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Abstract: Emerald ash borer (EAB), Agrilus planipennis, is a phloem-boring beetle, native to East Asia
that has become a serious invasive pest of ash (Fraxinus spp.) trees in North America and European
Russia since the early 2000s. In 2019, EAB was detected in Ukraine. It had spread over 300 km from
the entry point over two years and killed hundreds of Fraxinus excelsior and F. pennsylvanica trees. EAB
poses a threat to the ash forests of neighboring European countries, which have already been damaged
by the invasive fungus Hymenoscyphus fraxineus. The purpose of this research was (i) to reveal the
traits of EAB and the climatic variables that affect its survival; (ii) to predict the EAB expansion range
in Ukraine and westward; and (iii) to compare the most significant bioclimatic variables in the native,
invasive ranges of EAB, as well as outside these ranges. The results demonstrated the following:
(i) in all ranges, EAB has adapted to the seasonal temperature variations; (ii) the MaxEnt model
predicted the potential distribution of EAB with high accuracy (AUC = 0.988); the predicted area of
EAB invasion covered 87%, 48%, and 32% in Luhansk, Kharkiv, and Donetsk regions, respectively;
and (iii) the ranges of climatic variables in EAB-inhabited regions demonstrated the high ecological
plasticity of this pest. However, the predictions could be improved by considering forest structure, as
well as the localization of roads.

Keywords: emerald ash borer; Fraxinus spp.; seasonal development; bioclimatic variables; MaxEnt

1. Introduction

The native range of Emerald ash borer (EAB) (Agrilus planipennis Fairmaire, 1888)
(Coleoptera: Buprestidae) comprises temperate Northeast Asia, including some areas of
China, Japan, South Korea, as well as the Primorsky and Khabarovsky Krais of Russia [1,2].
In these areas, it has colonized native ash species (Fraxinus mandshurica Rupr. and F. chinensis
Roxb.) but has not caused significant damage [3,4].

The invasive range of EAB was developed almost simultaneously on two continents. In
North America, EAB was first recorded in 2002 in the Midwestern U.S. (Detroit, Michigan)
and in neighboring Canada (Windsor, Ontario) [5,6], and in 2003, it was recorded in the
European portion of Russia in the urban stands in Moscow [2,7,8]. However, EAB likely
existed undetected in North America and European Russia since the 1990s.
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In subsequent years, EAB spread across North America in the west and north re-
gions [2], and across the European continent, north to Tver and St. Petersburg [9,10]
and south to Azov [11,12] and Krasnodar Krai [13]. In contrast to North America where
EAB spread over forests, in Russia, it settled in urban stands and roadside shelter belts of
F. pennsylvanica [14,15].

In Ukraine (in the Luhansk Region), EAB was found in 2019 [16,17]. However, judging
by the presence of the different larval instars and exit holes, it likely invaded the region
in 2017, or potentially earlier, probably from the neighboring Voronezh region of Russia.
In 2021, EAB spread throughout the Luhansk region and into the Kharkiv region [18,19].
The data on EAB distribution in 2022 were unavailable due to this region being involved in
active hostilities.

After identifying EAB in North America, where this beetle killed millions of ash
trees [20] and caused great economic losses, this pest has attracted much attention from
researchers. Hundreds of publications have been devoted to EAB detection by model-
ing the possible spread and threat to ash stands [2,4,6]. Concerns about EAB spread in
Europe increased when it was found that EAB infested various native and exotic ash
species [1,5,18,21,22], in particular, F. excelsior, which was the most common in Europe
among all ash species [23]. In recent decades, over a large area in Europe, F. excelsior has
been damaged by ash dieback caused by the fungus Hymenoscyphus fraxineus [24-26]. Amid
the increased frequency of droughts, F. excelsior was noticeably damaged by foliage and
stem pests [22], and due to a decrease in the groundwater levels and the weakening of
the root systems, root-rot has spread [26]. All of this could increase the susceptibility of
F. excelsior to EAB attacks [22].

It was found that the rate of active spread of EAB from its invasion points was
significantly lower than the passive points via transport vehicles, or “hitchhiking” [10,27,28].
Therefore, several models have been developed to predict EAB spread that considered
the probability of this pest being transported from the point of its current location to a
specific distant destination. For example, Prasad et al. [29] described a spatially explicit
cell-based model used to calculate the risk of EAB spread in Ohio by combining its flight
and short-range dispersal (“insect flight”) with human-facilitated, long-range dispersal
(“insect ride”).

Yemshanov et al. [30,31] and Orlova-Bienkowskaja and Bierikowski [15] considered
pairwise distances between all locations of EAB presence as the main parameter determin-
ing the probability of pest spread. Flo et al. [32] considered import pathways of deciduous
wood chips in Europe to predict the potential distribution areas for EAB and three more
Agrilus beetles.

At the same time, the ability of an alien species to survive in a new territory depends
on climatic conditions [11,12,33], the presence of host trees [2], and competing or ento-
mophagous species [34,35]. Therefore, EAB spread was predicted according to climatic
conditions [11,12,36-39], the spread of the host plant [21,40], landscape characteristics [27],
and various combinations of approaches. For example, Webb et al. [37], when studying
the potential rapidity of EAB spread in Great Britain, used two approaches: the observed
rate of EAB spread in North American and Russian regions; and the relationship between
the accumulated degree days and pest emergence that could determine environmental
suitability and the EAB life cycle.

Within the current range, EAB has a 1-year or a 2-year cycle [41-43]. The threat to
tree health was less in the regions with a 2-year cycle due to slower population growth [4].
Eggs, larvae, and pupae of EAB developed under the bark, where they were protected from
extreme weather [44]. EAB adults left the tree in late spring—early summer, feeding on ash
foliage for a week before mating and two weeks after mating [2-5,20,43,45-53]. Since the
microclimate of individual stands and even stem parts could vary within the same forest,
the instar composition of overwintering larvae and the timing of adult emergence could
also differ [41,42,54]. Therefore, in order to predict the potential distribution of EAB outside
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the current range, it was necessary to analyze the features of the seasonal development of
the pest in native and invasive ranges.

To predict the potential distribution area, the species distribution models (SDMs)
based on the present data of a plant or animal with the relevant environmental variables
have frequently been used [32,38,39,55-59]. The maximum entropy (MaxEnt) model has the
possibility of obtaining relatively high accuracy in its predictions [60-62] when considering
predictors such as temperature and rainfall at different times of the year [63].

Although climatic factors alone may be insufficient as insect distribution predictors in
specific cases [21,32,38,39,64], in a preliminary analysis of the environmental suitability of
EAB in Ukraine and its neighboring European countries, we used bioclimatic variables [63].
At the same time, we also considered that both F. excelsior and F. pennsylvanica were present
in this area of the forest and in protective plantations, in particular, those located on
roadsides [23,57]. We speculated that for the successful spread of EAB, in addition to the
presence of ash, its proportion in forest stands and their microclimates must be considered,
which depended on many stand characteristics, such as their fragmentation and density.
These issues will be addressed in a future study in the territory, for which all the necessary
data will be made available.

The purpose of this research was (i) to compare the traits of EAB’s seasonal develop-
ment in different ranges and to reveal the climatic variables that could affect its survival;
(ii) to predict the EAB expansion range in Ukraine and westward; and (iii) to compare the
most significant parameters outside of the current EAB range with those in the native and
invasive ranges.

2. Materials and Methods
2.1. EAB Phenology and Importance of Climatic Parameters

Data for points with EAB presence in Asia, North America, and Europe (Euro-
pean part of Russia and Ukraine) (Table S1) were compiled from databases and arti-
cles [11,12,18,19,22,65,66] and our unpublished field data for 2021. The EAB seasonal de-
velopment was analyzed using published data from different regions [2-5,20,41,43,45-53]
and our own data for the three years of EAB presence in Ukraine [18,19,54,67], as well
as comparisons with another Agrilus species, particularly Agrilus biguttatus (Fabricius,
1776) [68-70].

For detailed characteristics, 12 points were chosen (Table 1). For each of these points,
mean monthly air temperature and precipitation were used (Table S52), and additional cli-
matic parameters were evaluated. Among these points, the seasonal development of EAB
was studied in detail in three points from China [3,43], three points from the U.S. [41,45],
one point from the Russian Federation [42], and one point from Ukraine [54,67]. Two more
points (Kharkiv and Luhansk, Ukraine) were chosen because EAB had been found in re-
spective administrative regions. Lviv (Ukraine) and Prague (Czech Republic) were chosen
because they are located at almost the same latitude as Kharkiv but westward. The daily air
temperature was sourced from the ERA5-Land Global Atmospheric Reanalysis dataset [71].
Annual growing degree days (AGDD) for a base temperature of 10 °C (AGDD10) [11],
annual mean temperature, and growing season temperature were calculated for the afore-
mentioned 12 points (Table 1).

We chose the Képpen—Geiger climate classification [72] to characterize both native and
invasive ranges of EAB because it was based on the empirical relationship between climate
and vegetation. According to this classification, there were five main climate groups: A
(tropical), B (arid), C (temperate), D (continental), and E (polar). In each group, there
were subgroups by seasonal precipitation (for example, w—dry winter, f—no dry season,
s—dry summer) and by temperature (for example, a—hot summer, b—warm summer,
c—cold summer). Therefore, Dfa denoted a hot-summer humid continental climate and
Dfb indicated a warm-summer humid continental climate. The Koppen—Geiger climate
type [72] was determined for each range’s most northern, southern, western, and eastern
points using ClimateCharts [73].
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Table 1. Characteristics of the points for which climatic variables were analyzed in detail.
EAB Is Detected, Climate Tyoe b
Point, Country Predicted, or Continent Latitude Longitude Ko G yP [}7’3]
Not Predicted oppen—iseiger
Changchun, China detected Asia 43.88 125.23 Dwa
Harbin, China detected Asia 45.75 126.77 Dwa
Tianjin, China detected Asia 39.03 117.20 Cwa
Cincinnati, U.S. detected North America 39.10 —84.42 Cfa
Michigan, U.S. detected North America 42.22 —83.11 Dfa
Texas, U.S. detected North America 32.00 —102.08 BSh
Moscow, Russian Federation detected Europe 55.75 37.62 Dfb
Svatove, Ukraine detected Europe 49.42 38.16 Dfa
Kharkiv, Ukraine predicted Europe 50.00 36.25 Dfb
Luhansk, Ukraine predicted Europe 48.44 39.34 Dfa
Lviv, Ukraine not predicted Europe 49.80 24.00 Cfb
Prague, Czech Republic not predicted Europe 49.99 14.45 Ctb

Mean monthly temperature and precipitation (1989-2019) for the selected points on
different continents with EAB presence (with 1-year and 2-year cycles) and absence are
provided in Supplementary Table S2. The dates of the stable temperature transition through
10 °C in spring and autumn, as well as the duration of the growing season, were evaluated
according to a method by V. Meshkova [74].

2.2. EAB Distribution Model

The geographical distribution of A. planipennis was predicted based on the ecologi-
cal niche model devised in MaxEnt software, version 3.4.4 [75,76] because it accepted the
presence-only data and a small number of presence-points [60]. The data on EAB presence
in the European part of Russia and Ukraine were used for predicting the potential distri-
bution of EAB in Ukraine and neighboring European countries, covering latitudes from
44.6° N (Sevastopol) to 51.5° N (Chernihiv), and longitudes from 14.5° E (Prague) to 39.3° E
(Luhansk). Bioclimatic variables representing annual trends in temperature, precipitation,
and climate ranges (Table 2) [63] were evaluated for grid cell at a resolution of 2.5 arc-minutes
(approximately 3 km?) based on interpolations of observed data from 1970 to 2000 and
downloaded from the WorldClim database (the version released in January 2020) [77,78].

Table 2. Bioclimatic variables.

Variable Variable Name Definition

Bio_1, °C Mean annual temperature Annual mean temperature
The average difference

Bio_2, °C Mean diurnal range between high and

low daily temperature
The ratio of the mean diurnal
temperature range relative to
the seasonal range
Temperature variation over a
year by monthly
average temperature
Monthly mean of daily high
temperatures for the
hottest month
Monthly mean of daily low
temperatures for the
coldest month
Bio_07 = Bio_05-Bio_06
Average temperature for the
three months with the
most precipitation
Average temperature for the
three months with the
least precipitation

Bio_3, dimensionless Isothermality

Bio_4, °C Temperature seasonality

Bio_5, °C Max temperature of the warmest month

Bio_6, °C Min temperature of the coldest month

Bio_7,°C Temperature annual range

Bio_8, °C Mean temperature of the wettest quarter

Bio_9, °C Mean temperature of the driest quarter
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Table 2. Cont.

Variable Variable Name Definition
. Average temperature for the
o
Bio_10, °C Mean temperature of the warmest quarter three hottest months
Bio_11, °C Mean temperature of the coldest quarter Average temperature for the

Bio_12, mm

Bio_13, mm

Bio_14, mm

Bio_15, fraction

Bio_16, mm

Bio_17, mm

Bio_18, mm

Bio_19, mm

Elev, m a.s.l.

Annual precipitation

Precipitation of the wettest month

Precipitation of the driest month

Precipitation seasonality

Precipitation of the wettest quarter

Precipitation of the driest quarter

Precipitation of the warmest quarter

Precipitation of the coldest quarter

Elevation

three coldest months
Total annual precipitation
Total precipitation for the
month with the
most precipitation
Total precipitation for the
month with the
least precipitation
Precipitation variation over a
year by monthly
total precipitation
Total precipitation for the
three months with the
most precipitation
Total precipitation for the
three months with the
least precipitation
Total precipitation for the
three hottest months
Total precipitation for the
three coldest months
Elevation (altitude)

All 19 bioclimatic variables from the WorldClim database were used as predictors,

and the algorithm chose the most important variables through the default regularization
settings. For replicates of the SDMs, the default setting of “cross-validation” was chosen,
as it utilized all the available data and, thus, could better use the limited data [76]. The
settings used in the MaxEnt models are shown in Table 3.

Table 3. Selected MaxEnt settings.

MaxEnt Option Selected Setting MaxEnt Option Selected Setting
Create response curves Yes Write plot data Yes
Make picture Yes Extrapolate Yes
of predictions
Do ]a.ckkru.fe to meastire Yes Write plots Yes
variable importance
Output format Cloglog Maximum iterations 1000
Random seed Yes Convergence threshold 0.00001
Remove duplicate Yes Default prevalence 0.5
presence records
Max. test sensitivity
Random test percentage 25 Apply threshold rule plus specificity
N L Logscale raw/
Regularization multiplier 1 camulative picures Yes
Max number of 10,000 Threads 8
background points
Replicates 50 Lq to Iqgp threshold 80
Replicated run type Bootstrap Linear to Iq threshold 10
Add samples to :
background Yes Hinge threshold 15

QGIS 3.28.1 was used for converting WorldClim data to ASC format, defining the
study area, and building the maps [79].

Model performance was measured using the area under the curve (AUC) parameter of
the receiver-operating characteristic (ROC) [80]. AUC was interpreted as the probability of
correctly predicting the species presence in a randomly selected geographic grid cell. In the
ROC analysis, each grid cell in the predictor dataset received scores from the independent
testing dataset; the relationship between the true positive rate and the false positive rate
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was plotted; and then, the AUC was calculated. If the AUC of the test data was close to
0.5, the model performed no better than a random model, and if AUC was 1.0, the model
provided a perfect fit with no false negatives [76,80]. The influence of different variables on
the model was evaluated by contribution and permutation coefficients. As a verification
method, we used the jack-knife test, in which three models were generated for each variable:
the first one without a variable, the second one with only one, and the third model with all
the variables. The results of the calculations are provided in Tables S3 and S4.

2.3. Comparison of the Most Significant Bioclimatic Variables in the New EAB Range with Those
in the Native and Invasive Ranges

MaxEnt version 3.4.4 command-line tool [76] was used for acquiring the individual
WorldClim data for each point with EAB presence in Asia, North America, and European
Russia, as well as for 70 selected points from the territories of the EAB predictions (Table 4).

Table 4. Geographical diversity in native (Asia) and invasive EAB ranges (North America, European
Russia, and Ukraine), as well as the area of EAB prediction.

EAB Detected Area f.or E AB
Prediction
Parameters ) North Eurqpean
Asia America Russia and Europe
(66 Points) (376 Points) Ukraine (70 Points)
(145 Points)

Latitude, ° 24.6-494 32.7-49.9 47.1-59.9 44.6-51.5
Longitude, ° 115-141.4 —104.8-—63.7 29.8-46.4 14.5-39.3
Elevation, m a.s.1. 2.0-1294.0 9.0-1660.0 —19.0-230.0 10.0-846.0

Note: All points of EAB findings in Asia, North America, European Russia, and Ukraine, as well as 70 selected
points from the territory of EAB predictions by our modeling are presented in the supplement (Table S1). In
Table 4, the limits for latitude, longitude, and elevation (altitude, m a.s.1.) for these locations are mentioned.

Boxplots representing the ranges of the bioclimatic variables in different ranges of EAB
were built using the statistical software package PAST: Paleontological Statistics Software
Package for Education and Data Analysis [81].

3. Results
3.1. EAB Phenology

In the native range of EAB in China and in the invasive range in North America,
there were populations with 1-year and 2-year cycles. Therefore, in China, EAB had a
1-year development in Tianjin with an average yearly temperature of 13 °C and a 2-year
development in Changchun and Harbin with an average yearly temperature of 6 °C and
4.9 °C, respectively [43] (Table 5). In North America, EAB had a 1-year development in
the central U.S. (Texas) [41] with an average yearly temperature of 18.7 °C and 2-year
development in Cincinnati and Michigan [2,43] with an average yearly temperature of 12.4
°C and 10 °C, respectively (Table 5). With a 1-year life cycle, the fourth instar larva would
hibernate once, and with a 2-year life cycle, it would hibernate twice [6,41,43,82].
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Table 5. Climatic indicators for several points where EAB was detected, predicted, or not predicted.

. EAB Is Detected, Mean T ture, °C Number of Number of Date of Stable Transition of
CPomt, Predicted, or ean femperature, Days with Months with BAG?ODO'C Temperature
ountry Not Predicted Year Vegetation Period T>10°C T>10°C ase over 10 °C below 10 °C
Cha&gjfﬁa‘un' detected 6.0 19.6 169 5 1477 23.04 8.10
Harbin, China detected 49 18.6 161 5 1321 27.03 4.10
Tianjin, China * detected 13.7 21.8 223 7 2519 26.03 3.11
Cincinnati, U.S. detected 124 20.0 212 7 1935 4.04 1.11
Michigan, U.S. detected 10.0 18.3 186 6 1532 20.04 22.10
Texas, U.S. * detected 18.7 21.8 293 10 3307 13.02 212
Moscow, Russian detected 6.0 15.9 149 5 899 30.04 25.09
Federation
Svatove, Ukraine detected 8.9 17.8 179 6 1435 15.04 10.10
Kharkiv, Ukraine predicted 8.8 17.4 177 6 1364 16.04 9.10
Luhansk, predicted 9.4 17.0 182 6 1538 14.04 12.10
Ukraine
Lviv, Ukraine not predicted 8.6 16.9 174 5 1058 20.04 10.10
Prague, Czech not predicted 96 16.0 181 6 1104 16.04 13.10

Republic

Note: Characteristics of the points for which climatic variables were analyzed in detail are presented in Table 1;
* the 1-year cycle of EAB.

In the invasive range of this pest in Moscow (Russia) [42] and in Svatove (Ukraine) [54]
with an average yearly temperature of 6 °C and 8.9 °C, respectively (Table 5), 2 cohorts
developed in EAB populations. The first was represented by individuals that had developed
from the earliest laid eggs, reached the fourth instar by the end of the growing season, and,
after overwintering, emerged early as adults. The individuals of the second cohort had
developed from late-laid eggs, reached the second-third instars by the end of the growing
season, and continued their development in the spring. Under favorable conditions, the
beetles emerged late in the same year, and under less favorable conditions, they hibernated
again as the fourth-instar larvae.

EAB larvae development resumed in spring after the vegetation of the host plant had
resumed [54], i.e., after a stable temperature transition above 10 °C, as was typical in other
xylophages [69,83,84].

In the east of Ukraine, the ratio of younger and older EAB larvae in October 2019 and
March 2020 was approximately the same [54]. It proved that the larvae stopped developing
when the dormant period of the host species had begun i.e., after a stable temperature
transition below 10 °C. In mid-April, larval molting was registered, and in May, older larvae
and prepupa accounted for more than 80% of the individuals [54]. An earlier start and a
later end of the growing season were favorable for EAB development [4]. The analysis in
Table 5 showed that the AGDD10 at points outside the range of the pest (Lviv, Prague),
as well as the average temperatures of the growing season, were no less than in Moscow
(invasive range), that is, the lack of heat had not been an obstacle to EAB. These data were
consistent with the calculations by Orlova-Bienkowskaja and Bierikowski [11], according to
which the minimal AGDD10s recorded at the locations currently occupied by A. planipennis
were 714 °C in Asia, 705 °C in North America, and 711 °C in European Russia.

Adult emergence was observed from early May in Tianjin, China [3], and southern
Ohio, U.S. [41], from early June in Moscow, Russia [60], from mid-June in central Michigan,
U.S. [41,85], and in the Luhansk, Ukraine [67].

Larvae hatching began in June, or later, depending on the time of adult
emergence [2,41-43,54]. Larvae fed under the bark until the end of the ash vegetation [41].
Larvae hibernated in their galleries [2,3]. Since the dates of the adult emergence, as well as
the dates of all subsequent stages had been extended over time, the larvae were adapted to
overwinter at any instar [41,42,67].

A study in North America showed that cold winters could potentially limit the spread
of A. planipennis in the U.S. and Canada [47]. No established EAB population has been
recorded in localities where temperatures below —34 °C occur in Europe [33]. Such temper-
atures were close to the absolute supercooling point of A. planipennis larvae (—35.3 °C) [48].
The climate data analysis showed that such low temperatures were absent in Ukraine and



Forests 2023, 14, 736

8 of 22

in other analyzed parts of Europe (see Supplements S1 and S2). Therefore, the potential
range of A. planipennis in this territory was not limited by too low temperatures.

Sufficient phloem moisture is important for larval development, at an optimum of
60% [86]. In the samples from the east of Ukraine, prepupae had successfully completed
development in the branches with a relative phloem humidity of over 30% [54]. The rate
of larval development depended on temperature, but it slowed down in trees with better
health [50,87], as well as in drying trees with low phloem moisture [54].

In the native range of EAB, a cold winter season was necessary to initiate diapause and
adult development [36]. However, in Ukraine, in branch samples collected in October 2019
(average temperature 10 °C) and placed in a laboratory at 15-20 °C, the larvae successfully
completed their development, and adults emerged [54]. Since these results had been obtained
for only one season, it was necessary to repeat the research at different sampling times.

In choosing bioclimatic variables, we found that in all analyzed points of the three
continents, the coldest months were December, January, and February, and the hottest
months were June, July, and August (Table S2). Noticeable variations in precipitation
throughout the year were revealed by different points. For example, in Changchun, Harbin,
and Tianjin with EAB presence and, in Prague, with its absence, the driest months were
December, January, and February. In Cincinnati, January, February, and November were
the driest months. In Michigan and central regions (North America) with EAB presence
and in Lviv with its absence, the driest months were January, February, and March.

In the middle of the U.S., where the growing season lasts 10 months, starting in
February, low rainfall during this time was unfavorable for trees, reducing their resistance
to pest attacks [88]. In Lviv (Ukraine), where the growing season did not begin until the
last third of April, with a significant amount of precipitation in each of its five months
(62.5-96.7 mm), the relatively dry first months of the year had not significantly affected
the tree health (Table S2). In Moscow, Russia, and eastern Ukraine, the driest months were
February, March, and April. The growing season began in the east of Ukraine in mid-April,
in Moscow, Russia, two weeks later. At the same time, 690 mm of precipitation per year
were in Moscow, and 520 mm in East Ukraine, that is, trees in the latter case were then
more susceptible to pests. The wettest in Changchun, Harbin, Tianjin, Moscow, and Prague
were summer months (June, July, and August), in Cincinnati and Michigan (April, May,
and June), in the central U.S. (July, September, and October), in Svatovo, (June, July, and
October) (Table S2). Heavy rainfall in summer was likely unfavorable for EAB adults.

Taking into account the differences in climatic conditions in the EAB ranges and the
timing of the seasonal development of this pest, we tested all 19 climatic variables (in
Table 2) that were downloaded from the WorldClim dataset for forecasting, using the
MaxEnt program [77].

3.2. Maximum Entropy Modeling

MaxEnt predicted the potential distribution of EAB with high model accuracy, result-
ing in an average test area under the curve (AUC) value of 0.988 and a standard deviation
of 0.002 (Tables S3 and S4). The jack-knife test also showed a rather high AUC with each
individual variable (Table 6).

Two variables (Bio_4 and Bio_6) had the greatest value in constructing the EAB range
model with a cumulated contribution of 66.4%. However, these variables had the highest
permutations (see Tables 6 and S3, Figure 1).

Bio_4 showed the variation of temperature over a given year (or averaged years),
based on the standard deviation of the monthly temperature averages. The probability of
EAB presence increased as Bio_4 approached 1164 (see Figure 1a), the maximum value in
the sample points with the presence of this pest. With a further increase in the index, a high
permutation was noted (see Table S4). The probability of EAB presence increased as the
Bio_6 value increased, up to —10 °C with further high permutations (blue area in Figure 1).
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Table 6. Bioclimatic variables with the greatest influence on the MaxEnt probability of EAB presence.
Variables are listed in order of descending importance.

Variable Short Variable T . o Cumulated
Name Description AUC Contribution, % Permutation, % Contribution, %
Bio_4 Temperature 0.92 4656 40.88 4656

seasonality
. Min temperature of
Bio_6 the coldest month 0.93 19.87 23.55 66.43
Bio_19 Precipitation of the 0.86 11.16 4.09 77.59
coldest quarter
Bio_15 Precipitation 0.82 1053 5.63 88.11
seasonality
Bio_5 Max temperature of 0.87 3.73 1.68 91.85
the warmest month
Bio_11 Mean temperature of 0.93 334 242 95.19
the coldest quarter
Bio_9 Mean temperature of 0.83 1.52 0.72 96.70
the driest quarter
Bio_8 Mean temperature of 0.90 0.96 3.70 97.66
the wettest quarter
elev Elevation in meters 0.79 0.92 1.69 98.59
Bio_10 Mean temp. of the 0.87 0.48 0.00 99.06
warmest quarter
Bio_14 Precipitation of the 0.83 0.23 0.42 99.29
driest month
Bio_7 Temperature annual 0.90 0.20 7.52 99.49
range
Bio_1 Mean annual 0.87 0.13 5.89 99.62
temperature
Bio_3 Isothermality 0.83 0.12 0.94 99.73
Bio_18 Precipitation of the 0.77 0.10 0.76 99.84
warmest quarter
Bio_2 Mean diurnal range 0.79 0.09 0.01 99.93
Bio_16 Precipitation of the 0.78 0.04 0.05 99.97
wettest quarter
Bio_17 Precipitation of the 0.83 0.02 0.05 100.00
driest quarter
Bio_13 Precipitation of the 0.77 0.00 0.00 100.00
wettest month
Bio_12 Annual precipitation 0.80 0.00 0.00 100.00

Note: AUC—area under the curve for each variable, a measure of the model’s performance.

The contribution of each of Bio_19 and Bio_15 exceeded 10%, and these 4 variables
(Bio_4, Bio_6, Bio_19, and Bio_15) contributed 88.11% to the model. The probability of EAB
presence increased as Bio_19 increased, to 100 mm, and a further increase in Bio_19 had
no effect. The probability of EAB presence reached a maximum at 20% of the variation in
precipitation over a year by monthly total precipitation (Bio_15).

The probability of EAB presence reached the maximum at the monthly mean of the
daily high temperatures for the hottest month 27 °C (Bio_5) and mean temperatures during
the coldest 3 months of the year —6 °C (Bio_11) (see Tables S1 and S2). The contributions of
the other variables were low and amounted to about 4% in total (Table 6).

The model showed a high probability in EAB distribution in the eastern region of
Ukraine. Climatic conditions were favorable (the probability of EAB spread exceeded 0.5)
for its spread in 87% of Luhansk, 48% of Kharkiv, and 32% of Donetsk (Figure 2).
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Figure 1. Response curves of bioclimatic variables with the greatest value in constructing the EAB
range model. POP—the predicted probability of EAB presence. The curves show how the POP
changed as each environmental variable changed, keeping all other environmental variables at their
average sample value. The blue area shows the range of POP values when the variable changes.
(a) Bio_4 (Temperature seasonality); (b) Bio_6 (Minimal temperature of the coldest month).
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Figure 2. Predicted distribution area for EAB estimated by maximum entropy modeling. (a) whole
analyzed territory; (b) a fragment of the territory with the highest probability of EAB spread. Green
circles are points where EAB was detected. Numbers indicate cities and regions of Ukraine: 1—
Autonomous Republic of Crimea; 2—Vinnytsia; 3—Volyn; 4—Dnipropetrovsk; 5—Donetsk; 6—
Zhytomyr; 7—Zakarpattia; 8—Zaporizhzhia; 9—Ivano-Frankivsk; 10—Kyiv; 11—Kirovohrad; 12—
Luhansk; 13—Lviv; 14—Mykolayiv; 15—Odesa; 16—Poltava; 17—Rivne; 18—Sumy; 19—Ternopil;
20—Kharkiv; 21—Kherson; 22—Cherkassy; 23—Chernivtsi; 25—Chernihiv. The color reflects the
predicted probability of EAB spread at each grid cell (see the scale in (b)).
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Less favorable climatic conditions for EAB spread were demonstrated in Sumy, Cherni-
hiv, Kyiv, Zhytomyr, Poltava, Dnipropetrovsk, Cherkasy, and Vinnytsia regions. A rather
high probability of possible EAB spread was predicted in Ivano-Frankivsk and Chernivtsi
regions of Ukraine, along which a wide band of potential foci continued into Romania, east
of the Carpathians, towards Suceava. Another potential focus was predicted in Poland at
the border with Slovakia, in the area of the Tatra National Park.

3.3. Bioclimatic Environmental Variables in the Native and Invasive EAB Ranges

As of 2021, the northernmost point of detection was Troitskoe, Russia (49.4° N, Dwb),
the southernmost one was Hiroshima, Japan (24.6° N, Cfa), and the easternmost was
Shikotsuko, Japan (141.4° E, Dfb). The altitude varied from 2 m a.s.l. (Dongying, China)
up to 1294 m a.sl. (Yangkiaping, China) (Table S1). The invasive ranges of EAB were
registered in North America and in European Russia. As of 2021, on the North American
continent, the northernmost point of EAB detection was Manitoba (49.9° N, Dfb), the
southernmost was Texas (32.7° N, Cfa), the westernmost was Colorado (104.8° W, Cfb),
and the easternmost was Nova Scotia (63.7° W, Dfb). The altitude ranged from 9 m a.s.L.
(New York) to 1660 m a.s.l. (Colorado) (Table S1).

In the European portion of Russia, the northernmost point of EAB presence was St.
Petersburg (59.9° N, Dfb), the most southern one was Azov (47.1° N, Cfa), the most western
one was St. Petersburg (29.8° E, Dfb), and the easternmost was Astrakhan (46.4° E, BSk). (Table
S1). The altitude varies from —19 m a.s.l. (Astrakhan) up to 230 m a.s.l. (Vyazma) (Table S1).

The territory used to predict the EAB invasion (see Figure 2) covered the whole of
Ukraine and part of Central Europe (see Table S1).

Boxplots representing the ranges of the climatic variables in different regions (Figure 3a—f)
showed the high ecological plasticity of EAB. The seasonality of temperatures (Bio_4) varied
to the greatest extent in the native range, and in the territory of European Russia and Ukraine
where EAB was present, Bio_4 was greater than where its presence had not been predicted
with climatic data (Figure 3a). At points with EAB presence in European Russia, Bio_4 was
from 892.8, in Volgograd, to 1164.1, in St. Petersburg, (Table S1). In Lviv and Prague, where
MaxEnt did not predict invasion, this variable was lower (790.2 and 714.5, respectively), but
comparable to the value in Texas with EAB presence (Table 7).

Table 7. Bioclimatic variables from MaxEnt for several points where EAB was detected, predicted, or
not predicted.

EAB Is Present,

Points Predicted, or Not Bio_4 Bio_6 Bio_19 Bio_15 Bio_5 Bio_11
Predicted
Changchun detected 1425.2 —23.6 18 106.6 26.8 —-14.3
Harbin detected 1533.5 —25.8 12 111.9 27.1 —-16.3
Tianjin * detected 1098.6 —8.6 14 133.0 30.9 -1.3
Cincinnati detected 924.2 —6.3 222 16.9 30.4 0.2
Michigan detected 994.5 —9.8 149 23.0 28.0 —4.0
Texas * detected 756.7 1.0 322 15.5 33.5 8.1
Moscow detected 978.7 —10.4 131 31.9 23.2 —6.6
Svatove detected 1043.2 —10.0 133 19.5 26.6 -5.7
Kharkiv predicted 1022.5 -85 121 229 26.8 —4.5
Luhansk predicted 1018.8 —-8.7 116 21.9 27.6 —43
Lviv not predicted 790.2 —6.3 119 38.0 22.9 -2.3
Prague not predicted 714.5 —4.0 71 46.4 23.7 -03

Note: Characteristics of the points for which climatic variables were analyzed in detail are presented in Table 1;
*—the 1-year cycle of EAB; Bio_4—Temperature seasonality; Bio_6—Min temp. of the coldest month; Bio_19—
Precipitation of the coldest quarter; Bio_15—Precipitation seasonality; Bio_5—Max temp. of the warmest month;
Bio_11—Mean temp. of the coldest quarter.
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Figure 3. Boxplots representing the ranges of the bioclimatic variables in different regions (Asia,
North America, Eur-pres—points with EAB detected in European part of Russia and Ukraine; Eur-
abs—points with EAB not predicted in analyzed part of Europe; whisker type—Stand. dev., whisker
length—one sigma, quartile method—interpolation); (a) Bio_4; (b) Bio_6; (c) Bio_19; (d) Bio_15;
(e) Bio_5; (f) Bio_11.

The minimum temperature of the coldest month (Bio_6) was lower in the native
EAB range than in the invasive range; in the territory where EAB presence in Europe
had been predicted, it was —11.2-—1.3° C, and in more western regions where it had not
been predicted, only —5.8——2.6 °C (Figure 3b). At points with EAB presence in European
Russia, Bio_6 was from —14.4 °C in Michurinsk to —9.1 °C in Azov (Table S1). In Lviv
and Prague, where MaxEnt did not predict invasion, this variable was —6.3 °C and —4 °C,
respectively, but the same value was mentioned in Cincinnati with EAB presence (Table 7).
Bio_6 had the lowest values in the more southern points both in Asia (Tianjin) and in North
America (central region), and on the European continent within a close latitude of more
western regions, where the climate continentality was less (Lviv, Ukraine, and Prague,
Czech Republic)). Precipitation in the coldest quarter of the year (December, January,
and February) (Bio_19) was the lowest in EAB locations in Asia, although the maximum
value reached almost 300 mm (Figure 3c). In North America, the range of variability in
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this variable was wider. In the analyzed areas of Europe, the range of precipitation was
narrower than in Asia and North America, but in the areas with EAB presence, the average
value was slightly higher than in the areas where its presence had not been predicted
(115.5 mm and 95.3 mm, respectively).

At points with EAB presence in European Russia, Bio_19 was from 64 mm in Astrakhan
to 149 mm in Azov (Table S1). In other regions where MaxEnt had not predicted invasion,
this variable was from 71 mm in Prague to 166 mm in Uzhhorod.

Precipitation seasonality (Bio_15) was the highest in Asia (27.6-152) (Figure 3d), as
was the temperature seasonality (Bio_4) (see Figure 3a). However, the ranges of the variable
changed, to some extent, to coincide in all regions, both with the EAB presence and in
those where its presence had not been predicted. In points with EAB presence in European
Russia and Ukraine, Bio_15 is from 17.6 in Klin to 36.5 in Miluvatka (Table S1), and in the
territory, where MaxEnt does not predict invasion, this variable is from 14.9 in Evpatoria to
48,8 in Chernivtsi, is 25.9 in Bratislava and 46.4 in Prague.

Maximum temperature values of the warmest month (Bio_5) (July-August) in all
compared groups of location vary within close limits. The highest maximum value was
noted for America (35.1 °C), and the lowest—was for the European part, where the EAB
appearance is not predicted (24.9 °C) (Figure 3d). At points with EAB presence in European
Russia and Ukraine, Bio_5 was from 21.5 °C in Astrakhan to 29.2 °C in St. Petersburg, and
in the regions where MaxEnt had not predicted invasion, this variable was from 22.9 °C in
Lviv to 28.5 °C in Kherson (Table S1).

The mean temperature of the coldest quarter (Bio_11) (Figure 3e), as well as the min
temperature of the coldest quarter (Bio_6) (see Figure 3b), was the lowest in Asia (average
was —8.9, the minimum was —19.3 °C). In the groups of points with EAB presence in
North America and the EAB-predicted territory for parts of Europe, the average values
of Bio_11 were slightly different (—3.4 and —3.3 °C, respectively), although the range in
North America was larger (—15.2-8.1 °C), than in EAB-predicted territory for parts of
Europe (—5.7-2.5 °C). In the regions where EAB presence is not predicted by our model, the
mean temperature of the coldest quarter is the highest (average —0.4, range —2—+1.1 °C).
At points with EAB presence in European Russia and Ukraine, Bio_11 is from —8.8 °C
in Michurinsk to —2.4 °C in Azov, and in the territory, where MaxEnt does not predict
invasion, this variable is from —5.7 °C in Sumy to +2.5 °C in Simferopol (Table S1), and it is
—0.3 in Prague (Table 7).

4. Discussion

EAB was found in Ukraine in 2019, but the presence of exit holes confirmed the
invasion at least 2 years earlier [54]. EAB infested F. excelsior and F. pennsylvanica in
Ukraine [18]. Fraxinus excelsior was one of the main forest-forming species in Ukraine
and neighboring European countries [23,89], but in recent years, it has been weakened by
ash dieback [90]. F. pennsylvanica has been widely used in landscaping and in roadside
forest belts, along which EAB has quickly spread, both actively and passively, in different
regions [8-10,13,14]. According to publications, EAB expansion rates have been up to
80 km/year in North America and up to 40 km/year in European Russia [37,91,92]. In
Ukraine, for two years, EAB spread over more than 300 km from their entry point [19].
At this rate, in a few years, it will likely spread across Ukraine and invade neighboring
European countries.

EAB distribution has been predicted using different approaches and data concerning
environmental variables [27,29,39], import pathways via deciduous wood chips [32], host-
tree spread [40], etc. Analyses have shown that in the area currently occupied by EAB,
the AGDD10 was 714 °C in Asia, 705 °C in North America, and 711 °C in European Rus-
sia [11,37]. Furthermore, for heat availability, only the northern parts of Norway, Sweden,
and Finland were not suitable for EAB [11]. We preferred the MaxEnt model [60-62,75,76]
to test bioclimatic variables that characterize the temperature and rainfall for different
parts of the year [63]. Sobek-Swant et al. [39] had predicted the potential distributions of
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EAB using Bio_1 (mean annual temperature), Bio_11 (mean temperature of the coldest
quarter), Bio_12 (annual precipitation), and Bio_19 (precipitation of coldest quarter), but
the resulting predicted range failed to include some regions in China where EAB has been
commonly observed. Liang and Fei [36] selected the minimum temperature of the cold-
est month (Bio_6), the maximum temperature of the warmest month (Bio_5), the annual
temperature range (Bio_4), and the minimum temperature in June. The results suggested
that the divergence between the invasion range of EAB and the distribution of ash in North
America was likely to enlarge as climate change continues. In this case, many original ash
stands could remain intact in the southern range.

Dang et al. [21] used the annual mean temperature (Bio_1), the maximum temperature
of the warmest month (Bio_5), the precipitation of the warmest quarter (Bio_18), and the
minimum temperature of the coldest month (Bio_6) to predict the potential distributions of
EAB, and the annual mean temperature, the maximum temperature of the warmest month,
and the precipitation of the driest month (Bio_14) to predict the suitability of potential
areas for the susceptible host trees of EAB in China. They concluded that the inclusion of
susceptible host-plant presence as a factor enabled more effective predictive modeling and
risk assessment for biological invasions.

When choosing bioclimatic variables, we analyzed the geography of EAB distribution
in the native (Asia) and invasive ranges (North America, European Russia, and Ukraine)
(Table S1). We found that EAB was present in the study territory with nine climate types via
Koppen—Geiger classification [72]: BSh—hot semiarid (central U.S.), BSk—cold semi-arid
(Astrakhan), Cfa—temperate with hot summer (Hiroshima, Texas, Cincinnati, Azov), Cfb—
temperate with warm summer (Colorado), Cwa—temperate with dry winter and hot sum-
mer (Tianjin), Dfa—continental with hot summer (Michigan, Svatove), Dfb—continental
with warm summer (Yangkiaping, Manitoba, St. Petersburg, Moscow), Dwa—continental
with dry winter and hot summer (Harbin, Changchun), and Dwb—continental with dry
winter and warm summer (Far East of Russia). This testified to the high plasticity of EAB.
At the same time, due to the diversity of climate types in these regions, the roles of particu-
lar climatic factors influencing the development and distribution of this pest could differ.
Furthermore, the driest and wettest months, as well as the temperature in these months,
differed significantly (see Table 5, Table 6 and Table S2). Therefore, in the same months,
different EAB stages and instars could prevail and react differently to environmental factors,
such as an excess or a lack of moisture.

In North America, adult emergence generally began between early May (southern
Ohio) and mid-June (Central Michigan), peaked from mid-June to early July, and completed
by early August [41,85]. In Tianjin (Asia), EAB emerged from early May to late June [3],
and in European Russia, EAB emerged in early June, and the adults occurred from early
June to early July [42]. In Michigan (North America), EAB emerged when AGDD10 was
275-325 °C [85]. At the same time, in Luhansk, EAB emergence was observed from June 14
to July 4 [67], which was 3 weeks later than expected, according to its AGDD10. Such an
AGDD10 in Prague was estimated from 4 to 11 June.

An analysis of publications showed that all known foci of EAB were located in regions
with pronounced seasonality. Therefore, the development of host plants and their pests has
adapted to such changes. Ash foliage nutrition was essential for the maturation of EAB’s
reproductive system. Therefore, the earliest terms of adult emergence should coincide with
the presence of sufficiently developed ash leaves. It was known that after the completion of
pupal development, an adult would remain in the pupal chamber for several days before
feeding on ash foliage for one week before mating and another two weeks after mating [2,3].
Therefore, the appearance of adults even three weeks before the leaves turn yellow would
be risky. According to our data, in East Ukraine, ash leaves were sufficiently developed in
the first half of May and turned yellow in the second half of August. Therefore, the last
adults of EAB were found at the end of July.

The feeding of EAB larvae under the bark, similar to many other xylophagous bee-
tles [67-69,83,84], was possible only during the growing season, when there was sap flow
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in the host tree (that is, at temperatures above 10 °C). During this period, the duration of
individual instars and stages of EAB depended primarily on temperature [43], although
it could slow down due to low substrate moisture [54]. In regions with a sufficient heat
supply, EAB developed by the 1-year cycle [41], and if the heat supply was insufficient, it
developed according to the 2-year cycle [42]. In both cases, larvae would hibernate under
the bark (once in a 1-year cycle, twice in the 2-year cycle) with diverse instar composi-
tion [6,43]. In East Ukraine, EAB had two cohorts, where one part of the population was
a progeny of the females that swarmed and oviposited earlier, and another part was a
progeny of the females that oviposited later in the same summer [54].

According to the long-term data [73], a stable temperature transition through 10 °C
in spring in Kharkiv was from April 13 to 24 and in autumn from September 9 to 25,
and the AGDD10 was 1600-1900 °C. The duration of this period was 6—7 months in East
Ukraine, and 5 months in the central and western parts of the country. In the steppe zone
of Ukraine, it was from 14-17 April to 6-19 October; in the forest-steppe zone from 17-23
April to 29 September—5 October; and in the forest zone (Polissya) from 22-23 April to 1-10
October [93].

Taking into account these features of EAB development, we used all 19 bioclimatic
variables to predict its spread. MaxEnt predicted the potential spread of EAB in the east of
Ukraine with high model accuracy (Table 6, Tables S3 and S4). Six variables had the highest
contribution to the model (95.19% together), particularly, the temperature seasonality
(Bio_4), the minimum temperature of the coldest month (Bio_6), the precipitation of the
coldest quarter (Bio_19), the precipitation seasonality (Bio_15), the maximal temperature of
the warmest month (Bio_5), and the mean temperature of the coldest quarter (Bio_11).

Three of these variables (Bio_4, Bio_5, Bio_6) matched with Liang and Fei [36], two
variables (Bio_5, Bio_6) with Dang et al. [21], and two other variables (Bio_11, Bio_19)—with
results from Sobek-Swant et al. [39].

The mapping of the predicted range of EAB showed the highest risk of its spread in
the Luhansk, Kharkiv, and Donetsk regions (Figure 2). On the one hand, these areas are
the nearest to the first EAB entrance to Ukraine and have more similar climatic conditions
(see Tables S1 and S2, Figure 2). On the other hand, small spots of possible EAB foci were
revealed in the central and western regions of Ukraine, in Romania, and in Poland (see
Figure 2).

The precipitation in the coldest quarter of the year (Bio_19) in the area with EAB
presence was slightly higher than in the area where its presence had not been predicted.
The precipitation during the cold season (snow) could have had a positive effect on EAB
survival by softening the effect of frost. However, in the western part of the studied region,
within similar latitudes (Lviv and Prague), the frost (Bio_6) was less than in Kharkiv, with a
high probability of EAB invasion (see Table 7 and Table 52). However, the MaxEnt modeling
using bioclimatic variables showed a high risk of EAB invasion only in the nearest locations
from the current foci.

We attempted to compare the individual variables at points where invasion had been pre-
dicted and where its probability had been low. An analysis of previous publications showed
that not all forecasts had been realized. Therefore, the complex prognosis of EAB spread in
North America that considered forest types, the number of ash trees, the distance between
the trees, and the location of roads [94] had not been realized [15]. Orlova-Bienkowskaja
and Biertkowski [15] predicted that by 2022, EAB could be detected in the eastern parts of
Belarus, Ukraine, Estonia, Latvia, and Lithuania. As of 2022, within European Russia, EAB
had spread to the north, south, and east, but had not yet been found in Baltic countries and
Belarus, which were closer to the distribution points of EAB in Russia.

We did not have enough information to explain why, according to climatic parameters,
EAB had not spread to the west. It was also difficult to explain why EAB spread more
to the east than to the west in European Russia, just as it was difficult to explain why
Anoplophora glabripennis (Motschulsky, 1853) [95] and Agrilus anxius Gory, 1841 [96] had not
yet spread to the east of Europe, despite the presence of available tree species.
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Using seven variables (the degree of EAB infestation, the host tree species, age, size,
habitat, latitude, and elevation), it was demonstrated that planting susceptible non-native
host plants could promote outbreaks of a native insect pest in its native range [64]. In
Ukraine, F. excelsior was common in the forest, as well as F. pennsylvanica in the forest belts
and urban stands [23,89], and EAB inhabited both tree species there [18]. However, even
within the same forest, uninhabited plots and trees were present.

An analysis of existing publications [3,6,50,52,87,97] showed that the attractiveness
of trees for EAB and the rate of its survival and development depended on many factors
related to the landscape, the location of stands, their structures, and the health of the trees.
Many of these factors determined the microclimate, the performance of which differed
from that of weather stations. According to previous publications, EAB preferred trees
with sparse crowns for mating and laying eggs. Its larvae developed longer in healthier
trees [50,87]. The population density, the development rate, and the survival of individuals
were higher in more illuminated trees [6], particularly at the forest edges [3,97]. These traits
were higher at optimal bark thickness (1.5-5.0 mm [6]), which was coarse enough to protect
larvae and pupae from desiccation, extreme temperatures, predators, and parasites. The
population density of EAB depended on the age and the density of the stands [52].

Our modeling of EAB spread in Ukraine and westward was the first step. The set
of points marking EAB’s actual presence in Ukraine was still quite small. Therefore,
the reasons for EAB absence even in neighboring Donetsk were not clear. To improve
forecasting accuracy, we plan to add the data on host-plant distribution, stand structure
determining the microclimate, as well as the localization of roads along which the pest can
spread passively, to the bioclimatic variables.

5. Conclusions

1. All known foci of EAB were located in regions with a pronounced seasonality. There-
fore, the development of the host tree and the pest had adapted to such changes. EAB
adults emerge after the ash foliage developed, and the last specimens were found
before the foliage began to turn yellow. Larvae feeding and development under the
bark occurred during a period with temperatures above 10 °C.

2. When constructing the EAB range model for Ukraine and westward, 6 bioclimatic
variables had a cumulative contribution of 95.19%, particularly Bio_4 (the variation of
temperature over a given year), Bio_6 (the minimal temperature of the coldest month),
Bio_19 (the precipitation of the coldest quarter), Bio_15 (the precipitation seasonality),
Bio_5 (the monthly mean of daily high temperatures for the hottest month), and
Bio_11 (the mean temperatures during the coldest 3 months of the year). The model
predicted a high probability of EAB spread in East Ukraine. The EAB spread would
exceed 87% of the area in Luhansk, 48% in Kharkiv, and 32% in Donetsk.

3. The ranges of the bioclimatic variables in different regions of EAB presence showed
the high ecological plasticity of this pest. However, its spread was not predicted using
MaxEnt for some points with similar bioclimatic variables. To improve the forecasting
accuracy, it could be necessary to add the data on host-plant distribution, the stand
structure determining the microclimate, as well as the localization of roads along
which the pest can spread passively, to the bioclimatic variables.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/£14040736/s1, Table S1: Localities in Asia, North America,
and Europe, with EAB detected by October 2022, and the localities in Ukraine and Europe for
EAB prediction; Table S2: Mean monthly temperature and precipitation (1989-2019) for selected
points on different continents with EAB presence (with 1-year and 2-year cycles) and absence;
Table S3: Response curves of bioclimatic variables used for MaxEnt modeling of EAB spread;
Table S4: Results of MaxEnt modeling of EAB spread.
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