and nut
production. Trees were 21-22 years old and spaced evenly at 4 x 4 m to 8 x 8 m.

Greenhouse assay

In 2018, we used a greenhouse assay to test whether D. kuriphilus female adults tend to
avoid or prefer plants affected previously by C. parasitica. Study plants were obtained
from a nursery with a known outbreak of C. parasitica in their seedlings. The infection
occurred in the same year of the study (due to contamination during the common
practice of grafting seedlings onto rootstocks resistant to Phytophthora cinnamomic).
We selected 54 seedlings (2 years old) of similar size, half of which were infected by the
fungus and half were not infected. We ensured that the uninfected plants had no fresh
wounds or growth cracks that might have made them susceptible to cross-infection.
The 54 plants were divided in three treatments: 10 plants with no chestnut blight and
no exposure to D. kuriphilus (Control); 17 healthy plants exposed only to attack of
D. kuriphilus (DK); and 26 plants infected with chestnut blight and exposed to D.
kuriphilus attack (DK + CP). One of the fungal-infected plants was harvested to isolate
and confirm the fungal identification. Plants were kept in 38-liter pots with similar
commercial substrate and irrigation system in the experimental greenhouse of the Uni-
versity of Santiago de Compostela on the Campus of Lugo. Control plants remained
inside the greenhouse (temperature night-day 18-24 °C and 80% moisture) during the
wasp flight season and covered with anti-thrips mesh. The two groups of experimental
plants were moved to an open area next to the greenhouse where they were exposed
to wild populations of D. kuriphilus that had been well-established in the area since at
least 2012 (Pérez-Otero and Mansilla 2012). Trees that were- and were not infected
with chestnut blight were interspersed in a grid of approximately 1.5 x 1.5 m. In 2018,
all the plants (except the controls) were outside during the flight season of D. kuriphilus
(from late June to middle August) to test if the ovipositing insects preferred or avoided
trees infected by C. parasitica. In 2019 and 2020, we repeated the study with the same
plants (except 8 affected by chestnut blight that died in the second year) but including
controls, outside, to also test if the insect preferred plants that had been attacked the
previous year or non- attacked plants (the controls from previous year).
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Figure 1. Location of the study plots. Plots are in Central Galicia, in the northwestern Iberian Peninsula.

Attack level

In summer 2018, we selected two branches at random in 17-27 study trees in each
of the five field study plots (12—18 trees per plot without C. parasitica and 5-9
trees with C. parasitica (total of 81 and 36 trees without and with C. parasitica,
respectively). We did our best to match infected and uninfected trees with respect
to size and location in the plot. The different number of trees selected was due to
the different availability of trees among plots.

In each branch, we located and examined the portion of the shoot that grew in
the previous summer (2017). Within that length of shoot, we counted the number
of buds that were present at the end of previous year’s growing season (2017) as
well as the galls produced in the current year (2018) from these buds. The result-
ing data allowed us to estimate galls per shoot (adjusted for number of buds per
shoot) for each tree. We did not use the shoot of the current year because it was still
growing after the insect flight ceased, and it is possible that new buds appeared that
were not exposed to the attack. In the greenhouse study, we assessed attack level by
counting total galls per tree in the study plants growing in pots.

Larval weight and adult fecundity

In June of 2018, to test if the presence of the pathogenic fungus influenced the
growth of D. kuriphilus larvae, we measured the dry mass of individual late-instar
larvae feeding on trees attacked only by the insect and on trees attacked by both
invasive species, respectively. We were able to measure 3-9 larvae from each of 48
trees (8—10 trees per plot, half with and without C. parasitica).

We assessed female fecundity by counting the number of eggs produced by
1-10 emerging female adults captured from each of 43 trees (5-12 trees per study
plot, 16 with C. parasitica and 27 without). We also counted the number of eggs
from 10 females that emerged from greenhouse plants affected by chestnut blight
and 10 from plants attacked only by D. kuriphilus.
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Gall characteristics

In June 2018, at each of the five field study plots, we collected and measured
14 leaf galls from each of 5-11 trees (total of 76 trees; 34 with the fungus and
42 without). In the laboratory, we measured three perpendicular axes of each
gall with digital calipers and averaged them to estimate gall diameter. We also
measured the toughness of galls with a penetrometer of small fruits (FT02; Ore-
mor). All galls were subsequently dissected to measure gall wall thickness (with
a caliper) and count the number of feeding chambers (each representing one gall

wasp progeny).

Effect of the presence of chestnut blight on tree nutritional quality
and palatability

In summer of 2018, from each of five field study plots, we collected 2 leaves (one
galled and other ungalled) from 6-18 trees (total of 69 trees, 34 with C. parasitica
and 35 without). In the lab, we then measured total phenols, condensed tannins,
and terpenes separately in ungalled leaves (ungalled leaf), in the gall itself (gall),
and in the leaf tissue surrounding the gall (galled leaf). In the same sampling, we
also collected another five trees per treatment and per plot to analyze water and
nitrogen content. Again, we analyzed separately the gall itself and the leaf tissue
surrounding the gall and control leaves (ungalled).

Similar measurements were carried out in the greenhouse plants. We sampled
one leaf from five control trees (control), and two leaves (one galled and one un-
galled) from 20 trees, 10 trees affected only by D. kuriphilus alone, and 10 trees
affected by both insect and fungus. We also analyzed nitrogen and water content
from five leaves from control trees, five from trees attacked by D. kuriphilus and
five from trees attacked by both insects and fungi. For galled leaves, we analyzed
separately gall tissue and the leaf tissue surrounding the gall.

We analyzed concentrations of total terpenes following Wainhouse et al. (1998).
Terpene compounds were quantitatively extracted twice with n-hexane (with each
extraction including 25 minutes in an ultrasonic bath) from 1 g of leaf or gall from
each sample after cutting it into very small sections. Then, the plant material was
recovered by filtration, the solvent was evaporated, and the mass of the non-vola-
tile terpene residue was measured with a precision scale.

Phenolics were extracted from 0.5 g of plant tissue with aqueous methanol
(1:1 vol:vol) in an ultrasonic bath for 15 min, followed by centrifugation and
subsequent dilution of the methanolic extract (Sampedro et al. 2011). Total phe-
nolic content was determined colorimetrically using Folin-Ciocalteu (Pérez et
al. 2023) in a BioTek Elx 850 microplate reader at 740 nm quantified with a
standard curve of tannic acid and expressed as mg tannic acid equivalent per g
dry mass of plant tissue.

We analyzed condensed tannins following the protocol of Waterman and
Mole (1994). The same extract used for phenolic analysis was assayed with
butanol — hydrochloric acid reagent (0.7 g ferrous sulphate heptahydrate in
50 mL concentrated HCI and n-butanol added to make 1 L), and absorbance
was measured at 550 nm with the same microplate reader, using as standard
purified condensed tannins of quebracho (Schinopsis balansae Engl., Unitan
Saica, Buenos Aires).
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To analyze water and N content, samples were weighed fresh and then ov-
en-dried at 60 °C for 48 hours. The dried samples were milled to a fine powder
and submitted to instant oxidation (as 0.1 g tissue samples); the gases released were
identified with a conductimeter. Analyses were performed by the analytical unit of
the University of Santiago de Compostela (RIAIDT).

Statistical analysis

Statistical analyses of the field plots followed earlier studies of this system (Lom-
bardero et al. 2021, 2022). Trees were regarded as the experimental units (Neu-
vonen and Haukioja 1985). The five study plots, which each contained replicate
study trees with and without C. parasitica, were treated as a fixed effect because
we were specifically interested in these plots with known histories (i.e., our study
plots were not a random sample from a large population). Population abun-
dance, measured as galls per shoot, was analyzed with a general linear model
(Gaussian distribution) that included plot, presence of blight, and their interac-
tion as fixed effects, tree within plot as a random effect, the number of buds per
shoot (potential sites for galls) as a continuous variable (covariate), and no inter-
cept (Lombardero et al. 2021). We did not include an intercept in our models
because, based on biological knowledge, we know that when there are zero buds,
there are also zero galls.

For the remaining variables, where there were multiple measurements per
tree, we calculated an average for each tree and used the tree averages for sta-
tistical analyses (Neuvonen and Haukioja 1985); this avoided the hazards of
pseudoreplication (Hurlbert 1984) and the complication of unequal sample
sizes in nested models. Larval size, adult fecundity, size of galls, toughness,
wall thickness and number of cells per gall were analyzed with an ANOVA
that included plot, the presence of blight, and their interaction as fixed effects.
Prior to analyses, to improve normality and homoscedasticity, larval cells per
gall were log-transformed.

Water and nitrogen content, terpenes, phenols and condensed tannins, were
analyzed with an ANOVA that included plot, the presence of blight, the type of
leaf tissue analyzed (ungalled leaf, ungalled portion of galled leaf, or gall), and
their interactions as fixed effects and tree nested with plot and the presence of C.
pavrasitica as random effect. Prior to analyses, to improve normality and homosce-
dasticity, terpenes, phenols, and condensed tannins were square root-transformed.
Each replicate sample represented a different tree.

Statistical analyses were performed with the package JMP (SAS Institute Inc.).

Results
Field plots

Attack level in field plots, measured as number of galls per shoot, was about 50%
higher in trees with chestnut blight (Fig. 2). There were also differences among
plots in galls per shoot, and no blight x locality interaction (Table 1).

The presence of chestnut blight had no effects on the size, wall thickness, or
toughness of D. kuriphilus galls (grand means + SD = 25 + 6 mm’, 3.1 + 0.9 cell
layers, and 1272 + 498 g x 10 g, respectively; N = 103 galls). Larval mass was 22%
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lower in plants affected by chestnut blight (F1,38 =58.11, p < 0.0001; Fig. 3A), and
there were not differences among plots (Fig. 3A). Female fecundity was strongly re-
lated to the presence of chestnut blight, the number of eggs per female was almost
. 11.02; p = 0.002; Fig. 3B). Effects of
blight varied somewhat among plots (main effect of plot: F, ;= 2.26, p = 0.084
plot x blight: 133’33 =2.32, p < 0.077; Fig. 3B).

The presence of chestnut blight was unrelated to the nitrogen content of any of

double in trees affected by the fungi (F

the tissues analyzed (Table 2, Fig. 4A), but there were differences among tissues
and plots (Table 2, Fig. 4A). Water content was higher in galls than in leaves (Table
2, Fig. 4B), but there were no differences between trees attacked only by the insects
versus trees also infected with chestnut blight (Table 2, Fig. 4B).

Secondary metabolites in field plots showed different results depending on
the class of compounds. Total terpenes varied depending on the tissue (Table 3,
Fig. 5A) with higher concentration in the leaf tissue surrounding the gall. There
were also differences in terpene content among plots, but there were no differences
between trees with- us. without chestnut blight (Table 3, Fig. 5A). Differences
among trees were also significant and explained about 24% of the variation. Total
phenols showed similar results with more dramatic differences among the tissue
analyzed (Table 3, Fig. 5B): higher phenols in ungalled leaves followed by the leaf
tissue surrounding the galls, and dramatically less in the galls themselves, especially
on trees affected by chestnut blight (Table 3, Fig. 5B). There were also differences
among plots but no effects of the presence of chestnut blight. Concentration of
condensed tannins was significantly affected by the presence of blight, tissue type,
plot, and the interaction between presence of the fungus and tissue type (Table 3)
with highest concentrations in the gall tissue of fungal-infected trees (Fig. 5C).

Greenhouse study

In the greenhouse study, there was a significant effect of treatment on total galls per
tree (Fz,us
ed from D. kuriphilus attack in the first year. If we only consider plants exposed to

= 3.47; p < 0.03; Fig. 6), but this was because control trees were protect-

the insect, there were no differences in galls / tree in treatments with and without

chestnut blight (DK+CP and DK, Fig. 6).

. D . DH+CP

Galls / shoot

1

0
Buratai Calde Casa Lararnxa Roabra Lriz

Figure 2. Attack level in trees with (DK + CP) and without infection by Cryphonectria parasitica

(DK). From five field plots of chestnut trees. Figure shows galls per shoot (least square means + SE).
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Table 1. ANOVA results comparing attack levels (galls / shoot) in trees with and without chestnut
blight, in each of five study plots. Corresponds to data in Fig. 2.

Source df F
Blight 1, 114 7.40%
Locality 4, 107 7.59%*
Locality x blight 4,107 0.86
Total buds 1, 163 238.04***
Percent random variance attributable to tree within locality x blight 51%**

*p<0.05**p<0.01;**p<0.001.

Table 2. ANOVA results comparing percent of nitrogen and percent of water of study trees with and
without chestnut blight. Table shows results for three tissue types (ungalled leaves, galled leaves, and
galls) from a total of 46 study trees within 5 plots that were affected by D. kuriphilus alone and those
that were affected also by chestnut blight. Corresponds to data in Fig. 4.

F-statistics for nitrogen and water content

Source

df %Nitrogen % Water
Blight 1, 36 2.60 0.27
TissueType 2,88 18.71%* 406.81***
Blight x Tissue 2, 88 0.84 1.24
Plot 4, 36 3.14* 2.31
Plot x Blight 4, 36 2.57 3.46*
Percent random variance attributable to tree within blight 43%* 19

*p <0.05 **p<0.01; ** p <0.001.
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Buratai Calde Casa Laranxa Robra Uriz Il

Figure 3. Mass and fecundity of Dryocosmus kuriphilus. From five field plots of chestnut trees,
mass of late larvae and eggs / female (¢ SE) in trees with (DK + CP) and without (DK) infection by
Cryphonectria parasitica. Buratai was the only plot unaffected by the late freeze of 2017. The bar labels

show the number of individuals used for measurements.
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25

15

Percentnitrogen

0.5

a0- B

Percent water

Ungalled leaves

Galled leaves

Galls

Figure 4. Nitrogen and water content of leaves and galls. From five field plots of chestnut trees,

percent nitrogen (A) and water (B) (+ SE) in ungalled leaves, galled leaves, and galls of trees with and

without infection by Cryphonectria parasitica.

Table 3. ANOVA results comparing chemical attributes of study trees with and without chestnut

blight. Table shows measurements of three tissue types (ungalled leaves, galled leaves, and galls) from

a total of 35 study trees and 34 study trees that were affected by D. kuriphilus alone, or also by chest-

nut blight, respectively. Corresponds to data in Fig. 5.

F-statistics for three

res of phytochemistry

Source df
Terpenes (sqrt) | Phenols (sqrt) = Tannins (sqrt)

Blight 1,59 0.46 1.81 61.35%**
TissueType 2,134 4.19* 226.56*** 12.20%**
Blight x Tissue 2,134 0.51 9.81*** 9.23**
Plot 4,59 5.59%** 21.37%* 8.41%**
Plot x Blight 4,59 1.37 1.2 4.64%*
Percent random variance attributable 24* 6 34%*

to tree within blight

*p <0.05 **p<0.01; ** p <0.001.

The differences between treatments disappeared when all plants were exposed

to the insect in 2019 and 2020 regardless of whether the trees were previously

attacked or not (Fig. 6).

There was no difference in the number of eggs from females emerging from

greenhouse plants attacked only by the insect or by both species (mean + SE = 131

+ 12 and 142 + 15 for females from DK and DK + CP respectively).
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Figure 5. Concentrations of secondary metabolites in the foliage of trees with and without chest-
nut blight. From five field plots of chestnut trees, concentrations of terpenes (A) phenolics (B) and
tannins (C) in ungalled leaves, galled leaves, and galls of trees with (DK + CP) and without (DK)
infection by Cryphonectria parasitica. Figures show means + SE of trees in each treatment group

(square root transformed data).

There were no differences in nitrogen content due to the presence of chestnut
blight or type of tissue analyzed (data not shown). Water content was also not
affected by the presence of the fungus, but as in the field plots, water content was
significantly higher in the galls compared with the other tissue analyzed (F ,,, =
121.98, p < 0.0001).

The concentration of secondary metabolites in the greenhouse study differed
from that measured in adult plants in the field. Terpenes were overall significantly
higher in plants attacked by DK compared with control plants or plants with both
invaders, although these differences disappear in the galls (Table 4, Fig. 7A). How-
ever, the presence of the fungus did not affect concentrations of phenols or tannins
(Table 4, Fig. 7B, C). As in the trees of the field plots, phenol concentrations in
seedlings were significantly lower in gall tissue compared with ungalled leaves or
the ungalled portion of galled leaves (Table 4, Fig. 7B) and there was no effect of
chestnut blight. Unlike in mature trees, there was no significant increase of tannins

in seedlings infected with chestnut blight (Table 4, Fig. 7C).
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Figure 6. Attacks by Dryocosmus kuriphilus. From potted chestnut seedlings, attacks (+ SE) in plants
that were, and were not, infected by chestnut blight (DK+CP and DK, respectively), and in plants
that were not infected by Cryphonectria parasitica and were not exposed to Dryocosmus kuriphilus in
2018 (Control).

Discussion

Since the entry of D. kuriphilus into Europe, numerous associations have been
described between this species and native or introduced pathogenic fungi (Seddaiu
etal. 2017; Morales-Rodriguez et al. 2019). D. kuriphilus has been associated with
a higher incidence of Cparasitica (Meyer et al. 2015; Vannini et al. 2018) and
implicated as a potential vector of numerous other fungi (Meyer et al. 2015; Yang
etal. 2021). We add to this knowledge evidence that attack rates of D. kuriphilus
were greater in chestnut trees infected with C. parasitica compared with uninfected
trees (Fig. 2). In the field, in plots that had been infested by D. kuriphilus, actack
rates were about 30 — 60% higher in trees afflicted with chestnut blight compared
to nearby trees with no chestnut blight (Fig. 2).

There are several potential explanations for higher attack rates in trees with chestnut
blight. It might be that (1) chestnut blight promotes higher attack rates by the gall
wasp. However, the greenhouse study showed that the insect does not preferentially
oviposit in trees affected by the fungus. (2) It is possible that chestnut trees suffering
from higher attack densities by the gall wasp are made more susceptible to chestnut
blight. Some previous studies show that C. parasitica may benefit from D. kuriphilus,
since galls are a potential source of fungal inoculum (Meyer et al. 2015). Vannini et al.
(2018) also described an increase of fungal infection in the crown of chestnuts related
with D. kuriphilus attack. However, the symptoms of C. parasitica in our study trees
were large cankers in the stems that almost certainly preceded the arrival of D. kuriphi-
lus. (3) There were more attacks on trees with blight because the female adults emerging
from these trees had twice the fecundity of those emerging from uninfected trees (Fig.
3B) and females frequently oviposit in the same tree from which they emerged (Cast-
edo-Dorado et al. 2023b). This hypothesis predicts high philopatry in D. kuriphilus.
(4) It is possible that there is a genetic association between susceptibility to blight and
oviposition preferences of D. kuriphilus. Such an association was not evident in our
greenhouse studies with saplings, but the expression of chestnut blight in adult trees
in nature is more likely to reflect genetic susceptibility than occurrence of blight in
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Figure 7. Concentration of secondary metabolites in potted chestnut seedlings. Concentrations of
terpenes (A), phenolics (B), and tannins (C) in the ungalled leaves, galled leaves, and galls of plants
that were and were not infected by chestnut blight (DK + CP and DK, respectively). Figures show

means + SE of trees in each treatment group (square root transformed data).

Table 4. ANOVA results comparing chemical attributes of study trees from the greenhouse seed-
lings. Table shows results of three tissue types (ungalled leaves, galled leaves, and galls) from a total of
43 study trees that were also affected by D. kuriphilus and those that were affected also by chestnut

blight. Corresponds to data in Fig. 7.

F-statistics for three measures of phytochemistry

Source Terpenes (sqrt) | Phenolics (sqrt) | Tannins (sqrt)
Blight 1,17 9.42%* 2.9 1.44
TissueType 2,34 1.02 19.47*** 1.68
Blight x Tissue 2, 34 1.9 3.34* 0.43
Percent random variance attributable to 0 26 5

trees within blight

*p <0.05 **p<0.01; ** p <0.001.
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saplings. Hypotheses 3 and 4 are not mutually exclusive. Further studies will be neces-
sary to discriminate among these hypotheses.

Larval mass was lower in trees affected by chestnut blight (Fig. 3A). However,
these differences were apparently not due to nutritional quality because there were
no differences in nitrogen or water content of gall tissue, where the larvae develop
(Fig. 4). The effects of chestnut blight on D. kuriphilus fecundity were also dra-
matic but in the opposite direction (> 2-fold higher in some the plots; Fig. 3B).
This surprising result suggests that larvae were growing at similar rates in both tree
types, but that larvae grew for a longer time, and therefore became bigger adults,
in trees with chestnut blight.

Plant chemistry offers potential explanations for the higher fecundity of D. ku-
riphilus in trees with chestnut blight. Higher fecundity in trees with chestnut blight
was not due to nutritional quality because there were no differences N concentra-
tion in galls (Fig. 4A). Higher fecundity in trees with chestnut blight could be due
to reduced chemical defenses in the plant tissue (Abrahamson et al. 2003; Naidoo
et al. 2018), but the evidence argues against this hypothesis. Neither terpenes nor
phenols were in general lower in trees afflicted with chestnut blight compared to
those that did not have chestnut blight (Fig. 5). Phenolics were lower in the galls
of trees with chestnut blight (Fig. 5B), but this could be a result of concomitant
increases of tannins (Fig. 5C).

The most remarkable phytochemical difference between trees with and without
chestnut blight was the high concentration of condensed tannins in galls (Fig. 5C).
Virtually, all trees affected by C. parasitica (97%) showed measurable amounts
of tannins within galls, while less than half (37%) of trees affected only by the
insect showed measurable tannins within galls. Tannins are part of the antifungal
and antimicrobial defense systems in many plant species (Uchida 1977; Griffin
and Elkins 1986). Increased tannin concentration in the host can often be seen
directly surrounding mycelial mats (Lovat and Donnelly 2019). Some studies have
suggested that accumulation of tannins is related to resistance to chestnut blight
(Nienstaedt 1953; McCarroll and Thor 1985; Gao and Shain 1995; but see Anag-
nostakis 1992). However, other studies have suggested that host tannins are used as
a carbon source by the fungus through the activity of tannase produced by C. para-
sitica (Cook and Wilson 1915; Elkins et al. 1979). The role of tannins and tannase
in chestnut blight pathology remains to be defined (Lovat and Donnelly 2019).

A higher concentration of tannins might influence wasp abundance and attack
rates in the field. Castedo-Dorado et al. (2023b) suggested that, in the early stage
of invasion, a substantial proportion of adults re-infect the same tree where they
developed. Cornell (1983) suggested that high tannin concentrations in galls serve
as a protective barrier for larvae developing inside the galls against fungi and other
herbivores that are unable to induce galls, but feed on them. Tannins may protect
galls from fungal infestation (Taper and Case 1987). Fungal damage is common
in galls of D. kuriphilus especially caused by Gnomoniopsis castaneae (Magro et al.
2010; Maresi et al. 2013; Lione et al. 2015; Munoz-Adalia et al. 2019). The patho-
gen has been associated with increased mortality of emerging adults (Magro et al.
2010; Vannini et al. 2014, 2017). The protection generated by tannins could help
reduce the impact of this pathogen on D. kuriphilus populations developing in
trees attacked by chestnut blight. The protection generated by tannins could be an
adaptive explanation for why larvae in trees with chestnut blight grew for a longer
time and thereby attained higher adult fecundity.
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The association between chestnut blight and elevated tannins was not evident in the
greenhouse study with seedlings (Fig. 7C) and there was no effect of chestnut blight
presence in female fecundity. This may be attributed to the recent occurrence of fun-
gal attack since these seedlings were infected by the disease in the same spring, from
contamination during grafting. It could also be related to differences in physiology
between seedlings and trees. In any case, trees afflicted with chestnut blight over some
years, as in the typical course of chestnut blight infection, had elevated tannin levels in
the galls, and the insects that developed within those galls had notably higher fecundity.

Tannins have commonly been regarded as anti-herbivore defenses (Donaldson
and Lindroth 2004; Barbehenn and Constabel 2011) which may affect insect fecun-
dity. But if this were the case in our system, we would have expected lower fecundity,
rather than higher, in trees that had chestnut blight and displayed higher tannin con-
centrations in gall tissue (Fig. 5C). Adapted herbivorous insects may benefit from the
presence of tannins in their food plants (Karowe 1989) and a variety of tree-feeding
Lepidoptera are stimulated to feed by tannic acid (Bernays 1981). Rehill and Schultz
(2012) found a positive relationship between condensed tannin concentration and
the reproductive performance of fundatrices in another gall maker.

The higher fecundity of D. kuriphilus in trees with chestnut blight could also be
related to the environment provided by the galls themselves. Arriola et al. (2018),
working with another gall maker, showed that galls provided protection but did not
enrich nutrition. Galls may protect the insect within from unfavorable abiotic condi-
tions, particularly desiccation (Microenviroment Hypothesis; Price et al. 1987; Miller
etal. 2009). However, the presence of chestnut blight had no effects on the size, wall
thickness, or toughness of D. kuriphilus galls. Nor were there effects of chestnut blight
on the water content of tissue within galls (Fig. 4). Still, Lombardero et al. (2021),
working in the same plots with trees attacked by D. kuriphilus but not by chestnut
blight, found greatly reduced fecundity in 2018 in populations exposed to a late freeze
in the spring of 2017. All plots in the current study (except Buratai) were affected by
the same freezing event, and in the next year (2018), all plots except Buratai, showed
much higher fecundity in galls that developed in trees with chestnut blight com-
pared to trees without chestnut blight (Fig. 3B). This could be understood if higher
concentration of tannins in gall tissue helped to protect part of the insect population
from low temperatures. Tannins can have quite general effects in protecting plant
tissue from abiotic stress (Dehghanian et al. 2022) and may contribute to a physical
barrier that isolates the gall insect from external environmental conditions. Uhler
(1951) suggested that galls may protect against sudden changes in temperature. One
prediction is that the thermal insulation within tannin-rich galls is greater when the
galls are particularly rich in tannins, as in chestnut trees afflicted with chestnut blight.

Conclusion

The introduction of invasive species can give rise to novel community interac-
tions, and sometimes new positive associations among plant enemies. Our results
indicate that the presence of chestnut blight increases the suitability of chestnut
trees for the invasive galling insect, D. kuriphilus. Potential explanations include
ameliorating the negative effects of environmental conditions. In any case, the
positive association between chestnut blight and chestnut gall wasps suggests that
management efforts to limit the incidence of chestnut blight may have additional
benefits in reducing damage from the chestnut gall wasp.
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