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Abstract Increased dieback and mortality of “dark needle
conifer” (DNC) stands (composed of fir (Abies sibirica),
Siberian pine (Pinus sibirica) and spruce (Picea obovata))
were documented in Russia during recent decades. Here we
analyzed spatial and temporal patterns of fir decline and
mortality in the southern Siberian Mountains based on satel-
lite, in situ and dendrochronological data. The studied stands
are located within the boundary between DNC taiga to the
north and forest-steppe to the south. Fir decline and mortality
were observed to originate where topographic features con-
tributed to maximal water-stress risk, i.e., steep (18°-25°),
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convex, south-facing slopes with a shallow well-drained root
zone. Fir regeneration survived droughts and increased stem
radial growth, while upper canopy trees died. Tree ring width
(TRW) growth negatively correlated with vapor pressure
deficit (VPD), drought index and occurrence of late frosts, and
positively with soil water content. Previous year growth
conditions (i.e., drought index, VPD, soil water anomalies)
have a high impact on current TRW (r = 0.60-0.74). Fir
mortality was induced by increased water stress and severe
droughts (as a primary factor) in synergy with bark-beetles
and fungi attacks (as secondary factors). Dendrochronology
data indicated that fir mortality is a periodic process. In a
future climate with increased aridity and drought frequency,
fir (and Siberian pine) may disappear from portions of its
current range (primarily within the boundary with the forest-
steppe) and is likely to be replaced by drought-tolerant species
such as Pinus sylvestris and Larix sibirica.

Keywords Abies sibirica - Climate-induced tree
mortality - Conifer mortality - Water stress - Climate
change - Drought - Forest die-off - Tree pathogens

Introduction

An increase in dark needle conifer forests (DNC: Siberian
pine (Pinus sibirica (Rupr.) Mayr.), spruce (Picea obovata
Ledeb.) and fir (Abies sibirica Ledeb.) dieback and mortality
has been reported throughout Russia (Fig. s1). In the Euro-
pean part of Russia, spruce decline was observed on over
2 million ha (Zamolodchikov 2012), and in the Archangelsk
region spruce mortality was observed on more than
390 thousand ha (Chuprov 2008). Potential causes of spruce
mortality that were considered included over maturity of
stands, drought, root fungi and insect attacks (Pavlov et al.
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2008; Russian Federal Agency of Forestry 2013). In Siberia,
decline and mortality of Abies sibirica and Pinus sibirica
were observed in the southern Siberian Mountains where
drought was observed to be a primary factor of mortality with
bark beetles and fungi attack as cofactors (Kharuk et al.
2013a). Siberian pine and fir mortality was also described in
the Baikal Mountains and attributed to water stress in syn-
ergy with pest attacks (Kharuk et al. accepted). Mixed spruce
(Picea ajansis) and fir (Abies nephrolepis) forests mortality
in the Russian Far East was considered to be caused by
“unfavorable climatic factors with fungi as a cofactor”
(Man’ko et al. 1998). Birch mortality, caused by severe
drought, was documented within the Trans-Baikal forest-
steppe (Kharuk et al. 2013b).

In Eastern Europe, spruce (Picea abies) mortality was
documented in Belarus on over 300 thousand ha and was
attributed to the combined effect of drought and bark beetle
attacks (Sazonov et al. 2013; Kharuk et al. 2015a). Spruce
decline was also reported in Latvia, Lithuania (Arhipova
2013; Vasilyauskas 2013), Ukraine and other European
countries (Yousefpour et al. 2010; Martinez-Vilalta et al.
2012; Allen et al. 2015). On a global scale, forest decline and
mortality were reported for every continent (Worrall et al.
2010; Allen et al. 2015) and commonly attributed to increased
drought episodes in synergy with insect and fungal attacks
(Breda et al. 2006; Aitken et al. 2008; Anderegg et al. 2013).

Topography has a mediating effect on the spatial pattern
of drought stress and tree mortality. Spatial variations in
site moisture conditions may influence the spatial pattern
and severity of drought-induced tree mortality (Guarin and
Taylor 2005). For example, slope aspect was found to be a
key variable influencing soil moisture availability in the
western mountains of North America (Stephenson 1990).
Siberian pine and spruce stands climate-induced mortality
was found to be related to elevation, terrain curvature,
slope steepness and aspect (Kharuk et al. 2013a, 2015a).
Along with droughts, insect-caused tree mortality also is
dependent on relief features (Lausch et al. 2013).

The objective of this study was to analyze temporal and
spatial patterns and causes of fir decline and mortality in
the southern Siberian East Sayan Mountains. We hypoth-
esize that mortality was triggered by drought and that
topography features (slope steepness, aspect and elevation)
influence the timing and extent of tree death. In particular,
we expect that mortality is greater for topography features
with a higher risk for water stress.

Materials and methods
The study area was located in central Siberia. Forest

decline and mortality studies were based on den-
drochronology, climate variables and geospatial analysis,
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in situ measurements and satellite (Landsat, QuickBird and
GRACE) image analysis as described below.

Study area

The studied stands covered 108,400 ha of the East Sayan
Mountains (Fig. s1; inset) in Siberia, Russia. Studied stands
were dominated by fir (Abies sibirica) with a mixture of
Siberian pine (Pinus sibirica), spruce (Picea obovata) and
birch (Betula pendula). Abies sibirica is an endemic spe-
cies that ranges into the northeastern European part of
Russia (Fig. s1). The area covered by fir in Russia is over
14.4 million ha including 8.8 million ha of fir-dominated
stands (Fig. sl). Fir is a tree with mean height of about
20-25 m and a lifespan of about 150 years (with maximum
up to 300 years). It has an extensive but shallow root
system with thin, short roots. Fir is a shade-tolerant and
moisture-sensitive species with optimal growth achieved
with about 600-700 mm year~' of precipitation (Krylov
1961). Regeneration of Abies sibirica is able to survive
under dense upper canopy for a long time until released by
any opening in the upper canopy (Krylov 1961). The study
area is located within the transition between “dark needle”
taiga on the northeast and forest-steppe on southwest
(Fig. sl).

Climate data

Climate within the study area is continental with long cold
winters and warm or hot summers (Fig. 1).

Meteorological variables (i.e., air temperature, precipi-
tation, number of days with frosts) were obtained from the
British Atmospheric Data Centre (www.badc.nerc.ac.uk);
the variables were acquired as monthly mean values based
on daily values. Vapor pressure deficit values were calcu-
lated. Drought index (SPEI), data were obtained from
(www.sac.csic.es/spei). SPEI (the Standardized Precipita-
tion—Evapotranspiration index) uses the monthly difference
(D) between precipitation (P) and potential evapotranspi-
ration (PET) (Vicente-Serrano et al. 2010):

D = P—PET (1)

SPEI data were calculated for the May—August period,
since May droughts were typical for the study area (Fig. 1).
All climatic data were averaged for a cell size 0.5° x 0.5°
(~33 x 56 km).

Field studies

Field studies were conducted in the summers of 2013 and
2014. The main goal of on-ground studies was tree sam-
pling for dendrochronology analysis. Ancillary collected
data included a description of soil and ground cover and
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Fig. 1 Climate variables within the East Sayan study area. a, b, c,
d—mean air temperature, precipitation, drought index SPEI and vapor
pressure deficit anomalies, respectively (base period 1901-2013).
Significant trends are shown by solid (May—August) and dashed

forest inventory measurements (including forest health
estimation). The latter were also used as ground truth for
Landsat digital image analysis.

Test sites (TS) were preselected based on Landsat and
QuickBird data analyses. QuickBird’s on-ground resolution
(0.6 m) enabled differentiation of live and dead trees by
expert visual photointerpretation. It was found that stands
with signs of decline and mortality occupied the
500-1050 m a.s.l. elevation belt. Forest-tundra and alpine
tundra occupied the upper elevations. TS (N = 9) were
established along the elevation gradient within a range of
500-950 m, where the majority of forest decline and
mortality were observed. TS were selected within typical
declining and dead stands (N = 7) and stands without
noticeable damage (N = 2; Fig. s2). Thus, TS were likely
to be representative of the entire study area.

For dendrochronological analysis, dominant trees were
randomly sampled within +10 m elevation range from the
TS centerpoint coordinate. The sampling area for each TS
was about 0.5 ha. Samples were taken by increment bore or
by chainsaw (disks above root tension zone). On each TS at
least 10 samples were taken to ensure reliable statistics. So

(annual) lines; e, f—average annual cycle of temperature and SPEI,
respectively (averaged periods shown on panels). Notes 1. SPEIL
decrease means drought increase by definition. 2. Droughts occurs
during 1990, 1998, 2008 (see also Fig. 4)

the total sample set is 114 (94 living plus 20 dead)—24
removed = 90 plus 18 regeneration = 118. The latter was
defined as trees with height about % of the upper canopy.
Twenty-four living trees were removed from analysis
because they were invalid for cross-dating.

Forest inventory data were obtained on circular (ra-
dius = 9.8 m) test plots within each TS. The data included
a description of forest type and species composition, tree
heights and diameter at breast height (dbh), canopy closure,
trees and regeneration vigor, regeneration abundance and
composition, signs of insect attacks (insect and larvae
galleries within the bark and xylem) and fungi impacts, and
signs of wildfire impact (i.e., charcoal and fire scars on the
boles). Ground cover, soil type, depth to bedrock and relief
features (i.e., azimuth, slope steepness, elevation) were
described. For the Landsat digital analysis, trees were
divided into living, declining and dead groups. The cate-
gory “dying trees” included trees with crown density
decrease, needles discoloration (yellow, green—yellow or
gray) and progressive radial increment decrease. The cat-
egory “dead trees” included dead and severely damaged
trees (a partial loss of small branches and bark).
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Satellite scenes analysis

Landsat scenes, essentially cloud-free, were used for
mapping stand mortality dynamics within the study area.
Scenes (with pixel size 15-30 m) were acquired for the
summers of 1989, 2000, 2003, 2006-2010, 2012 with a
total of 23 images (obtained from glovis.usgs.gov). Landsat
data analysis was based on ground truth data from estab-
lished TS, QuickBird scenes (n = 3; pixel size was 0.6 m)
and expert knowledge. Maximum likelihood classification
techniques with thresholding were applied using ERDAS
Imagine software (geospatial.intergraph.com).

First, a mask of fir stands before mortality was generated
based on the Landsat scenes of 1989. For this purpose, 10
sample areas of dark needle stands (with about ~ 7600
pixels per sample area) were selected within the Landsat
scene. The generated mask was used for tracking temporal
fir mortality within dark needle stands only.

Second, dead stands (i.e., consist of >75% of dead trees)
were mapped. The other ten sample areas were used for
dead and declining stands (with about 105 pixels per
sample area), and three sample areas were taken for healthy
stands (with about 12840 pixels per sampled area). Two
statistics were calculated: First, the total dead stand’s area
for a given year and second, dead stands area increase (area
increment) for a given period.

Third, classification accuracy was estimated based on test
points with 728 points for dead stands and 285 test points for
healthy stands. All points were selected based on the
QuickBird scenes interpretation. Overall classification
accuracy was good (87%, Kappa-statistic was 0.71; Table s1).

GRACE gravimetric data was applied for detection of
soil water anomalies. We used monthly EWTA (Equivalent
of Water Thickness Anomalies) for the analysis. EWTA
were measured with accuracy 10-30 mm month ™' (Long
et al. 2014). GRACE spatial resolution was one by one
degree (~66 x 112 km at latitude 54°). These data have
been available since 2003 (www.grace.jpl.nasa.gov). The
satellite data were analyzed using ERDAS Imagine soft-
ware (www.geospatial.intergraph.com) and ESRI ArcGIS
software (www.esri.com). StatSoft Statistica (StatSoft Inc.
2013) was used for statistical analysis.

Geospatial analysis

Topographic analysis was based on the Deutsche Zentrum
fiir Luft- und Raumfahrt (DLR) SRTM-XSAR DEM with
absolute and relative horizontal accuracy of +20 and
+15 m, respectively, and with absolute and relative verti-
cal accuracy of £16 and £6 m, respectively (http://eoweb.
dIr.de:8080/index.html). The analyzed elevation range
interval was 50 m. Aspect, slope steepness and curvature
(i.e., convex/concave slope parameters) data were
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calculated from the DEM using ArcGIS tools. The aspect
data were quantized to eight directions (i.e., by 45° cor-
responding to north, northeast, east).

The distribution of topography features with a given
altitude, azimuth and slope steepness was uneven within
the study area and thus could lead to biased analysis. To
avoid this, the data were normalized by the following
procedure. The analyzed forested area (about 52,000 ha)
was stratified into intervals of azimuth (45°), slope steep-
ness (1°), curvature (0.5) and elevation (100 m) and related
to the total study area (which was about 108,400 ha and
included both, forested and non-forested areas) with similar
parameters:

Ke(i) = AFq4) /AT (2)

where the c(i) subscript represents the ith category of relief
feature ¢, AF,; is the area of the given on-ground class
within the ith category of the relief feature ¢, and AT, is
the area of the ith category of relief feature ¢ over the total
territory. The “normalized” results are presented in relative
units below.

Dendrochronology analysis

The surface of each tree disk or core sample was sanded and
treated with a contrast enhancing powder. The tree ring
widths (TRW) were measured with 0.01 mm precision using
a linear table instrument (LINTAB-III). The TSAP and
COFECHA computer programs were used in tree ring
analysis (Holmes 1983; Rinn 1996). Dates of tree mortality
were determined based on the master-chronology method
(Fritts 1991). A master chronology was constructed based on
70 living trees. This master chronology was used for cross-
dating dead trees. The mean coefficient of correlation
between individual tree ring series and master chronology
was 0.44. The mean sensitivity of individual series included
into master chronology was satisfactory (0.221). The final
dataset was divided into “surviving” (n = 70) and “dead”
(n = 20) groups. For both groups, standard and residual
chronologies were constructed. Standard chronologies were
indexed using ARSTAN software [i.e., double detrending to
remove long-term trends (Cook and Holmes 1986)]. The
resulting chronologies were a unitless index of radial tree
growth. Statistical analysis was carried out using Microsoft
Excel and StatSoft software (StatSoft Inc. 2013).

Results
Study site inventory data

Within the study area, mean fir tree height was about
15.0 m, mean dbh 19.0 cm, and mean age 110 years.
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Fig. 2 Dead stand area
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Crown closure of stands was about 70-80%. The rooting
depth of fir trees was about 20-60 cm. Ground cover was
mesophytic dominated by sedges. The soil type was
mountain sandy—clay rocky podzolized underlain by stony
clay at depths of 5-50 cm. There were no outward signs of
fires within the test sites, i.e., there were no charcoal or fire
scars visible on the boles.

Satellite-derived spatial and temporal patterns of fir
stand mortality

The total study area was about 108,400 ha, including
52,600 ha of fir stands (with 6500 ha of dead stands). The
Landsat analysis showed that the area of dead stands
increased since the year 2000 and reached the maximum
value in the year 2010 [i.e., 6500 ha, or 12% of total stand
area (Fig. 2a)]. Fir mortality (expressed as % of dead trees)
started on convex shaped ridge tops and steep south-facing
slopes (Figs. 2, 3). Initially the area covered by dead stands
was greatest at higher elevations and shifted with time to
lower elevations (about 720 m) and to gentle (5°-7°)
slopes (Figs. 2a, 3a). Stand mortality was uneven along the
elevational gradient with maximum mortality within the
500-700 m elevation belt, decreasing with an increase in
elevation (Fig. 2b). The mortality started on steep southern

slopes, increasing with an increase in slope steepness (with
saturation at about 20°). Stands with at least 50% mortality
were located within the slope range of 18°-25° (Fig. 3a, b).
The dead stands occupied steeper slopes almost within all
elevation ranges with the exception of 900-1100 m
(Fig. 3c). Mortality was also sensitive to terrain curvature,
increasing within convex relief features (Fig. 3d). With
respect to azimuth, the maximum area of dead stands was
located on southwest slopes, whereas total stands area
distribution was uniform (Fig. 2c, d).

Dendrochronology data

The tree ring width (TRW) trajectories of “survivors” and
“decliners” tree cohorts diverged after drought in 1990
(Fig. 4). The “decliners” cohort eventually died at the
beginning of the twenty-first century, whereas the “sur-
vivors” cohort showed a growth release. A similar event
(i.e., a growth depression with a following growth increase)
happened at the beginning of the twentieth century (Fig. 4).

Tree ring width and ecological variables

Correlation analysis showed that trees in both “survivors”
and “decliners” cohorts became sensitive to climate
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variables (i.e., a correlation becomes significant) since the
beginning of the 1980s (Fig. 4; Table s2). The TRW of the
“survivors” cohort showed positive correlations with
drought decrease (note that an SPEI increase means drought
decrease by definition), whereas negative correlations were
obtained with VPD and number of May-July days with
frosts (Fig. 5). Similarly, the tree ring width of the “de-
cliners” cohort was positively correlated with SPEI and
negatively correlated with a VPD, whereas no correlations
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were observed with frost days (Table s2). Since 1990, a
significant change in the SPEI annual pattern was observed:
an increase in drought during May and July (Fig. 1f). For
both cohorts correlation with summer temperatures and
precipitation were insignificant. The climatogram (Fig. le)
showed that temperature increases were mainly observed
during winter months. The time intervals (May—June, May—
August) were selected based on the criteria of maximum
correlation between TRW and climate variables. TRW
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correlated with soil water anomalies in June (Fig. 5b).
Notably, the highest correlations were found between TRW
and ecological variables of the previous year (Fig. 5a, b, c;
Table s2). Similarly, autocorrelation (i.e., correlation of
current year TRW with previous ones) reached maximal
values with the previous year TRW (Fig. s4). Thus, fir is
sensitive to anomalies in atmospheric humidity and soil
water content in both current and previous years.

Discussion
Fir mortality and relief features

The area of dead stands gradually increased after the
1990, 1998 and 2008 drought episodes (Figs. s3, 4), and
the increase was uneven with respect to elevation,
exposure, slope steepness and convexity (Figs. 2, 3).
There was a general trend of decreasing tree mortality
with an increase in elevation within the study area.
Maximum mortality was observed within the 500-700 m
elevation belt (Fig. 2b). That decrease in mortality could
be attributed to the elevational gradient of precipitation
and humidity, as well as a potential evapotranspiration
decrease at higher elevations. Meanwhile, locally within

Tree-ring width, relative units

that elevation belt, mortality started on hilltops with
convex shape and hills with steep south-facing slopes.
Over time, mortality shifted downward to gentle slopes.
Dead stands were found on steeper slopes, and the
mortality increased as steepness increased. The majority
of stand mortality was located on these steeper slopes
with approximately 20% higher solar radiation in com-
parison with the plains (i.e., an 18°-25° range). The
slope aspect and steepness effect on tree mortality were
also described in other papers (e.g., Stephenson 1990;
Lausch et al. 2013). However, in those studies there was
a lack of quantitative analysis between relief features
and mortality.

Thus, stand mortality was located mainly on terrain
features with maximal risk of water stress. In addition,
drought impact on trees was amplified by shallow well-
drained rocky soils, especially on steep convex slopes,
where bedrock was at about 10-25 cm depth.

Fir mortality and ecological variables
The forests within our study area location (i.e., within the
transition between “dark needle” taiga on the northeast and

forest-steppe on southwest) were found to be especially
sensitive to anomalies in atmospheric humidity and soil
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water content. Tree ring width positively correlated with
drought decrease and soil water content, and negatively
with vapor pressure deficit (VPD). The highest correlation
was found using climatic conditions of the previous year
(i.e., drought index, VPD soil water content; Table s2). A
positive correlation with soil water content in September of
the previous year (Fig. 5b) indicated the importance of soil
water captured in previous year autumn for tree growth in
the current year. That should be of special importance for
the water-stress risk areas (steep slopes of southward
exposure; Fig. 2) because snowmelt water mainly runs off
over the still frozen root zone. Autocorrelation also showed
a high impact (r = 0.8) of the previous year into the cur-
rent year (Fig. s4).

The impact of the previous year growth conditions on
tree ring formation is known although commonly the main
input is attributed to current year variables. For example,
according to Kagawa et al. (2006), xylem formation of
Larix gmelinii was approximately 43% dependent on the
previous year’s photoassimilates. These observations agree
with our data, but differ in the effect, i.e., higher effect of
the previous year’s input in comparison with the current
one. That effect may be attributed to the drought-induced
trees becoming susceptible to biotic impacts. Thus, bark
beetles and fungi impacts on the drought-weakened trees
may lead to a decrease in the current year growth incre-
ment. Negative impacts of late spring frosts on the TRW
(Fig. 5d) might be attributed to the known fir sensitivity to
frosts that kill “flushed” apical shoots.

“Survivors” and “decliners” cohorts response to cli-
mate variables was similar before the droughts at the end of
the twentieth century. After these droughts, “decliners”
showed a negative trend of TRW growth and ultimately
died (Fig. 4). For both groups, the period of greatest sen-
sitivity of TRW to climate variables was observed since the
end of the 1980s (Fig. s4). This was at the beginning of
noticeable climate changes in general (Stocker et al. 2013)
and drought increase within the study site in particular
(Fig. 11).

The regeneration survived drought and showed a growth
release after upper canopy mortality (Fig. 4). A similar
phenomenon has also been described in other works. For
example, spruce (Picea ajansis) and fir (Abies nephrolepis)
mortality in Russian Far East, as well as Siberian pine
mortality in southern Siberia, was observed for mainly
mature stands, whereas the regeneration survived (Man’ko
et al. 1998; Kharuk et al. 2013b). The possible causes were
a decrease in water stress due to canopy shading and lower
regeneration leaf area index (LAI) in comparison with
mature trees (Rautiainen et al. 2012).

The reason for fir drought-sensitivity (as well as that of
Siberian pine and spruce) is a high LAI, a major determi-
nant of water balance. For example, mixed fir, Siberian
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pine and spruce stands had LAI up to 7-8, whereas LAI of
drought-tolerant Scotch pine stands is about 3—4 (Utkin
1975, re-calculated data). Due to its high LAI, fir does not
tolerate low relative humidity, especially in spring. This
agrees with high TRW correlation with vapor pressure
deficit in May—June, when probability of drought is high
(Fig. 5). SPEI data also showed a May drought increase
during recent decades (Fig. 1f). Spring—early summer
droughts (accompanied by high solar radiation) occurred
when the rooting zone is still frozen and leads to needle
desiccation and chlorosis (typically on the sun-facing part
of the crown). In years of extreme atmospheric droughts in
spring fir stands partly turned red on vast territories (up-
wards of hundreds of thousands of ha). Sites with thick
moss and lichen ground cover experienced more damage
due to decrease in soil insolation and, consequently, delay
of root zone thawing.

The dendrochronology record indicated similar drought-
induced fir mortality at the beginning of the twentieth
century, when fir experienced lower annual TRW growth
followed by a large growth increase (Fig. 4). The latter was
similar to the recorded fir regeneration growth after the
droughts at the end of the twentieth century (Fig. 4). The
growth depression at the beginning of the twentieth century
coincided with air temperature and precipitation anomalies
(Fig. 1) revealed in the historical records of severe drought
in 1912-1914 (Kirillov and Shherbakov 1961). The sur-
viving regeneration formed stands, which experienced
drought impacts at the end of the twentieth century. Cur-
rently regeneration is forming fir stands with life
expectancies until the next drought. However, according to
climate scenarios (Stocker et al. 2013) aridity increase in
combination with catastrophic droughts is expected to be
more frequent in the future, which may lead to elimination
of Abies sibirica from part of its current range and its
substitution by more tolerant species (e.g., Larix sibirica,
Pinus sylvestris). A similar process is expected for Siberian
pine (Kharuk et al. accepted) and Picea abies on the
western part of the “dark needle conifer” range, for
example, in Belarus forests (Kharuk et al. 2015a).

Fir mortality and biotic impacts

It is known that drought-weakened trees are the targets for
insect and fungal attacks (e.g., Fettig et al. 2013). Fir
mortality, as mentioned above, was located mainly on
terrain with maximal water-stress risk. Declining and dead
trees also exhibited signs of bark-beetle (Monochamus
urussovi Fisch) attacks and larvae galleries within the bark
and xylem, as well as fungal (Heterobasidion annosum)
impacts. Thus, it appears likely that drought-stressed trees
became susceptible to biotic impacts in subsequent years.
Also, post-drought TRW decreases and mortality area
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increases (Figs. 3a, 4) indicate possible post-drought biotic
impacts. Similarly, drought-induced spruce (Picea obo-
vata) mortality in Belarus was accompanied by a bark-
beetle outbreak and root fungi impacts (Sazonov et al.
2013). Thus, fungi and insect attacks seem to be covarying
factors explaining fir mortality in Siberia, whereas
increasing drought points toward water stress are the pri-
mary cause of decline.

The latter agrees with the current concept of multiple
mechanisms of drought-induced mortality (i.e., hydraulic
failure, xylem embolism, insect, fungi and bacterial
attacks) (McDowell 2011; Choat et al. 2012; Anderegg
et al. 2013; Fettig et al. 2013).

In general, “dark needle conifer” (Abies sibirica, Pinus
sibirica and Picea obovata) mortality in Siberia was
mainly observed within the margins of the DNC range, i.e.,
within the DNC-hardwoods and DNC-steppe ecotones.
Within the interior regions of the DNC range, mortality
was located on the relief features with maximum water
stress where “diffuse-type” mortality (i.e., scattered indi-
vidual trees or tree clusters) occurred. Under future climate
scenarios (Hijioka et al. 2014), fir (and Siberian pine) is at
risk to be eliminated from portions of their present area and
to be substituted by drought-tolerant species (e.g., Pinus
sylvestris, Larix sibirica).

The fir mortality in Siberia considered here is part of
broader phenomenon of “dark needle conifer” decline and
mortality in the European and Asian parts of Russia
(Man’ko et al. 1998; Chuprov 2008; Zamolodchikov 2012;
Sazonov et al. 2013). Notably, all reported areas of DNC
mortality in Russia coincided with observed drought epi-
sodes or drought index increase. Along with fir, Siberian
pine mortality was documented within the southern part of
its range (Kharuk et al. 2013b, 2015b). Scenarios of climate
changes project further increases in frequency and severity
of droughts in some forested areas (e.g., Sterl et al. 2008;
Anderegg et al. 2013; Stocker et al. 2013). This may lead to
increases in DNC stress and mortality in synergy with
projected increases in climate-related impacts from insects
(Lloyd and Bunn 2007). On the other hand, climate
warming opens opportunities for DNC migration north-
ward into the larch-dominated regions and into alpine
tundra (Kharuk et al. 2006, 2010).

Conclusion

Recent fir decline and mortality in southern Siberian
Mountains are caused primary by water-stress increase and
periodic drought episodes. Drought-weakened trees
become more sensitive to bark beetles and fungi attacks;
thus, the synergy of water-stress and biotic impact leads to
stand mortality. We found that previous year ecological

variables (SPEI, VPD, soil water anomalies) have a sig-
nificant impact on the current tree ring growth. At geo-
graphical scale, fir mortality occurred within the transition
zone between fir-dominant stands and forest-steppe. In a
future climate with increased aridity and drought frequency
fir (and Siberian pine) as a highly drought-sensitive species
may be partly eliminated from its current range and sub-
stituted by drought-tolerant species (such as Pinus sylves-
tris and Larix sibirica).
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