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Abstract: The aim of the research was to assess a possible reaction of forest phytophages with
different types of seasonal development on climate change. The patterns of seasonal development
for foliage browsing insects and possible changes with temperature increase were analyzed
considering hibernating stage and the presence of summer diapause. Analysis shows that forest
phytophagous insects can adapt to climate change by the acceleration of development, expanding
the range of host plants, changing the location of individual stages, or spreading the range. Species
that are monophages throughout their current range will remain monophages. The survival rate
and harmfulness of phytophagous insects will depend on their synchronicity with the appearance
of foliage and entomophages. The harmfulness of phytophages will increase with an increase in
their voltinism and with an increase in the vulnerability of trees under conditions of aridity and
anthropogenic pressure and will decrease as a result of a decrease in the size of insects and their
fertility during rapid development. Hibernation of individuals at stages that are not adapted to

new combinations of temperature and photoperiod can also be negative results of climate change.
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1. Introduction

Climate change is to increase the temperature, CO2 concentration, the frequency of
drought, fires, and hurricanes [1]. Of these factors, the greatest value for insects has a
temperature that affects their survival and development directly and indirectly through
the availability and quality of food [2—4]. Within the limits between the lower and the
upper thresholds of temperature, the survival, the rate of development of insects as
poikilothermic organisms depend on temperature [3]. This suggests that the acceleration
of insect development will bring to increase the number of generations. This will
negatively affect the health condition of trees, which will be weakened by the action of
the above-mentioned and other factors [5].

At the same time, in the zone of a temperate climate with winter, spring, summer,
and autumn, insects are adapted to hibernate in the most protected places and in the
least vulnerable stage [6]. This is one of the reasons for the predominance of

monovoltine forest phytophages. The signal to change the rate of development
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(acceleration, slowdown) or diapause is most often the length of the day (photoperiod),
less often - temperature level and food quality. An increase in temperature without
changing the photoperiod may ambiguously affect the survival and harmfulness of
phytophagous species [7].

When studying the foliage browsing insects, it was found that in addition to the
daily values of the temperature and their sums during the development of certain stages
of insects the high importance belongs to the dates of the stable transition of temperature
over 0, 5, 10, 15 ° C in spring (DO0s, D5s, D10s, D15s) and below these limits in autumn
(DOau, D5au, D10au, D15au), as these dates separate the phenological seasons of the
year [2]. So the spring starts after DOs, summer lasts between D15s and D15au, autumn
between D15au and DOau. Deadlines for the thawing of the soil, sap flow, budburst,
and the development of -related insects are dedicated to these dates.

On the examples of insects with different types of seasonal development, it was
shown that population dynamics (probability, severity, duration of outbreaks and
intervals as well as intervals between them) are related to the features of seasonal
development of foliage browsing insects at particular weather conditions of the region [8,
9]. The dates and temperature thresholds and sums were estimated also for stem pests in
different regions, particularly in Ukraine [10-12]. Comparison data on seasonal
development of these insects in different regions allows suggesting some consequences
of climate warming.

The aim of this paper was to assess a possible reaction to climate change of forest

phytophages with different types of seasonal development.

2. Materials and Methods

Partially published author’s data for almost 50-year-old on phytophagous insects of
oak (Quercus robur L.) and pine (Pinus sylvestris L.) were used. Here weather conditions
in the Kharkiv region are presented, which is located in the northeastern part of Ukraine
on the border of the forest-steppe and steppe (50°00 'N, 36°10' E).

Temperature of particular months was taken from archives and since 2005 from
website https://rp5.ua. Actual dates of temperature transition over and below different
limits were evaluated by our approach [2]. Predicted dates of such transition for 2021-
2050 were taken from [7] (Table 1).

In analysis, classification of foliage browsing insects by the types of seasonal
development considering voltinism, hibernating stage and summer diapause [2] were
used. The deadlines for the development of individual stages of insects were analyzed
taking into account the type of seasonal development, the deadlines of the appearance
after hibernation, and termination of active development in autumn.

When calculating the deadlines for the development of stages, which appeared after
the end of hibernation, the evaluated dependences of their duration from temperature
and the sum of temperature were used [2].

An example: larvae hatch at D10s. It is known that they develop 31 days at 13 °C
and 18 days at 18 °C. Considering the actual and predicted value of temperature (Table
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1), at 410=109 and 13 °C the pupae will appear on the 140 day from the 1+ January, that
is on the 19 of May, and at D10s=105 and 18 °C — on the 123rd day, that is on the 2" of
May.

3. Results

The analysis of meteorological data indicates a tendency towards an increase in
temperature in all months, an earlier beginning of the growing season, a later
completion, and a longer duration (Table 1). At the same time, even several decades ago,
in some years, the timing of these events was beyond the predicted limits. This indicates

the ability of phytophagous insects to adapt to predicted climate changes.

Table 1. Dates (top) and days from the 1st January (bottom)* for a stable transition of daily air temperature up and

down through 0°C, 5°C, 10°C and 15°C for different periods and predicted by modified A1B climate change scenario

for Kharkiv
Limits 1892-2000 1981-2010 2021-2050 [7]
of
transi- start end length start end length start end length
tion
27.11
17.03
326 15.03 20.11 9.03 412
0°C 76 251 251 271
(296- 75 325 69 339
(15-99)
348)
26.10
1.04
300 1.04 27.10 25.03 29.10
5°C 95 206 210 219
(280- 92 301 85 303
(74-113)
332)
23.04 30.09
24.04 10.10 18.04 17.10
10°C 113 277 165 170 183
115 284 109 291
(97-129) (261295
8.05 10.09
136 253 11.05 11.09 10.05 17.09
15°C 118 124 131
(114- (239- 132 255 131 261
158) 274)

Note: * — mean and limits

In accordance with our classification [2], foliage browsing insects were divided into
groups by hibernating stage: group 1 — egg hibernates (larvae feeding in spring); group 2
— larva hibernates, feeding in spring and at the end of vegetation, for example,
Dendrolimus pini (Linnaeus, 1758), Euproctis chrysorrhoea (Linnaeus, 1758); group 3 — pupa
hibernates (larvae feeding in spring or in summer-autumn); group 4 — eonymph
hibernates (larvae feeding in summer-autumn, for example, Diprion pini (Linnaeus, 1758).

Subgroups differ by the presence of summer diapause: subgroup la — summer diapause
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of eggs transits to winter diapause (Tortrix viridana Linnaeus, 1758)); subgroup 1b —
summer diapause of pupae or eonymph, swarming in autumn, winter diapause of eggs
— Operophthera brumata (Linnaeus, 1758), Neodiprion sertifer (Geoffroy, 1785); subgroup 3a
— summer diapause of pupae transits to winter diapause — Panolis flammea (Denis &
Schiff., 1775); subgroup 3b — winter diapause of pupae transits to summer diapause —
Bupalus piniarius (Linnaeus, 1758).

Members of groups 1-3 are monovoltine throughout the entire range, and
representatives of group 4 are known to have different variants of cycles [13].

The date of hatching the species of group 1 and the renewal of active feeding of the
larvae of group 2 approximately corresponds to D10s and will correspond to it with a
change in climate since only in this case the maximum coincidence of the time of
appearance of the larvae and the required food will be ensured.

The development of group 1 larvae from hatching to pupation depends on
temperature. With the expected earlier transition D0Os and higher may temperature,
pupation and swarming of group 1la will occur earlier. The feeding period will become
shorter. Pupation of larvae of group 1b will also occur earlier. The consequence of this
for the species of groups la and 1b may be a decrease in the size of pupae and the
fecundity of adults.

At the same time, regardless of the timing of the completion of larvae feeding of
group la, the adults will not become earlier, since its timing is determined by the
photoperiodic response which depends on the geographical coordinates of the point.

Particularly, adults of Neodiprion sertifer appear after D15au, and of Operophtera
brumata after D10au. That is, the swarming of these species in the east occurs earlier than
in the west, and earlier in the north than in the south. Since these species hibernate at the
egg stage, the adults appear late enough so that the laid eggs do not hatch in the absence
of food. Since the autumn transition of temperature will be shifted to later dates,
individuals with the latest swarming will gain advantages.

The viability of species with la and 1b type of seasonal development is most
dependent on the timing of the appearance of available food and parasitoids. The
development of buds of deciduous trees begins after thawing of the soil, that is, after
about D5s, and parasitoids emerge later since they must undergo maturation feeding on
flowering plants. The shifts of D5s and D10s will determine the degree of synchronicity
in the development of larvae and foliage of the host plant.

Species of group 2 hibernate as larvae of different ages with 2 feeding periods. The
beginning of the first and the end of the second period depend on the availability of
available food - the budburst for deciduous trees and the beginning of the active
vegetation of conifers. The spring period begins at D10s, and the autumn period ends at
D10au.

Pupae, adults, and eggs of group 2 species develop in summer on close dates in
different regions, because these dates are closed to the summer solstice. Some part of
larvae which late in development stop this process and resumes it simultaneously with

the appearance of larvae a new generation in August. The age composition of
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hibernating Dendrolimus pini is very diverse (from 2nd to 6th instars). One part of the
population completes its development for one year and another for two years.

Therefore, it can be expected that with an increase in the period between D10s —
D10au, the species of this group will develop within one year. The dependence of its
survival on synchronicity with parasitoids is less pronounced than that of other groups,
since in summer they are infested by polygamous or non-specialized species.

Swarming for insects of 3a group, hibernating at the pupal stage, occurs at D5s, and
hatching at D10s (for Panolis flammea, it coincides with the appearance of young pine
needles). Pupation occurs at about the same time as for representatives of group 1a, but
the pupa stops developing until the next spring. The signal for the beginning of their
development is soil thawing and D5s, which is predicted to occur earlier. As in the
species of group 1la and 1b, the development time of larvae of group 3a will be reduced,
which can negatively affect the size of pupae and the fertility of adults [14], and, in
addition, their survival during a long stay in the forest litter.

As for species of groups 1a and 1b, the viability of individuals of group 3a depends
on synchronization with the spring development of parasitoids hibernating in the forest
litter. Since pupae of these species spend 9-10 months in the litter, their drying may
increase with increasing temperature.

The dates of swarming for Bupalus piniarius are close to the dates of the summer
solstice, and after D15au the larvae gradually descend into the forest litter. There,
caterpillars of the last instar pupate, and younger ones often die. With an increase in the
duration of the D15s — D15au period, the proportion of caterpillars with successful
completion of development will increase.

The representative of group 4 is the only common foliage browsing species capable
of having 2 generations a year (spring and autumn), and sometimes an additional
intermediate generation (summer generation) initiated by individuals emerging from
diapausing cocoons. The emergence of adults from overwintered cocoons occurs at
about D10s. The larvae of the spring generation feed in June, and those of the autumn
generation feed in August, until about D15au.

In northern regions and in cold years, depending on the combination of photoperiod
and temperature by the time of cocooning, the specimens of Diprion pini develop ac-
cording to one of the following options: cocoons enter diapause for several years, until
next spring, into summer diapause (leaving it simultaneously with the appearance of the
autumn generation), and sometimes only the autumn generation develops without the
spring one [2, 13].

With an increase in the duration of the growing season (D10s — D10au) and an
increase in temperature, the bivoltine development of Diprion pini will dominate. A
further increase in the number of generations of this species is impossible due to its

photoperiodic reaction.

4. Discussion

The common foliage browsing and xylophagous insects, living in the forests of

Ukraine, are monovoltine throughout their range [5, 10-12]. After warming, they will
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not change the development cycle, but they can change the timing and duration of its
individual parts. As the analysis of long-term data shows, in some years phenological
phenomena occurred not only in the predicted dates but also in earlier periods (Table 1).
At the same time, the average air temperature in May (when the leaves and larvae of
spring phytophages develop), for 1892-2000, was 15.4+0.19 °C and ranged from 11.2 to
20.1° C[2].

The only widespread bivoltine foliage browsing species, Diprion pini, can develop,
depending on the combination of temperature and photoperiod, as monovoltine with
the presence of either spring or autumn generations. With an increase in temperature,
bivoltine development is expected.

Species hibernating at the egg stage (1a and 1b) will hatch when preferred food is
available. Since the timing of the beginning of the growing season of trees depends on
the timing of soil thawing, the synchronicity in the appearance of phytophagous larvae
and leaves may be disrupted [15]. If the leaves begin to develop before the larvae appear,
they will contain less nitrogen and more protective substances. Acceleration of larval
development at elevated temperatures will lead to a decrease in the size of pupae and
the fertility of adults [14]. Also, the development of these species is affected by
synchronicity with entomophages hibernating in the litter, which need to undergo
maturation feeding and be ready to infect the vulnerable stage of the phytophage [16,
17].

For species hibernating at the larvae stage, synchronicity with food and
entomophages is less important; however, at high temperatures, the semivoltine species
(Dendrolimus pini) will become monovoltine [18].

For the survival of species that hibernate at the pupal stage and begin feeding on
young foliage (Panolis flammen), their synchronization with food and entomophages is
important, as well as the possibility of pupae drying out during their stay in the litter in
the summer months [3].

Species of groups la and 3a complete development before the hibernating stage
(egg and pupa, respectively) at a time depending on the beginning of spring
development and the sum of temperatures.

In accordance with the photoperiodic reactions, the timing of the end of the feeding
of the larvae of group 2, 3a and the autumn generation of the larvae of group 4
correspond to the date of the stable transition of air temperature through 15 ° C (D15au).
The swarming of adults of the species of group 1a, hibernating at the egg stage, occurs
approximately at D15au for Neodiprion sertifer and D5au for the Operophtera brumata.
Since the dates of these phenomena are due to the photoperiodic reaction and depend on
the latitude and longitude of the area, in the case of an increase in temperature, the
success of phytophagous insect depends on the time of their adaptation. So, if the adult
of Neodiprion sertifer lays eggs in the foliage with still active vegetating, the eggs can be
flooded with resin. There is also a risk of larvae appear in autumn, which will not be

able to survive.
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It may be suggested, that the species that can increase the number of generations
will increase them. Taking into account the possible indirect negative impact of high
temperature on phytophagous insects, the proportion of species with semi-hidden and
hidden lifestyles will increase.

These changes will affect the harmfulness of forest phytophages, which will
increase with an increase in their voltinism, decrease with a decrease in the size and
fertility of insects, and will also depend on the vulnerability of trees in arid conditions
and anthropogenic load.

5. Conclusions

The adaptation of forest phytophagous insects to climate change can occur by

— accelerated development (development of additional generations);

- expanding the range of host plants;

— changing location of individual stages;

— spread to new territory.

Species that are monophages throughout their current range will remain
monophages.

Species that now have more than one generation in the south of the range will be
able to increase their number in other parts of it as it warms.

Changes in the timing and rate of development of phytophages will depend on the
type of seasonal development, and the survival rate and harmfulness will depend on the
synchronicity with the appearance of foliage and entomophages.

The harmfulness of phytophages will increase with an increase in their voltinism
and with an increase in the vulnerability of trees under conditions of aridity and
anthropogenic pressure and will decrease as a result of a decrease in the size of insects
and their fertility during rapid development.

Wintering of individuals at stages that are not adapted to new combinations of
temperature and photoperiod can also be negative results of climate change.
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