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Abstract: Siberian silkmoth (SSM, Dendrolimus 
sibiricus Tschetv.) is the most important defoliator of 
Siberian pine (Pinus sibirica Du Tour) and fir (Abies 
sibirica Ledeb.) stands. Warming-induced SSM 
outbreaks are one of the major driving factors of 
successions within the taiga zone. It is suggested that 
climate change impacted the SSM range and life cycle. 
We analyzed the migration of alpine and northerly 
SSM outbreak boundaries in Siberia and the impact of 
the climate variables and topography on the outbreak 
dynamics. We used time-series scenes (multispectral 
data, and vegetation indexes EVI and NDII) in 
combination with field studies, climate variables, and 
GIS techniques. We found that SSM outbreaks in the 
area of alpine boundary shifted about 370 m uphill 
since the mid of 1950. The outbreak onset was 
promoted by increased dryness and active 
temperatures and decreased root zone moisture 
content in the spring-early summer period. The 
terrain topography strongly affected SSM outbreak 
onset and dynamics. Initially, the outbreak was 
located at the middle elevations on the gentle concave 
southeastern slopes, which are the favorable insect 

habitats between outbreaks. Then the outbreak 
expanded uphill and downhill, to steeper slopes, and 
both concave and convex terrains. Alongside with 
elevation range expansion, SSM surpassed its 
northern historical outbreak boundary: the potential 
outbreaks’ boundary moved about 300 km 
northward. Climate warming contributes to SSM 
migration into former outbreak free conifer stands 
located in highlands and at northern latitudes. 
 
Keywords: Insect outbreaks; Remote sensing 
monitoring; Insect ranges expansion; Siberian 
silkmoth; Forest health; Conifer mortality 

Introduction  

Siberian silkmoth (Dendrolimus sibiricus 
Tschetv., hereafter SSM) is the most important 
defoliator of Siberian “dark needle conifer” taiga 
stands composed of Pinus sibirica Du Tour and 
Abies sibirica Ledeb. These economically valuable 
species ranged from Mongolian border up to Arctic 
Circle, and occupied areas of 3.8 million km2 and 4 
million km2, correspondingly, and often formed 
mixed stands (Koropachinskiy and Vstovskaya 
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2002). Periodic SSM outbreaks were one of the 
major factors of these forests’ successions. The 
maximal described stands’ mortality (about 
2,500,000 ha) referred to the catastrophic 
outbreak in 1953–1957 (Kharuk et al. 2003). The 
other important consequences of SSM outbreaks 
were an increase in the fire frequency and burned 
area (by ~10 times; Kharuk and Antamoshkina 
2017). 

This insect feeds preferably on needles of 
Siberian pine and fir (main hosts); at the peak of 
the outbreak, insects feed on spruce (Picea 
obovata), Scotch pine (Pinus sylvestris) and even 
grass. SSM outbreaks were also observed within 
larch (Larix spp.) stands, although larches are 
more resistant to defoliation. SSM larva density 
during the endemic phase is less than one per tree, 
whereas at the peak of the outbreak that number 
reached 20,000 per tree (Kondakov, 2002). The 
range of this species spreads up to high northern 
latitudes; thus moth findings described at ~63˚ N 
(Kondakov 1974). Meanwhile, the maximal 
described outbreak boundary was located at 60°N 
(Kharuk et al. 2018b). 

It is expected that global warming may 
stimulate insect population, increase outbreak 
frequency and range (de la Giroday et al. 2012; 
Seiter and Kingsolver 2013; Kolb et al. 2016). That 
hypothesis is supported by observations of the 
spruce budworm northward expansion into boreal 
American forests (Pureswaran et al. 2015), gypsy 
moth increased range in Canada (Thompson et al. 
2017), and Douglas-fir tussock moth expansion 
into the southwestern U.S. and northern Mexico 
forests (Coleman et al. 2014). Although insect 
outbreaks occurred also in former epoch (Alfaro et 
al. 2010), warming and increased aridity are one of 
the causes of Dendroctonus spp and Dendrolimus 
pini catastrophic outbreaks in North American and 
German forests (Haynes et al. 2014; Bentz et al. 
2010; Weed et al. 2013). Similarly, in Russia, 
periodic droughts stimulated bark beetle 
(Polygraphus proximus Blandford) outbreaks that 
caused extensive (> 500,000 ha) fir mortality in 
Siberia (Kharuk et al. 2019). The alpine and 
northern silkmoth outbreak ranges are limited by 
cold temperatures (Kondakov 2002). Thus, Rojkov 
(1965) found that the northern range of SSM 
outbreaks approximated by sum of active 
temperatures (t > +10°C) equal to ~1200°C. 

Observed air temperature increase which is 
especially pronounced in the boreal zone may 
facilitate SSM expansion into habitats formerly 
considered as unsuitable (e.g. Pureswaran et al. 
2015). That was observed during the latest 
catastrophic SSM outbreak (2016–2018 yrs.) which 
moved northerly and caused conifer mortality 
covering over 800,000 ha (Kharuk et al. 2018b).  

A combination of traditional on-ground 
observations with remote sensing increased 
opportunities in outbreaks monitoring. Thus, 
medium-resolution Landsat scenes (30 × 30 m 
pixel) were successfully applied for detecting and 
mapping conifer defoliation by SSM (Kharuk et al. 
2003). Coarse-resolution Terra/MODIS and SPOT 
Vegetation data (250–1000 m pixel size) were used 
in the analysis of large scale insect-caused forest 
mortality (Spruce 2011; Kharuk et al. 2009; 
Eklundh 2009). In this study, we combined remote 
sensing and climate variables’ data analysis with 
on-ground observations, historical records, and 
GIS techniques. The goal of this paper is to study 
the impact of regional climate change on the SSM 
outbreaks in alpine and northern ranges. We 
hypothesized that warming promoted shifts of 
elevational and northern outbreak boundaries. We 
analyzed SSM outbreaks chronology in Central 
Siberia since the 19th century with the emphasis on 
the latest (2018–2019) outbreak.  

We were seeking the answers to the following 
questions:  

(1) How does outbreak occurrence relate to 
climate variables?  

(2) How do outbreak onset and dynamic relate 
to topography features?  

(3) How does climate change affect alpine and 
northern limits of SSM outbreaks? 

1    Materials and Methods 

This study is based on the combined analysis 
of satellite (Landsat and Terra/MODIS) time series 
scenes, temperature and moisture variables, on-
ground survey within the latest SSM outbreak area 
and historical record of outbreaks occurrence. 

1.1 Study Area 

The study area is the Siberian pine and fir 
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ranges in Central Siberia which included SSM 
outbreaks described in the scientific literature 
(Figure 1). We are focusing on the analysis of the 
latest SSM outbreak that occurred in 2018–2019 
(site #1 in Figure 1). That outbreak was located 
within the northern part of East Sayan Mountains 
with the highest elevations about 1,700 m. Siberian 
pine and fir forests occupied belt within elevations 
c. 300–1600 m a.s.l.. Lower elevations are 
occupied by mixed birch (Betula pendula) and 
aspen (Populus tremula) stands. Alpine forest-
tundra ecotone is formed by Siberian pine, larch 
(Larix sibirica) and fir. 

1.2 On-ground studies  

On-ground surveys were conducted by 
entomologists from the Krasnoyarsk Center of 
Forest protection during 2019 (June–October). 
The survey was planned based on the preliminary 
Landsat-derived map of stands’ defoliation. Within 
that map test plots (76 total) were randomly 
selected. Within each plot, seven model trees from 
the upper canopy were selected and georeferenced 
(total N = 533). Trees “shake-off” method was used 
for larva counting and age group determination. 
Along with that, an inventory data (tree’s height, 
dbh (diameter at breast height), species 
composition, stands closure and forest type) were 
obtained for each test plot from the forest 
inventory database. During late fall larvae were 
counted within on-ground cover within tree crown 
projections (3 tests plot with size of 0.25 m2; N = 
33). The first on-ground observations of the SSM 
outbreak was made by local foresters and referred 
to in June 2019. In September 2019 the larva 
density reached 2200–2400 per tree within the 
heavily defoliated (> 75%) stands. Within low 
defoliated (< 10%) stands larvae’ number was 
highly variable (5–300 per tree). In 2019 the 
silkmoth outbreak was in the eruptive phase of the 
cycle. By the end of 2019, the outbreak area was 
estimated as 32000 ha. 

1.3 SSM outbreaks range boundaries 
calculations 

SSM outbreak range, according to empirical 
observations, is limited by cumulative active  
(> +10°C) air temperatures. In previous studies, it 

was found that northern silkmoth outbreak 
boundary was approximated by Σ(t> +10°С)= 
1200°С isoline (Rojkov 1965), i.e., the cumulative 
temperature that must be reached in an area to be 
suitable for the SSM outbreaks. The outbreak’s 
boundaries location, both elevational and 
latitudinal, should be shifting due to warming. For 
calculations of expected warming-induced silkmoth 
outbreaks’ boundaries shift we used the above 
mentioned criterion (Rojkov 1965). 

1.4 Eco-climate variables 

Based on our own and the literature’s data, we 
included the main climate variables into the 
analysis: daily and monthly air temperature, a sum 
of active (> +10°C) temperatures, monthly 
precipitation and growing period length (in days). 
Along with that, surface moisture content was also 
considered because this variable is essential for 
caterpillar survival (Kondakov 2002). Climate 
variables values were obtained from the Climate 
Research Unit Time-Series database (CRU TS 4.03; 
1901–2018; spatial resolution 0.5° × 0.5°; 
https://crudata.uea.ac.uk; Harris et al. 2014). Daily 

 
Figure 1 The study area (a) included Siberian pine and fir 
dominant stands. 1: location of the latest (2018–2019) 
silkmoth outbreak which was analyzed in this paper; 2–6: 
locations of former Siberian silkmoth outbreaks (2: 2002–
2003; 3: 1994–1996; 4: 2015–2017; 5: 1953–1957; 6: 2011–
2014 yrs.). Siberian silkmoth (SSM, Dendrolimus sibiricus 
Tschetv.) outbreaks (1, 2 and 6) are shown by black circle 
and (3–5) shown by contours. Map in the upper right 
corner (b) showing the studied outbreak 1: Dead and alive 
stands are indicated by red and purple, correspondingly. 
Outbreak onset location is indicated by the circle on the (a).  
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air temperature data and surface moisture content 
(0–2 cm layer) were calculated using the MERRA2 
database (Modern-Era Retrospective analysis for 
Research and Applications; period 1980–2018; 
spatial resolution 0.625° × 0.5°; https://gmao.gsfc. 
nasa.gov/reanalysis/MERRA-2; Gelaro et al. 2017). 
Air drought was analyzed based on the SPEI data 
(https://spei.csic.es/map/maps.html; spatial 
resolution 0.5° × 0.5°). The SPEI (Standardized 
Precipitation-Evapotranspiration Index) indicates 
the difference between precipitation and potential 
evapotranspiration (Beguería et al. 2014). We used 
an analysis of variance (ANOVA; Moore et al. 2017), 
t-test and nonparametric Mann-Whitney test to 
assess the effect of climatic variables on the area 
defoliated. Then to determine the change in the 
annual defoliation, we used segmented linear 
regression analysis (SegReg algorithm https://www. 
waterlog.info/segreg.htm) to identify breakpoints in 
the defoliation time series. Statistical analysis was 
applied using software Statsoft Statistica 
(http://statsoft.ru) and Microsoft Excel. 

1.5 Satellite data  

A time-series of Landsat-8 scenes (N = 14, 
period 2013–2019) and Terra/MODIS data (16-
days averaged composites, N = 166, May-
September, 2002–2018) were used in the outbreak 
analysis (https://earthexplorer.usgs.gov). 
Atmospherically corrected Landsat data were 
converted to reflectance by the LaSRC algorithm 
(https://www.usgs.gov/media/files/land-surface-
reflectance-code-lasrc-product-guide). The mask of 
Siberian pine and fir stands before the outbreak 
was generated based on the Landsat scene dated by 
2013. The maximum likelihood classification with 
the threshold procedure (p = 0.05) was applied. 
The generated mask had high accuracy (overall 
94.7 %; overall KHAT(κ)-statistics = 0.89; 276 test 
points). Dead and damaged stands were identified 
based on the NDII (Normalized Difference Infrared 
Index) infrared index (Hardisky et al. 1983):  

NDII ൌ ሺNIR െ SWIR1ሻ/ሺNIR൅ SWIR1ሻ        (1) 

where NIR are signatures in the near-infrared 
(851–879 nm) and shortwave infrared (SWIR1; 
1566–1651 nm) channels, correspondingly. Earlier 
NDII was successfully applied for stressed and 
dead stands detection (Townsend et al. 2012; 

Kharuk et al. 2019). Three categories of the stands 
were considered: alive, damaged (~30%–70% of 
the dead trees) and dead (> 70% of the dead trees). 
These categories were detected basing on the 
sample sets generated based on high-res satellite 
images taken from the Google Maps, Yandex Maps, 
and ESRI ArcGIS World Imagery. Quality and on-
ground resolution (0.5–2 m) of these images 
allowed to detect the above mentioned three 
categories based on the expert interpretation. 
Landsat-derived classification of these stands was 
based on the region growing algorithm (Hexagon 
2019). Then the histogram of NDII values was 
calculated, and high (percentile 97.5%) and low 
(percentile 2.5%) margins of NDII distribution 
were found. The resulted histogram showed a good 
differentiation of alive and (dead + damaged) 
stands (Figure 2). Then NDII values within range - 
0.1 ≥ NDII < 0.3 were used to detect the dead and 
damaged stands. The accuracy of the resulted 
classification was high (overall KHAT(κ)-statistics 
κ = 0.89; overall accuracy 93%; 415 test points). 
Along with that, the time-series of the Enhanced 
Vegetation Index (EVI) was used for detection 
outbreak onset. That index, as well as NDII, is 
sensitive to vegetation vigor and stand’s dieback 
(Kharuk et al. 2013a, b). The EVI values were 
extracted from MODIS products (MYD13Q1; 
https://earthdata.nasa.gov; Didan and Huete 
2015). Although these data had a lower resolution 
(250 m vs 30 m of Landsat), it allowed to 
investigate outbreak dynamics with the 16-days 
resolution, whereas Landsat scenes were often of 
poor quality due to cloud cover. EVI is defined as:  

 
Figure 2 Dead + damaged and alive stands have 
significantly different NDII (Normalized Difference 
Infrared Index) signatures. Median and percentiles 
(2.5% and 97.5%) locations are shown. 
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EVI	 ൌ ܩ	 ൈ ሺߩேூோ 	െ	ߩ௥௘ௗሻ ൈ ሺߩேூோ 	െ	ܥଵ ൈ ௥௘ௗߩ 	൅
ଶܥ	 ൈ ௕௟௨௘ߩ ൅  ሻିଵ                           (2)ܮ

where ρNIR, ρred  and ρblue  are reflectance in the 
near-infrared (620–670 mn), red (841–876 mn) 
and blue (459–479 nm) bands; L, C1, C2, G are 
correction coefficients (Huete et al. 1999). The 
differences (Δ) between EVI values within the 
initial outbreak location and healthy stands were 
analyzed.  

1.6 GIS analysis 

GIS analysis was based on the SRTM (Shuttle 
Radar Topography Mission) digital elevation model 
(DEM; 30-m spatial resolution; vertical accuracy 
7–16 m) (Mukul et al. 2015; Overview of Global 
DEM 2017). Stands mortality was analyzed versus 
elevation, exposure, slope steepness, and terrain 
curvature (concave/convex sites). Non-uniformity 
of landscape features distributions within the study 
area may lead to bias in geospatial analysis of 
stands’ mortality. The following data normalization 
was used to remove that bias: 

௖,௜ܣ ൌ 100ൈ ௖ܵ,௜ ⁄௖,௜ܨ                            (3) 

where i  is the i-th class of the relief feature c 
(elevation, slope, aspect, curvature), n is the 
number of classes of the relief feature c (for 
example, there were eight classes for aspects – 
northern slopes ([0°–22.5°), [337.5°–360°]), 
north-eastern slopes [22.5°–67.5°), eastern slopes 
[67.5°–112.5°), etc.). 

ESRI ArcGIS (https://desktop.arcgis.com) and 
Erdas Imagine (https://www.hexagongeospatial. 
com/products/power-portfolio/erdas-imagine) 
were used for satellite data analysis and spatial 
data processing.  

2    Results 

2.1 The chronology of Siberian silkmoth 
outbreaks 

The analysis of published historical data (since 
the 19th century) indicated that until the mid of 20th 
century large scale outbreaks were dominant (with 
mean area ~1,200,000 ha; Figure 3). Since the mid 
of 1950, a negative trend in the outbreak area was 
observed. That was caused by the decrease in the 
total area of Siberian pine and fir dominant stands 

and stands’ fragmentation due to previous 
outbreaks, wildfires, and clearcuts. The mean 
period between outbreaks was 11 ± 3 yrs (Figure 3).  

2.2 The temporal and spatial dynamics of 
the outbreak 

The outbreak onset was referred to June 2019 
according to the on-ground observations. 
Meanwhile, according to the satellite data 
(vegetation index ΔEVI chronology), the outbreak 
onset was observed in August 2018 (Figure 4a). By 
the end of 2019, the outbreak spread over 32,000 
ha (Figure 4a). 

The initial outbreak site was located on the 
southeast gentle (~10°) concave slopes at an 
elevation of about 500 m (Figure 5). Then 
mortality spreads to elevations up to ~750 m and 
to steeper (up to 30°) concave and convex slopes 
(Figure 5a-c). Downhill mortality migration was 
limited by lack of Siberian pine and fir stands 
(below c. 400 m). The majority of stands’ mortality 
was observed on the southern slopes, whereas 
survived stands located on the northern slopes 
mostly (Figure 5d).  

2.3 Eco-climatic conditions preceded the 
SSM outbreak 

We analyzed monthly thermic and moisture 
parameters before the silkmoth outbreak with 
monthly resolution (analyzed period 1–5 yrs.) 
versus reference period (2010–2014). The periods 

 
Figure 3 Historical data of Siberian silkmoth 
outbreaks indicated the decrease of outbreaks’ area 
since 1950 (based on the published data: Kondakov 
1974, 2002; Kharuk et al. 2003, 2016). Exponential 
regression, R2 is significant at p < 0.01. A breakpoint 
(1958 yr.) was identified based on the SegReg 
algorithm. 

stim
Sticky Note
Please, replace "near-infrared (620–670 mn), red (841–876 mn)" by "near-infrared (841–876 nm), red (620–670 nm)"
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from April till October are the months of silkmoth 
activity at the study site. We found that best 
correlations were observed for the period of three 
years before the outbreak onset (i.e., 2015–2017). 
It was observed that in the years preceding the 
outbreak the sum of active temperatures (> +10°C), 

the number of days with active temperatures and 
atmospheric drought (indicated by SPEI) increased, 
whereas surface layer moisture content decreased 
(Figure 6). Along with that, the July precipitation 
decrease was also observed. 

 
Figure 4 (a) ΔEVI (EVI difference between primary outbreak location and alive stands) indicated outbreak onset in 
August 2018 (based on the SegReg algorithm). A mean ΔEVI and 3σ are indicated by solid and dotted lines, 
correspondingly. (b) Dead stands’ area dynamics (exponential model, R2 significant at p < 0.01). 
 

 

Figure 5 Dead stand normalized area distributions and dynamics (NDII (Normalized Difference Infrared Index) 
derived) with respect to relief features: (a) elevation, (b) slope steepness and (c) terrain curvature. Linear regressions 
(R2) shown for medians, 5% and 95% percentile (i.e., for median, upper and lower variables value). (d) The primary 
(green) outbreak location area and total (red) outbreak area occurred mainly on the south-eastern slopes, whereas all 
stands (blue) located on the northwestern slopes. Unit values are given in relative units (see section 1.6). 
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2.4 SSM outbreaks’ upper and northern 
boundaries migration 

Since the catastrophic outbreak during 1953–
1957 (2,500,000 ha dead stands; Kharuk et al. 2003), 
the upper limit of silkmoth outbreaks observed 
shifted upward on c. +370 m. Along with that, the 
mean northern outbreak potential boundary shifted 
about 300 km northward (Figure 7). 

Within Altai-Sayan Mountain Country, the mean 
upward shift of outbreaks’ elevational boundary was c. 
+150 m since 1980 (Figure 8a). Similarly, the silkmoth 
northern outbreak potential boundary shifted 250–
500 km since delineated in 1960 (Figure 1). 

3    Discussion 

With warming, the elevational upward shift of 
insects’ outbreak ranges was inevitable. We now 
observe that the phenomenon in the Siberian 

Mountains, where the upper limit of SSM 
outbreaks reached elevations of about 750 m a.s.l., 
moved about +370 m upward since the mid of 1950. 
Within the whole Altai-Sayan Mountain Country, 
the mean potential outbreaks boundary is now 
located at about 150 m upward in comparison with 
the 1980–1990 reference period. Thus, warming 
promotes Siberian silkmoth migration into 
elevations where previously outbreaks were 
impossible due to low temperatures. Notably, 
similar insect migration along an elevation 
gradient is also reported in Western Hemisphere in 
the US forests (Millar and Stephenson 2015). 
Alongside upward migration, the potential 
northern boundary of SSM outbreaks shifted about 
250–500 km northward in comparison with its 
location in 1960. The documented northward shift 
was about one latitude degree during the latest 
catastrophic SSM outbreak (in 2014–18) when 
~800,000 ha of stands were killed (Kharuk et al. 
2018b).  

 

 

     

 
Figure 6 Eco-climatic variables in the pre-outbreak years (2015–2017) versus background period (2010–2014). 
Deltas are the differences between variables in (2015–2017) vs (2010–2014). (a) the sum of active temperatures 
(t > +10°C); (b) days with air temperature > +10°C, (c) drought index SPEI (Standardized Precipitation-
Evapotranspiration Index), (d) surface layer (~2 cm) moisture content (SMC). For the total April-October period all 
deltas significantly different (p < 0.01; F > 7.7; ANOVA statistic). For April and May deltas significantly different at 
p < 0.05 (t-test and Mann-Whitney test).  SPEI decrease means drought increase by definition.  
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Silkmoth outbreak onset in the Sayan 
Mountains was promoted by thermic and moisture 
anomalies during the pre-outbreak years, when 
active air temperatures and air drought were 
increased, whereas on-ground layer moisture 
decreased. These changes were especially 
noticeable at the beginning of the growing period, 
the crucial time interval for caterpillar survival 
(Kondakov 2002). Larvae start going out from the 
on-ground layer from the end of April to the 
beginning of May. Namely, in that period, an 
increase in air temperature and the number of days 
with active temperatures as well as drought were 

observed (Figure 6). Warm and dry spring without 
late frost and dry on-ground layer are favorable for 
caterpillar survival in spring. Otherwise, spring 
rains and late frosts would cause the insect 
population to die out. Warming also leads to an 
increase in the growing period, i.e. prolongation of 
larvae’ active feeding period. As a result, we 
observed a switch of the silkmoth population from 
a two-year to a one-year generation cycle. With 
predicted climate warming and aridity increase in 
the southern taiga zone (Pachauri et al. 2014), 
these favorable conditions will become more 
frequent. 

Mountain topography significantly affected the 
primary SSM outbreak location and the following 
spatial outbreak distribution. The outbreak onset 
occurred at the southeast-facing gentle slopes 
within middle (about 500 m) elevations, the 
habitats which are favorable for the SSM 
population between the outbreaks’ period. With 
outbreak development, tree mortality spreads to 
steeper slopes, higher and lower elevations and 
partly on the colder north-facing slopes. This 
finding supported similar observations on the 
dynamics of former SSM outbreaks in the Altai- 
Sayan Mountain Country (Kharuk et al. 2009, 2016, 
2018b). Meanwhile warming provides an 
additional food base at higher elevations due to 
tree growth increment and stand closure increase, 
as well as an upward treeline advance.  

The historical record of SSM outbreaks 
indicated a damaged area decrease since the mid of 
the 20th century. Before the instrumental (air-
survey and satellite-based) monitoring small-size 
outbreaks may have been missed of course. 
Nevertheless, the negative trend is observed since 
the mid of 1950, when air-survey was widely 
applied in forest monitoring (Figure 3). Currently, 
within the southern part of Siberian pine and fir 
ranges (i.e., southward of 60 parallel, Figure 1) 
large-scale outbreaks are hardly possible due to the 
silkmoth “food base” decrease and stands’ 
fragmentation by former outbreaks, clear-cuts, and 
wildfires. Thus, after the outbreak in 1953–1957 
(stands’ mortality on about 2,400,000 ha) more 
than one-third of the outbreak area has not yet 
been reforested by Siberian pine and fir. Moreover, 
now fir and Siberian pine ranges in the southern 
lowlands are shrinking due to increased aridity in 
combination with pest outbreaks. Moisture-

 
Figure 7 Since the mid of the 20th century Siberian 
silkmoth (SSM) outbreaks’ elevational boundary shifted 
to higher elevations, and outbreaks’ northern limit 
shifted to higher latitudes. 1 – the highest elevational 
outbreaks’ location; 2 – the mean northern latitude 
potential outbreaks’ boundary location. Linear trends are 
significant at p < 0.05. The historical data were based on 
the GIS-analysis of the known SSM outbreaks published 
in the literature (Kondakov 1974, 2002; Kharuk et al. 
2003, 2016). 
 

 
Figure 8 Silkmoth upper outbreak boundary migration 
in Altai-Sayan Mountain Country in Central Siberia 
(2018 vs 1980-1990). 
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sensitive fir and Siberian pine are being substituted 
by tolerant species (e.g., Pinus sylvestris and Larix 
sp.) (Kharuk et al. 2018). Meanwhile, warming-
facilitated alpine and northern SSM outbreak 
boundary migration are adding new stands into 
silkmoth “food base”. These northern and high-
elevation fir and Siberian pine forests were not still 
experienced silkmoth attacks or massive clear-cuts. 
Thus, the latest catastrophic SSM outbreak was 
possible also due to silkmoth expansion into 
northward stands (Kharuk et al. 2017). Northerly 
expansion of outbreaks’ boundary adding a vast 
area of larch-dominant stands (Larix sibirica, L. 
dahurica) to the silkmoth “food base” (Figure 1), 
because SSM feeds also on the larch needles. Larch 
species are rather resistant to silkmoth attacks and 
can survive complete defoliation, although 
repeating defoliation caused stands’ mortality. In 
addition, warming leads to a increase in stands’ 
density within northern and highland conifers 
range, therefore increases the potential silkmoth 
food base (Kharuk et al. 2018a). 

The SSM outbreaks northward and uphill 
migration also facilitated the migration of the 
secondary pests, i.e., bark-beetles. Those insects 
(such as a Monochamus urussovi or an aggressive 
invader Polygraphus proximus) attack weakened 
trees and killed stands. The other consequence of 
SSM range expansion will be an increase in 
wildfires danger via “fuel” accumulation in killed 
stands and via expansion of grass communities that 
served as a fire ignition material for the spring fires 
(Kharuk and Antamoshkina 2017).  

Finally, the methodology described in this 
paper has some potential applications for decision-
making and pest management. (1) For early warning 
of insect outbreak that is essential for insect 
population suppression. Data obtained indicated 
that EVI-based analysis could detect an outbreak 
onset about one year earlier than on-ground studies. 
That is especially important in pest monitoring over 
vast taiga forest with low on-ground “manpower” 
and resources. Along with that, knowledge of the 
relationship between an outbreak onset and 

topography features could be applied for selecting 
priority monitoring areas. (2) Based on the detected 
areas of stands’ decline mortality, forest managers 
may generate a recommendation for logging. That 
will allow to harvest woods before the trees decay, as 
well as it will prevent outbreaks of bark beetles 
which feed on the weakened and dead trees. 
Meanwhile, for practical decision-making and pest 
management, an additional study is necessary.  

4    Conclusion 

Warming promoted SSM outbreaks exceed the 
geo-climatic barrier in the mountains. Since mid of 
1950, the elevational outbreak boundary shifted 
+370 m uphill. The outbreak onset is linked with 
warmer and dryer pre-outbreak years with higher 
active temperatures, the increased air drought and 
decreased on-ground cover moisture content. 
These thermal and moisture anomalies are 
especially pronounced in the spring-early -summer 
period. The outbreak onset and dynamics 
depended on the topography features. The primary 
outbreak site was located at middle elevations on 
gentle relatively dry concave southeastern slopes, 
the habitats that are favorable for insect population 
between the outbreaks’ period. Then the outbreak 
spreads uphill and downhill, and to steeper slopes. 
Alongside with elevation range expansion, SSM 
surpassed its northern historical boundary. The 
potential northern outbreaks boundary shifted 
northward on about 300 km. Climate warming 
opened opportunities for SSM migration into 
former outbreak-free conifer stands in highlands 
and at northern latitudes. 
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