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Abstract: The alien leaf miner Cameraria ohridella (Lepidoptera, Gracillariidae) is damaging
horse chestnuts in European countries. Since native natural enemies cannot control the
moth, integrated control strategies must be implemented. In north-eastern Italy, from 1997
to 2020, sampling was performed on 55 sites to record the presence of and estimate the leaf
damage caused by C. ohridella and the fungus Guignardia aesculi. The level of leaf removal
from the ground in autumn was estimated, and information on altitude (199-1294 m a.s.L),
average annual temperature (4.4-11.9 °C) and rainfall (954-1394 mm), and the occurrence
of trunk injection with abamectin was collected. Damage caused by the leaf miner and
the fungus declined with decreasing temperatures, with negligible damage at sites with
average annual temperatures below 7 °C (above 1000 m a.s.l. in the study area). Since, in
the study sites, complete leaf removal provided comparable efficacy to trunk injections
with abamectin, we suggest adopting this environmentally friendly practice to maintain
C. ohridella below damaging levels. Interspecific competition occurred between C. ohridella
and G. aesculi because leaf damage from one competitor decreased as damage from the
other increased.

Keywords: horse chestnut leaf miner; altitude; leaf removal; trunk injections; abamectin;
interspecific competition

1. Introduction

The horse chestnut leaf miner, Cameraria ohridella Deschka and Dimi¢ (Lepidoptera,
Gracillariidae), which was first reported as causing damage to Aesculus hippocastanum L.
(Sapindales: Sapindaceae) in Macedonia in the 1980s [1], spread to most European countries
in only a few years, including Italy [2,3]. After a long debate on its origin [1,4,5], it has
been definitively established on the basis of ancient herbarium collections and molecular
analysis that the moth originates from natural horse chestnut stands located in the Balkan
Mountains [6-8].

Cameraria ohridella lays eggs on all species of Aesculus, but complete larval development
is observed only on A. hippocastanum and the phylogenetically closely related Aesculus
spp. [9,10], as well as on Acer spp. [5,11]. The leaf miner overwinters in the pupal stage
in dead fallen leaves and completes two to four generations a year depending on the
temperature conditions, which, in turn, depend on latitude and altitude [3,12-15].

The larvae of C. ohridella dig blotch mines in leaf mesophyll, causing aesthetic damage
at first, and when the entire leaf surface is covered with mines, early leaf fall can occur,
sometimes followed by a second flowering [1,3,16]. Leaf damage can compromise the
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plants’ vitality, growth and reproduction [17-19]. However, in urban areas, total defoliation
does not seem to affect the survival and growth of mature trees [17,20], but the possibility
that C. ohridella infestations increase the susceptibility of horse chestnut trees to some
diseases cannot be excluded [21,22]. Disposing of leaves that have already fallen in summer
and replacing the horse chestnut with other plant species entails high costs for private
entities and municipal administrations [23].

The infestation level and damage by the leaf miner decrease with altitude, both in
urban areas [3] and in natural stands [24], especially due to the lower generation number.

In areas where C. ohridella has been introduced, native natural enemies have adapted
to feed on the leaf miner but cannot keep moth populations below damage levels. Cameraria
ohridella larvae are commonly preyed upon by insects, spiders and birds [14,25-27] and
parasitized by hymenopteran parasitoids, particularly Eulophidae [3,28-33]. Pathogen
fungi are important mortality factors, mostly for overwintering pupae [34-36]. An inter-
specific competition between C. ohridella and the fungus Guignardia aesculi (Peck) V. B.
Stewart (Ascomycota, Botryosphaeriaceae) has been reported [37,38]. Leaf infections by the
fungus Erysiphe flexuosa (Peck) U. Braun & S. Takamatsu (Ascomycota, Erysiphales) reduce
moth egg-laying [39].

To maintain C. ohridella below damage levels, chemical and cultural control methods
have been adopted. Chemical control has been implemented by aerial spraying [40], soil
injection [41] and trunk injections, with the latter preferred for the fewer negative side
effects on the environment and human health [42—45]. Cultural control strategies include
the removal from the ground of leaves carrying overwintering pupae [16,46,47] and the
application of sticky bands on tree trunks [48].

Guignardia aesculi, as well as other foliar fungal pathogens, can cause foliage loss and
disfigurement of ornamental trees [49,50]. To control G. aesculi, fungicides, also combined
with induced resistance agents, and leaf removal were reported [50,51].

Since native natural enemies cannot keep the leaf miner below damage levels, knowing
the relative importance of factors influencing C. ohridella infestations and damage is essential
to implementing integrated control strategies. In this context, a multi-year study was
conducted on C. ohridella infestations. The first aim was to record the spread of the leaf
miner over the years in newly introduced areas to verify whether the moth would colonize
A. hyppocastanum in all sites where the plant was recorded. The second aim was to verify
how temperature (altitude) influences leaf miner damage, considering their influence on
the number of moth generations per year. The third objective was to verify how much the
removal of leaves contributes to reducing the damage caused by C. ohridella. The fourth aim
was to determine the persistent effect over the years of abamectin injections in the trunk on
leaf miner infestation and, for this reason, samplings were extended over several years, also
evaluating the effects on egg-laying and mortality of newly-hatched larvae. The multi-year
study also had the aim of verifying whether the infestation level by C. ohridella would
decrease over the years, assuming an improvement in the biological control of the pest.
Since A. hyppocastanum leaves were also damaged by G. aesculi, the influence of climatic
conditions and leaf removal on the fungus were also evaluated.

2. Materials and Methods
2.1. Localities and Sites

This study was conducted in north-eastern Italy and covered a period of twenty-four
years (from 1997 to 2020) and 25 localities (55 sampling sites) belonging to the regions

of Friuli Venezia Giulia (Udine district, UD) and Veneto (Belluno district, BL) (Figure S1,
Tables S1 and S2 of the Supplementary Materials). The names of the localities usually
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coincided with the municipalities, but sampling sites within the same municipality placed
at very different altitudes were considered independent localities.

In all 25 localities, sampling was carried out in 1997-2001, 2005, 2012 and 2016. The
three years between 2017-2019 were also considered in only eight localities, and in one of
these sampling was extended until 2020 (Table S1 of the Supplementary Materials).

The sampled sites were distinguished for altitude, climatic conditions (i.e., average
annual temperature and rainfall) and the level of removal of fallen leaves from the ground
in autumn (Table S2 of the Supplementary Materials). Climatic data (i.e., average annual
temperature and average annual rainfall) for the different localities were obtained from the
“https:/ /it.climate-data.org” website (accessed on 11 April 2024).

In some sites, C. ohridella was not present when the study began. In six sites, the level
of leaf removal varied over the years because the site transitioned from uncultivated (no leaf
removal) to managed (60%-90% leaf removal) or vice versa (Table S2 of the Supplementary
Materials). Chemical control with trunk injections was adopted in six localities and different
years (Table S2 of the Supplementary Materials: locality N. 2 in 2003; N. 6 in 2003; N. 9
in 2003; N. 13 in 2001; N. 15 in 2003, 2007, 2012; N. 16 in 2003). The active ingredient
applied was abamectin (Vertimec ECs, Syngenta Italia S.p.A., Milano, Italy), which was
forced through injection holes of 3.8 mm into the trunk under a controlled pressure of about
3—4 atm using a compressor with a pump. No specific practices were adopted to control
G. aesculi in the study area.

Therefore, based on the data collected, each locality gave information on one or more
of the following aspects regarding C. ohridella: (i) the progression of leaf miner damage
over the years in newly colonized areas; (ii) the influence of leaf removal, altitude, climatic
conditions and competitors (C. ohridella or G. aesculi) on leaf miner and fungus damage;
and (iii) the influence of trunk injections with abamectin on leaf miner infestation over the
years (Table S1 of the Supplementary Materials).

2.2. Sampling over the Years in Different Localities and Sites Within Localities

In the different sites and years, samplings were carried out to estimate the leaf surface
damage by C. ohridella and G. aesculi and the level of leaf removal.

Samplings were always conducted on the same plants and by the same two members
of the research team at the beginning of July and October to estimate the leaf surface covered
by C. ohridella mines and G. aesculi necrotic spots. Based on the sampling method of Gilbert
and Grégoire [52], which was appropriately modified, the following classes of leaf sur-
face covered by C. ohridella leaf mines were considered: 1 = 0% (no leaf mines found),
2 = 0.0%-0.1% (very few leaf mines), 3 = 0.1%-1% (a few leaf mines), 4 = 1%-5%,
5 = 6%-10%, 6 = 11%-25%, 7 = 26%-50%, 8 = 51%—75%, 9 = 76%—-100% and 10 = 100%.
Attribution to the first two classes was made by carefully examining the crowns of the trees
from the ground, also with the aid of binoculars. Attribution to the 1%-5% to 51%-75%
classes was made by the two samplers collecting and observing the leaves of 5 branches
(collected from 5 trees, when the number of plants allowed); if the assigned class was
different between the two samplers, another 5 branches were sampled. The 76%-100%
infestation class was assigned when most of the leaves had fallen, and class 100% was
assigned in the case of total anticipated leaf fall and re-flowering. The same classes used
for C. ohridella infestation were utilized to estimate the leaf surface covered by G. aesculi
necrotic spots.

To establish the leaf removal level, a survey was carried out at the end of winter before
the horse chestnut trees reached the budding stage. Five levels of leaf removal from the
ground were considered: 0%, 30%, 60%, 90% and 100%. The latter level was assigned to
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horse chestnuts growing in fully concreted or asphalted sites without flowerbeds or hedges
and from which fallen leaves could not be collected.

Multiple regression analyses were performed to establish the influence of different
variables on leaf damage by C. ohridella and G. aesculi. The variables of altitude, average
annual temperature, average annual rainfall and leaf removal level were considered for
both the leaf miner and the fungus. Moreover, for each of the competitors, the influence
of the other leaf damage agent was evaluated (i.e., G. aesculi leaf damage for C. ohridella
and vice versa). For the leaf damage values, the average leaf surface with symptoms of the
four sampling years (2001, 2005, 2012 and 2016) was calculated for 46 out of 55 sites, i.e.,
excluding sites whose variability in leaf damage among the years was influenced by the
effects of trunk injection with abamectin or variations in leaf removal levels. To calculate
the average leaf damage by C. ohridella and G. aesculi over the years, an intermediate value
was assigned to each class (i.e., 0%, 0.05%, 0.5%, 3%, 8%, 18%, 38%, 63%, 87.5% and 100%).
The independent variables that determined a close correlation in the Pearson correlation
analysis were not considered in the same multiple regression analysis. Before performing
multiple regression analyses, normality and homoscedasticity were verified. For significant
independent variables, the percentage contribution to the total variability was calculated
by dividing each variable’s SRC (standardized coefficient of regression) by the sum of the
SRCs of all variables and multiplying by 100. The SRC of each independent variable was
calculated by multiplying the slope of each independent variable by its standard deviation
and dividing by the standard deviation of the dependent variable.

Multiple regression analyses and Pearson’s correlation were performed using Statistics
Kingdom's 2017 online tool [53].

For sites at four localities (N. 9, 14, 15 and 17), the dynamics over the years of C.
ohridella damage were plotted to represent the effects of trunk injections with abamectin
and the variation in leaf removal levels.

2.3. Specific Study on Long-Lasting Effects of Trunk Injections

In locality N. 13, on 13 August 2019, five branches were collected from five horse
chestnut trees (one branch per plant) subjected to chemical control with trunk injections in
2001 and five branches from plants that were never treated. The leaves of the former group
of branches had no C. ohridella mines, whereas the latter had some mines. The two groups
of branches were separately enclosed in plastic bags, labelled and kept cool until they were
transferred to the laboratory, where each branch was individually placed in a clear glass jar
of water. For the comparison, selected leaves were removed from each branch to make the
leaf numbers and sizes uniform. Then, each of the ten potted branches was placed inside
individual cubic plastic cages (sides 30 cm), the interiors of which were accessible from one
side via a tulle net that opened and closed with a clothespin. Approximately 30 adults of
C. ohridella were released into each cage. These adults were collected on the same day from
the bark of an infested horse chestnut tree using a mouth aspirator. The collected adults
were divided into 10 groups of around 30 adults, with each group enclosed separately
in plastic bags containing a leaf and stored at a cool temperature until transferred to the
plastic cages. After three days, the eggs laid on the leaves of each branch were counted. A
t-test was used to compare the number of eggs in the two branch groups.

In locality N. 13, on 8 October 2019, five branches were collected from five plants (one
branch per plant) subjected to chemical control with trunk injections in 2001. Each branch
was enclosed separately in a plastic bag, labelled and stored at a cool temperature until
transferral to the laboratory. The number of hatched eggs was counted on 10 leaves per
branch (50 leaves in total) under a dissecting microscope.
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In locality N. 13 in 2019, some C. ohridella eggs were observed on the leaves of plants
subjected to chemical control with trunk injections in 2001. To confirm this observation,
on 27 August of the following year, four branches were collected from each of three horse
chestnut trees, two of which were subjected to chemical control with trunk injections in 2001
and one was untreated. Each branch was enclosed separately in a plastic bag, labeled and
stored at a cool temperature until transferral to the laboratory. For treated and untreated
plants, a variable number of central leaflets of some leaves per branch were observed
under a dissecting microscope up to 50 mines. This value was achieved by observing
three to five leaflets, with the highest number required for treated plants. The mines
were split into developed mines (i.e., with living larvae or cocooned /hatched chrysalises)
and non-developed mines (i.e., with dead larvae). The latter were further divided into
two classes based on the diameter of the circular part of the mine: class 1 = <2 mm,
class 2 = 3-5 mm. The proportion of developed mines and, among the non-developed ones,
the proportion of tiny mines (class 1) across the three trees (i.e., the two treated and the
one untreated) were compared with Ryan’s test [54].

In the N. 13 and N. 14 localities, on 8 July 2021, one horse chestnut branch was
collected from each of five trees subjected to trunk injections up to 2012, and these were
taken separately to the laboratory where they were kept in a refrigerator for one day.
Subsequently, a selection of leaves from each locality, in equal numbers from each plant,
were enclosed in two plastic bags that were placed in a polystyrene container with ice
packs and shipped by courier to an accredited laboratory (Chelab S.r.l., Resana, TV, Italy)
for residue determination. The two leaf samples were tested via multi-residue analysis
according to the food standard UNI EN 15662:2018.

3. Results
3.1. Spatial Distribution of Cameraria ohridella and Its Spread over the Years

In 1997, C. ohridella was recorded in around 50% of the sampled localities, but as
early as 1998, horse chestnut mines were observed in 76% of the localities (Figure 1). The
localities that were not yet infested by 1997 were almost always contiguous to each other
along certain road directions, such as (i) along the SS52 road from locality N. 25 (infested in
1997) to localities N. 9 and 1 (infested from 1998), (ii) along SS52 road from locality N. 2
(infested in 1997) to localities N. 14 (infested since 1998), (iii) along the SS52 and SP23 roads
from locality N. 24 (infested in 1997) to locality N. 15 (infested since 1998), (iv) along the
SR355 road from locality N. 25 (infested in 1998) to localities N. 8 (infested since 1999) and
locality N. 10 (infested in 2005), (v) along the SR355 road from locality N. 20 (infested in
1997) to locality N. 19 (infested since 2000) and (vi) along the SS51bis road from locality
N. 4 (infested in 1997) to locality N. 3 (infested since 1998) (Figure S1 in Supplementary
Materials). In 1999, the leaf miner was absent in only two localities (N. 10 and 19), and from
2000 to 2004, only one locality was free of the species (N. 10). In 2005, C. ohridella was also
recorded in this last site.

The progression of infestation from the first year of recording C. ohridella was very
rapid, as the maximum infestation class reached at each site was usually observed by the
third year, with only three cases in the fourth year. These latter three sites were located at
higher altitudes (over 900 m a.s.l.).
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Figure 1. Percentage of localities out of 22 studied with horse chestnut infested by Cameraria ohridella
over the sampling years.

3.2. Factors Influencing the Damage from Cameraria ohridella and Guignardia aesculi

The independent variables of altitude and average annual temperature were found
to be negatively and strongly correlated (R = 0.9819, p < 0.0001); therefore, they were not
considered together in the multiple regression analyses.

In the study area, the altitude, average annual temperature and average annual rainfall
ranged from 199 to 1294 m a.s.l., from 4.4 to 11.9 °C and from 954 to 1394 mm, respectively.

Multiple regression analyses showed that altitude (or average annual temperature),
leaf removal level and leaf surface covered by necrotic spots due to G. aesculi significantly
influenced the leaf surface covered by mines, with average annual rainfall not being a
significant predictor of the dependent variable (Table 1). The leaf surface covered by
C. ohridella mines decreased as temperature decreased (or altitude increased) and leaf
removal increased. The increase in the leaf surface covered by necrotic spots due to
G. aesculi reduced the level of leaf damage by C. ohridella. The three significant independent
variables represent over 75% of the total variability. The percentage contribution to the
regression was maximum for the average annual temperature or altitude (around 47%);
however, the leaf removal level was also important (around 32%), as was G. aesculi leaf
damage (21%). At altitudes over 1000 m or average annual temperatures below 7 °C, the
leaf damage never exceeded 5%, regardless of the leaf removal level. At 90% leaf removal,
the leaf damage never exceeded 25%, irrespective of altitude.
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Table 1. Multiple regression analyses conducted to evaluate the influence of different factors (vari-
ables) on damage to horse chestnut leaves by Cameraria ohridella. C = contribution of each variable in
the regression analysis.

Leaf Surface Covered by the Leaf Miner
Mines (%) (Y)

Y =132.19 — 0.0853X — 0.508X2 — 0.812X3
F3 4o =50.75; p < 0.0001; R? = 0.77

ty = —8.561; p < 0.0001 (C = 47.2%)

ty1 = —0.545; p = 0.5177

ty2 = 6.436; p < 0.0001 (C = 31.5%)

ty3 = —4.376; p < 0.0001 (C = 21.3%)

Y =—-26.79 + 11.892X — 0.499X2 — 0.769X3
F3 4o =43.29; p < 0.0001; R? = 0.76

te = 7.779; p < 0.0001 (C = 47.2%)

ty1 =0.677;p =0.50

tyr = —5.590; p < 0.0001 (C = 31.9%)

ty3 = —3.871; p = 0.0004 (C = 20.9%)

* Omitted from these data: the site that was not yet fully infested in 2001, the six sites where insecticides were
applied and the two sites where there were variations in the levels of leaf removal level in 2012.

Variables (X) N. Sites *

Altitude (m) (X)

Rainfall (mm) (X1)

Leaf removal (%) (X2) 46
Leaf surface covered by G.

aesculi necrotic spots (%) (X3)

Temperature (°C) (X)

Rainfall (mm) (X1)

Leaf removal (%) (X2) 46
Leaf surface covered by G.

aesculi necrotic spots (%) (X3)

Multiple regression analyses showed that altitude (or average annual temperature),
leaf removal level and leaf surface area covered by C. ohridella mines significantly influenced
the leaf surface covered by G. aesculi necrotic spots, with average annual rainfall not being
a significant predictor of the dependent variable (Table 2). The leaf surface covered by
necrotic spots decreased with the decrease in temperature (or increase in altitude) and the
increase in the leaf removal level. The increase in leaf damage by C. ohridella decreased the
leaf surface covered by G. aesculi necrotic spots. However, the three significant independent
variables only accounted for about 35% of the total variability, suggesting the involvement
of other important factors. The percentage contribution to the regression was maximum
for the average annual temperature or altitude (51%) and lower for leaf removal (around
26%) and C. ohridella (22%). 1t is noteworthy that above a 1000 m altitude and below a 6 °C
average annual temperature, the percentage of leaf surfaces with necrotic spots was always
below 5%.

Table 2. Multiple regression analyses conducted to evaluate the influence of different factors (vari-
ables) on the damage to horse chestnut leaves caused by Guignardia aesculi. C = contribution of each
variable in the regression analysis.

Leaf Surface Covered by the Leaf Miner
Mines (%) (Y)

Y =67.10 — 0.042X — 0.194X2 — 0.387X3
F3 4o =8.02; p = 0.0002; R? = 0.36

ty = —4.638; p < 0.0001 (C = 51.1%)

ty1 = —0.726; p = 0.472

tyy = —2.877; p = 0.006 (C = 26.5%)

ty3 = —4.376; p < 0.0001 (C = 22.4%)

Y =—-9.52 + 543X — 0.170X2 — 0.349X3

F3 40 = 6.47;p = 0.001; R? = 0.32

t, = 4.05; p = 0.0002 (C = 51.4%)

ty1 =0.151; p = 0.880

tyo = —2.313; p = 0.0258 (C = 26.0%)

ty3 = —3.871; p = 0.0004 (C = 22.6%)

* Omitted from these data: the site that was not yet fully infested in 2001, the six sites where insecticides were
applied and the two sites where there were variations in the levels of leaf removal level in 2012.

Variables (X) N. Sites *

Altitude (m) (X)

Rainfall (mm) (X1)

Leaf removal (%) (X2) 46
Leaf surface covered by C.

ohridella mines (%) (X3)

Temperature (°C) (X)

Rainfall (mm) (X1)

Leaf removal (%) (X2) 46
Leaf surface covered by C.

ohridella mines (%) (X3)
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3.3. Effect of Abamectin Applications via Trunk Injections

A clear reduction in leaf damage was observed in the six sites where trunk injection of
the insecticide abamectin was applied. After the insecticide applications, the positive effect
persisted for many years (Table 3). Persistent effects of the trunk injections also occurred in
sites with a low level of leaf removal (localities N. 2, 6 and 16) or located in proximity to
heavily infested plants, which are potential sources of egg-laying females (localities N. 6, 9
and 13). This last occurrence was particularly evident in locality N. 13, with three possible
sources of egg-laying females less than 150 m away (Figure 2).

Table 3. Leaf damage classes recorded before and after applications of abamectin with trunk injections
against Cameraria ohridella.

Locality Years of Trunk  Leaf Removal Close to Heavily Leaf Damage Class **

N. Injections Level Infested Sites * 2000 2001 2005 2012 2016 2017 2018 2019

2 2003 30% No 9 9 3 2 3 3 2 2

6 2003 60% Yes 9 9 2 2 4 3 2 2

300/0; 60%—90%

9 2003 from 2005 Yes 9 9 4 4 4 4 5 4

13 2001 60% Yes 9 2 2 2 2 2 2 3
2003 .

15 2007 00 20 from No 7 08 2 2 2 2 2 2
2012

16 2003 0% No 10 10 4 4 3 4 4

* Yes = at least one untreated site, characterized as heavily infested, was present less than 400 m from the
treated site. No = no untreated sites were present within 1 km. ** 2 = 0.0%-0.1% leaf surface covered by mines,
3 =0.1%-1%, 4 = 1%-5%, 5 = 6%—10%, 6 = 11%—-25%, 7 = 26%-50%, 8 = 51%~75%, 9 = 76%—-100% and 10 = 100%.
*** Trees were cut down.
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Figure 2. Position of the four sites at locality N. 13. The plants subjected to trunk injections of
abamectin are indicated in orange and the untreated ones in blue. The distance between the untreated
plants and the closest treated plants was always less than 150 m.
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3.4. Effect of Variation in Leaf Removal Levels

Increases in leaf removal levels from 0%-30% to over 90% (localities N. 9 and 15) or
60%-90% (locality N. 9) caused decreases in leaf damage below 5% and 10%, respectively
(Figure 3A,B). In locality N. 14, where the level of leaf removal decreased from 90% to 30%,
there was an increase in leaf damage to over 80% (Figure 3C). In locality N. 17, an increase
in the leaf removal level from 30%-60% to 60%-90% resulted in a reduction in leaf damage
at an average level of less than 10% (Figure 3D).
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Figure 3. Dynamics over the years of leaf damage from Cameraria ohridella in sites at four localities
(A-D) subjected to trunk injections with abamectin (T) or variations in leaf removal levels (LR)
compared to control sites. UT = untreated. The number of the site inside each locality, according to
Table S2 of the Supplementary Materials, is reported between breaks in the legends.

3.5. Insights into the Persistent Effect of Trunk Injections of Abamectin

In the no-choice experiment carried out in 2019 in the laboratory, there was no signif-
icant difference in the number of eggs laid by C. ohridella females on leaves of branches
collected from trees treated with abamectin in 2001 (33.8 £ 19.8 eggs per leaf) or left un-
treated (36.4 £ 13.9 eggs per leaf) (t = 0.11, d.f. =8, p = 0.92). Therefore, the leaves of plants
treated many years before did not deter oviposition.

Late in the 2019 season, an average number of 11.8 £ 10.6 eggs per leaf was observed on
leaves of plants treated in 2001, confirming that the treated leaves did not deter oviposition,
and at the same time, suggesting that egg-laying females had migrated from nearby
untreated plants.

In 2020, in the branches of the two plants treated in 2012, the percentage of
well-developed mines was significantly lower than in the untreated plant (Ryan’s test,
p < 0.01) (Figure 4A). Furthermore, in the two treated plants, the percentage of non-
developed mines with a diameter less than 2 mm was significantly higher than in the
untreated plant (Ryan’s test, p < 0.01) (Figure 4B).

Despite the high mortality of larvae in the first phases of their development, abamectin
residues (avermectin Bla and Blb with reliability limits of 0.01 mg/kg) were not detected
in the leaves of treated plants.
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Figure 4. Percentage of well-developed mines over total mines ((A), above) and percentage
of mines <2 mm over total not-well-developed mines ((B), under) in one untreated plant and
two plants treated with abamectin. Different capital letters above columns indicate significant
differences at the 0.01 level with Ryan’s test.

4. Discussion

This multi-year study, conducted at locations across a broad altitudinal range, provided
robust data on the relative importance of climatic and cultural factors influencing C. ohridella
infestations and G. aesculi infections.

4.1. Spread of Cameraria ohiridella in the Introduced Area

In the first sampling year, C. ohridella was not found in most localities but was practi-
cally present in all sites after four years. Because the gradually colonized localities were
often located along the same road, it is evident that the spread of the leaf miner is favored
by human activity, as already suggested by other studies [2,55-57]. According to Valade
et al. [6], natural long-distance dispersal is unlikely considering that the moth took a long
time to migrate from natural horse chestnut stands in the Balkans to planted trees in urban
areas. When the host plant of the pest is an ornamental tree that is not distributed continu-
ously in the landscape, it is inconceivable that the leaf miner could spread naturally over
many kilometers.

C. ohridella can be established on horse chestnut at altitudes approaching 1300 m a.s.L.
with an average annual temperature of 4-4.5 °C. This geographical distribution agrees
with that recorded by Hellrigl and Ambrosi [3] in another mountain area of north-eastern
Italy. Based on our data, the leaf miner can colonize A. hippocastanum plants in all localities
where the tree is found, including the coldest ones. After all, the overwintering pupae of
C. ohridella may survive even at temperatures between —19.5 and —23 °C [58].

The biotic potential of the leaf miner was high, as the maximum class damage char-
acteristic of each locality was usually reached within three years, even at altitudes above



Forests 2025, 16, 284

11 of 16

1200 m and with high levels of leaf removal (60%-90%). This agrees with the rapid rise in
C. ohridelln damage during the first three years after initial colonization [34].

4.2. Natural Control of Cameraria ohridella in the Introduced Area

In some sites that already displayed high damage levels by 1997, the infestation of
C. ohridella was maintained at the same level over 20 years, indicating that natural enemies
cannot keep leaf miner populations below damage levels, even in natural environments.
Usually, leaf miner moths are efficiently controlled by density-dependent parasitoids, but
this is not the case with C. ohridella (parasitization often less than 10%), which is mostly due
to poor synchronization between parasitoid emergence in spring and C. ohridella phenology
and the inability of the native parasitoids to locate a leaf miner living on a host plant that
does not have any native congener in Europe [29,30,33,59]. The higher parasitism rates by
Pediobius saulius (Walker) (Hymenoptera, Eulophidae) in the Balkans, the area of origin of
the leaf miner, suggest its possible use in the context of classical biological control [60].

4.3. Factors Affecting Cameraria ohridella and Guignardia aesculi

In the investigated mountain area, higher altitudes were associated with the lowest
level of leaf damage by C. ohridella, as reported in other studies [3,24]. This occurs because
altitude is closely correlated with average annual temperature and, in turn, with the number
of generations per year [3]. Above 1000 m altitude or below an average annual temperature
of 7 °C, the leaf miner never caused damage greater than 10% of the leaf surface, even if
the leaf removal level was low. Therefore, since the arrival of C. ohridella, horse chestnut
should be planted only in the highest mountain localities (i.e., above 1000 m altitude), even
though infestation rates there are still higher than in the Balkans where effective biological
control is present [60]. Planting in areas with altitudes between 700 and 1000 m or even
lower can be associated with acceptable leaf damage only if thorough leaf removal can be
achieved. In particular, leaf damage did not exceed 25% in sites up to 200 m altitude when
the leaf removal level was at least 90%. Because temperature may be the only reference
parameter at different latitudes, we suggest new plantings of A. hippocastanum in localities
with an average annual temperature below 9 °C where leaf removal is possible or below
7 °C where it is not.

The classical biological control approach of guaranteeing low population levels similar
to the place of origin of the horse chestnut and C. ohridella (i.e., the Balkan Mountains)
is achievable only if the allochthonous natural enemies adapt to all the environmental
conditions in which horse chestnut has been planted. At altitudes lower than 700 m,
A. hippocastanum could be substituted with hybrid Aesculus x carnea Zeyher, which is
resistant to the leaf miner [61-63].

Furthermore, the leaf damage by G. aesculi was significantly influenced by the altitude
(average annual temperature) or by the level of leaf removal, even though the influence
only appeared important for temperature, considering the low coefficient of determination
of multiple regressions. Average annual rainfall was not significantly correlated with
fungus damage. Still, this fact should not lead one to believe that rainfall is not important,
because it is known that rainfall and hours of wetness are favorable to fungal infections [38].
Furthermore, since the variability in the average annual rainfall among the sampled sites
is likely smaller than among different years inside the same locality, the average annual
rainfall is probably not a good variable to explain differences in the incidence of the disease
among the localities. Moreover, the wetness hours are greatly influenced by microclimatic
conditions in which individual plants are located. Since the variables considered in the
multiple regression explained only a third of the total variability, the availability of data
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on wetting hours would likely have meant that the regression explained a much higher
percentage of the total variability.

Leaf damage by C. ohridella decreased as leaf damage by G. aesculi increased, and vice
versa, indicating competition between the leaf miner and the fungus. This agrees with the
interspecific competition between C. ohridella and G. aesculi reported in the literature [37,38].
Although the percentage contribution of the competitor to the variability was similar in the
multiple regressions related to C. ohridella (21.3%) and G. aesculi (22.4%), we can assume
that the latter had a more negative influence on the former than vice versa because the
angular coefficient relative to the competitor was much higher in the C. ohridella than in
the G. aesculi regressions (0.812 vs. 0.387). This agrees with Kopacka et al. [38] but not with
Jagietto et al. [37]. However, our study confirms that an interspecific competition occurs.

4.4. Effectiveness of Trunk Injections with Abamectin

The leaf damage by C. ohridella was significantly reduced by insecticide applications
via trunk injections with abamectin. Leaf damage was negligible for at least 19 years after
insecticide injection. This high persistence is confirmed by the literature [64-66]. In partic-
ular, the study of Schenke and Jackel [65] reported abamectin residues on horse chestnut
leaves up to six years from the last trunk injection and the absence of leaf miner infestations
during the same period. Persistent effects on leaf miner infestations and the detection of
residues many years after trunk injection were also reported for imidacloprid [45,67].

The persistent effect of abamectin trunk injections occurred despite the untreated and
very infested trees being less than 150 m away from treated and non-infested trees in three
out of the six treated sites. The presence of C. ohridella eggs on treated plants proximal to
untreated plants confirmed that egg-laying females can colonize these plants. Moreover,
the laboratory two-choice test showed that the leaves of treated plants were not oviposition
deterrents. Our field sampling showed that the persistent effect was associated with larval
mortalities in the first phases of their development, as most mines did not develop after
egg hatching.

The detection of abamectin residues in the leaves for 6 years after trunk injection [65]
and the mortality of larvae after 19 years from the last trunk injection (the present study)
suggest that abamectin is still present after many years inside leaves at lethal doses for
newly hatched larvae of C. ohridella. It can be assumed that for many consecutive years
the insecticide is translocated from leaves to the woody parts in autumn and translocated
again to the leaves in spring at a concentration sufficient to kill the newly hatched larvae.

Abamectin is toxic to honeybees, and an impact on the expression of genes associated
with their vitality has been demonstrated [68]. The persistence of abamectin inside the plant
for many years and the fact that emamectin benzoate, the synthetic analogue of abamectin,
has been detected in the nectar and pollen of apple plants when applied in the previous
spring [69] suggest that trunk injections may be harmful to bees in the years following
treatment. Risks for honeybees associated with trunk injections with imidacloprid were
recently also suggested by the study of Walczak et al. [67]. Therefore, trunk injections may
not be as free of negative side effects as previously assumed [43] because, in addition to
the high cost of application and the problem of wounds that do not heal [42,44,70], there
are also possible adverse effects on pollinators. We believe that the data reported in this
study on the persistence of abamectin, when applied by trunk injection, should be taken
into account in discussions regarding the approval or withdrawal of this active substance
in the European Union.

In the context of integrated pest management to reduce the negative side effects
of trunk insecticide injections, the present study demonstrated that a similar efficacy for
C. ohridella control can be achieved with thorough leaf removal. The coupling of leaf removal
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with strategies of biological control based on the selective emergence of parasitoids and
C. ohridella from stored dead leaves [47,71,72] and the installation of bird nesting boxes [73]
could further reduce leaf damage, particularly at the lowest altitudes where infestation
levels may be too high when adopting leaf removal alone. Moreover, attract-and-kill
strategies based on sexual pheromones, effective when C. ohridella has a low population
density, could be integrated with leaf removal [74,75]. In the future, in the context of
integrated pest management, the use of systemic resistance inductors [76] or natural
substances produced by Aesculus spp. resistant to C. ohridella [77] could represent further
possibilities for controlling the leaf miner.

5. Conclusions

Until it is possible to bring the leaf miner, C. ohridella, under effective biological control,
it is necessary to adopt an integrated approach.

Insecticide applications by trunk injections can provide excellent and persistent effec-
tiveness. However, the surprisingly very long persistence (up to at least 19 years) recorded
in the present study could represent a problem for pollinators if insecticide residues remain
inside leaves, nectar and pollen over several years. For this reason, we believe that trunk
injections with abamectin should no longer be adopted. Removal of fallen leaves from the
ground in autumn can guarantee effectiveness that is not much lower than trunk injections.
Therefore, we suggest adopting this environmentally friendly practice as rigorously as
possible to maintain C. ohridella below damaging levels. Leaf removal should also be
encouraged for the control of G. aesculi, although its efficacy against the fungus is less than
that against C. ohridella. Finally, the search for further eco-friendly control strategies should
be continued.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f16020284/s1, Figure S1: Map of sample sites in the area of
north-eastern Italy where the study was conducted (from Google Earth Pro); Table S1: Localities in
which the multi-year study was conducted. The number of sampling sites, the sampling years and
the studied effects are reported for each locality; Table S2: The characteristics and cultural practices
adopted at the sampled sites in each locality.
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