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Abstract. The issue of large-scale degradation of dark coniferous taiga forests due to the Siberian moth
outbreaks remains a matter of contemporary concern. The imminent forest dieback can be regarded
not only as an ecological problem, but also as an economic catastrophe. The present paper sets forth
the findings of an investigation into the current state and identification of successional stages in dark
coniferous forests that have been disturbed by an outbreak of the Siberian moth (2015-2018) in Central
Siberia. A field study conducted nine years after the onset of the outbreak revealed large-scale forest
degradation that arose as a result of damage to forest-forming coniferous species (Siberian fir Abies
sibirica Ledeb, Siberian pine Pinus sibirica Du Tour, Siberian spruce Picea obovata Ledeb.), followed
by a significant increase in deadwood volume (standing dead and fallen trees). A forest inventory was
conducted in disturbed stands, encompassing the determination of tree mortality rate and the volume of
deadwood (both snag and coarse woody debris). The analysis revealed that soil quality had deteriorated
due to the presence of a dense herb layer. Furthermore, it was observed that the area was being colonized
by silver birch Betula pendula Roth. in the absence of coniferous saplings. The mortality of trees has been
shown to result in the disturbance of the soil hydrological regime, thereby leading to the transformation
of the entire forest site into a forest-swamp ecosystem. At the same time, forests affected by the Siberian
moth experience a period of heightened emissions spanning several decades. This is due to wood
decomposition and recurrent fires, both of which are known to have an adverse effect on the climate. Such
consequences can be avoided by felling damaged Siberian fir and Siberian pine trees in a timely manner,
before the entire forest stand is destroyed, and by implementing artificial reforestation projects.
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HayuyHas cTtaTtbs

nerpana LA TACXHbIX JIECHbIX 9QKOCUCTEM
CpenHeun CnbMpmu nocne MaccoBoM

n.ecbon naumm cubm PCKMUM LUeNnKonpsaaoMm
Dendrolimus sibiricus Tchetv., 1908

C.M. CynbrcoH* , O.A. CnnHknHa |, H.H. Kynakosa ,
1.B. Muxannos , N.A. BopobbeBa , J1.1. PomaHoBa

Cubupckul eocydapcmeeHHbIlU yHU8epcumem HaykKu U mexHoo2uli uMeHU akademuka
M.®. PewemHesa, 660037, Poccusi, e. KpacHosipck, rip-km um. 2azemsi KpacHosipckud paboyud, 0. 31

*sultson2011@yandex.ru

AHHoTauusa. lNpobnema MacwTabHOW ferpagaumm TEMHOXBOWHBIX TaeXHbIX eCoB BCneacTeue
MacCCOBOI0 Pa3MHOXEHUs1 CUOUPCKOro LUenKonpsaa A0 HACTOSLWEro MOMEHTa OCTAaEeTCsl akTyasrlbHON.
HeunsbexHasa nocnegywowas rmbenb [epeBbEB MOXET TPaAKTOBATbCS Kak SKOHOMMYEcKas W
necoxo3sancTBeHHasa katactpodga. B pabote npuBedeHbl pesynbTaTbl OLEHKM TEKYLLEro COCTOSIHUS
OPEBOCTOEB N CYKLECCUOHHbIX NPOLECCOB Ha y4YacTKe TEMHOXBOWHbLIX N1ECOB, NOrMbLunx BCriegcTene
BCMbIWKN cubupckoro wenkonpsga (2015-2018 rr.) B rpaHuuax TaexHow 30Hbl CpegHen Cubupw.
O6cnenoBaHue, NpoBefeHHoe cnycTd 9 NeT ¢ MOMeHTa Hayana BCbILLKK, 3adMKCUpoBano MacutabHble
npoueccbl Aerpagaumn, BO3HUKLIME BCMEACTBME MNOBPEXAEHUS [EpeBbEB NecoobpasyoLmx
XBOWMHbIX MopoAa (nuxTel cubupckon Abies sibirica Ledeb, keapa cnbupckoro Pinus sibirica Du Tour,
enu cmbupckon Picea obovata Ledeb.) ¢ MmaccoBbiM BbIBarioMm MOrMbLInx OepeBbEB, HAKOMIEHUEM
CYXOCTOMHOW W MepTBOM [ApeBecuHbl. [lpou3BegeHa Takcauusi MNOBPEXOEHHbIX HacaXaeHun C
onpegeneHnem npoueHTa oTnaga, 3anacoB CYXOCTOMHOM M BarneXHOW ApeBecCuHbl. BbisiBneHsbl
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aKTUBHbIE MPOLECChl 3adepHEHMS MOYBbI, 3apacTaHnsa nnolwaan depesont noeucnon Betula pendula
Roth. ¢ ogHOBpeMeHHbIM OTCYTCTBMEM MOAPOCTa XBOWHBLIX Mopod. B cBA3n ¢ rmbenbio aepeBbeB
HapyLIWcsa rMApOoNorMYecKUin peXnm NnoYB, YTO NPUBENO K TpaHcdopMaLmMn BCEro NIECHOMO yvacTka B
necobonoTHyto akocuctemy. OAHOBPEMEHHO LLEMKOMNPAOHNKN HA HECKONBbKO OECATUIETUI CTAHOBATCS
NCTOYHMKOM 3MMUCCUI B pe3yrbTate pasfoXeHUs U ropeHust 4peBEeCUHbl, YTO HEraTMBHO CKa3biBaeTCs
Ha Knumartudeckux npoueccax. N3bexate nogobHbIX NOCNeaCcTBUIA BO3MOXHO MyTEM CBOEBPEMEHHOM
BbIPYOKM MOBPEXOEHHbIX AePEBLEB NMUXThI M Kegpa 40 MOMEHTa MX MacCOBOro OTMMpaHKA 1 pacnaga
OPEBOCTOS C NOCMeayLMM NPOBEAEHNEM UCKYCCTBEHHOTO JIECOBOCCTAHOBIEHNS.

KnioueBble cnoBa: TEMHOXBOWHasi Talira, HaCGKOMbIe-(bVITO(*)aFM, noBpeXxaeHHble HacaXXaeHus,
CyKueccud, otnag ApeBOCTOA, KpyrnHble ApeBeCHble OCTaTKu, NpoueccChbl 3abonavmBaHus, TpaHC(bOpMaLI,I/Iﬂ
J1IeCHOIo y4acTtKa
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BbICLLEro O6pa30BaHMﬂ P® Ha BbInonHeHne KonnekTMBoMm Haqu0|7| na6opaTop|/|M «3au.|,|/|Ta nieca» npoekrta
«MeTop,onoquecme OCHOBbI OLleHKHM JleconaToriormn4eCcknx puckoB B HAaCaXXaeHnsX rora Cpe,u,Heﬁ Cl/l6l4pl/1»
(Ne FEFE-2024-0016).
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Introduction

Central Siberia represents one of the largest forest ecosystems on Earth, distinguished by its
high biodiversity and structural complexity. The ecosystem dynamics are influenced by a multitude of
factors, encompassing both biotic and abiotic components (Vedrova et al., 2018). A pivotal biotic factor
that exerts a substantial influence on the taiga succession is the Siberian moth Dendrolimus sibiricus
Tschetv. 1908, a native insect pest. The recurrence of the pest outbreaks has been observed to occur
at regular intervals, with an average of 10 to 15 years, under weather conditions favorable for the pest
(Dergunov and Yakubailik, 2019; Kolomiets, 1962; Kondakov, 1974). Outbreaks of the Siberian moth has
been observed to cause substantial changes in the structure and functioning of dark coniferous forests
(forests dominated by Siberian fir, Siberian pine, and Siberian spruce). These changes have the potential
to initiate a series of ecological processes that result in alterations to the species composition, forest
structure, and biological diversity of the affected forests (Burenina et al., 2005; Chikidov and Timofeey,
2014; Denisova et al., 2020; Kovalev and Tsikalova, 2023; Krasnoshchekov and Bezkorovaynaya, 2008;
Melnichenko, 2020). The Siberian moth has been found to cause the most significant damage to forests
dominated by Siberian fir Abies sibirica Ledeb. and Siberian pine Pinus sibirica Du Tour. A salient
biological characteristic of dark coniferous species is their remarkably low resistance to the loss of
needles. It has been determined that the defoliation of a tree to a level of 75% or more will inevitably
result in the tree's death. In the case of Siberian fir stands with a share of Siberian spruce, tree trunks
are prone to falling in the fourth to fifth year following the death of trees, with the majority of trunks falling
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after another three to five years (Chikidov and Timofeev, 2014; Grodnitsky, 2004; Kovalev and Tsikalova,
2023; Vedrova et al., 2018). Siberian pine is dying out less intensely in stands where it co-occurs in
equal or smaller proportions with Siberian fir (Grodnitsky, 2004; Knyazeva et al., 2019a; Mokhirev et
al., 2023). Consequently, a comprehensive degradation and transformation of the plant community is
instigated, a process that is protracted and extends over several decades.

Over the past decade, a significant outbreak of the Siberian moth has been observed in the taiga
zone of Central Siberia (Krasnoyarsk Krai), occurring from 2015 to 2018. The first documented outbreak
occurred in 2015 in an area spanning 21 000 hectares within the Yeniseyskoye forest management unit
of Krasnoyarsk Krai. By the end of 2016, the most significant increase in the area of damaged forests
had been recorded. In 2017, new outbreak areas were identified in five forest management units of the
region: Severo Yeniseyskoye, Nizhne Yeniseyskoye, Yeniseyskoye, Motyginskoye and Tyukhtetskoye.
The outbreak was declared over by the close of 2018, a result of the measures implemented to eradicate
it (80%) and natural factors (20%)"- 2. As reported by the Forest Protection Center of the Krasnoyarsk
Territory, the outbreak has resulted in the damage of 620 000 hectares of forests (Pavlov et al., 2018).
It is evident from the analysis of remote sensing data, as facilitated by contemporary technologies, that
approximately 470,000 hectares of dark coniferous forests have been lost® (Hansen et al., 2013) (Fig. 1).

In light of current circumstances, forest ecosystems that have been disturbed by the Siberian moth
are undergoing a series of processes of degradation and transformation. In the context of contemporary
forest legislation, the timely felling of damaged trees is rendered unfeasible by the established criteria
for the appointment of sanitation cutting* and the restriction of felling in Siberian pine forests®.

The aim of this study was to assess the state of disturbed dark coniferous forests and the succession
of plant communities following extreme defoliation by the Siberian moth caterpillars

Materials and methods

The geographical area selected for the study was the territory located within the administrative
boundaries of the Nazimovskoye district of the Yeniseyskoye forest management unit in Krasnoyarsk
Krai. The study area is located within the taiga zone, specifically the West Siberian middle taiga flat
forest region®. The climate of the study area is continental, with an average annual temperature of
-2.0 °C, featuring a protracted and severe winter and a comparatively brief and humid summer. The
mean temperature in January is —30 °C, whereas in July it is +16 °C. The length of the growing season
is 145 days. The mean annual wind speed does not exhibit a clear pattern of change, with a range of
3.8—4 m/s. The relative humidity has been measured at 75%. The total precipitation is 497 mm, with the
majority (60—70%) falling during the positive-temperature season (Pleshikov et al., 2002).

The study area is located in the Yenisei River basin within the West Siberian Plain. With regard
to the issue of relief, the study area is a topographical region characterized by extensive river valleys
that alternate with watersheds, with relative elevations reaching a range of 70-80 m. The fluvial
terraces are distinguished by the presence of depressions filled with raised bogs and mesotrophic
bogs (Mokhirev, 2017).

As indicated by the forest inventory data of the Yeniseyskoye forest management unit (2007),”
the area is designated as an exploitable forest. Fragmentary forest sites have been designated as

' Results of state forest pathology monitoring. Federal Forestry Agency of Russia ("Rosleskhoz"). Web page. URL: https://
rosleshoz.gov.ru/activity/forest_security _and_protection/stat (accessed: 31.03.2025).

2 Review of the Sanitary and Pathological State of Russian Forests. Moscow.: Results of state forest pathology monitoring. Federal
Forestry Agency of Russia ("Rosleskhoz"), 2023. Web page. URL: https://clck.ru/3KSpAP (accessed: 31.03.2025).

3 Forest cover loss map from the Global Forest Watch v1.10 dataset. Web page. URL: https://storage.googleapis.com/
earthenginepartners-hansen/GFC-2024-v1.12/download.html (accessed: 07.03.2025).

4 Rules for sanitary safety in forests approved by Decree of the Government of the Russian Federation No. 2047 on December
9, 2020.

5 Art. 115 of the Forest Code of the Russian Federation of 04.12.2006 N 200-FZ.

8 The Krasnoyarsk Krai Forest Plan for 2019-2028. Official website of the Ministry of Natural Resources and Forestry of
Krasnoyarsk Krai. Web page. URL: http://zakon.krskstate.ru/dat/bin/docs_attach/89481_332_ug.pdf (accessed: 07.03.2025).

7 Order of the Ministry of Forestry of Krasnoyarsk Krai dated September 20, 2018 N 1363-od "On approval of the Forestry
Regulations of the Yeniseyskoye forest management unit" (as amended on July 3, 2024).
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Fig. 1. Area of dark coniferous forests lost due to the Siberian moth outbreak (2015-2018) within the taiga zone of Central Siberia
(Yeniseyskoye forest management unit of Krasnoyarsk Krai).

specially protected areas, encompassing Siberian pine forests and 1-km wide forest strips surrounding
settlements (in the vicinity of the rural-type settlement of Nazimovo).

Prior to the onset of forest degradation (i.e. death) (2015), caused by the outbreak of the Siberian
moth, the forest cover consisted of mixed coniferous stands with a predominance of Siberian pine,
Siberian fir and Siberian spruce. Silver birch Betula pendula Roth constituted 10-20% of the stand
composition, and aspen Populus tremula L. represented less than 2%. As indicated by the age structure,
the stands are characterized as mature and overmature, classed as IlI-IV quality class, and growing
stock quantified as 200 to 290 m®ha, predominantly comprising feather moss and herb-rich forest types.
The territory is characterized by high groundwater level, which results in waterlogging. The soils of the
region are categorized into the following distinct types: peat-bog, heavy loamy wet and soddy gley
podzolic, loamy, slightly moist and moist.

According to Global Forest Watch, the area is currently classified as dead stands®. As illustrated in
Fig. 2, the forest cover status in 2019, following the outbreak of the Siberian moth, indicated a loss of
sustainability in dark coniferous stands, with the potential for further degradation. The image displays
healthy vegetation in shades of green, areas devoid of vegetation in shades of red and pink, and water
surfaces in blue (Batjargal et al., 2022).

The current condition of the study area following the Siberian moth outbreak was evaluated by
means of data collected during a comprehensive field study conducted in July 2024.

8 Forest cover loss map from the Global Forest Watch v1.10 dataset. Web page. URL: https://storage.googleapis.com/
earthenginepartners-hansen/GFC-2024-v1.12/download.html (accessed: 07.03.2025).
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The survey of disturbed areas was conducted utilizing an adapted methodology employed in the
state forest inventory®. A total of 18 research plots (RP) were surveyed, which were placed within the
Nazimovskoye district of the Yeniseyskoye forest management unit in the following forest compartments:
64, 65, 96 (Fig. 2). An evaluation of the following components was conducted on the research plots:
tree layer, understory and saplings, species composition of the herb layer and coarse woody debris
(deadwood). In the course of timber cruising, the following measurements were taken for each tree:
trunk circumference at a height of 1.3 m, tree height, and health status (alive/dead).

The definition of coarse woody debris in this study encompasses all aboveground woody debris
characterized by a minimum diameter of 5 cm at its thinnest point. Coarse woody debris was categorized
into three distinct groups: snag (standing dead trees), deadwood (lying dead trees), and stumps
(Klimchenko, 2011; Klimchenko et al., 2011; Mokhirev et al., 2023; Trefilova et al., 2015).

Linear measurements were taken for deadwood and stumps, which were subsequently categorized
into three distinct decay classes. In the calculation of the volume of deadwood, the volumes of stumps
were allocated to the category of deadwood and thus considered in the calculations of the total value
(Mokhirev et al., 2023).

Fig. 2. The condition of forest sites based on Sentinel-2 satellite imagery as of 01.07.2019, following a significant defoliation event
caused by the Siberian moth (the end of the outbreak).

¢ Order of the Ministry of Natural Resources and Environment of the Russian Federation dated September 27, 2021 N 686 “On
approval of the Procedure for conducting state forest inventories”.
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Results

At the time that the study was conducted, the forest area was undergoing one of the preliminary
stages of succession. The condition of the study area for the current period is presented in Fig. 3.

The pest caused 100% damage to forest-forming coniferous species (Siberian fir, Siberian pine,
Siberian spruce), with the majority of the affected trees falling down, leading to the accumulation of
deadwood and snag. The results of the assessment of growing stock and the volume of deadwood are
presented in Table 1, and these results are based on data from 18 research plots placed within the
study area.

Table 2 provides detailed values for the volume of snag and deadwood of the | and Il decay classes
on the research plots. In the context of the snag category, the designation of Siberian pine as a valuable
species (Article 115 of the Russian Forest Code) necessitated a separate consideration.

The mean stem volume of dead trees has been found to be approximately 300 m3/ha, with a third
of this being deadwood and two thirds being snag. The timber has been determined not to meet the
requisite commercial quality criteria and thus cannot be exploited due to considerations of economic
viability. The only living trees present in the surveyed forest sites are silver birches. Single specimens of
Siberian fir saplings have been observed to grow on decaying wood, but their viability is questionable.
The majority of felled trees do not make contact with the ground, and the wood is well-dried, undergoing
decomposition at a slow rate. The territory is thus characterized by the presence of considerable reserves
of forest combustible materials.

Subsequent to the disruption of the tree canopy, the herb layer, which consists of full-sun grasses,
became apparent. The herb layer is dominated by reed grass Calamagrostis sp., which has been shown
to have a negative impact on soil health by increasing the accumulation of dead plant material. The
shrub layer is characterized by the presence of willow-leaved meadowsweet Spiraea salicifolia L. and
red raspberry Rubus idaeus L., which form dense stands. Examples of the state of the understory are
demonstrated in Fig. 4. The death of the trees resulted in the disruption of the hydrological regime of the
soils, leading to the transformation of the entire forest area into a forest-swamp ecosystem.

Discussion

Nine years following the onset of the outbreak, the situation subsequent to extensive damage to dark
coniferous stands — which was associated with defoliation by Siberian moth caterpillars — is evolving in
accordance with a succession scenario characteristic of such areas (Grodnitsky, 2004; Grodnitsky et al.,
2002; Knyazeva et al., 2019a, b).

The majority of Siberian fir trees and Siberian spruce died and fell due to their low resistance to
crown defoliation, because these species are not capable of forming secondary needles (unlike larch)
(Chikidov, 2017; Grodnitsky, 2004; Im et al., 2007; Perevoznikova and Baranchikov, 2002). The Siberian
pine is characterized by higher resistance, which is attributable to its increased biomass of needles
(Grodnitsky, 2004). At the time of the field study, Siberian pine trunks constituted one of the main
components of the deadwood volume. The deadwood was predominantly composed of Siberian fir and
Siberian spruce trees.

The preservation of the current situation with the most probable development scenario is contingent
on the following processes in the long term. Following the felling of a large number of trees, the
processes of wood decay are initiated. The duration of these processes is estimated to range from 20
to 80 years, with the exception of the potential fire hazard that may ensue (Grodnitsky et al., 2002).
In the taiga zone conditions, the average intensity of wood decomposition of coniferous tree species
(i.e. Siberian pine, Siberian fir and Siberian spruce) is 3% of the total volume of deadwood per year
(Vedrova, 1998, 2002, 2005).

The accumulation of substantial quantities of dead wood has been demonstrated to resultin a marked
escalation in the risk of wildfires (Zhila et al., 2023). The supply of forest combustible materials increases
as a result of the accumulation of dead plant matter (due to a dense herb layer), creating a forest litter
which can reach a thickness of up to 20 cm. A substantial quantity of dead plant material (predominantly
comprising grasses) during the spring and early summer months is susceptible to ignition due to its high
combustible nature. This renders forests affected by the Siberian moth susceptible to intense and fast-
moving wildfires (Grodnitsky, 2004; Grodnitsky et al., 2002; Valendik et al., 20044, b).

Disturbance to forests by the Siberian moth has been demonstrated to result in an increased incidence
of multiple fires. In comparison with undisturbed stands, the number of fires in affected areas increases
sevenfold, with the relative area exceeding by more than 20 times. The area affected by fire is estimated
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A B
Cc D
E F

Fig. 3. Current state of dark coniferous stands disturbed by the Siberian moth from 2015 to 2018. A — RP No. 3, B — RP No. 6,
C - RP No. 19, D — RP No. 20, E — RP No. 21, F — RP No. 22 (all pictures were taken in July 2024).
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Table 1. Stem volume and mortality rate in the research plots. Species composition indicates the following tree species (SP —
Siberian pine, F — Siberian fir, S — Siberian spruce, B — silver birch) and the proportion (%) they take in the total stem volume.

Volume of shag Mortality rate

nu?nli)er Species composition TSEEQJEE m stc?crl?,Wqu?ha ?hnedldaenaddwc()j%((j:aoj g? t;[rer)wrtr)nesr
classes, m®/ha volume), %
3 37SP 26B 19E 18F 214 54 160 75
6 64F 28SP 5B 4E 273 13 260 95
19 56SP 43F 1B 323 0 323 100
20 51SP 31F 16E 2B 402 7 395 98
21 50F 38E 12B 278 0 278 100
22 76SP 11F 7B 6E 347 24 323 93
23 58F 37SP 4B 340 5 335 99
24 70SP 24F 5E 1B 364 0 364 100
25 58SP 38F 4E 1B 316 3 313 99
26 58SP 38F 3B 1E 296 3 293 99
27 60F 30SP 8E 2B 310 0 310 100
28 67SP 15E 9F 8B 299 25 274 92
29 33F 29SP 24B 15E 364 87 277 76
30 37SP 29E 24B 10F 252 32 220 87
31 55F 22SP 18E 4B 395 6 389 99
32 65F 21SP 12B 3E 397 21 376 95
33 68SP 14B 10E 8F 286 12 274 96
34 63SP 22F 12B 3E 353 29 324 92

Average 46SP 35F 11E 8B 323 18 305 94
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Table 2. 3Volume of snag and deadwood of the | and Il decay classes on the research plots. Designations as in Table 1.

RP Snag volume, m*/ha Deadwood volume,
number Total SP F,S,B m*/ha
3 94 35 59 66
6 192 75 116 68
19 209 120 89 113
20 228 135 93 167
21 137 0 137 141
22 282 238 44 41
23 226 112 113 110
24 279 212 66 86
25 218 135 80 98
26 197 131 66 96
27 253 92 161 56
28 240 147 68 60
29 217 104 112 60
30 161 88 73 59
31 252 72 180 138
32 219 32 188 157
33 210 168 42 65
34 203 132 71 121
Average 212 113 98 95

to be approximately 47% of the total area, which is over 1,000 hectares, with coniferous trees failing to
regenerate. A significant percentage of the area, approximately 90%, is characterized by herbs/shrubs and
thin-leaved deciduous plant communities (Kharuk and Antamoshkina, 2017). A logarithmic relationship
has been observed between the area of fires and their frequency, with fires occurring twice on 17% of
forest territory, three times on 5% of territory, and four times on 0.5% of territory. Furthermore, the time
interval between fires can range from 10 to 20 years (Kharuk and Antamoshkina, 2017; Kharuk et al.,
2007). Therefore, trees are unable to survive in a disturbed forest site as long as combustible remains are
present. In such forests, 8-10 years following the outbreak, there is an exponential growth in reserves of
various types of forest combustible materials (Valendik et al., 2004b). It is evident that forest restoration
processes are complicated by the periodic occurrence of fires. It has been established that such a condition
may persist for the first thirty years following the outbreak (Grodnitsky, 2004; Grodnitsky et al., 2002).
According to D.G. Grodnitsky (2004), approximately six to eight decades after the Siberian moth
outbreak, a low-density birch forest emerges in the place of a dark coniferous taiga. The process
of natural regeneration by conifers is problematic due to the fact that the seeds of Siberian fir and
Siberian pine do not spread over long distances. The successful regeneration of small areas is possible,
provided that the area is adjacent to a healthy forest. Concurrently, young coniferous trees demonstrate
substantial susceptibility to competition from herbs (Chikidov and Timofeev, 2014; Grodnitsky, 2004;
Vedrova et al., 2018). Consequently, natural reforestation occurs through the transition of species, with
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A B

Fig. 4. The state of the understory in forest sites disturbed by the Siberian moth outbreak in 2015-2018. A — understory dominated
by red raspberry; B — dense stands of willow-leaved meadowsweet; C — moisture-loving sphagnum mosses (Sphagnum sp.) and
plants: running clubmoss Lycopodium clavatum L., twinflower Linnaea borealis L.; D — representatives of the genus Carex (Carex
sp.) crowd out other plant species.

deciduous forests replacing the valuable dark coniferous stands that have been lost. Simultaneously,
such woodlands remain in a hazardous state for a protracted period, with regard to the risk of fire and
ecological imbalance. Forests disturbed by the Siberian moth become a source of emissions for several
decades, as a result of decomposition and combustion of wood. These phenomena have a detrimental
effect on climate processes.

The evident degradation of extensive dark coniferous taiga, triggered by outbreaks of the Siberian
moth, can be interpreted not only from an economic perspective, but also in relation to forestry.
Extensive empirical evidence has demonstrated that following a substantial defoliation event, Siberian
fir and Siberian pine forests cease to provide ecological functions (Burenina et al., 2005; Grodnitsky,
2004; Grodnitsky et al., 2002, Knyazeva et al., 2019a, 2019b; Kolomiets, 1962; Koltunov et al., 1995).
Nevertheless, contemporary forest legislation does not provide the opportunity for the expeditious
harvesting of timber in a liquid state (before the loss of its physical and mechanical properties) or the
classification of disturbed areas as those requiring reforestation, which engenders an additional negative
effect. As indicated by the state forest pathology monitoring'®, a comparable issue has emerged in the
past decade, manifesting not only within the Yeniseyskoye forest management unit but also in other
regions of Krasnoyarsk Krai (Fig. 5). According to official data, the total area of forests disturbed by the
pest outbreaks from 2013 to 2023 was approximately 1.5 million hectares.

The present forest management system is flawed in certain principles relating to the appointment of
sanitation cutting and salvage logging in forests disturbed by insect pest outbreaks. In accordance with
the established Rules for Sanitary Safety in Forests, measures to prevent the spread of diseases or pests
are only carried out in forest stands that are severely weakened, dying or dead". In the case of dark

0 Results of state forest pathology monitoring. Federal Forestry Agency of Russia ("Rosleskhoz"). Web page. URL: https://
rosleshoz.gov.ru/activity/forest_security_and_protection/stat (accessed: 31.03.2025).

" Order of the Ministry of Natural Resources and Environment of the Russian Federation dated September 27, 2021 N 686 “On
approval of the Procedure for conducting state forest inventories”.
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Fig. 5. The dynamics of the outbreak area of the Siberian moth within the forests of Krasnoyarsk Krai from 2013 to 2023.

coniferous stands, the maximum weakening of the stand occurs approximately three or four years after
the initial defoliation (Bakhvalov et al., 2010; Koltunov et al., 1995; Rozhkov, 1965). Secondary pests
and wood-decay fungi can lead to a reduction in the quality of wood, thereby reducing its commercial
value. Consequently, it is no longer deemed commercially viable. The Rules for implementing measures
to prevent the spread of harmful organisms stipulate that trees are to be selected for selective and
clear sanitation cutting following damage by needle-eating insects only after the trees have successfully
regrown their needles'. Consequently, a universal requirement is stipulated for all species, irrespective
of their biological characteristics, with respect to the ability to recover after critical crown damage (for
example, for Siberian fir and Siberian pine). Moreover, a substantial rationale for the delayed sanitation
measures pertains to the methodology employed for conducting an assessment of the forest pathology?,
which necessitates the establishment of a substantial number of sample plots and instrumental surveys
across all forest compartments. Given the substantial extent of forest damage resulting from the Siberian
moth outbreak, it is clear that conducting field surveys within the stipulated timeframe is not feasible.
Furthermore, it is imperative that sanitation measures are accompanied by a clear and transparent
explanation of their purpose, with particular emphasis on selective and precise cutting techniques. This
further protracted the process due to the bureaucracy inherent within the documentation registration
procedures. Moreover, the prohibition of timber harvesting in stands comprising a minimum of 30%
Siberian pine and located within nut-harvesting zones' '°, represents a significant impediment.

It is evident that the current legal and organizational complexities pertaining to the designation of
sanitation measures are contributing substantially to the accumulation of deadwood and, concomitantly,
to the deterioration of forest health at the regional level. Indeed, the implementation of a universal
methodology for the designation of sanitation cutting in all regions is not invariably advisable and
necessitates the introduction of exceptions. Extensive empirical evidence has demonstrated the
necessity for legislative amendments pertaining to the regional characteristics of sanitation measures in
the context of large-scale forest loss, triggered by the impact of pests such as the Siberian moth.

2 Order of the Ministry of Natural Resources and Environment of the Russian Federation dated December 9, 2020 No. 912 “On
approval of the rules for implementing measures to prevent the spread of harmful organisms”.

3 Order of the Ministry of Natural Resources and Environment of the Russian Federation dated November 9, 2020 No. 910 "On
approval of the Procedure for conducting forest pathology surveys and the form of the forest pathology survey report".

4 Order of the Ministry of Natural Resources and Environment of the Russian Federation dated December 1, 2020 No. 993 "On
approval of the Rules for timber harvesting and the specifics of timber harvesting in forest management units specified in Article
23 of the Forest Code of the Russian Federation".

5 Art. 115 of the Forest Code of the Russian Federation of 04.12.2006 N 200-FZ.
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Conclusion

The present research demonstrated that large-scale defoliation of dark coniferous stands by the
Siberian moth resulted in an irreparable loss of the resource and ecological potential of the disturbed
forests. Once again, the complete loss of sustainability and degradation of dark coniferous stands
with subsequent transformation into a forest-swamp ecosystem has been proven. The succession
following the Siberian moth outbreak suggests natural regeneration by deciduous species and the
loss of valuable dark coniferous stands. Concurrently, there is a persisting elevated fire hazard risk on
such forest sites. The presence of substantial quantities of decaying wood, in conjunction with its high
flammability, inevitably results in large greenhouse gas emissions. The resolution to the prevailing issue
lies in facilitating the felling of damaged Siberian fir and Siberian pine trees prior to the onset of forest
dieback, accompanied by subsequent artificial reforestation initiatives.
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