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Abstract: Agrilus planipennis (Coleoptera: Buprestidae) is the most serious invasive pest of ash trees
(Fraxinus spp., Oleaceae) in the world. It has not yet reached the range of olive tree plantations,
however it has been shown to complete its life cycle in this host tree. This pest native to East Asia
was first found in Europe in Moscow in 2003 and has been spreading ever since. The aims of this
study were to determine if the southern border of the range has already reached the Caucasus and to
assess the potential range in this region based on host availability and heat availability. In 2021, we
surveyed ash trees south to the known range in Russia. We did not find the pest in six cities in the
North Caucasus region but found it in the city of Azov close to the Caucasus. Analysis of information
about 550 localities of ash trees in the Caucasus showed that Fraxinus spp. is common throughout the
region. The calculation of annual growing degree days base 10 ◦C indicated that the places where
Fraxinus spp. grow above 1500 m are too cold for A. planipennis and therefore could potentially
become a refuge for ash trees. The spread of A. planipennis to the Caucasus is of concern. First, the
forest ecosystems of this region are endangered, since European ash Fraxinus excelsior is much more
common there than in the currently infested regions in Russia. Second, the Russian Caucasus can
become the gateway to Georgia, Armenia, Azerbaijan, Turkey and other countries of the Middle East
and Southern Europe. We propose using Fraxinus angustifolia, F. ornus and Olea europaea growing in
the Caucasus and adjacent regions as sentinel trees for the monitoring and pest risk assessment of
these tree species.

Keywords: invasive pest; EAB; Fraxinus excelsior; Fraxinus angustifolia; Fraxinus ornus; Olea europaea;
Caucasus; Russia; Armenia; Georgia; Azerbaijan

1. Introduction

The emerald ash borer Agrilus planipennis (Fairmaire, 1888) (Coleoptera: Buprestidae)
is the most devastating invasive pest of ash trees in the world [1]. This species native to
East Asia was first recorded in North America in 2002, and in Europe, namely, in Moscow,
in 2003 [2–4]. By now, it has become widespread in the USA, Canada and European Russia
and is spreading in Ukraine [5–9]. Agrilus planipennis has been included in the list of
20 priority quarantine pests of the EU [10], as well as in the lists of quarantine pests of
countries of Transcaucasia and Turkey [11].

Climatic factors, in particular low temperatures in winter and low heat availability
in summer, could potentially limit the distribution [12–14]. The life cycle of A. planipennis
is mainly 1 year in warm regions and 2 years in cold regions [15]. Agrilus planipennis
undergoes obligatory diapause in its final larval instar [16].

One of the main factors determining the potential range of A. planipennis is host
availability [17]. The only host plants of A. planipennis in Europe are ash trees (Fraxinus
spp.) [1], and all ash species native to Europe: Fraxinus excelsior L., F. angustifolia Vahl. and
F. ornus L., are susceptible to A. planipennis [18]. Experiments have shown that A. planipennis

Forests 2022, 13, 541. https://doi.org/10.3390/f13040541 https://www.mdpi.com/journal/forests

https://doi.org/10.3390/f13040541
https://doi.org/10.3390/f13040541
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-1502-0763
https://doi.org/10.3390/f13040541
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13040541?type=check_update&version=3


Forests 2022, 13, 541 2 of 14

is able to develop from egg to adult on cultivated olive Olea europaea L. [19]. It is unknown
if A. planipennis could become the pest of cultivated olive trees, since the current range of
the pest does not yet overlap with the regions of olive cultivation [1]. It is important to
answer this question before A. planipennis appears within this range.

Two ash species occur in the territory currently occupied by A. planipennis in European
Russia and Ukraine: F. pennsylvanica Marsh introduced from North America, and native
Fraxinus excelsior [20]. Most infestations refer to F. pennsylvanica, because F. excelsior is rarer
in this territory [6,9,20,21].

In 2018–2020, A. planipennis was first recorded in seven regions south to the previously
known range: Volgograd, Belgorod, Bryansk, Kursk, Astrakhan (Russia); Luhansk, Kharkiv
(Ukraine) [5,7,9,22,23]. Agrilus planipennis has not yet been recorded further south—in
the Caucasus. Potential spread to the Caucasus is of concern. First, native ash trees are
very common there and comprise a significant part of the forest communities of these
mountains [24,25]. Second, the Russian Caucasus can become the gateway to Georgia,
Armenia, Azerbaijan, Turkey and other countries of the Middle East and Southern Europe,
because the range of F. excelsior is continuous there [26].

The aims of this study were as follows:

1. To determine if the southern border of the emerald ash borer range has already
reached the Caucasus;

2. To assess the potential range in the Caucasus based on host availability and heat
availability;

3. To assess which regions growing Olea europaea, Fraxinus angustifolia and F. ornus are the
closest to the current A. planipennis range and therefore should be carefully monitored.

2. Materials and Methods
2.1. Surveys of Ash Trees in the Regions South to the Known Range of A. planipennis in
European Russia

In 2021, we surveyed ash trees in eight cities in four regions in south Russia outside
the previously known range of A. planipennis, namely, in the steppe belt: Rostov region,
and in the foothills of the Caucasus: Krasnodar Territory, Stavropol Territory and Republic
of Dagestan. In terms of the Biodiversity Information Standards [27], the region of study
includes south European Russia (RUS) and the North Caucasus (NCS).

At least 100 trees were examined in each city. The standard method of A. planipennis
detection was used [21]. We looked for ash trees with symptoms of general decline (dieback
of the upper part of the stem, reduced foliage, epicormic shoots, loose bark, etc.) and
examined the lower part of the stem, below 2 m, for the presence of D-shaped exit holes
of A. planipennis on the bark surface. If we found exit holes, we took photos and tried to
collect adults.

2.2. Data on Fraxinus spp. Distribution in the Caucasus and Its Vicinity

The data on the localities of ash trees (Fraxinus spp.) in Georgia, Armenia, Azerbaijan
and the Russian Caucasus (latitude from 38◦ to 45◦ N, longitude from 38◦ to 50◦ E) were
obtained from the Global Biodiversity Information Facility (GBIF) and Agroatlas [24,25].
The distribution data points with the same or incomplete information were deleted. We
extracted data on elevation for each locality of Fraxinus spp. by overlapping the layer (shape
file) of localities with the layer of elevations in Q-GIS. All localities with the species names,
longitudes, latitudes and elevations are listed in the supplement (Table S1). Additional
information on the occurrences of F. angustifolia, F. ornus and Olea europaea in the countries
and regions adjacent to the Caucasus was obtained from GBIF [28–30].

2.3. Calculation of Mean Annual Growing Degree Days

We used the same method as in our previous article on the northern border of A.
plenipennis’s potential range in Europe [13]. The data on air temperature for each day from
the beginning of 2003 through the end of 2020 were obtained from the ERA5-Land Global
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Atmospheric Reanalysis dataset for each grid square (0.25◦ × 0.25◦ latitude × longitude
degrees) on the Earth surface [31]. Annual growing degree days base 10 ◦C (AGDD10) was
calculated for each of the 1421 grid squares of the Caucasus region (latitude from 38◦ to
45◦ N, longitude from 38◦ to 50◦ E). The method for the mean AGDD10 calculation was
as follows:

1. The daily mean temperature was calculated for each day as a mean of the temperatures
at 00:00, 02:00, 04:00, 06:00, 08:00, 10:00, 12:00, 14:00, 16:00, 18:00, 20:00 and 22:00 UTC;

2. Then, the AGDD10 from 1 January to 31 December was calculated for each year from
2003 to 2020 (AGDD10 in each particular year);

3. Then, the mean AGDD10 per year in 2003–2020 was calculated.

A detailed description of the calculation method and the computer code used is
provided in the Supplementary Material (File S1). The results of the calculations are
provided in the Excel table (Table S2).

The data were analyzed and visualized using DIVA-GIS 7.5 [32] and Q-GIS 3.22 [33].
Shape files of the Fraxinus spp. native ranges, as well as shape files of countries and
administrative units, were obtained from open access sources published under a creative
commons license [26,34].

3. Results and Discussion
3.1. Agrilus planipennis Is Spreading to the South

The results of our surveys of ash trees in 2021 are presented in Table 1 and Figures 1 and 2.
We did not find A. planipennis in the foothills of the Caucasus (Krasnodar Territory, Stavropol
Territory and Republic of Dagestan) or in the city of Rostov-on-Don but found it in two
localities in the city of Azov (Rostov region) on 8 September 2021:

1. Ten declined trees of F. pennsylvanica with characteristic D-shaped exit holes were
found in the City Park of Culture and Leisure (47.107899 N, 39.417889 E), and one dead
adult of A. planipennis was found in the exit hole. This specimen in poor condition is in
the second author’s collection. Its photo is in the Supplementary Material (Figure S1).

2. One declined tree of F. pennsylvanica with D-shaped exit holes was found at Dzerzhin-
skogo Street (47.115237 N, 39.422158 E) (Figure 1).

Table 1. Results of surveys of ash trees (Fraxinus spp.) in 2021.

Region City Date Fraxinus Species Symptoms of Infestation of
Ash Trees by A. planipennis

Krasnodar Territory Anapa 10 September F. pennsylvanica,
F. excelsior No

Novorossijsk 11 September F. pennsylvanica,
F. angustifolia No

Temryuk 12 September F. pennsylvanica No

Stavropol Territory Mineralnye Vody 9 May F. pennsylvanica,
F. excelsior No

Pyatigorsk 10 May F. pennsylvanica,
F. excelsior No

Republic of Dagestan Makhachkala 15 May F. pennsylvanica,
F. excelsior No

Rostov Region Rostov-on-Don 02 September F. pennsylvanica,
F. excelsior No

Azov 08 September F. pennsylvanica Yes
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Europe up to January 2022 is presented in Table S3.
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The negative results of our surveys of ash trees in the foothills of the Caucasus and
Rostov-on-Don city do not prove the absence of the pest there. Usually, the signs and symp-
toms of A. plenipennis are only detected several years after A. planipennis establishment [35].

The record in Azov (already mentioned in our previous article [13]) is the first record of
A. planipennis in the Rostov region, the westernmost locality in the south of A. planipennis’s
range and the closest locality to the Caucasus and to the Black Sea Region. Azov is about
300 km from the nearest previously known A. planipennis locality, about 250 km from the
Caucasus mountains and less than 40 km from the North Caucasus region (NCS) in terms of
the Biodiversity Information Standards [27]. Our data and the results of surveys conducted
by other researchers in 2018–2021 clearly indicate that A. planipennis is quickly spreading to
the south and approaching the Caucasus [5,7,9]. Now, the southernmost known localities
of A. planipennis are Azov (Rostov region), Volgograd (Volgograd region) and Nikolskoe
(Astrakhan region).

Agrilus planipennis often forms range enclaves far from the main part of its range [5].
For example, the enclave in St. Petersburg is 480 km from the nearest part of the main
range in Central Russia, and the range enclave in the Lower Volga valley is about 350 km
from the main range [5,36]. Rapid spread of this pest to the south and its tendency to form
range enclaves indicate that A. planipennis might be found in the Caucasus in the next few
years. Now, 19 years since the first record of A. planipennis in Europe, namely, in Moscow, it
has spread over 600 km to the north and over 1000 km to the south. The average speed of
spread is more than 50 km per year. The current range of A. planipennis in European Russia
and Ukraine is much wider than the potential range predicted seven years ago by MaxEnt
analysis of several climatic parameters [37].

Two species of ash trees are native to the Caucasus: F. excelsior and F. angustifolia [26].
The eastern part of F. excelsior’s native range consists of northern and southern parts, which
are separated from each other by the steppe belt (Figure 3a) [26]. In 2003–2017, A. planipennis
was recorded only in the northern part of the range [7,38]. However, in 2018–2021, it was
recorded in the steppe belt between these two parts of the range of F. excelsior: in the
Volgograd and Astrakhan regions [5,7]. In 2021, we also found it in Azov (Rostov region).
This indicates that the pest is approaching the southern part of F. excelsior’s range.

The infestation in Azov as well as most of the infestations in European Russia and
Ukraine refers to F. pennsylvanica. Artificial plantings and invasive populations of F. penn-
sylvanica in the steppe belt allow A. planipennis to spread in the territory, where no native
ash species occur.

The finding of A. planipennis in Azov indicates that the pest is approaching the native
range of another ash species: F. angustifolia (Figure 3b). The observations recorded in the
Moscow Botanical Garden indicate that F. angustifolia is highly susceptible to A. planipen-
nis [18]. The distance from Azov to the border of F. angustifolia’s range is about 150 km.
Therefore, it is likely that the Caucasus will be the first region where A. planipennis enters
the native range of F. angustifolia.

The potential spread of A. planipennis to the Caucasus is of concern for two reasons.
First, ash trees are common there, and therefore A. planipennis is a serious threat to the local
forest ecosystems including the unique ecosystems of Caucasus Nature Reserve [24,25].
Second, the ranges of F. excelsior and F. angustifolia in the Caucasus and Turkey are continu-
ous (Figure 3) [38]; therefore, the Caucasus can become the gateway to Georgia, Armenia,
Azerbaijan, Turkey and other countries of the Middle East and Southern Europe. While
spreading to the south, A. planipennis is moving closer to the native range of F. ornus and
the region of cultivation of Olea europaea (Figure 3).
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3.2. Host Availability and Heat Availability as Limiting Factors of A. planipennis’s Potential
Spread in the Caucasus
3.2.1. Distribution of Fraxinus spp. in the Caucasus

The presence of susceptible host tree species plays a major role in delineating the pest’s
distribution [17]. Analysis of A. planipennis’s distribution in North America and China has
shown that climatic variables alone are insufficient predictors of its potential distribution,
and that the host plant presence should be included in models of its potential range [17].

Fraxinus excelsior is very common throughout this region: not only in the foothills, but
also high in the mountains (Figure 4). There are 510 localities of this species in our database
(Table S1); a total of 127 of them are situated above 1500 m a.s.l., and the highest locality is
situated at an elevation of 2836 m a.s.l.

Fraxinus angustifolia is rarer and has a more restricted distribution in the Caucasus.
There are 25 localities of this species in our database (Table S1); a total of 3 of them
are situated above 1500 m a.s.l., and the highest locality is situated at an elevation of
1905 m a.s.l.

The alien ash species F. pennsylvanica is rare in the Caucasus region (unlike Central
Russia). Only 13 localities of F. pennsylvanica in this region are recorded in GBIF [16]. The
highest locality is situated at an elevation of 1315 m.

The data from GBIF [24] and Agroatlas [25] presented in Figure 4 show that Fraxinus
spp. are common in the whole Caucasus. Therefore, host availability will probably not
limit the spread of the pest in the region. However, A. planipennis cannot survive without
its host plants; therefore, the local distribution of the pest will be limited by the Fraxinus
spp. distribution.

The data on the occurrence of F. excelsior and F. angustifolia high in the mountains
are consistent with the available literature [39,40]. According to Beck et al. [40], in the
northern and western parts of its range, F. excelsior grows in lowland forests, while further
south, it increasingly grows in mountainous areas and can be found at elevations of
more than 2000 m. According to the description of the landscapes of the Caucasus by
Abdurakhmanov [41], there is a narrow disjunctive belt of broad-leaved forests with
F. excelsior and F. angustifolia on the southern slopes of the Armenian Highlands at elevations
of 2600–2800 m.
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3.2.2. Distribution of Heat Availability in the Caucasus

Heat availability is one of the main factors determining the distribution of insect
species [42]. No cases of A. planipennis development in 3 or more years have been detected.
The insect should complete its development in two years maximum [15,35,43]. It should
accumulate the whole amount of heat necessary for full development in just two years.
Therefore, a minimum threshold of heat availability exists.

The minimum AGDD10 recorded in the grid squares currently occupied by A. pla-
nipennis was 714◦ in Asia (native range), 705◦ in North America and 711◦ in European
Russia [13]. Agrilus planipennis has never been recorded in localities with an AGDD10 below
700◦ in any part of the world [13]. This threshold could probably limit the distribution of
A. planipennis in Northern Europe and in the mountains. Given the similar value on three
continents and considering the range of AGDD10 worldwide is 0 to 8800 [13], it is hard to
believe that the same value in three continents is just a coincidence.

Different approaches could be used to estimate the limitations of the potential range
by heat availability. For example, Webb et al. [12] established the prognosis of the potential
A. planipennis spread in the British Isles based on the calculation of the dates when the
DD10 reaches 230 ◦C (the threshold of the early emergence of adults). They argued that the
regions in which this threshold is not met within a calendar year or is met late in the year
are unlikely to provide a suitable environment for A. planipennis to establish. The resulting
map of the future distribution of A. planipennis in the British Isles is almost the same as our
map for this territory using a different approach [13].

The results of the calculation of the AGDD10 for each grid square 0.25◦ × 0.25◦ (latitude
× longitude degrees) in the Caucasus region (latitude from 38◦ to 45◦ N, longitude from
38◦ to 50◦ E) are presented in Table S2. There are 140 grid squares with an average AGDD10
in 2003–2020 that is less than the threshold of 700◦ (Figure 5).
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with colors. AM—Armenia; AZ—Azerbaijan; GE—Georgia; RU—Russia.

Our database (Table S1) includes 101 localities of F. excelsior in the grid squares with
AGDD10 < 700◦, and 61 are situated above 1500 m a.s.l. (Figure 5a). We have two localities
of F. angustifolia in the grid squares with AGDD10 < 700◦, and one is situated above 1500 m.

The northern border of the potential range of A. planipennis in Europe does not coincide
with the northern border of F. excelsior’s range: F. excelsior is common in the northern part
of the British Isles and Scandinavia, where the AGDD10 is less than the threshold of
700◦ [13]. Comparison of ash trees distribution with heat availability distribution indicates
the upper border of the potential range of A. planipennis in the Caucasus does not coincide
the upper border of Fraxinus spp. range in these mountains. The resolution of the available
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temperature data (0.25◦ × 0.25◦) [31] is not sufficient to calculate the exact AGDD10 in
each locality occupied by Fraxinus spp. in the Caucasus, because heat availability can
differ greatly within one grid square in the mountains. However, since both F. excelsior and
F. angustifolia occur above 1500 m and are recorded in the grid squares with AGDD10 less
than 700◦, high mountain forests of the Caucasus could become refuges of ash trees from
A. planipennis. The direct measurement of heat availability in the localities of Fraxinus spp.
is necessary to verify this hypothesis.

It should also be noted that plasticity in the introduced range could yield novel
phenotypes which are able to survive in new conditions different from those in its native
range [44]. For example, A. planipennis in Canada survives severe winter colds not recorded
in its native range [44]. This increases the uncertainty of the prognosis of the potential
range based on climatic data from the native range.

3.3. Sentinel Trees in the Caucasus and Adjacent Regions Can Be Used for Monitoring the Impact
of A. planipennis on F. angustifolia, F. ornus and Olea europaea

Since A. planipennis is spreading to the south, it is approaching the native ranges of
F. angustifolia and F. ornus and the region of cultivation of Olea europaea. There are plantings
of these species north of their main ranges (Figure 6). They are closer to the current range
of A. planipennis: F. angustifolia occurs in the Rostov region, Crimea and the Black Sea coast
of the Caucasus; Fraxinus ornus occurs in Crimea and Sochi; Olea europaea occurs in Crimea,
in the Russian Caucasus in Sochi Arboretum and in Georgia in Akhali Atoni.
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Figure 6. Sentinel trees of F. angustifolia (a), F. ornus (b) and Olea europaea (c) in the Black Sea Region
close to the current range of A. planipennis.

Roques et al. [45] proposed the concept of “sentinel trees”, i.e., the possibility to assess
the pest risk for particular tree species by monitoring trees planted outside the native range
of the tree species. When A. planipennis reaches these plantings of F. angustifolia, F. ornus
and Olea europaea, they could be monitored to assess the pest risk for these tree species.

4. Conclusions

1. At present, the southernmost known localities of A. planipennis in Europe are in
the steppe belt of Russia: Azov (Rostov region), Volgograd (Volgograd region) and
Nikolskoe (Astrakhan region). Artificial plantings and invasive populations of F. penn-
sylvanica have allowed A. planipennis to establish itself in the steppe belt, where no
native ash species occur.

2. Agrilus planipennis has not been recorded in the Caucasus, but it is quickly spreading
to the south and may be found in the Caucasus in the next few years.
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3. The potential spread of A. planipennis to the Caucasus poses a serious threat to the
local forests because native ash trees are common there. Moreover, it is a threat to the
forests of the Middle East and Southern Europe, because the ranges of F. excelsior and
F. angustifolia in the Caucasus and Turkey are continuous.

4. Host availability will probably not limit the spread of A. planipennis in the Caucasus,
because ash trees are very common throughout this region. Our calculations indicate
that F. excelsior and F. angustifolia could escape from A. planipennis in the regions of the
Caucasus above 1500 m, due to the low heat availability.

5. We propose using Fraxinus angustifolia, F. ornus and Olea europaea growing north of
the main ranges of these species as sentinel trees for the monitoring and pest risk
assessment of these tree species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f13040541/s1, Table S1: Localities of Fraxinus spp. in the Caucasus (latitude 38◦–45◦ N,
longitude 38◦–50◦ E); Table S2: Results of calculations: the mean AGDD10 per year in 2003–2020 in
each grid square. Table S3: Localities, where the emerald ash borer A. planipennis has been detected
in Europe by January 2022. File S1: Detailed description of the calculations of AGDD10. Figure S1:
Photo of the specimen of A. planipennis collected in Azov City in 2021.
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