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Abstract: Tortrix viridana (TV) is a serious pest of oaks in the West-Palearctic. In Ukraine in the 50s-
70s of the 20th century, the area of TV outbreaks reached 140-180 thousand hectares. Since the late
1980s, outbreaks have become rarer and occurred in a smaller area. This research aimed to assess the
main parameters of TV outbreaks in Ukraine, considering its prevalence in flush feeders’ complex,
the suitability of forest structure for this insect, and the phenological mismatch between bud-flushing
and TV hatching. Historical data on TV outbreaks in Ukraine since 1947, data for 1978-2025 by
regions, field and climate data, and forest management database as of 1996 and 2017 from the Kharkiv
region were analyzed. Since 1985, the incidence, severity, and duration of TV outbreaks have
decreased in all regions of Ukraine. It was explained by: 1) TV decrease in the flush feeding complex
due to monophagy; 2) decrease in the suitable area due to a change in the forest age composition,
proportion of pure oak stands, and stands with low relative stocking density; 3) the shift of oak bud-
flushing and TV hatch to earlier dates with the tendency of earlier bud-flushing than egg-hatching.

Keywords: outbreak parameters; flush feeding complex; suitability of forest structure for Tortrix
viridana; phenological mismatch.

1. Introduction

Tortrix viridana (Linnaeus, 1758) (Lepidoptera: Tortricidae) (TV), or green oak leafroller, is
known as a serious pest of oaks in the West-Palearctic region, damaging Quercus robur, Q. petraea,
evergreen Q. suber, Q. ilex, etc. [1-5]. Outbreaks of TV in the last century led to significant defoliation
of oak forests [3,4,6]. In Ukraine in the 50s-70s of the 20th century, the area of TV outbreaks reached
140-180 thousand hectares, or approximately 80-100 hectares per 1 thousand hectares of oak forests
[7]. TV outbreaks often occurred in the same forest subcompartments with an interval of 9-12 years.
In some subcompartments, outbreaks lasted an average of 3 years. However, they started not
simultaneously in more and less susceptible stands and, in general, in a region, active outbreaks were
recorded over a longer period [8].

In the late 1980s, outbreaks of TV became rarek, occurred in a smaller area, did not last long, and
were often in complex with different species of Tortricidae, Geometridae, Erebidae, etc. [8-10]. In
publications of the last 20 years, outbreaks of TV are mentioned quite rarely, mainly in the southern
part of the range [11,12], mainly in fundamental research devoted to issues of genetics [12], feeding
physiology [13,14], and detection by remote sensing [15].

We were interested in the reasons for the decrease in outbreak incidence, severity, duration, and
mean interval between outbreaks of TV in Ukraine. In doing so, we considered the characteristics of
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the TV life cycle, its narrow oligophagy, the availability of the most favorable environmental
conditions for TV outbreaks in oak stands, and changes in these features due to climate change.

T. viridana (TV) has a one-year life cycle in its whole range [1,2,4,16-18]. Moths of TV swarm
from early May in the south, and from mid-June to early July in the north. They oviposit on the bark
of twigs. Egg hatch in spring, neonate larvae begin feeding by the flushing buds, and 5th instar larvae
complete feeding upon the expanded foliage [3,16].

Young foliage has a higher protein and water content and almost no protective substances
(tannins) [19,20]. When feeding on such foliage, the survival of larvae, the mass of pupae, and the
fertility of moths increase. The shorter the interval between bud-flushing and egg hatching, the more
favorable the conditions are for flush-feeders [8,21].

The coincidence of larvae hatching with foliage availability plays a major role in the population
dynamics of flush-feeding insects [21-25]. If egg hatching occurs earlier than bud-flushing, the larvae
starve [22,25]. Larvae of some species can migrate by ballooning [10], polyphagous insects can feed
on other host species that flush earlier (for example, on Acer sp. [8]. TV is a narrow oligophagous in
the South regions [27] and monophagous in most of Ukraine because of the presence of only Q. robur
[28]. Therefore, TV cannot compete with polyphagous flush-feeders in such conditions, although it
can withstand long starvation [18]. TV neonate larvae also survive in the areas with early (f. praecox
Czern.) and late (f. tardiflora Czern.) phenological forms of Q. robur [29,30] or with several oak species
[27]. If bud-flushing occurs earlier than egg hatching, the larvae are forced to feed on old foliage,
which is unfavorable for survival, fertility, and population growth [20,21].

The population of TV changes cyclically [31]. The simultaneous outbreaks of many insect species
in various regions may be caused by global factors (certain phases of the solar activity cycle or
atmospheric circulation) [7,32,33]. However, the outbreak incidence, severity, duration, and mean
interval between outbreaks depend on region, forest stand features, and cycles of population
dynamics of the same insect species [8].

Climate change affects the development of all trophic levels (plants, phytophages, and
entomophages) [34-36]. While the change in annual temperature in the Northern Hemisphere
approached 1 °C over half a century, in Ukraine it increased by 1.4 °C. Such a trend has significantly
intensified since the 1980s [37].

As a result of decreased air and soil humidity, conditions for the growth of the main forest-
forming species in Europe worsen, and the species composition and forest structure change [38,39].
In the southern regions of Ukraine, the average monthly precipitation has decreased by 10-25% from
2015 to 2020. In forest and forest-steppe zones of Ukraine, it has a low decrease, but the evaporation
increased under higher temperatures [40]. This may change the area of forest most suitable for insect
outbreaks [8].

As a result of global warming, the continentality of the climate (the difference in temperature
between the warmest and coldest months) decreases [41,42]. The soil in many regions does not freeze
or freezes for a shorter period. This promotes an earlier start of spring development of buds, and
entomophagous insects that overwinter in the forest litter and soil [7]. At the same time, the
coincidence of the development of the host plant, phytophages, and entomophages is disrupted. This
affects the viability and range boundaries of all components of the triotroph, the dynamics of
populations, and the harmfulness of individual phytophagous species [21].

This research aimed to assess the main parameters of T. viridana outbreaks in Ukraine,
considering its prevalence in flush feeders’ complex, the suitability of forest site conditions and
structure for this insect, and the phenological mismatch between the timing of oak bud-flushing and
T. viridana hatching.

The tasks included:

— to analyze the dynamics of T. viridana outbreaks in the forests of Ukraine for 1947-2025 and
individual 20-year intervals of this period;
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— to compare the main parameters of T. viridana outbreaks in forests of individual regions for
1978-2001 and 2002-2025 (outbreak incidence, severity, duration, and mean interval between
outbreaks);

— to search for an explanation for the observed changes in the main parameters of T. viridana
outbreaks;

— by the shift of T. viridana as part of the flush feeders’ complex;

— by the shift in the suitability of forest subcompartments for T. viridana;

— by phenological mismatch in oak bud-flushing and T. viridana hatching.

2. Materials and Methods
2.1. Study Region and Data Sources

The territory of Ukraine is located in the southwestern part of the East European Plain, the
Ukrainian Carpathians, and the Crimean Peninsula (Figure 1).
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Figure 1. Forest subcompartments (brown pixels) containing Quercus sp. within the territory of Ukraine (natural
zones are Polissya or Forest zone—green; Forest Steppe zone—blue-green; Steppe zone—pink; Ukrainian
Carpathians—blue; Crimean Mountains —violet). The regional centers have been marked. A rectangle shows the

location of field research in the Kharkiv region.

The forest-covered area is the highest in the Ukrainian Carpathians (40.5 %) and rather high in
the Forest zone (Ukrainian Polissya) (26.1%), and is only 12.2% in the Forest-Steppe zone, 3.8% in the
Steppe zone, and 9.8% in Crimea [43]. Within the plain territory of Ukraine, the climate is continental,
and on the southern coast of the Crimean Peninsula, it is close to the subtropical Mediterranean type.
The continentality increases and precipitation decreases from the northwest to the southeast [44,45].
Oak forests comprise 28% of areas subordinated to the State Forest Resources Agency of Ukraine
(SFRAU) [46]. English oak (Quercus robur L.) predominates among the species of this genus in most
of Ukraine, dominating in the Forest-Steppe zone (66.9 % of all stands with this species), and making
up 13.8 % in the Forest zone, 13% in the Steppe zone, and 6.3% in Ukrainian Carpathians [41]. Quercus
pubescens (Willd) and Q. petreae (Mattuschka/Liebl), and their hybrids grow mainly in Crimea [27],
and some western and southern regions of Ukraine [47]. Alien Q. rubra rarely presents in Ukraine,
mainly in Lviv (15 thousand hectares), Ivano-Frankivsk (8.95 thousand hectares), Vinnytsia (8.91
thousand hectares), and Ternopil (6.29 thousand hectares) administrative regions [47].
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The database of the Ukrainian State Forest Management Planning Association (n.d.) [48] was
analyzed to assess the presence of Quercus sp. in the forests subordinated to the State Specialized
Forest Enterprise «Forests of Ukraine». QGIS 3.40.5 was used for map building [49].

2.2. Spatio-Temporal Dynamics of Tortrix viridana Outbreaks

Historical data on foliage browsing insect outbreaks have been known since 1826, but only since
1947 have the foci areas for different regions and insect species been available for analysis. Such
information on Tortrix viridana outbreaks was obtained from archives of the Ministry of Forestry
(being reforming into the State Committee of Forestry of Ukraine in 1997, and into the State Forest
Resources Agency of Ukraine in 2011), Forest and Forest Protective Enterprises, Laboratory of Forest
Protection of Ukrainian Research Institute of Forestry & Forest Melioration as well as our field
materials and used for retrospective analysis. The average area of T. viridana foci in the forests of
Ukraine as of the beginning of the year was calculated for four periods of equal duration: 1947-1966,
1967-1986, 1987-2006, 2007-2025. For each administrative region of Ukraine, the outbreak incidence,
severity, duration, and mean interval between outbreaks were evaluated for 1978-2001 and 2002-
2025 and compared. Outbreak incidence for each region was calculated as the ratio of the outbreak
years and period length, years (in percent). Outbreak severity in each region was calculated as the
specific outbreak area by dividing the total outbreak area (in hectares) by the oak plantation area (in
thousands of hectares). Outbreak duration (years) was calculated as the ratio of outbreak years and
outbreaks during the respective period. The mean interval between outbreaks (years) was calculated
as the ratio of the duration of the investigated period and the number of outbreaks during this period.

Field data on flush feeders’ species composition, oak bud-flushing, and T. viridana hatching
(Table S.1) were collected in the Kharkiv region from 1979 by the Department of Forest Protection of
the Ukrainian Research Institute Of Forestry & Forest Melioration, mainly in the forests of the
Kharkiv Research Station (RS) of the Ukrainian Research Institute of Forestry & Forest Melioration
(previously named Danilovsky Experimental Forestry Enterprise of the Ukrainian Research Institute
of Forestry & Forest Melioration) (50°09' N, 36°31' E), and in Vovchansk Forestry Enterprise (50°14'
N, 36°47' E) (see Figure 1).

2.3. The Suitability of the Forest Sites for Tortrix viridana

Changes in the suitability of stands for T. viridana outbreaks were assessed based on forest
inventory data from 1996 and 2017 for four forestry enterprises in the Kharkiv region, the boundaries
of which were almost stable over this period. These are the Kharkiv Research Station (RS) of the
Ukrainian Research Institute of Forestry & Forest Melioration, Vovchansk, Chuguyevo-Babchansk
(49°52' N, 36°43' E), and Zhovtneve (49°50' N, 35°17' E) Forestry Enterprises (FE).

The suitability of each forest subcompartment for T. viridana was assessed by scoring individual
forest characteristics for this pest. The scores were forest site conditions, stand age, relative stocking
density, and oak proportion in tree species composition [8]. The area of subcompartments where all
given characteristics were assessed with the maximum score was summed up.

The maximum score for T. viridana was given to subcompartments in dry and fresh fertile sites
(D1 and D2 according to Ukrainian Typology [28]). The maximum score was given to oak stands of
vegetative origin, aged 41-80 years, with an oak share of more than 90% and a relative stocking
density of more than 65% [8].

2.4. Data Processing

All data were organized using Microsoft Excel (2019, Microsoft Corporation, Redmond, WA,
USA, 2019). PAST (4.12, Oyvind Hammer, Natural History Museum, University of Oslo, Oslo,
Norway, 2023) [50] was used for data analysis and visualization.

A normality test was used to determine whether the sample data had been drawn from a
normally distributed population. The Kruskal-Wallis test was used to compare two or more groups
for variables [51].
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3. Results
3.1. Dynamics of T. viridana Outbreaks in the Forests of Ukraine for 1947-2025.

Archival data indicate the presence of T. viridana outbreaks in Ukraine since 1853, but data on
their area have been available only since 1947. Mass propagation of this pest was registered in 1947—
1949, 1952-1954, 1961-1963, 1964, 1966, 1972-1975, 1983-1984, 19861988, 1992, 1996, 1998 [8]. Since
the beginning of the new millennium, one long-term outbreak is registered with a maximum in 2006
and one relatively short-term one with a maximum in 2013 (Figure 2). Since outbreaks in individual
TV populations and even within a single population started and collapsed in different years, on this
scale, we can only see the most favorable years for the outbreak development.
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Figure 2. T. viridana outbreaks in the forests of Ukraine in 1947-2025.

The TV outbreak in the forests of Ukraine in 1947-1955 developed according to the classical
cyclic type [31]. The next two outbreaks were also cyclic, but with an increase in the minimum and
maximum outbreak areas, a sharp decrease at the peak, and with subsequent recovery. The outbreak
of the 1970s was longer, with the area decreasing after the peak, subsequent recovery, and slow
collapse. The minimum area of TV outbreaks exceeded 70 hectares, and the maximum area (1974-
1975) exceeded 180 thousand hectares.

Over the 20 years 1967-1986, 4 outbreaks of TV were recorded, over periods of the same duration
1947-1966 and 1987-2006 — 3 outbreaks each, over 2007-2025 — 2 outbreaks (see Figure 1). A reliable
increase in the annual foci area in 1967-1986 compared to 1947-1966, with a subsequent reliable
decrease in the next periods (Figure 3) was confirmed by the Kruskal-Wallis test (H (chi?)=39.55;

p=1.32E%).
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Figure 3. Area of T. viridana outbreaks in the forests of Ukraine, in individual 20-year periods. (Whiskers — min-
max; box — 25-75 percentiles. Significant difference between medians for periods is absent for data with different

letters in parentheses.).

The sharp decreases in the TV population with subsequent recovery in 1967-1986 were
associated with the use of insecticides by aviation over large areas at that time. Even in the case of
the death of more than 90% of individuals, the most sustainable specimens survived, which had a
sufficient amount of food and a minimum of natural enemies, had high fertility, which led to the
restoration of the population in the following year [7]. In the late 1980s, due to economic reasons, the
areas of aerial application of insecticides in deciduous stands sharply decreased. Insecticides were
applied mainly using aerosol generators with controlled dispersion in individual foci. During this
period, the synchronicity of the development of TV foci was disrupted. This was due to some foci
collapsing without insecticides due to the impact of natural enemies, a change in the dominant
species in the phytophag’ complex, and other reasons, presented in the next subsections.

3.2. The Main Parameters of T. viridana Outbreaks in Forests of Individual Regions

In 1978-2001, TV outbreak severity (mean foci area [ha] per oak stands area [thousand ha])
exceeded 100 ha/thousand ha in seven regions, mostly in the eastern and southern parts of Ukraine
(Figure 4). In 20022025, the areas of TV outbreaks remained high in the Mykolaiv and Zaporizhzhia
regions, where the area of oak forests is relatively small. In the Kharkiv and Kherson regions, such
areas decreased by more than twice. In Transcarpathian, TV outbreaks were absent, in Chernihiv,
they constituted only 3 ha/thousand ha.

Specific area, ha/1000 ha
B 1978-2001
2002-2025

Figure 4. Mean TV outbreak severity (mean foci area [ha] per oak stands area [thous. ha]) in the regions of
Ukraine in two periods. The height of the columns is proportional to the maximal observed outbreak area (200

hectares). Data on the Crimea, Luhansk, and Donetsk regions are incomplete due to their occupation since 2014.

Among the regions in which the average specific area of TV foci in 1978-2001 was from 51 to 100
ha/thousand ha, in the second period, in the Dnipropetrovsk region, it decreased from 95.4 to 71.2
ha/thousand ha, and in others did not exceed 20 ha/thousand ha. Among the regions in which the
average specific area of TV foci in 1978-2001 was from 21 to 50 ha /thousand ha, it decreased only in
the Kirovohrad region by 30%, and in others it was less than 1 ha/thousand ha. Among the 8 regions
in which the average specific area of TV foci in 1978-2001 was less than 20 ha/thousand ha, it
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decreased to several hectares. The smallest decrease was observed in the Cherkasy region (17.3 to
11.1 ha/thousand ha) (see Figure 4).

From 1978 to 2001, the outbreaks occurred annually in most eastern and southern regions
(incidence=1) (Figure 5). Outbreak incidence was 1-3 years out of 10 in the western regions as well as
in the Kirovohrad region (on the border of Forest-Steppe and Steppe zones) and the Chernihiv region
(in the Forest zone with dominance of Pinus sylvestris L.). From 2002 to 2001, outbreak incidence was
7-8 years out of 10 in Kharkiv (on the border of Forest-Steppe and Steppe zones) and southern
regions, and comprised 1-3 years out of 10 in all western and some of central regions. The most
noticeable decrease in the incidence of outbreaks (from 1 to 0.2) occurred in the Dnipropetrovsk and
Kharkiv regions (see Figure 5).

Incidence of outbreaks e
B 1978-2001
2002-2025

Figure 5. Mean TV outbreak incidence (share of outbreak years) in the regions of Ukraine in two periods. The
height of the columns is proportional to the maximal incidence (1). Data on the Crimea, Luhansk, and Donetsk

regions are incomplete due to their occupation since 2014.

From 1978 to 2001, the mean duration of TV outbreak was the shortest (3 years) in the
Transcarpathian, Ivano-Frankivsk, and Chernihiv regions with high forest coverage, rather high
precipitation, and the most favorable conditions for forest health. The duration of the outbreak did
not change in the next period in two of these regions, and outbreaks did not occur at all in the
Transcarpathian region (Figure 6). The longest TV outbreak (6-7 years) was recorded in 1978-2001 in
regions located in two natural zones (Kyiv, Sumy, Kharkiv), and in the Steppe zone, where forests
grow in isolated tracts (Dnipropetrovsk, Zaporizhzhia). The long TV outbreak in Crimea and
Vinnytsia may be associated with the spread of several oak species (Q. robur L., Q. pubescens Willd.,
Q. petraea Liebl.) in these regions, to which TV micropopulations are adapted [27].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Duration of outbreak
B 1978-2001
[0 2002-2025

Figure 6. Mean TV outbreak duration (number of years) in the regions of Ukraine in two periods. The height of
the columns is proportional to the maximal outbreak duration (7 years). Data on the Crimea, Luhansk, and

Donetsk regions are incomplete due to their occupation since 2014.

In 2002-2025, the longest TV outbreak (4 years) occurred in Zaporizhzhia, Luhansk, and Donetsk
regions, where forests grow in isolated tracts. In Rivne and Transcarpathian regions, outbreaks did
not occur. In Lviv, Chernivtsi, and Cherkasy, outbreaks lasted no more than two years. Outbreaks
collapsed after 3 years in other regions (see Figure 6).

From 1978 to 2001, the number of TV outbreaks was the greatest (4-5 for 24 years) in the Odesa,
Kherson, Mykolaiv, and Luhansk regions, where forests grow in isolated tracts (Figure 7). Three
outbreaks occurred in five regions and one or two in the other 16.

Number of outbreaks
W 1978-2001

2002-2025

Figure 7. Mean number of TV outbreaks per interval in the regions of Ukraine in two periods. The height of the
columns is proportional to the maximal outbreak number (5). Data on the Crimea, Luhansk, and Donetsk regions

are incomplete due to their occupation since 2014.
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From 2002 to 2025, the number of outbreaks remained unchanged in Donetsk and
Dnipropetrovsk regions (3 outbreaks in both periods), Sumy, Khmelnytsky, and Cherkasy regions (2
outbreaks in both periods), and Zhytomyr, Zaporizhzhia, and Chernihiv regions (only one outbreak
in both periods). In all other regions, the number of outbreaks decreased (see Figure 7).

The intervals between TV outbreaks are inversely proportional to the number of outbreaks for
the analyzed period. This parameter was 24 years in both periods in three regions (Figure 8). In
Transcarpathian and Rivne, TV outbreaks were not recorded in the second period.

25
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Figure 8. Mean interval between TV outbreaks in the regions of Ukraine in two periods. The height of the
columns is proportional to the maximal interval (24). Data on the Crimea, Luhansk, and Donetsk regions are

incomplete due to their occupation since 2014.

In three regions, the interval between TV outbreaks was 12 years in both periods, and in eight,
itincreased to 24 years. In two regions, the interval between TV outbreaks was 8 years in both periods,
and in three it increased to 12 years. In the Mykolaiv region, the interval between outbreaks increased
from 6 to 8 years, and in Odessa and Kherson regions, from 4.8 to 8 and 12 years, respectively (see
Figure 8).

3.2. Tortrix viridana as Part of the Flush Feeder Complex in Long-Term Dynamics

The species composition and prevalence of individual species of defoliators of the early spring
complex (flush feeders) in oak stands of the Kharkiv region were assessed over a long period [7,8].
Most flush feeders are represented by the families Tortricidae and Geometridae. The most prevalent
Tortricidae were Aleimma loefflingiana (Linnaeus, 1758), Archips xylosteana (Linnaeus, 1758), Archips
crataegana (Hiibner, 1799), Tortrix viridana Linnaeus, 1758. The most prevalent Geometridae were
Alsophila aescularia (Denis & Schiffermiiller, 1775), Apocheima hispidaria (Denis & Schiffermdiller, 1775),
Biston strataria (Hufnagel, 1767), Ennomos quercinaria (Hufnagel, 1767), Erannis defoliaria (Clerck, 1759),
Lycia hirtaria (Clerck, 1759), Operophtera brumata (Linnaeus, 1758), Phigalia pedaria (Fabricius, 1787).

These species hibernate mainly as eggs or hatch from those laid in early spring (some
geometrids) and begin feeding from budburst. Most of these insects prefer oak foliage and are
competitors of TV, but can populate other tree genera when oak budburst is delayed, or at its high
defoliation. TV is one of the few species adapted to Quercus sp.

In 1979-1989, two waves were observed in the dynamics of flush feeders in oak stands of the
Kharkiv region, with maxima in 1980 and 1986 (Figure 9).
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Figure 9. Prevalence of T. viridana and other flush feeders in oak stands of the Kharkiv region in 1979-1989.

From 1979 to 1981, the prevalence of TV was highest, but its share was comparable to other leaf
rollers and geometrids. In 1982-1989, the prevalence of TV fluctuated around a very low level, while
the abundance of other leaf rollers increased, reaching a maximum in 1986, mainly due to A.
crataegana. The latter gained an advantage over TV when, after severe defoliation of oak in the
previous few years, it switched to other tree and shrub species. However, feeding on less favorable
food led to a decrease in the weight of pupae and the fecundity of adults, and by 1990, the outbreak
had collapsed [8]. During the next outbreak of flush feeders in oak stands of the Kharkiv region, TV
prevalence increased from 2001 to 2003. From 2004, other tortricids were more prevalent, although
their number gradually decreased. Geometrids occurred in low density except in 2001, although their
prevalence was lower than TV (Figure 10). Like in previous outbreaks, polyphagous tortricids and
geometrids changed host species after oak defoliation.
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Figure 10. Prevalence of T. viridana and other flush feeders in oak stands of the Kharkiv region in 2001-2008.

The latest outbreak is characterized by the predominance of geometers in the flush feeders’
complex (Figure 11).
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Figure 11. Prevalence of T. viridana and other flush feeders in oak stands of the Kharkiv region in 2009-2018.

The prevalence of all flush feeders in this outbreak was low, although in 2012-2013, a maximum
of both geometrid moths and TV was registered. In that time, the total area of TV outbreaks in the
forests of Ukraine also increased (see Figure 2).

3.3. Change in the Suitability of Forest Subcompartments for Tortrix viridana

An analysis of forest management databases of four Forestry Enterprises in the Kharkiv region
showed that oak stands are suitable for T. viridana. Thus, the area of oak stands in dry and fresh fertile
sites accounted for 95.6-98.9% of all oak forests in the analyzed forestry enterprises (Tables 1 and 2).
The area of vegetative oak stands (coppices) accounted for 69.7-81.9 and 68-80.7% of all oak stands
in 1996 and 2017, respectively. Oak stands of 41-80 years old accounted for 27.8-57.8 and 16.1-34.1%,
with oak participation 290% — 45.0-51.7 and 32.9-44.7%, stands with relative stocking density <65%
- 13.2-29.3 and 14.0-23.8% of all oak forests in 1996 and 2017, respectively. At the same time, some
subcompartments were suitable for TV by age, but unfavorable by relative stocking density. In
contrast, others were suitable by age and relative stocking density, but unfavorable by forest site
conditions or origin.

Table 1. Indicators of the suitability of forest subcompartments for Tortrix viridana in several Forestry

Enterprises of the Kharkiv region as of 1996.

. . Chuguyevo- Zhovtneve
Indicators Kharkiv RS Vovchansk FE Babchansk FE FE
Total oak stands area, ha 17791.5 17708.2 13170.1 33896.8
Oak stands in D1, D2, ha 17602.2 16931.3 12657.5 32981.3
Oak stands of vegetative origin, ha 14141.8 14498.5 9414.0 23638.8
Oak stands of 41-80 years, ha 10286.6 6327.2 3666.8 15812.5
Oak proportion 290%, ha 9200.0 9116.6 6201.1 15246.9
Oak stands with relative stocking density <65%, ha 4802.9 2339.8 2071.7 9939.4
Stands with the highest scores for all indicators, ha 1121.6 167.7 9.0 533.5

Table 2. Indicators of the suitability of forest subcompartments for Tortrix viridana in several Forestry

Enterprises of the Kharkiv region as of 2017.

. . Chuguyevo- Zhovtneve
Indicators Kharkiv RS Vovchansk FE Babchansk FE FE
Total oak stands area, ha 17746.6 17306.9 13310.1 33965.9
Oak stands in Dy, D2, ha 17559.9 16555.3 12780.3 33062.0
Oak stands of vegetative origin, ha 13811.9 13966.8 9845.3 23085.3
Oak stands of 41-80 years, ha 5451.1 2787.3 2479.3 11567.5
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Oak proportion 290%, ha 7560.6 5696.2 4830.3 15168.4
Oak stands with relative stocking density <65%, ha 3350.8 2414.4 2734.3 8100.4
Stands with the highest scores for all indicators, ha 265.7 25.4 7.7 230.8

Filtering the data by all the specified indicators allowed us to determine the most favorable
subcompartments for TV, the area of which was 0.1-6.3% and 0.1-1.5% of the oak forest area in 1996
and 2017, respectively (see Tables 1 and 2).

From 1996 to 2017, the area of oak forests decreased in Kharkiv RS and Vovchansk FE and
increased in Chuguyevo-Babchansk FE and Zhovtneve FE (Table 3).

Table 3. Changes in the suitability of forest subcompartments for Tortrix viridana in several Forestry

Enterprises of Kharkiv region in 2017 in % to 1996.

Chuguyevo- Zhovtneve

Indicators Kharkiv RS Vovchansk FE Babchansk FE FE
Total oak stands area, ha -0.3 -2.3 1.1 0.2
Oak stands in D1, Do, ha -0.2 2.2 1.0 0.2
Oak stands of vegetative origin, ha -2.3 -3.7 4.6 -2.3
Oak stands of 41-80 years, ha -47.0 -55.9 -32.4 -26.8
Oak proportion 290%, ha -17.8 -37.5 -22.1 -0.5
Oak stands with relative stocking density <65%, ha -30.2 3.2 32.0 -18.5
Stands with the highest scores for all indicators, ha -76.3 -84.9 -14.4 -56.7

In the first two Forestry Enterprises, the area of oak stands in dry and fresh fertile forest site
conditions (D1, Dz2), of vegetative origin, of 41-80 years old, with oak participation >90%, relative
stocking density <65%, and stands with the highest scores for all indicators also decreased. In
Chuguyevo-Babchansk FE, only the area of stands of 41-80 years and stands with oak participation
290% have decreased, and in Zhovtneve FE, all indicators except the share of oak stands in D1 and D:
have decreased.

The area of subcompartments with the highest scores for TV by all indicators decreased the most
over the compared period in Vovchansk FE and Kharkiv RS (by 84.9 and 76.3%, respectively) (see
Table 3).

The analysis of forest management databases of four Forestry Enterprises indicates that changes
in the age of stands make the greatest contribution to the suitability of forests to T. viridana (Figure

12).

Relative Stand origin

stocking 2%

density

19%
Age
55%
Share of oak

24%

Figure 12. Contribution of individual indicators of suitability of oak stands to T. viridana in pooled data from

four Forestry Enterprises of the Kharkiv region.

Some of the stands reached maturity and were felled, and young oak stands were planted in
their place. At the same time, the youngest stands became middle-aged ones, which are most
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attractive for TV. However, their area was smaller than in the previous accounting period. The effect
of changes in the oak proportion in the stand composition and their relative density is 24% and 19%,
respectively. The shift in both of the latter indicators is most variable in individual Forestry
Enterprises and is largely associated with the age composition of the stands [28,46].

3.4. Phenological Mismatch in Oak Bud-Flushing and T. viridana Hatch Dates

An earlier start of the growing season is one of the manifestations of global warming. The earliest
temperature transition over 5°C in Kharkiv in 2002-2025 shifted compared to 1978-2001 from March
15 to March 9, the latest — from April 21 to April 12, the median — from April 2 to March 25 (Coefficient
of variation 9.9 and 10.7%, respectively) (Figure 13).
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Figure 13. Median Julian dates of the stable transition of air temperature over 5°C (D5) and 10°C (D10) in Kharkiv
for two periods (1978-2001 and 2002-2025). (Whiskers — min-max; boxes — 25-75 percentiles. Significant

difference between sample medians is absent for data with different letters in parentheses).

The earliest temperature transition over 10°C in the second period shifted from April 7 to April
2, the latest — from May 3 to April 25, the median — from April 20 to April 17 (Coefficient of variation
7.1 and 6.0%, respectively). An earlier stable transition of air temperature over 5°C (D5) and 10°C
(D10) in Kharkiv in 2002-2025, compared to 1978-2001, was confirmed by the Kruskal-Wallis test (H
(chi2)=7.54; p=0.006 and H (chi2)=3.8; p=0.049, for D5 and D10, respectively).

Shifts in the dates and rates of air temperature increase affected the timing of hatching of T.
viridana eggs, which overwinter in tree crowns (Figures 14 and 15). Earlier stable transition of air
temperature over 5°C contributed to earlier soil thawing, the onset of oak sap flow, and the dates and
rates of bud-flushing in Q. robur.
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Figure 14. Median Julian dates of bud-flushing in Q. robur (Oak), and of T. viridana (TV) egg hatching in the

Kharkiv region for two periods. (Whiskers — min-max; box — 25-75 percentiles. Significant difference between

sample medians is absent for data with different letters in parentheses).
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Figure 15. Julian dates of bud-flushing in Q. robur (Oak), and of T. viridana (TV) egg hatching in the Kharkiv
region for two periods: (a) 1978-2001; (b) 2002-2025. Whiskers — standard errors.

In 1978-2001, oak bud-flushing occurred from April 4 to May 9, with the median date in April
23 (Coefficient of variation 7.8) (see Figure 14). For 2002-2025, oak bud-flushing occurred from March
30 to May 2, with the median date in April 17 (Coefficient of variation 6.5).

For 1978-2001, TV egg hatching occurred from April 1 to May 10, with the median date in April
20 (Coefficient of variation 8.4) (see Figure 14). For 2002-2025, TV egg hatching occurred from April
3 to May 4, with the median date in April 18 (Coefficient of variation 6.0).

An earlier bud-flushing in Kharkiv in 2002-2025, compared to 1978-2001, was confirmed by the
Kruskal-Wallis test (H (chi2)=8.0; p=0.005). However, the shifts in TV egg hatching dates for these
periods were not confirmed (H(chi2)=1.8; p=0.17).

In the first analyzed period (1978-2001), the difference between egg hatching and bud-flushing
ranged from -2 to +5 days, with dates of TV egg hatching more often preceding bud-flushing in oak
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(Table S1, trends in Figure 15a). This means that neonates had the opportunity to feed on the youngest
leaves.

In the second period (2002-2025), the difference between egg hatching and bud-flushing ranged
from -8 to +6 days, with dates of bud-flushing in oak more often preceding TV egg hatching (Table
S1, trends in Figure 15b). Therefore, neonate caterpillars were forced to feed on older leaves
containing fewer nitrogen compounds and more protective substances, which is less favorable for T.
viridana survival and propagation [19].

4, Discussion

Climate change, with increasing temperature, decreasing precipitation, increasing frequency in
natural disturbances [52], and increased anthropogenic stress in recent decades, has contributed to
the weakening of trees, increasing their susceptibility to pathogens and infestation by xylophagous
insects [53,54]. Climate change affects voltinism, survival, and population dynamics of forest insect
pests [55], leading to range shifting or extending and modifications in outbreak severity and
frequency [56,57].

Climate change impacts on forest insect pests vary between years and regions [58], depending
on the ecological group of insects and their life cycle [8]. Studies show the increase of hidden-living
insects, as well as with the sucking oral apparatus, species with smaller individuals, reduced
participation of eruptive species and changes in the structure of entomological complexes due to alien
invasive species [59,60].

Climate-induced disruptions in the timing of the host plant and phytophagous insect
development can alter the synchrony between plant and insect phenology, thereby altering the
vulnerability of host plants [61,62]. It can also affect the enemy-herbivore dynamic by disrupting the
ability of parasitoids to affect their pest host species [63].

This increases the risk of tree mortality [64,65], changes in forest productivity, and tragic
consequences for forest ecosystems and the forest sector [41].

Analysis of the history and geography of oak defoliators in the forests of Ukraine showed that
in the second half of the last century, the largest outbreaks were caused by Tortrix viridana L. (83.3
thousand hectares on average per year), Lymantria dispar L. (14.3), Euproctis chrysorrhoea L. (17.5), and
geometrid moths (Operophthera brumata L., Erannis defoliaria Cl., 17 thousand hectares on average per
year) [7]. The outbreak incidence and severity were higher in the areas with lower precipitation,
higher temperature, and continentality (the difference between the average monthly temperatures of
July and January) [7].

Among the oak defoliators, TV outbreaks were the longest at the end of the last century (on
average 4.9 + 0.2 years). This was explained by the fact that the larvae developed for less than 30 days
and were less vulnerable to the action of regulatory factors (particularly parasitoids [66]). The mean
duration of TV outbreaks was 7 years in eastern and southern regions of Ukraine, and 3 years in the
western areas with the most suitable ecological conditions for forests [8].

This study analyzes the dynamics of T. viridana outbreaks in the forests of Ukraine for 1947-2025
and compares incidence, severity, duration, and mean interval between outbreaks in individual
regions for 1978-2001 and 2002-2025 (Figures 4-7). The analysis showed that T. viridana outbreaks in
Ukraine developed in the second half of the last century according to the classical cyclic type and
repeated on average every 10 years. Some disruption of the cycles in 1967-1986 was associated with
regular use of insecticides by aviation over large areas [7]. In subsequent years, a gradual decrease in
area, frequency, and duration of TV outbreaks occurred in all regions of Ukraine. At the same time,
higher outbreak severity, incidence, and duration remained in the eastern and southern areas of the
country, and the lowest in the western ones (Figures 4-6).

We hypothesized that the observed changes in the main parameters of T. viridana outbreaks
could be explained by the shifts of its share in the flush feeders’ complex, in the suitability of forest
subcompartments for this insect, and by phenological mismatch in oak bud-flushing and T. viridana
hatch dates.
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We have analyzed our field research of various years on species composition of the early spring
complex (flush feeders) in oak stands in the Kharkiv region (Figures 9-11) and the timing of
phenological events and meteorological data grouped by two periods (1978-2001 and 2002-2025).
Analysis shows a gradual decrease of T. viridana in the flush feeder complex since the 1980s, since the
advantages were enjoyed by species capable of feeding on other tree and shrub species [8] after severe
defoliation of oak in the previous few years. The maximum proportion of TV in the flush feeder
complex in 2012 was 8% (Figure 11).

The suitability of forest subcompartments is an important factor influencing the spread of
outbreaks [8,67]. Site preferences for main forest defoliators have been evaluated by points
considering forest site conditions, tree species composition, stand age, relative stocking density, etc.
Such an approach helped assess the outbreak risk in each sub-compartment in the forest arrangement
database, to make up the lists of subcompartments with the highest risk of outbreaks, and to calculate
their potential area [8].

In this study, based on forest management data from 1996 and 2017 of four Forestry Enterprises
in the Kharkiv region, the areas of suitable stands for T. viridana were compared by individual forest
features and for the presence of all features affecting the outbreak risk. Differences were found in
individual forestry enterprises in the suitable area for TV and its change (Table 3). The area of
subcompartments with the highest scores for TV by all indicators decreased the most over the
compared period in Vovchansk FE and Kharkiv RS (by 84.9 and 76.3%, respectively) (see Table 3),
where the most intense outbreaks of TV occurred in the 70s and 80s [7].

The greatest contribution to the change in the suitability of forests for T. viridana (55 %) was
caused by the change in the age of stands. Oak proportion in the stand composition and relative
stocking density comprise 24% and 19%, respectively (Figure 12). The risk can be clarified by
considering the change in the land category of neighboring stands, for example, after clear-cutting,
fire, etc. [68].

The importance of synchronous bud-flushing and hatching has been widely described for over
50 years [20]. An earlier start of the growing season is one of the manifestations of global warming
and has a greater impact on the population dynamics of flush feeders [69-71].

Our previous research has shown that the success of phytophagous insects' survival and
development is provided only at synchronization of their feeding period and suitable foliage, and
parasitoids” activity is synchronized with the susceptible prey stage [8].

The timing of T. viridana hatching (hibernating as an egg) depends mainly on the air temperature
above a certain threshold. At the same time, in a continental climate, bud-flushing of the host tree
depends on the beginning of water suction by roots, which starts only after soil thawing in the zone
of the main mass of root distribution [72]. The timing of bud-flushing considerably depends on the
dates of soil thawing in regions and sites, relief, soil type, and humidity before freezing [73,74].

At a minimal interval between bud-flushing and insect hatch, larvae feeding on the young
foliage with high protein and water contents occurs [20,23]. In such a case, the shoots are damaged
inside the buds, which weakens the tree. It was shown that such a situation may occur in such
locations and years when bud-flushing is delayed due to slow soil thawing and the later beginning
of water suction by roots [8].

It was suggested that this phenomenon is an important reason for the greater prevalence and
frequency of outbreaks of defoliating insects in the east of Ukraine compared to the west. Calculations
of the parameters of TV outbreaks of the last period (Figures 3-6) and comparison with shifts in
meteorological data [44] confirm this assumption.

Earlier stable transition of air temperature over 5°in 20022025 shifted compared to 1978-2001
(Figure 13) contributed to earlier soil thawing, the onset of oak sap flow, and the dates and rates of
bud-flushing in Q. robur (Figure 14). Hatching of T. viridana from 1978 to 2001 more often preceded
bud-flushing in oak (Table S1, trends in Figure 15a), therefore, the youngest larvae fed on the
youngest leaves. In the next years (2002-2025), bud-flushing in oak more often preceded TV egg
hatching (Table S1, trends in Figure 15b). Therefore, neonate T. viridana were forced to feed on older
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leaves containing fewer nitrogen compounds and more protective substances, which is less favorable
for survival and propagation [20,23].

Studies of trends in weather indicators [44] show that climate continentality remains higher in
the eastern part of Ukraine. Therefore, in some years, a ratio of air and soil temperature growth may
be favorable for flush-feeding insects.

Given the predicted climate changes unfavorable for oak health [41,53,54], one can assume an
increase in the role of other seasonal guilds of phytophages in its weakening (for example, miners
[9,75]) or sucking insects (oak lace bug Corythucha arcuata (Say, 1832) (Hemiptera: Tingidae) [76]) as
an inciting factors of oak decline. Such risks should be considered when developing a forest
management strategy to mitigate the negative consequences for oak forests.

5. Conclusions

The outbreaks of T. viridana in the forests of Ukraine are cyclic. In 1947-1985, a tendency toward
an increase in the area of outbreaks and a reduction in the intervals between them was found. In
subsequent years, a tendency toward a decrease in incidence, severity, duration, and an increase in
the mean interval between outbreaks was found in all regions of Ukraine. The incidence, severity,
and duration of T. viridana outbreaks for 1978-2001 and 2002-2025 were highest in the east and south
of Ukraine.

The observed changes in the main parameters of T. viridana outbreaks are associated with its
monophagy. Analysis of field data obtained in the Kharkiv region (1979-1989 and 2001-2018) showed
a decrease in the proportion of T. viridana in the flush feeders’ complex in the 1980s due to an increase
in the proportion of other Tortricidae, and since 2009, due to Geometridae.

The shift in the area of T. viridana outbreaks was also facilitated by a decrease in the suitable
subcompartments, estimated by forest management databases for 1996 and 2017 in four Forestry
Enterprises of the Kharkiv region. This occurred mainly due to a change in the age composition of
forests (a decrease in the proportion of mature and an increase in young ones), a decrease in the
proportion of pure oak stands (oak participation>90%), and stands with low relative stocking density
(<65%).

The third reason, which to some extent affected the first two, was climate change, as a result of
which the development of oak bud-flushing and T. viridana hatch shifted to earlier dates. According
to observations in the Kharkiv region in 1978-2001, egg-hatching often preceded oak bud-flushing,
and the caterpillars began to feed on the youngest foliage. After 2006, the tendency of earlier bud-
flushing resulted in newborn caterpillars feeding on older foliage, which is less favorable for their
survival and reproduction.
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