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Abstract: In this study, we have analyzed tree stand disturbance by hthe Siberian Silk Moth (Den-
drolimus sibiricus Tschetverikov (Lepidoptera: Lasiocampidae)) in Central Siberia (Krasnoyarsk region,
Russia) in 2015-2020. We considered two plots that experienced silk moth outbreaks in 2015-2018
and 2018-2020 and used satellite data (Terra/MODIS, Landsat/ETM/OLI), field forest inventory
data, a meteorological data set, and a vegetation cover vector layer. Silk moth-disturbed areas were
classified using NDVI, which was calculated for each 15-day period during the growing season
(April-September). We obtained formalized descriptions of the temporal dynamics of the disturbed
area. Next, we classified the degree of disturbance of the forest stand after the impact of the silk moth
by the threshold method according to the ranges of NDVI anomalies. Based on the generalized data
from the forest inventory, we performed a correlation analysis of the relationship between the main
characteristics of forests and the classes of disturbance. Finally, using a series of regression equations,
we described a procedure for predicting the degree of impact on the stand during the time of silk
moth outbreaks in the dark-needle coniferous stands of Central Siberia.

Keywords: Siberian silk moth; Dendrolimus sibiricus; Central Siberia; remote sensing; spatial dynamics
model; dark-needle coniferous; tree stand disturbance; NDVI anomalies; regression

1. Introduction

Outbreaks of the Siberian silk moth (Dendrolimus sibiricus) occur regularly in the
dark-needled coniferous forests of Central Siberia. Nine large-scale outbreaks have been
recorded in forests of the Krasnoyarsk region of Siberia since 1878 [1]. This is one of the
significant factors in the loss of forest stands on a large scale. A number of publications
are devoted to the study of this issue in Siberia. Outbreaks are closely correlated with
climatic factors, such as long-term periods of drought and prolonged exposure to high
temperatures [2,3]. Predicted climate change and global warming create an additional
threat of more frequent outbreak events in Siberia. Thus, an expansion of the geoclimatic
zone of the Siberian silk moth distribution has been revealed in Siberia during the few last
years [4]. However, the potential distribution area of the Siberian (and gipsy) silk moth
is much wider and affects the habitats of dark-needled conifers throughout the northern
hemisphere [5-8].

The silk moth problem is also studied in various aspects. A number of studies discuss
the spatio-temporal dynamics of the silk moth distribution [9-13], methods for monitoring
the degree of forest stand disturbance [14-17], relation to the geophysical characteristics of
the territory [1,18], probabilistic approaches for predicting an outbreak and the rate of its
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development [19-21], etc. The results of all known publications are based on the analysis
of specific silk moth outbreak events. Thus, predictive solutions, which are associated with
a large number of influencing and limiting factors, are still far from being implemented.

An analysis of the pest outbreak development for each specific case requires knowl-
edge of the entire complex of parameters that determine the location, growth rate, and
dynamics of the affected area. Previously, it was found [19] that populations of forest insects
can be well described by parametric models that predict the population size under various
environmental conditions. At the same time, any numerical predictions based on paramet-
ric theoretical models must be validated on the basis of field data, which makes it possible to
determine the list of model inputs, parameters, and constants [7,22-24]. As for the territory
of Siberia, the number of field measurements is usually limited and not always sufficient
to calibrate the models that describe the dynamics of the process. For the modern period,
the available remote monitoring data may be the only information about the outbreak.
When studying insect-disturbed areas, it is also important to study the issue of outbreak
locations relative to the physiographic, forest, and meteorological conditions (humidity
deficit, precipitation regimes, winter and summer temperature regimes, etc.) of the region.
Such important information as forest inventory descriptions for Siberia also has limited
availability. This also requires consideration of each individual case [1,7,14,18,22-26].

Regarding the issue, the studies of the disturbed area dynamics that usually leave
long-term scars on satellite images are of particular interest. It has been shown [9,27] that
after the impact of disturbance factors on forest stands, in particular after the Siberian silk
moth outbreak, changes in the spectral characteristics of damaged areas occur [15,28,29].
This determines the prospects for using remote sensing data both for analyzing the forest
mortality caused by the complex effects of forest fires, pest outbreaks, etc. [30-33] and for
monitoring the dynamics of the spatial distribution of pests. Satellite data also make it
possible to perform long-term monitoring of the state of damaged forest stands, allowing
classification of the disturbance degree [16,30,34]. Such an approach is now commonly
used and widespread in geospatial research in various regions [4,7,11,26].

To assess the state of vegetation cover and to evaluate the degree of disturbance,
the most suitable radiometric indices are the normalized difference of vegetation index
(NDVI) [29] and land surface temperature (LST) [35]. An anomalous decrease of NDVI
compared to the optimal background level is an indicator of tree stand defoliation. This
criterion is always used when assessing damage or loss of a stand [29,33]. In addition,
anomalous values of the temperature field compared to the background ones can be used
to monitor the condition of tree stands after a silk moth outbreak. It has been shown [14]
that remotely obtained indicators (NDVI, LST) of stands’ susceptibility to environmental
changes varied significantly 2-3 years before pest population outbreaks and can be taken
into account when assessing the risk of outbreaks.

Thus, we focused our current research on two areas: (i) the spatio-temporal dynamics
of damaged areas and (ii) the classification of tree stand disturbances. The spatio-temporal
model of the silk moth outbreak development allows estimating the growth rate of the total
area and the main tactical elements of the disturbed area. The results of such studies are the
basis for further analysis of the parameters that determine the predominant directions of
outbreak propagation under conditions of local relief, aspect, and forest growing conditions.
At the same time, tree stand damage classification using remote sensing is one of the most
important data sets to formalize regressions for silk moth spatial distribution.

We investigated the following issues: (i) the rate of pest outbreak development in dark
coniferous forests of Siberia; (ii) modeling the rate of disturbed area increase; and (iii) a cor-
relation analysis of data on disturbance of forest stands with forest inventory characteristics.

The obtained solutions make it possible to have a predictive model for the formation
and development of the disturbed forest zone, which is necessary at the stage of planning
appropriate preventive measures and developing a general strategy for minimizing the
consequences under the conditions of repeated outbreaks of Siberian silk moth in the
studied territory.
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2. Materials and Methods
2.1. Study Area and Silk Moth Outbreaks

The studies were performed for two sites in the Krasnoyarsk Region, Central Siberia,
Russia: (1) in the Yenisei District plot (YnP), with a total area of 4.2 million ha (58°30’-60° N,
88°30'-92° E); and (2) in the Irbei District plot (IrP), with a total area of 904 thousand ha
(54°45'-55°05’ N, 95°20'-99°10" E) (Figure 1).

30° 65° 100° 135° 1707
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70°
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Figure 1. Study area in Krasnoyarsk region (Central Siberia, Russia) and overview of forests disturbed
(red outline) by Siberian silk moth from Landsat-8/OLI data for 2020: (a) Yenisei District plot (YnP);
(b) Irbei District plot (IrP).

Dominant tree stands were controlled based on the materials of the “Vega-service”
(Database of the Institute of Space Research of the Russian Academy of Sciences, IKI RAS,
Moscow, http:/ /pro-vega.ru/maps/, accessed on 15 December 2022) [36].

The territory of the Yenisei Forestry (Yenisei District plot) is located in the east of the
West Siberian Plain (Figure 1a). The zonal type of vegetation is the taiga. In the north,
the middle taiga subzone is distinguished. The middle and southern parts of the Yenisei
region belong to the southern taiga subzone. The main forest stands are fir-spruce-pine
(Pinus sylvestris, Abies sibirica, and Picea obovata) forests with large tracts of pure pine forests
(~23% of the total forest area) and Siberian pine (Pinus sibirica) forests (up to 17%). Spruce
and fir make up 10% of the region’s forests. There are also many secondary aspen-birch
(Populus tremula and Betula spp.) forests (more than 40%).
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Irbei District plot is located in the southern mountain taiga zone of the East-Sayan
mountains (Figure 1b). The territory is dominated by dark-needled conifer (DNC) tree
stands (Pinus sibirica, Abies sibirica, and Picea obovata), which together make up 40% of
the forest area of the district. Deciduous (Populus tremula and Betula spp.) species are
dominated by birch stands (about 19% of the territory). Light conifer pine forests (Pinus
sylvestris) and larch forests (Larix sibirica) occupy 16% and 6.5% of the territory of the Irbei
Forestry, respectively. Up to 14% of the area in the northwest of the forest is not covered
with forest. High-density stands are represented mainly by Siberian pine (Pinus sibirica) [1].

In both areas, the damage zone was identified in stands with dominant Siberian pine,
spruce, and fir (~96% of the total area of forest stands). Siberian Silk Moth (Dendrolimus
sibiricus Tschetverikov, (Lepidoptera: Lasiocampidae)) outbreaks were observed between 2016
and 2020 [1,18].

2.2. Initial Data

The initial data on the areas of disturbed forest zones detected by their spectral features
were obtained from Landsat data of moderate spatial resolution (15-30 m) with a frequency
of 1-3 months and from Terra/Aqua MODIS data of low spatial resolution (250 m) with a
frequency of 16 days (standard product MOD13Q1/MYD13Q1) [16]. Thus, in the case of
moderate resolution data, the temporal resolution of satellite data for the region of interest
was at least once a month. The use of MODIS Vegetation Indices from both the TERRA and
AQUA satellites allowed for an 8-day temporal resolution. We used data from the periods
2017-2020 for the Irbei Forestry and 2014-2018 for the territory of the Yenisei Forestry.

A vegetation cover map was obtained from “Vega-service” (Institute of Space Research
of the Russian Academy of Sciences, IKI RAS, Moscow) [36]. The resolution of the vegeta-
tion map is 230 m. We used the MODIS burned area product (MCD64A1) [37] to detect and
exclude fire-disturbed sites from further analysis.

We used CRU TS (Climatic Research Unit Time-Series) climatic datasets of version
4.05 [38] (http:/ /www.cru.uea.ac.uk, accessed on 12 December 2022) to assess the relation-
ship between silkmoth-caused disturbance degree and weather conditions. These datasets
are distributed as regular grids with a 0.5° spatial resolution and a temporal resolution of
1 month.

Refined inventory data for Siberian forests is not regularly available. In this work, we
updated the data on forest stand composition and taxation characteristics using a vector
layer of forest taxation characteristics on the scale of forest network plots (more than 2000
forest network plots in total) of a part of the Irbei Forestry with reference to the Siberian silk
moth infestation zone. The initial information is updated at the Forest Protection Center of
the Krasnoyarsk Territory (Krasnoyarsk, Russia) (https://krasnoyarsk.rcth.ru/, accessed
on 12 December 2022). The results of the classification of satellite imagery for the Irbei
Forestry area were analyzed in conjunction with the forest inventory data for the forest
network plots.

2.3. Methods
(1) Data processing and NDVI calculation

All Landsat data were preliminarily radiometrically calibrated for each channel from
the metadata file of Landsat data [39]. Converting images to spectral radiance values (https:
/ /www.usgs.gov /landsat-missions /using-usgs-landsat-level-1-data-product, accessed on
24 January 2023) allows comparison of mosaics of different satellite images (e.g., Landsat-4,
-5, -8) [40], and increases the reliability of the classification results. The NDVI calculation
procedure is shown in Figure 2.
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Figure 2. Flowchart for NDVI calculation from Landsat imagery using a GIS technique. Blue elements
represent raw data (B4 and B5 are Digital Number data DN from Band #4 and Band #5, respectively;
Lmin/Lmax and Quantize Cal Min/Max Pixel value are metadata of Landsat); orange elements
represent procedures used; and green elements indicate intermediate and final values.

At the same time, we performed an assessment of the forest disturbance degree
using the MODIS vegetation index products MOD13Q1/MYD13Q1. The NDVI index was
calculated for the period of the highest photosynthetic activity of vegetation, covering the
period from June to September of each year (145-265 days of the year).

The comparison of the NDVI values derived from low-resolution (MODIS) and
moderate-resolution (Landsat) satellite imagery was performed on the basis of individual
forest network plots. To perform such a comparison, we performed the following pro-
cedure: (1) we selected the subsets of MODIS/Landsat pixels located within each forest
network plot using GIS tools (Quantum Geographic Information System, version 3.16.3,
https:/ /www.qgis.org, accessed on 25 August 2022); (2) we excluded low quality (cloud
contaminated) pixels; and (3) we calculated mean NDVI values for the forest network plot.

(2) Classification of disturbance degree

The disturbance degree for each MODIS pixel was estimated based on the comparison
of the NDVI value relative to the NDVI value before the outbreak, i.e., the undisturbed state:

DD =100% % (NDVIpre — NDVIpost)/NDVIpre,

where DD stands for disturbance degree, NDVIpye is the NDVI value before the disturbance,
and NDVIpest is NDVI value after the disturbance degree.

At the first stage, using data for the zone of disturbances (considering the change in
spectral features for the dead forest stands), we classified the forest network plots that
were disturbed at least partially. Forest network plots where forest disturbance was not
observed using satellite data were classified as background. Further, the disturbed forest
network plots and the background ones were compared considering the prevailing forest
stands. The disturbance degree was estimated in terms of the relative anomalies of the
value of the NDVI for different tree stands. For the YnP plots, information on the scale of
forest network plots was not available. The disturbed areas were grouped according to the
prevailing stands of dark coniferous species. Data on forest stands were obtained from the
vector layer of the Vega Service [36].

(38) Forest inventory data preprocessing in GIS

The analysis of the influence of forest inventory characteristics included such variables
as area (S), average stand age (A, years), average stand height (H, meters), average stand
diameter (D, sm), stand age class (A_class), stand age group (A_gr), bonitet/quality class
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(BC), stock of stands per m? (M, m®/m?), relative fullness of stands (V = M/M,4e1), as
well as slope steepness (Sp, degree) (Table 1). All stand characteristics were converted to
numerical values. In particular, we assigned numerical values for the categorical variables
(dominant tree species, forest type) for which the correlation coefficient was calculated. In
the case of species composition, the numerical value was calculated as the proportion of
dark coniferous forest stands (Siberian pine, fir, and spruce) within the forest stand.

Table 1. Generalized forest inventory characteristics of the study area (mean value <i> and standard
deviation SD).

S H,m D, sm A_Class A_gr BC v M Sp, deg
IrP
<i> 34.2 19.28 23.88 5.6 2.8 3.5 0.18 215.2 3.56
SD 42.9 5.73 9.78 2.11 1.12 0.60 0.39 117.90 7.69
YnP
<i> 26.86 139.37 18.26 23.54 6.12 3.11 3.86 0.56 174.26 0.44
SD 30.37 5.17 8.27 2.3 1.03 0.83 0.13 70.95 2.15

Forest inventory datasets were available only for the disturbed area in the Irbei Forestry
plot. The conjugation of the results of satellite imagery classification and forest inventory
data was performed only for this area.

(4) Correlation analysis

The assessment of the disturbance degree was analyzed in relation to the physical-
geographical, orographic, forest inventory, and geophysical parameters at the scale of
sections of the Irbei Forestry of the Krasnoyarsk Territory. The characteristics of the forest
network plots used in the analysis included the stand species composition, average stand
age, average stand height, average stand diameter, as well as aspect, slope steepness, and
mean elevation above sea level. The relationship between the disturbance degree of forest
network plots and meteorological variables, such as anomalies in air temperature and
precipitation, was also considered. We considered the following variables: (1) temperature
and precipitation anomalies for the “current” month (i.e., the month when the largest part of
the forest network plot was disturbed); (2) temperature and precipitation anomalies for the
“previous” month (i.e., the month preceding the month when the largest part of the forest
network plot was disturbed). Air temperature and precipitation anomalies were calculated
monthly as a deviation from the long-term average for the 30-year period 1985-2015.

To perform correlation analysis, we have divided the whole sample of forest network
plots into training (80% of samples) and test (20%) parts. The training part was used to
obtain the regression coefficients, and the test part was used to estimate the performance of
the regression equation.

For correlation analysis, this variable was converted to a numerical format. The
category values were assigned the following numerical values: 1 is Fir, 2 is Siberian pine, 3
is Spruce, 4 is Birch, and 5 is Aspen.

(5) Multiple regression

The variables with the highest correlation coefficients with the degree of disturbance
were included in the multiple regression equation. The coefficients for the model were
optimized using the Lagrange multiplier method and non-linear generalized downgrading
gradient method (a standard procedure in MS Excel, 2013, 15.0.4569.1504).

3. Results
3.1. Dynamics of the Silkmoth Outbreak Area According to Remote Data

The dynamics of the area disturbed by silk moth in the YnP and IrP plots were
calculated using the previously described approaches. The duration of the outbreak in the
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YnP was 4 years, while for the IrP it was 3 years. The final disturbed areas were 428.6 and
41.5 thousand ha, respectively (Figure 3).
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Figure 3. The dynamics of area disturbed by the Siberian silk moth in YnP in 2015-2018 (a,c) and in
IrP in 2018-2020 (b,d). Evaluated from Terra/MODIS data.

The overall appearance of the area growth histogram and total area increase leads us
to conclude that the spatial development of the area disturbed dynamics has a quasi-normal
distribution [41]. A similar distribution profile was obtained for another silkworm event
in Siberia [11]. Thus, it is theoretically possible to use the normal distribution equation to
describe the dynamics of the damaged area. The temporal dynamics of the total disturbed
area (Figure 3c,d) can be approximated using the function of normal distribution as follows:

_2
1 (x—x)

e 202

f(x) = ’ 1)

oV 2

where x is expected value and ¢ is standard deviation.

However, local perturbations will be present in every silkworm outbreak event. There-
fore, we did not test the normality of the distribution, and we proposed to consider different
phases using a set of simpler functions (2).

Analyzing the general patterns of the development of the silk moth-disturbed area, two
phases can be distinguished that reflect the rate of the geospatial spread of the disturbance:

(a) a phase of increasing growth of disturbed area, which is limited by the time Ty
characteristic, which is unique for each case, and is determined by a change in the pattern
of growth of the disturbed area;

(b) the phase of the decreasing rate of area growth and further “saturation” (the
maximum value of the disturbed area for the given case).
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In the case of the IrP, the value of Ty, for the time series was 42-46 weeks (until
September 2019), the initial area of the disturbed forest was 109.4 ha, and the approximate
maximum of the area (the asymptote) was about 35,000 ha. In the case of the YnP, the value
of Tyhase for the time series was 108-110 weeks (until August 2017), and the approximate
maximum of the area (the asymptote) was about 430,000 ha (Figure 3).

The type of distribution allows extrapolation of the disturbed area, S = 5(¢), for each
phase as an independent function. The general type of the model can be formulated
as follows:

{Sphl = Aexp(Bt+C)+D, fort < Tphase
S(t) = o P 2)
SPY* = EIn(Ft+ G) + H, for t > Tphase

and the corresponding set of coefficients (K;), which determine the amplitude of the initial
phase of the disturbed zone’s development (A), the rate of area growth (B, F), the state of the
disturbed zone at the time of the beginning of logarithmic growth (E), and additive terms
(C, D, G, H). Here, the phase of the increasing rate of area growth (exponential increase) is
desi%nated SPh1 and the phase of the decreasing rate of area growth and further saturation
is SPh2,

The solution (Figure 3a) obtained based on the model approximations (2) agrees well
with the experimental data set and has a high level of correlation (r~0.98) (Table 2).

The coefficients for the model were optimized using the Lagrange multiplier method
and the non-linear generalized downgrading gradient method. It is shown that the systems
of empirical solutions adequately (R2~0.97-0.98) fit field data and can be used to simulate
silk moth outbreaks under similar conditions in dark-needle coniferous stands in Central
Siberia (Figure 4).
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Figure 4. The dynamics of the area disturbed by silk moth for EnP in 2015-2018 (a) and for IrP
in 2018-2020 (b). Model of the monthly distribution of the area disturbed by silk moth for YnP,
which approximates the Terra/MODIS data with 14-day temporal resolution, where I corresponds to
exponential growth (phase “I”) and Il is the approximated final stage. I denoted the experimental
data, and II is an approximation of the maximum of the final area. Plots of the correlation field for
experimental measurement data (based on satellite data) and model calculation results for YnP (c)
and IrP (d).
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Table 2. Coefficients of the equations for the model of disturbed zone growth.

IrP, 2018-2020, Tppase = 42-46 Weeks

Model Model Coefficients
A B C D
Phase I: Aexp(Bx + C) + D
0.91 0.82 0.86 1.00
E F G H
PhaseII: E In(Fx + G) + H
22,497 .42 0.187 0.07 558.35
EnP, 2015-2018, Typase = 108-110 weeks
Model Model Coefficients
A B C D
Phase I: Aexp(Bx + C) + D
0.989 0.100 0.986 1.00
E F G H
PhaseIl: E In(Fx+ G) + H
60.903 0.007 7.704 0.101

3.2. Disturbance Degree Variation

According to Irbei Forestry information, the disturbed area included 85 quarters and
2068 forest network plots. Areas of dominant forest stands are distributed as follows:
fir—38.2%, Siberian pine—30.6%, birch—11.6%, aspen—7.2%, spruce—6.1%, pine—5.6%,
and larch—0.5%.

In the final stage of the outbreak development, Siberian pine (cedar) occupied the
largest area of disturbed dark coniferous stands, which reached up to 50% of the total area
(IrP, for the summer season of 2020), and up to 76% of the total area (YnP, for the summer
season of 2018). The Siberian pine stands are followed by the fir-dominant forests (up to
33% of the total area in IrP and up to 9% in YnP) and the spruce-dominant forests (5% in
IrP and <1% in YnP). Deciduous species such as birch, aspen, and pine made up 13%-15%
of the total area for both plots. Larch forests occupied less than 1% of the disturbed area.

The results of the satellite imagery classification were analyzed together with forest
inventory data for forest network plots (Figure 5).

95°30 96°0'
1 1
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Wl Abies Sibirica [ Picea obovata Larix Sibirica [0 Betula

0 Pinus Sylvestris I Pinus Sibirica” | Populus Tremula
Bl
o
- L O
e i8
1
Lo
[
= -
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Figure 5. Dominant tree species of the Irbei Forestry. Black lines show forest network plots. The
boundaries of the silk moth outbreak are shown in red.
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We performed a classification to identify the probabilistic degree of disturbance of
dark coniferous stands (classes “fir”, “Siberian pine”, and “spruce”) within the boundaries
of forest network plots intersecting with the zone of disturbed forests at the final stage
of the outbreak development on 10 August 2020 (Figure 6). Results were obtained from
the threshold classification of NDVI data. The thresholds were chosen from the statistics
of the values of the relative anomaly of the vegetation index ANDVI/NDVIbackground.
In addition, we focused on the ranges for different classes of disturbance available from
papers on other silk moth outbreak events [4,15].
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Figure 6. Classification of forest network plots in the Irbei Forestry according to the disturbance
degree in terms of NDVI anomaly (%) relative to background for plots with a predominance of “fir”,
“Siberian pine”, and “spruce” classes according to Landsat-8 data for 08/10/2020. Classification of
the IrP (a,b) disturbance zone within forest network plots and YnP (c,d) by the disturbance degree in
terms of NDVI anomaly (%) for plots with a predominance of dark coniferous forests according to
Landsat-8 data for 2019 (a), 2020 (b), 2016 (c), and 2018 (d).

The classification of forest network plots according to the disturbance degree of
forest stands is shown in relation to the level of relative anomaly of the vegetation index
ANDVI/NDVlp,ckground (Table 3). The selected ranges of values, in our opinion, can be
considered as a calibration table of anomalies in the NDVI spectral index, characterizing
the disturbance degrees for the DNC forest stands of Siberia.
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Table 3. Classification of disturbance degree of the dark coniferous stands considering the anomalies
of ANDVI/NDVI,ackground in IrP and YnP.

ANDVINDVI o b b b % of Area % of Area
o isturbance Degree
background, & Fir Sib. Pine  Spruce Fir Sib. Pine  Spruce
IrP
2020 2019
<0 Minor 12.6 17.8 15.7 29 22.8 11.6
0-10 Low 6.3 9.8 10.2 8.5 25.7 21.2
25 Moderate 14.3 14.2 18.3 39.7 27.1 38.3
25-50 High 35.4 36.2 38.1 32.8 17.0 19.7
>50 Extreme 31.3 22.0 17.8 16.1 7.4 9.2
YnP
2018 2016
<0 Minor 12.7 17.0 - 1.4 21.6 -
0-10 Low 154 9.8 - 5.9 17.0 -
25 Moderate 27.6 17.3 - 41.8 24.8 -
25-50 High 28.6 32.2 - 42.4 29.8 -
>50 Extreme 15.6 23.6 - 8.4 6.8 -

3.3. Correlation Analysis

We conducted an analysis of the correlation of forest inventory characteristics and
disturbance degree of dark coniferous stands (Siberian pine, fir and spruce) in the Irbei
Forestry (IrP) area damaged by the silk moth. Correlations for training forest network plots
(80% of samples) are provided in Table 4.

Table 4. Correlation matrix for forest inventory characteristics and disturbance degree (DD).

Age Height Diameter DTS * PDNC ** DD
Age 1.00
Height 0.77 1.00
Diameter 0.84 0.85 1.00
DTS * -0.38 -0.38 -0.14 1.00
PDNC ** 0.60 0.48 0.38 -0.76 1.00
DD 0.32 0.23 0.19 -0.32 0.36 1.00

* DTS—dominant tree species; ** PDNC—% of dark-needle coniferous stand within forest network plot.

Table 5 shows the correlation matrix relating the silk moth disturbance degree and
meteorological variables of the “current” month and the “previous” month (for the train-
ing sample).

Table 5. Correlation matrix for weather variables and disturbance degree (DD).

DT DP DTpr DPpr DD
DT 1.00
Dr -0.31 1.00
DTpr 0.43 -0.14 1.00
DPpr 0.37 0.32 -0.31 1.00
DD 0.62 -0.23 0.41 -0.27 1.00

DT—delta temperature (temperature anomaly for the month when the largest part of the forest network plot was
disturbed, termed as “current” month); DP—delta precipitation (precipitation anomaly for the “current” month);
DTpr—delta temperature for the “previous” month (temperature anomaly for the month preceding the “current”
month); DPpr—delta precipitation (precipitation anomaly) for the “previous” month.

Correlation analysis allows us to identify a set of variables that affect the disturbance
degree of forest stands within the study area. As such factors, we considered the average
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stand age (Age), the proportion of dark coniferous species (PDNC), as well as the air
temperature for the “current” (DT) and “previous” (DTpr) months (Table 6). The resulting
coefficients of the linear regression equation for training forest network plots are presented
in Table 7.

Table 6. The list of variables used in regression analysis.

Variable Group Variable Variable Type Description
The difference in NDVI
before and after the
Dependent DD Continuous disturbance was used

as a measure of degree
of disturbance

Mean age of tree stand

Explanatory Age Continuous within each plot
in years
PDNC Continuous (from 0 to 100) Per.cent (.)f ].DNC tree
species within the plot
Air temperature
DT Continuous anomaly for the

“current” month, °C
Air temperature
DTpr Continuous anomaly for the
“previous” month, °C

Table 7. Regression results obtained from Ordinary Least Squares analysis.

Variable Coefficient Standard Error t-Statistic
Intercept -8.7 2.28 -3.70
Age* 0.13 0.019 6.62
PDNC * 0.20 0.031 6.34
DT * 28.1 1.12 2491
DTpr* 9.0 1.00 8.96

* An asterisk next to a variable name indicates a statistically significant p-value (p < 0.01). Multiple R? = 0.51.

For the second study site, located in the Yenisei Forestry plot (YnP), forest inventory
data as a GIS layer were not available. The correlation dependencies will most likely
vary from site to site, especially if there are significant differences in orography, local
meteorological regime, forest growth conditions, etc. However, this approach when applied
in the early stages of outbreak development, can serve as a predictive solution that estimates
the probability of disturbed area expansion in relation to the group of input parameters
(significant factors) described above.

Using the test sample, we estimated the uncertainty of the obtained regression. The
correlation coefficient between the disturbance degree estimated using remote data and
the results obtained by the regression equation was 0.49 (p < 0.05). Table 8 shows the
error matrix of five classes of disturbance degree calculated using the regression equation
compared to classes calculated using the NDVI. Obtained regression showed satisfactory
overall accuracy (kappa = 0.64).
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Table 8. Error matrix for the regression results comparing to NDVI-derived classification. Cell entries
are expressed in terms of the number of forest network plots.

NDVI-Derived Classes

Minor Low Moderate High Extreme UA
Minor 43 8 6 2 3 0.69
Low 7 28 6 9 4 0.52
Regression-derived classes Moderate 6 4 46 12 7 0.61
High 3 2 7 113 10 0.84
Extreme 0 1 3 16 76 0.79
PA 0.73 0.65 0.68 0.74 0.76

PA—producer accuracy; UA—user accuracy.

4. Discussion
4.1. Timeline of Silk Moth Outbreaks

According to the Forest Protection Center of the Krasnoyarsk Territory (Krasnoyarsk,
Russia; https://krasnoyarsk.rcth.ru/, accessed on 12 December 2022), the rise in the
number of pests on the territory of the Yenisei Forestry began after insufficient moisture
supply in May 2011 and a severe drought in June—July 2012. The hydrothermal regime of
the spring-summer period in these years contributed to the early emergence of caterpillars
after wintering, their intensive development in June, and the early flight of butterflies. As a
result, the pest population entered the prodromal phase of development in 2013.

In 2015, there was a significant moisture deficit in the territory and an excess of the
average long-term temperature norm in May. This contributed to the further accelerated
development of silkworm caterpillars, the earlier emergence of butterflies, and the emer-
gence of a new generation of pests. The protracted warm autumn of 2015 contributed to
an increase in the feeding period of caterpillars. As a result, they left for wintering in the
fifth generation. Furthermore, in the summer of 2016, there was a flight of butterfly checks
and the population transitioned to the eruptive phase. During this time, the affected area
increased from 20,000 hectares to >430,000 hectares [18,25,42].

In the forest stands of the Irbei Forestry, an outbreak of mass reproduction of the
Siberian silk worm began in 2015-2016 (the previous one ended in 2004). The exit of the
Siberian silk worm population from the depressed state was due to insufficient moisture
supply during the growing season of 2015 and June, July, and September of 2016. As a
result, in 2017, there was a flight of females with high fecundity and the transition of the
pest population to the prodromal phase. The transition of the population to the eruptive
phase occurred in the spring of 2019. According to ground and satellite surveys, the first
damage to plantations was recorded on an area of >7000 hectares in June 2019. The final
stage of disturbance was over 40,000 hectares [1].

4.2. Dynamics of the Silkmoth Outbreak Area

With all the assumptions of the first approximation of the model, the obtained solution
for the disturbed area dynamics is in good agreement with the experimental data set and
has a high level of correlation, which is shown in the correlation field plots (R?~0.97-0.98).

The restrictions imposed on the spatial advancement of the disturbed area are as-
sociated with natural boundaries (such as non-forested areas, ridges, valley complexes,
rivers, etc.), the heterogeneity of vegetation and forest composition, the time of the outbreak
origination, as well as the spatial and temporal peculiarities of the origination of secondary
(multiple) locations of pest outbreaks, anisotropy of physical and geographical characteris-
tics, microrelief, and local conditions. Determination of the direction of the predominant
advancement of the disturbed area requires a comprehensive analysis of all factors listed
above [1,4,7,14,26]. In addition, these indicators can be input conditions that regulate the
rate of spread of the disturbed area and individual tactical elements, as well as the degree
of damage to forest stands [34].
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4.3. Disturbance Degree Variation

The analysis of Landsat-8,-9 imagery in conjunction with standard Terra/MODIS
products allows us to define four classes of disturbance degree that can be identified based
on the spectral characteristics of forest stands following silk moth impact. The results agree
with previously tested approaches [4,14-17] and complement a set of observations of silk
moth impact in Siberia.

According to modern publications [4,15], different indices have different sensitivities
to the characteristics of stand defoliation. Thus, in [15], the change in the SWVI (Short-Wave
Vegetation Index) and NDVI indices in the areas after exposure to the silk moth is compared.
In both variants, damaged stands are distinguished by a decrease in indices of 25%-50%
relative to the statistical norm: from 0.40-0.42 to 0.25-0.30 for SWVI and from 0.75-0.81 to
0.63-0.68 for NDVI. Based on these dynamics, four categories of forest stand damage can
be classified (from slightly damaged to dead) [15].

In a similar way, dead and damaged stands (the only categories of damage) were
identified based on the NDII (Normalized Difference Infrared Index) infrared index in
the study of Kharuk et al. [4]. NDII values within the range of 0.1 < NDII < 0.3 were
used to detect dead and damaged tree stands. At the same time, the time series of the
Enhanced Vegetation Index (EVI) and the differences (A) between EVI values within the
initial outbreak location and healthy stands were analyzed to evaluate the dead stand’s area.

As follows from the publications on the issue, satellite data make it possible to cat-
egorize the disturbance of vegetation after the impact of the silk moth. Although these
are indirect estimates because ground-based data for the calibration and validation of
satellite approaches in Siberia are limited and very often not freely available. That is why
the assessment of the state of forest stands is carried out on the basis of an analysis of
the statistics of index values and taking into account the previous experience of studies
performed for similar conditions.

According to our results, the areas of first-class disturbance (ANDVI/NDVlackground < 0%)
are characterized by the absence of significant disturbances, where the anomalies of spec-
tral features rapidly decrease due to vegetation regeneration. This group also includes
mountainous areas with a low proportion of forest stands and areas obscured by clouds.

The second class of disturbance (ANDVI/NDVIpackground = 0.01%-10.0%) was as-
signed to areas with insignificant changes in spectral features.

The third class (ANDVI/NDVI,ackground = 10.019%-25.0%) can be characterized as an
average level of disturbance. At the same time, in dark coniferous stands, partial defoliation
favors the development of the lower tiers of vegetation. Thus, the level of spectral anomalies
can be reduced. Therefore, the disturbance class with ANDVI/NDVl,ackground = 10.01%-25.0%
can also be considered critical in predicting the state of dark coniferous stands.

The fourth class (ANDVI/NDVlp,ckground = 25.01%-50.0%) is a high level of distur-
bances, and the fifth class (ANDVI/NDVIp,ckground = 50.01%-100.0%) is an extreme level
of disturbances. These classes are characterized by the most intense defoliation.

The main forest species affected by the silk moth in central Siberia are fir (Abies sibirica)
and Siberian pine (Pinus sibirica), which are the preferred species, larch (Larix sibirica), and
spruce (Picea obovata) at the peak of an outbreak [43]. Our results are also consistent with
this distribution of disturbed areas. Thus, in the southern regions of central Siberia (IrP),
most (80%) of the disturbed territory was located in stands of dominant fir and Siberian
pine. On the territory of YnP, located to the north of IrP, 84% of the disturbed area was also
located in DNC forests.

4.4. Correlations

The degree of forest stand disturbance had the highest correlation coefficients with the
following set of variables associated with forest inventory data: (i) mean stand age (0.32)
and (ii) proportion of dark coniferous species (0.38). For the other variables considered, the
correlation coefficient did not exceed 0.3.
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The largest proportion (more than 85%) of disturbed stands was located in the forest
network plots where dark coniferous forest stands occupied more than 50% of their area.
About 80% of disturbed stands had fir or Siberian pine as dominant forest stands. The
mean stand age of disturbed forest network plots (84%) was more than 100 years, while
about 47% of disturbed stands were located within plots with a mean stand age between
100 and 150 years. Most of the disturbed plots (89%) were characterized by mean heights
ranging from 18 to 27 m and diameters from 18 to 36 cm (83%).

We have not observed any significant correlations between the disturbance degree and
relief features. At the same time, Kharuk et al. [4] reported the confinement of tree stands
damaged by the Siberian silk moth outbreak to the southern slopes. This was probably
caused by the averaging of relief features (slope, aspect) and disturbance degree within
the study plots, which led to the loss of information about variations of these variables
within each plot. The correlation between the orographic characteristics of sections (mean
elevation of forest network plot above sea level, slope aspect, and steepness) and the
disturbance degree was insignificant (r < 0.1). At the same time, elevation above sea level
can be considered a limiting factor preventing silk moth distribution. We did not observe
the distribution of silk moth at elevations of more than 850-900 m that is consistent with
the results of Kharuk et al. [4], Sultson et al. [1].

Previously, it was found that Siberian silk moth distribution is controlled by air
temperature; for instance, the sum of temperatures (t > +10 °C) equals 1200 °C, which
limits silk moth expansion [42,44]. However, the analysis of climatic variables showed
that silk moth expansion is also controlled by monthly temperatures and soil moisture
content. It was found [4] that the outbreak onset was promoted by increased dryness,
active temperatures, and decreased moisture content within the root zone of soil in the
spring-early summer period.

According to our results, the disturbance degree of each forest network plot depends
on air temperature anomalies during the month when the disturbance was detected as
well as temperature anomalies during the previous month. At the same time, precipitation
anomalies showed lower correlation coefficients with the disturbance degree on the monthly
time scale. These variables have the largest correlation coefficients with the disturbance
degree: (i) 0.63 for the temperature anomaly of the “current” month and (ii) 0.43 for the
temperature anomaly of the “previous” month. In general, it can be noted that the period
from August to October of 2018-2020 in the study region was characterized by positive
air temperature anomalies (with a mean value of ~1.2 °C). The correlation coefficients for
precipitation anomalies were significantly lower.

4.5. Methodology, Extrapolation, and Limitations

The accuracy of the regression model was assessed for a part of the original sample
(20% of the total sample size) that was used as test data following methods published by
James et al., 2021 [45]. Applying the obtained model to a dataset that was not previously
used in model training showed that the model explained about 50% (R? = 0.49, p < 0.05) of
the NDVI variance. The overall accuracy of the model, which was evaluated using kappa
statistics [46], could be considered satisfactory for the event of the silk moth outbreak in
our study (kappa = 0.64).

It should be noted that these results were obtained for a rather small study area. At
the same time, it has been previously observed [1,4,14] that the dynamics of pest spread in
the forests of Siberia are determined by a set of conditions specific to a particular region.
Thus, the direct application of the obtained variables and regression coefficients to other
areas probably will not provide correct results. At the same time, since silk moth mainly
affects dark coniferous forests [2,4], such a variable as the proportion of dark coniferous
stands is likely to remain significant in assessing the distribution of silk moth-disturbed
areas in other regions of Siberia. Climate factors are likely to remain significant variables in
other regions because they largely determine the distribution of the silk moth [2]. At the
same time, the regression coefficients for these variables are likely to change. In addition, it
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can be assumed that there will be other significant factors that determine the dynamics of
the outbreak.

All recent studies [1,4,8,14] of this issue state that the problem of outbreak prediction
has a lot of uniqueness in each individual case. The greatest difficulty is predicting the
beginning of the outbreak. The model solution of the event requires a large amount of input
information [14,17,18,20-25,42]. Moreover, knowledge of probable scenarios of outbreak
development, which is available only from field observations under specific conditions,
will also be required. However, approaches to assessing the degree of disturbance of forest
stands or the total area of a disturbed site are, in our opinion, universal. The use of satellite
data has the advantage of providing the ability to monitor the evolution of an outbreak’s
impact over time [15,16,27,30]. Thus, the approaches described in this article are quite
applicable to other silk moth events and/or territories.

5. Conclusions

We obtained formalized descriptions for the temporal dynamics of the area of distur-
bance for two plots in the Krasnoyarsk region (Siberia, Russia) under the conditions of a
Siberian silk moth impact.

Characterization of forest stand disturbance based on the vegetation index ANDVI/
NDVlackground anomaly is an objective instrumental method for controlling of the silkmoth
outbreak development in the event of large-scale damage to dark coniferous stands. Corre-
lation analysis makes it possible to identify a set of factors that characterize not only the
spatial distribution of an outbreak under the selected conditions but also the relationship
with the probable disturbance degree of forest stands. In our opinion, the general format of
such decisions may not change significantly. However, such parameters as the rate of out-
break development and model coefficients, as well as a combination of influencing factors,
require consideration in relation to the local features and conditions of each disturbed area
of the Siberian dark coniferous taiga. These factors limit the formalization of the general
solution and impose conditions on the specification of the characteristics for each case of
the Siberian silk moth outbreak.
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