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Abstract: In this study we have analyzed the spatial dynamics of the forests disturbed by Siberian
Silk Moth (Dendrolimus sibiricus Tschetverikov (Lepidoptera: Lasiocampidae)) in Central Siberia and
obtained model equations that fit this dynamics. We considered three sites that experienced silk
moth outbreaks in 1993-1996, 2015-2018 and 2018-2020 and used satellite data (NOAA/AVHRR,
Terra/MODIS, Landsat/ETM/OLI), field data, digital elevation model, and maps of predominant
forests. Silk moth-disturbed areas were classified using NDVI that was calculated for each 15-day
period during growing season (April-September). Time series of disturbed forest areas were ob-
tained for three sites located in Krasnoyarsk region (Central Siberia, Russia). Total damaged areas
for these sites were 41, 430 and 470 thousand hectares. We obtained formalized descriptions for the
temporal dynamics of disturbed area.

Keywords: Siberian Silk Moth; Eastern Siberia; remote sensing; spatial dynamics model

1. Introduction

An analysis of the development of pest outbreak in the forests for each specific case
requires the knowledge of the entire complex of parameters that determine the location,
growth rate and dynamics of the affected area. It is known from the literature that popu-
lations of forest insects can be well described by parametric models that predict the pop-
ulation size under various environmental conditions [1]. At the same time, any numerical
predictions based on parametric theoretical models must be validated on the basis of field
data, which makes it possible to determine the list of model inputs, parameters and con-
stants [2-5]. The number of field measurements, is usually limited and not always suffi-
cient to calibrate the models that describe the dynamics of the process. When studying
insect-disturbed areas it is also important to study the issues of outbreaks locations rela-
tive to the physiographic, forest and meteorological conditions (humidity deficit, precip-
itation regimes, winter and summer temperature regimes, etc.) of the region. This also
requires consideration of each individual case [5-12].

In this issue, the studies of the dynamics of disturbed areas that usually have long-
term scars on satellite images are of particular interest. It was shown [13, 14] that after the
impact of disturbance factors on forest stands, in particular, after the Siberian silk moth
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outbreak, changes in the spectral characteristics of damaged areas occur [15-17]. This de-
termines the prospects for using remote sensing data, both for analyzing the forest mor-
tality caused by the complex effects of forest fires, pest outbreaks, etc. [18-21] and to mon-
itor 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 to classify
the disturbance degree [22]. Such approach is now commonly used and widespread in
geospatial research in various regions [5,11,23, 24].

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, as-
pect and forest growing conditions.

We investigated the following issues: (a) the rate of pest outbreak development in
dark coniferous forests of Siberia, (b) modeling the rate of disturbed area increase.

The obtained solutions will make it possible to have a predictive model for the for-
mation and development of the disturbed forest zone, which is necessary at the stage of
planning appropriate preventive measures and developing a general strategy for mini-
mizing the consequences under the conditions of repeated outbreaks of Siberian silk moth
in the studied areas.

2. Material and Methods

The studies were performed for two sites of dark coniferous taiga in Krasnoyarsk
Region, Siberia, Russia: 1) 58°30"-60° N, 88°30'-92° E in the Yenisei region (EnP) with a
total area of 4.2 million ha; and 2) 54°45'- 55°05" N, 95°20'- 99°10" E in the Irbei district
(IrP) with a total area of 904 thousand ha, where Siberian Silk Moth (Dendrolimus sibiricus
Tschetverikov (Lepidoptera: Lasiocampidae)) outbreaks were observed between 2016 and
2020. Figure 1 shows forest areas disturbed by the silk moth according to the moderate

spatial resolution data for EnP and IrP.
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Figure 1. Overview of forests disturbed by silk moth, in (a) EnP for 2020; (b) in IrP for 2020.

The initial data on the areas of disturbed forest zones detected by their spectral fea-
tures were obtained from Landsat, Sentinel-2 data of moderate spatial resolution (15-30
m) with a frequency of 1-3 months and from Terra/Aqua MODIS data of low spatial res-
olution (250 m, 1000 m) with a frequency of 14-28 days (MOD13Q1/ MYD13Q1). Thus, the
temporal resolution of satellite data for the region of interest was at least once a month in
case of moderate resolution data and 2 times a month for the data of low spatial resolution.
Time series of disturbed forest areas were obtained for two sites located in Krasnoyarsk
region (Central Siberia, Russia).

Vegetation cover map was obtained using “Vega-service” (Database of the Institute
of Space Research of the Russian Academy of Sciences, IKI RAS, Moscow, http://pro-
vega.ru/maps/, accessed 21 September 2022) [25].
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Total area, thousand ha

3. Results and Discussions

Using the previously described approaches the dynamics of area disturbed by silk
moth in the EnP and IrP plots was calculated. The duration of the outbreak in the EnP was
4 years, while for the IrP it was 3 years. The final disturbed areas were 428.6 and 41.5
thousand ha, respect1ve1y (Fig. 2.).
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Figure 2. The dynamics of area disturbed by silk moth in EnP (a) and in IrP (b)

The temporal dynamics of the total disturbed area (Fig. 2) can be approximated using
the function of normal distribution as follows
=
()= e
oN2r (3.1)

7

where x — expected value, 0 — standard deviation.

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

a) a phase of increasing rate of disturbed area growth, which is limited by some char-
acteristic time Tphase, unique for each case, that is determined by the change of the pattern
of the disturbed area growth, and also

b) the phase of the decreasing rate of area growth and further “saturation” (the max-
imum value of the disturbed area for the given case).

In case of the IrP, the value of Tphase for the time series was 11 months, the initial area
of the disturbed forest was 109.4 ha, and the approximating maximum of the area (asymp-
tote) was 35000 ha (Fig. 2).

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

gphl — 4 exp(Bt + C) + D,fort < Tphase

32
SPh2 = E In(Ft + G) + H,for t = Tppase o

S(t)={

and the corresponding set of coefficients (Ki), which determine the amplitude of the
initial phase of the disturbed zone 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 the area growth
(exponential increase) is designated S, and the phase of the decreasing rate of the area
growth and further saturation is Sph2.
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Figure 3. The dynamics of the area disturbed by silk moth for EnP B 20152018 rr. (a) and IrP 5 2018—
2020 1. (d), ASTER GDEM [26] is shown as background; Model of the monthly distribution of the
area disturbed by silk moth for EnP which approximates the Terra/MODIS data with 14 days tem-
poral resolution, where I corresponds to exponential growth (phase "I"), I is the approximating of
the final stage. For IrP (b), where 1 is the experimental data, 2 — approximating the maximum of the
final area, 3 — model solution for the phase of exponential area growth, 4 — model solution for the
phase of decreasing rate of area growth (logarithmic approximation) and further saturation (e); Plot
of correlation field for experimental measurement data (based on satellite data) and model calcula-
tion results for EnP (c) and for IrP (f)

Table 1. Coefficients of the equations for the model of disturbed zone growth

IrP, 2018-2020
Model Model Coefficients (2)
A B C D
Phase I: Aexp(Bx+C)+D
0.91 0.82 0.86 1.00
E F G H
Phase II: E In(Fx+G)+H
22497 .42 0.187 0.07 558.35
EnP, 2015-2018, Tphase = 111 weeks
Model Model Coefficients (3.2)
A B C D
Phase I: Aexp(Bx+C)+D
0.989 0.100 0.986 1.00
E F G H
Phase II: E In(Fx+G)+H
60.903 0.007 7.704 0.101

The solution (Fig. 3a) obtained based on the model approximations (2), (3), agrees
well with the experimental data set and has a high level of correlation (r ~ 0.99) (Table 1).

A silk moth outbreak in the Yenisei region in 2015-2018 was characterized by the
spatial scale of the disturbed area that have limited the use of satellite data of moderate
spatial resolution (Landsat, Sentinel-2). Thus, the Terra/MODIS data were unique data
source on the dynamics of the silk moth outbreak development.

In the first approximation the solution for the dynamics of the disturbed area con-
tains a significant discrepancy for the stage of exponential growth (Fig. 3 “I”) with the

114
115
116
117
118
119
120
121
122

123

124
125
126
127
128
129
130
131
132



Environ. Sci. Proc. 2022, 4, x FOR PEER REVIEW 5 of 6

Tphase1 = 111 weeks, since the area of the disturbed area on the initial stages of 2015 and 133
2016 was significantly lower than the final values delineated using satellite data in 2017- 134
2018. 135

With all the assumptions of the first approximation of the model, the obtained solu- 136
tion (Table 1) for the disturbed area dynamics is in good agreement with the experimental 137
data set and has a high level of correlation (r ~ 0.97), which is shown in the correlation 138
field plot (Fig. 3¢, f). 139

The restrictions imposed on the spatial advancement of the disturbed area are asso- 140
ciated with natural boundaries (such as non-forested areas, ridges, valley complexes, riv- 141
ers, etc.), heterogeneity of vegetation and forest composition, the time of the outbreak 142
origination, as well as spatial and temporal peculiarities of the origination of secondary 143
(multiple) locations of pest outbreaks, anisotropy of physical and geographical character- 144
istics, microrelief and local conditions. Determination of the directions of the predominant 145
advancement of the disturbed area requires a comprehensive analysis of all factors listed 146
above [5,10-12,23,24]. In addition, these indicators can be input conditions that regulate 147
the rate of spread of the disturbed area and individual tactical elements, as well as the 148
degree of damage to forest stands [22]. 149

4. Conclusions 150

The results obtained represent the formalized descriptions of the temporal distribu- 151
tion of the disturbed area consistent with data series based on satellite data for silk moth 152
outbreaks in the EnP (in 2015-2018) and IrP (in 2018-2020) regions of the Krasnoyarsk 153
region, Siberia, Russia. 154

We obtained formalized descriptions for the temporal dynamics of disturbed area. 155
Coefficients for the model solution were optimized using the Lagrange multiplier method 156
and non-linear generalized downgrading gradient method. It is shown that the systems 157
of empirical solutions adequately (R2~0.97) fit field data and can be used to simulate silk 158
moth outbreaks under similar conditions. We have tested model regression equations for 159
predicting the azimuthal spread of damaged area with a confidence level of r = 0.60-0.68. 160

It was shown that it is necessary to additionally identify and analyze inter-seasonal 161
periods of disturbed area dynamics to improve the accuracy of the model. Individual sea- 162
sons should be considered as independent sub-periods, which must be accompanied by 163
refined coefficients of model equations when forming a general solution. A set of obtained 164
solutions reflects the probable range of silk moth outbreak scenarios. 165
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