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The aim of the study was to develop an algorithm predicting the spread of bark beetles caused desiccation and to test
it on the example of Teteriv Forest Enterprise. A set of parameters was tested, particularly proportion of pine in the
forest composition, stand age, a relative density of stocking, stand origin and type of forest site conditions. Pine
proportion in the forest composition and pine age have the greatest importance for prediction the threat of bark
beetles caused desiccation. The relative density of stocking by itself is a less important risk factor than its sudden
decrease. Prediction accuracy increases, if we consider the bordering of compartments with clear-cuts after main
felling or clear sanitary felling of the last two years. Using a simplified scale (of two main parameters — pine
proportion and pine age) gives the possibility to recognize the trend of foci area dynamics or to compare it for
different administrative regions or natural zones. Confinement of bark beetles foci to specific subcompartments can
be predicted by GIS tools using the suggested algorithm, forest inventory database and digitized maps.

Key words: Scots pine (Pinus sylvestris L.), bark beetles caused desiccation, proportion of pine in the forest
composition, stand age, relative density of stocking, stand origin, forest site conditions, bordering clear-cuts.

Introduction. In recent years, forest desiccation has been registered in many regions (Bigler
et al. 2006, Wermelinger et al. 2008, Faccoli et al. 2011, 2012, Colombari et al. 2013, Siitonen
2014, Sazonov et al. 2017), including Ukraine, where decline of Scots pine (Pinus sylvestris L.)
covered almost all Polissya (Borodavka et al. 2016, 2017). Climate change and anthropogenic
pressure are the main preconditions of this phenomenon (Getmanchuk et al. 2017, Pineau et al.
2017). However, tree mortality often happens after their infestation by stem insects together with
pathogens, which they vector (Davydenko et al. 2017). Infested trees die during several weeks
(Colombari et al. 2013, Borodavka et al. 2016, Meshkova & Borysenko 2017), therefore it is very
important to detect such trees in time. This phenomenon was named bark beetles caused desiccation
(Sazonov & Zvyagintsev 2016). Among bark beetles populating pine, in recent years, two species
have predominantly spread. They are pine engraver beetle Ips acuminatus (Gyllenhal, 1827) and
six-toothed bark beetle Ips sexdentatus (Boerner, 1767) (Coleoptera: Curculionidae: Scolytinae).
Both the species have at least two main generations per year as well as sister generations. When the
temperature rises, the number of generations increases (Meshkova et al. 2015, 2017, Pineau et al.
2017). Susceptible trees may be infested by these species throughout the growing season. Usually,
the attacks of Ips sexdentatus are in butt part of the stem and are easily detectable. At the same time,
Ips acuminatus colonizes branches and tree tops as well as parts of a stem with thin bark, although
at high population density, as well as in felled or windthrown trees it attacks also parts of a stem
with transition bark (Meshkova et al. 2015, 2017). Therefore it is possible to recognize the attacked
tree only after crown discoloration.

Prediction of bark beetles spread is based on understanding their preferences for environmental
conditions connected with forest site conditions, forest age, tree species composition, the relative
density of stocking, etc.

For the foci of bark beetles caused desiccation, the formation of “spots” from several trees is
characteristic. As the outbreak develops, the area of each "spot” increases and the distance between
them decreases (Colombari et al. 2013). In the absence nearby a sufficient number of susceptible
trees, bark beetles fly long distances, the population is scattered, and the outbreak collapses. If
nearby many trees are weakened or dead as a result of drought, fire or management, then bark
beetles fly there, colonizes such trees, harvested and not taken out timber and wood debris.
Therefore the outbreak goes on (Faccoli et al. 2012, Meshkova & Borysenko 2017).

Clear-cuts with wood debris and weakened trees around the perimeter are one of the preferred
places for bark beetles attack (Meshkova & Sokolova 2017).
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In Steppe and Left-bank Forest Steppe felled and fallen branches and tops run dry, and bark
beetles progeny die (Meshkova et al. 2015). In Polissya such branches and tops on the ground retain
moisture for a long time, and I. acuminatus successfully completes its development even in the
branches with a diameter of 1.5 cm (Meshkova & Borysenko 2017).

In 2014-2017 we studied spatial dynamics of bark beetles caused desiccation in the State
Enterprise “Teteriv Forest Economy” and revealed the characteristics of stands, which are the most
favorable for bark beetles (Meshkova & Borysenko 2017).

The aim was to develop and to test an algorithm for predicting the spread of bark beetles
caused desiccation on the example of Teteriv Forestry of the State Enterprise “Teteriv Forest
Economy”.

Materials and Methods. Th research was carried out in 2014—2017 in the stands of Scots pine
in the Teteriv Forest Enterprise (Kyiv region). Dynamics of forest decline was studied on the base
of monitoring data of forest health condition and of selective and clear sanitary felling in the stands.
To evaluate the threat of bark beetles caused desiccation, data on forest fund, especially on the pine
stands area were taken from the forest inventory database as of 2014. Reliability of prediction of the
threat of bark beetles caused desiccation was evaluated as a percentage of common
subcompartments in two sets of subcompartments (with observed and predicted foci of bark beetles
caused desiccation) from the number of compartments with actual foci of bark beetles.

Spatial analysis of forest decline “spots” distribution was carried out using QGIS 2.18 (QGIS
Development Team 2017).

Results and Discussion. Analysis of the data on bark beetles caused desiccation for 4 years
allowed ranking all studied parameters by 6 grades of threat: 0 points — absent, 1 point — very low,
2 points — low, 3 points — moderate, 4 points — high, 5 points — very high (Table 1).

Table 1
Scoring of pine stands by preferences for bark beetles
Threat of bark beetles caused desiccation, points
Parameters 0- 1-very 3- . 5—very

absent low 2-1ow | oderate 4~ high high
Stand origin — — — — plantations | natural
Type of forest site conditions A1, By, | Az As, B, As-Ay B,, C, B3, G5, By, -

Dy—Ds Cs Cy
Stand age, years <40 41-50 51-60 61-70 71-90 >90
Relative density of stocking <04 0.5 0.9-1.0 0.6 0.8 0.7
Proportl.o_n of pine in the forest <5 6 7 8 9 10
composition

Notes: A, B, C, D — poor, relatively poor, relatively fertile, fertile forest site conditions;
1, 2,3, 4,5 —dry, fresh, humid, wet, swamp forest site conditions.

For each compartment, respective parameter values were replaced by points according to
Table 1 and counted the amount, which then ranked by 5 grades. If a subcompartment was adjacent
to clear-cut after main felling or clear sanitary felling for the last two years, the threat score was
increased by one point.

Calculations considering all forest lands of Teteriv forestry show that bark beetles caused
desiccation cannot spread in 12.6 % of area because land categories there include lawns, nurseries,
roads, buildings, unclosed pine plantations or closed forest stands where P. sylvestris is not the
main forest forming species or is represented by less than 50 % in the tree species composition
(Table 2). None of the subcompartments received a total score of “1”. The subcompartments with a
high threat of bark beetles caused desiccation took the highest percentage (49.9 and 41.2 % in the
cases considering and not considering bordering with clear-cuts respectively).

One can see that in the case of considering bordering with clear-cuts, the proportion of area
with a low, moderate and high threat of bark beetles caused desiccation decreases and the
proportion of area with very high threat increases. The area of subcompartments with the very high
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threat (5 points) becomes 715.7 hectares more (15.3 %), with 5-6 points — 890.1 hectares more
(19 %).

Obtained data were used to thematic maps creation according to the predicted spread of bark
beetles caused desiccation of pine stands (Fig. 1). Fig. 2 shows enlarged fragments of the maps
presented in Fig. 1.

Table 2
Calculation of all subcompartments of Teteriv Forestry by attractiveness for bark beetles
Considerin Threat of bark beetles caused desiccation:
bor deringg numerator — area, hectares; denominator — proportion, %
with clear- 0- vler_ 2 low 3- 4 _ hiah 5—very 6 — comple- Total
cuts absent Iova moderate g high mentary*
Absent 588.3/ B 33.0/ 1194.0/ 2335.3/ 533.9/ B 4684.5/
12.6 0.7 25.5 49.9 11.4 100
588.3/ 12.2/ 728.8/ 1931.2/ 1249.6 / 4684.5/
Present 12.6 - 0.3 15.6 41.2 26.7 1744137 100
Difference B B -20.8/ -465.2/ -404.1/ 715.7/ 174.4/ B
-0.4 -9.9 -8.6 15.3 3.7

Note: 6 points assigned to compartments evaluated with 5 points and adjacent to clear-cut.

Fig. 1 — Distribution of the stands of Teteriv forestry by the threat of pine engraver beetle foci: a — without
considering bordering with clear-cuts; b — considering bordering with clear-cuts; the rectangles show the
fragments presented in Fig. 2

7 .

A .
— existing foci — low risk of foci development — high risk of foci development

Fig. 2 — Enlarged fragments of the map (see Fig. 1) on distribution of Teteriv forestry stands by the threat of pine

engraver beetle foci: a — without considering bordering with clear-cuts; b — considering bordering with clear-cuts
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To reveal the most important factors influencing the vulnerability of stands to bark beetles
infestation, the sets of plots with observed and predicted forest decline (by different parameters)
were compared.

Calculations show that prediction using the set of all parameters mentioned in Table 1
(proportion of pine in the forest composition, stand age, the relative density of stocking, stand origin
and type of forest site conditions) makes it possible to reliably identify subcompartments with high
threat of bark beetles caused desiccation (Table 3). Predicted area increased if we consider the
bordering of compartments with clear-cuts.

Table 3

Reliability of prediction of the threat of bark beetles caused desiccation in pine stands,
considering certain parameters (calculated for Teteriv forestry)

Subcompartments, which
border with clear-cut area

All parameters 100.0 27.8
Proportion of pine in the forest composition —

Forest parameters All subcompartments

<100 %” (pure Scots pine stand) 576 16.3
Stand age, years — “over 70 years old” 52.3 115
Relative density of stocking — “0.7” 36.7 12.2
Stand origin — “natural” 36.5 7.2
Type of forest site conditions — relatively poor humid 0.2 0.0

and wet forest site conditions

The analysis shows that the proportion of pines in the forest composition has the greatest
importance for prediction the threat of bark beetles caused desiccation in pine stands (pure pine
stands are infested first of all) as well as their age (see Table 3).

Although we have found infested by Ips acuminatus 15-20 years old pines, but the massive
decline of such stands did not happen. It may be explained by their high density and shading of a
considerable part of stems. However, in the case of intensive thinning the risk of such stands
infestation exists.

The relative density of stocking by itself is a less important risk factor than its sudden decrease:
the reliability of infestation of the compartments bordering with clear-cuts increases by 12.2 % (see
Table 3).

Considering stand origin significantly increases the reliability of the prediction (by 36.5 %).
However, it may be taken into account that mean age of natural pine stands in Teteriv Forest
Enterprise is more than twice as large as artificial ones. That is, the vulnerability of stands in
separate subcompartments to bark beetles infestation may more depend on stand age than on their
origin (see Table 3).

The type of forest site conditions plays the smallest role in predicting the distribution of bark
beetles infestation (see Table 3).

Thus, the six-point scale of prediction of bark beetles caused desiccation can be simplified to
four points and two main parameters (Table 4).

Table 4
A simplified scale to predict the threat of bark beetles caused desiccation of pine stands
Forest parameters Threat of foci spread, points
P low moderate high very high
Age, years <50 51-70 71-90 > 90
Pine proportion in the stand composition, % <60 61-80 81-90 91-100

Using the simplified scale gives the possibility to recognize the trend of foci area dynamics or
to compare it for administrative regions or natural zones.

So, in the forest fund of Teteriv Forest Enterprise, pine stands of over 70 years old make up
37.3 % of the area, and among bark beetles foci of 2015-2016 they make up 84.6 % of the area.
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Pure pine stands make up 47.2 and 42.1 % of area among plantations and natural stands, and bark
beetles foci in them make up 63.2 and 66.4 % of the area.

At the same time, confinement of bark beetles foci to specific subcompartments can be
revealed only by analysis of forest inventory database. In the presence of a digitized map, it may be
done by GIS tools. Our calculations show that in Teteriv Forest Enterprise, pure pine stands older
than 70 years are presented in 40.8 % of compartments covered by bark beetles caused desiccation.

Our researches made it possible to develop an algorithm for the prediction of the distribution of
bark beetles caused desiccation foci.

In the first stage, the forest inventory database analysis reveals the subcompartments of the
maximum risk considering the stand age, pine proportion in the stand composition and relative
density of stocking.

Corrections to prediction are introduced as additional risk areas appear, particularly clear-cuts
after main felling and clear sanitary felling, as well as gaps in forest canopy due to the construction
of buildings, roads, installation of fire canopy ruptures, tree felling under power lines, etc. Such
plots can be revealed using video surveillance cameras, drones and to correct information during a
ground inspection of a forest as well as by a ground survey.

The suggested algorithm was included into information system of forest protection from fires
and forest pests monitoring, and respective software was developed.

Conclusions. Using the set of parameters (proportion of pine in the forest composition, stand
age, the relative density of stocking, stand origin and forest site conditions) makes it possible to
reliably identify subcompartments with a high threat of bark beetles caused desiccation.

Pine proportion in the forest composition and its age has the greatest importance for prediction
the threat of bark beetles caused desiccation in pine stands.

The relative density of stocking by itself is a less important risk factor than its sudden decrease.

Prediction accuracy increases if we consider the bordering of compartments with clear-cuts
after main felling and clear sanitary felling.

Using the simplified scale (of four points and two main parameters) gives the possibility to
recognize the trend of foci area dynamics or to compare it for administrative regions or natural
zones.

Confinement of bark beetles foci to specific subcompartments can be predicted by GIS tools
using the suggested algorithm, forest inventory database and digitized maps.
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Memkosa B. JI., bopucenko O. 1.

[TPOIHO3YBAHH S CIIPUYMHEHOI'O KOPOIJITAMU BCUXAHHS COCHOBUX JIICIB

Vxpaincoruii naykogo-docnionutl incmumym iicogoeo eocnooapcmea ma azpoaicomeniopayii im. I'. M. Bucoybrkoeo

Meroro nocCHimKeHb Oylo pO3pOOJICHHS aNrOpuTMY HPOTHO3YBAaHHS MOMIMPEHHS CIPUYMHEHOI0 KOpOiZaMu
BCHXaHHS Ta TecTyBaHHs Horo Ha mpukiani JIT «TerepiBceke JII'». TecTyBanm sk mapameTpu ISl MPOTHO3YBaHHS
YaCTKy COCHHM B CKJIaJli Haca/UKeHb, BIK HacaP)keHb, BITHOCHY ITOBHOTY, IOXOJKEHHS HACA/PKCHb 1 THUII JIICOPOCINHHAX
yMoB. YacTka COCHHU B CKJIa/li HACa/PKeHb Ta IXHIM BIK MalOTh HAaHOLIBIIY 3HAYYIICTb I1iJ] Yac MPOTHO3yBAaHHS 3arPO3U
MOLIMPEHHS CHPUYMHEHOT0 KOopoinamu BcuxaHHs. Cama BiJTHOCHA TIOBHOTA € MEHIII Ba)KJIMBUM YMHHUKOM BILTUBY, HIXK
il pamToBe 3MeHHIEHHA. TOYHICTP MPOTHO3YBAaHHS 3pOCTA€, SKIIO BPAaxOBYBaTH MEXyBaHHS BHIUTB i3 3pybamuy,
YTBOPEHHMH TMICIsT PYOOK TOJOBHOTO KOPHUCTYBaHHA Ta CYNIIBHUX CaHITApHUX pyOOK OCTaHHIX JBOX pOKIB.
BuxopucTaHHS CIIpOIIEHOi MIKaIK (10 MICTHTH IBa OCHOBHI MapaMeTpH — YaCTKy COCHU B CKJIaJi Haca/pKeHb Ta IXHIH
BIK) Ja€ MOMJIMBICTP BH3HAYUTH TPEHI AWHAMIKM IUIOIII OCEPEIKiB YCHXaHHS Ta TIOPIBHATH ii AN pi3HUX
aJMiHICTpaTUBHUX 00JacTel abo MpUpoAHUX 30H. IIpHypOUYeHICTh OcepesKiB KOPOIAiB 10 OKPEMUX BHIUIIB MOKJINBO
(mouiibHO) mporHo3yBaTH 3acobamu  I'IC i3 BHKOPUCTAHHSM 3alPOIIOHOBAHOTO AITOPUTMY, ©0a3nm JaHuX
JICOBNOPSAKYBaHHS Ta OLM(POBAHUX KapT.

Knw4yoBi cnoBa: cocHa 3BuuaitHa (Pinus sylvestris L.), cmpuunHeHe KOpoigaMu BCUXaHHSI, 4aCTKa COCHH Y
CKJIaJl Haca/PKeHb, BIK Haca/UKEHb, BIJHOCHA IOBHOTA, IOXO/JKCHHS HACA/DKCHHS, THI JIICOPOCIMHHHX YMOB,
MEXyBaHHS 31 3py0amu.
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Memkosa B. JI., Bopucenko A. U.

I[MPOI'HO3MPOBAHUE BBI3BAHHOI'O KOPOEJAMU YCBIXAHUA COCHOBBIX JIECOB

Vkpaunckuii  Hayuno-uccie0ogamenvckuil - UHCMUMYM — JeCHO20 — XO3AUcmea U AepoaecoMenuopayuul
um. I". H. Boicoykozo

Lenbro uccnenoBanuii OblIa pa3pabdoTKa aNrOpUTMAa MPOTHO3UPOBAHUS PACIIPOCTPAHEHHST BEI3BAHHOTO KOPOEIaMHu
ycbixaHus u tectupoBanue ero Ha npumepe [Tl «TerepeBckoe JIX». TectupoBamu B KauecTBe MapameTpoB IS
NIPOTHO3UPOBAHMS JIOJNIO COCHBl B COCTaBE HACAXKJICHWH, BO3pacT HACaX/JEHHH, OTHOCHTEJILHYIO IOJHOTY,
MIPOMUCXOXKICHHE HACKACHUH U THII JIECOPACTHTENBHBIX YCIOBUH. Jl0Ms COCHBI B COCTaBE HACAXICHWH M MX BO3pacT
HUMEIOT HauOONBUIYI0 3HAYUMOCTH IPHU IPOTHO3UPOBAHUM YIPO3bl pACIPOCTPAHEHUS BBI3BAHHOTO KOPOEAaMH
ycbixaHus. OTHOCHTENBHAs MOJHOTAa KaK TaKoBas SBIISETCS MEHEe BaKHBIM (DaKTOPOM BIIUSHUSA, YeM €€ BHE3aIHOe
yMeHbIIeHne. TOYHOCTh MPOTHO3MPOBAHMS BO3PACTACT, €CIIM YYUTHIBATH COCEACTBO BBHIICIOB C BBIPYOKaMH PyOOK
TJIABHOTO TOJIB30BaHUS M CIUIOIIHBIX CAaHUTApHBIX PYOOK MOCIEIHUX IBYX JieT. [IpuMeHeHHe yIpOIIeHHOH IIKasbl
(BKJIFOYAIOIIEeH /IBa OCHOBHBIX IapameTpa — JOJII0 COCHBI B COCTABE HACa)KICHHH M MX BO3PACT) JaeT BO3SMOXHOCTB
OIpEIeNUTh TPEH JUHAMHUKH IUIOIAIH OYaroB YCHIXaHHS M CPaBHHUTH € Ul PasHBIX aIMHHHCTPATHBHBIX 00iacTeil
WIM TPUPOAHBIX 30H. [IpHypodYeHHOCTh OYaroB KOPOEIOB K OTACNBHBIM BBIJETaM BO3MOXKHO IPOTHO3HPOBATH
cpeactBamu ['MIC ¢ ncnonp30BaHreM IMPEAJIOKEHHOTO alropuTMa, 0a3bpl JaHHBIX JIECOYCTPOMCTBA U OLU(POBAHHBIX
Kapr.

Knwouepbie cnoBa: cocHa oObikHOBeHHast (Pinus sylvestris L.), BeI3BaHHOE KOpOeJaMu YCBIXaHHE, MO
COCHBI B COCTaBE HACaXJCHHUH, BO3PACT HACAXKICHUI, OTHOCHUTENIbHAS MOJHOTA, MPOUCXOXICHHE HACAKACHUS, THII
JIECOPACTUTEIBHBIX YCIOBHUH, COCEACTBO C BRIPYOKaMH.
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