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Abstract: “Warming hiatus” occurred in the Altay-
Sayan Mountain Region, Siberia in ¢. 1997—2014. We
analyzed evergreen conifer (EGC) stands area
(satellite data) and trees (Siberian pine, Pinus sibirica
Du Tour, Siberian fir, Abies sibirica Ledeb.) growth
increment (dendrochronology data) response to
climate variables before and during the hiatus. During
the hiatus, EGC area increased in the highlands
(>1000 m) (+30%), whereas at low and middle
elevations (<1000 m. a.s.l.) the EGC area decreased
(-7%). The EGC area increase was observed on the
rain-ward northwest slopes mainly. In highlands,
EGC area increase mainly correlated with summer air
temperature, whereas at low and middle elevations
EGC area decrease correlated with drought index
SPEI and vapor pressure deficit (VPD). EGC mortality
(fir and Siberian pine) in lowland was caused by the
synergy of water stress (inciting factor) and bark-
beetle attacks (contributing factor). Tree growth
increment (GI) dynamics differs with respect to
elevation. At high elevation (1700 m) GI permanently
increased since warming onset, whereas at the middle
(900 m) and low elevations (450 m) GI increased
until ¢. 1983 yr. with followed depression. That GI
“breakpoint” occurred about a decade before hiatus
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onset. In spite of growth depression, during hiatus GI
was higher than that in pre-warming period. At high
elevation, GI positively responded to elevated June
temperatures and negatively to moisture increase
(precipitation, root zone moisture content, VPD, and
SPEI). At low elevation GI negatively responded to
June temperatures and positively to moisture increase.
For both, low and high elevation, these patterns
persisted throughout the study period (1967-2014).
On the contrary, at middle elevations GI dependence
on climate variables switch after breakpoint year
(1983). Before breakpoint, June air temperature
(positive correlation) and moisture (negative
correlations) controlled GI. Further temperature
increase leads GI depression and switched correlation
signs to opposite (from positive to negative with
temperature, and from negative to positive with
moisture variables).

Keywords: Growth increment; Warming hiatus;
Warming impact; Conifer decline; Tree growth; Tree
mortality; Conifer mortality; Water stress

Introduction

The effect of climate change on coniferous
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forests, both positive and negative, was observed
throughout the boreal zone (e.g., Andregg et al.
2013; Allen et al. 2015). Deterioration of spruce
(Picea ajansis) and fir (Abies nephrolepis)
conditions were noticed in habitats of the Far East
(Man’ko et al. 1998), Abies sibirica and Pinus
sibirica in Baikal region and the Eastern Sayan and
the Kuznetsk Alatau Mountains (Kharuk 2013a,
2017b,c).

Mortality of spruce (Picea abies) in the
European part of Russia, in forests of eastern and
Western Europe is associated with the
deterioration of water condition (Chuprov 2008;
Sarnatczkii 2012; Haynes et al. 2014; Kharuk et al.
2015). Along with moisture-sensitive spruce,
mortality of relatively drought tolerant Pinus
sylvestris L. was observed in the forest-steppe zone
of Ukraine and Belarus (Luferov and Kovalishin
2017). Extensive conifers mortality has been
reported in the forests of USA and Canada (Millar
and Stephenson 2015; Kolb et al. 2016; Hogg et al.
2017). Alongside conifers, deciduous (Populus
tremuloides, Betula pendula) also suffer from
increased drought (Michaelian et al. 2011; Kharuk
et al. 2013b).

Besides climatic impact, forest mortality is also
caused by the mass attacks of insects — bark beetles,
xylophages, needle-eating pests (Allen et al. 2010,
2015; Kharuk et al. 2017b,c). In particular, climate
changes favored Siberian silkmoth (Dendrolimus
sibiricus Tschetv.) northward migration (Kharuk et
al. 2017d). Currently, one of the main factors of
forests degradation are earlier “doze off” species,
such as Polygraphus proximus Blandf. that have
led to the mass mortality of Abies sibirica in
Siberia (Krivets et al. 2015; Kharuk et al. 2017b). In
the North American forests, the synergy of water
stress and insects resulted in tree mortality at an
area measuring 25 million ha (Coleman et al. 2014;
Millar and Stephenson 2015).

Alongside negative impacts, climate change
led to the upward and northward treeline shifts
(Devi et al. 2008; Kharuk et al. 2010, 2017a; Petrov
et al. 2015). Warming promotes “dark needle
conifer” (Abies sibirica, Pinus sibirica, Picea
obovata) migration into the zone of larch
dominance (Kharuk et al. 2005), and evergreen
conifers (EGC) density increase in some ecoregions
(He et al. 2017). These positive impacts mainly
referred to “accelerating warming” period (c. 1970th
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— the end of 1990t). Meanwhile, controversial data
are reported for the followed “hiatus” period, i.e.
warming anomaly observed in 1998-2013, when
air warming rate fell below long-term average
warming rate (Hartmann et al. 2013; Medhaug et al.
2017).

This study aims to analyze the EGC (mainly
Abies sibirica L. and Pinus sibirica Du Tour) area
dynamics in different elevational belts of the Altay-
Sayan region (ASR) during warming hiatus. ASR,
which includes the most part of the Altai-Sayan
highland, is a priority ecoregion in the Asian
continent (Figure 1). The mountainous terrain of
ASR shapes considerable eco-climatic gradients by
which mountain forests became a sensitive
indicator of climate changes. These forests should
experience  noticeable  distributional and
compositional dynamics driven by changes in air
temperature, water regime, and growing season
length.

We hypothesized different EGC response to
warming in different elevation belts with the
modification effect of relief features. We are
seeking the answers to the following questions: (a)
What is the dynamics of EGC area in different
elevation belts? (b) How do relief features
(exposure, slope steepness) modify EGC area
dynamics? (¢) How do the EGC area and tree
growth index respond to the climatic variables
before and during hiatus?

1 Materials and Methods

1.1 Study area

The Altai-Sayan Region (ASR; Figure 1) has a
total area of ~85 million hectares. The forested
area is about 39 million ha, including ~7.7 million
ha of evergreen conifers (MODIS satellite-derived
estimates). Mountain relief prevails on the territory
with the absolute height up to 4330 m a.s.l. The
main types of forests are Siberian pine and fir
(Pinus sibirica, Abies sibirica), fir and spruce
(Abies sibirica, Picea obovata), pine (Pinus
sylvestris) and larch (Larix sibirica) stands.

The climate is sharply continental with cold
winters and cool summers. The average
temperatures are -15°C -18°C in January,
+10°C ... +14°C in July (in the foothills around
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Figure 1 Sketch-map of the Altay-Sayan Region (ASR). Positive (I) and negative (II) trends in EGC areas are
indicated by red and yellow, respectively. 1, 2, 3 — test sites within low (450 m a.s.l.), middle (900 m a.s.l.), and high

(1700 m a.s.l.) elevations. H — elevation above sea level (m).

+19°C ... +20°C). The amount of precipitation on
the windward slopes reaches 1200-2500 mm. The
averages (2000—2017) for the region temperature
and rainfall were -2°C (summer +15°C, winter
-21°C) and 495 mm (summer — 215 mm, winter —
50 mm), respectively.

1.2 Materials

The dynamics of the EGC area was analyzed
using MODIS products (on ground resolution
500m, period of 2001-2013; product MCD12Q1:
https://Ipdaac.usgs.gov/dataset_discovery/modis/
modis_products_table/mcdi2q1; Friedl et al.
2010). The burned areas were excluded from the
analysis with the available MCD64A1 data
(http://modis-fire.umd.edu). DEM GMTED2010
with on-ground resolution 250 m and elevation
error 28 m (https://lta.cr.usgs.gov/GMTED2010)
was used for geospatial analysis.

Dependences of EGC area and growth
increment (GI) were analyzed with the main eco-
climatic variables: air temperature, precipitation,
vapor pressure deficit (VPD), drought index SPEI,
root zone moisture content (RZMC), sum of active
temperatures (t = +5°C), and growth period length
(the number of days with t > +5°C). According to
Rossi et al. (2008), in cold regions conifer
cambium activity starts at temperatures of about of
+4°C...+6°C. Temperature and precipitation data
were drawn from theCRU TS 4.01dataset
(https://crudata.uea.ac.uk/cru/data/hrg;  Harris
and Jones 2017). The values of SPEI drought index
were taken on the website http://spei.csic.es
(spatial resolution 0.5° x 0.5°). SPEI is determined
by the difference between precipitation and
potential evapotranspiration (Vicente-Serrano et al.
2010). The vapor pressure deficit (VPD) was
calculated based on CRU TS4.01 data using
equations described in https://crudata.uea.ac.uk/

2581



J. Mt. Sci. (2018) 15(12): 2579-2589

~timm/grid/index-fag.html. ~The root zone
moisture content and the number of days with the
specified temperature were calculated with
MERRA2 data (0.5° x 0.625° resolution,
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2;
Gelaro et al. 2017). The wood samples for
dendrochronological analysis were taken using
the increment borer at "breast height" level (1.3 m)
during field studies in 2014—2016.

1.3 Methods

To assess the area maps of EGC density trends
we used MCD12Q1 maps (the differences between
the average values in 2011—2013 and 2001-2003).
In the specified maps, according to IGBP
classification, lands dominated by woody
vegetation with a percent cover > 60% are
referred to evergreen forests. Along with absolute,
the normalized areas A; were assumed as the ratio
of an absolute area B; to C; area of i-elements of
relief (Kharuk et al. 2010). The analysis algorithm
included the following stages. (1) Creation of a
burned area mask based on MCD64A1 data. (2)
Filtration of burned areas. (3) Cuttinga
selected fragment of the territory and transforming
it into Albers equal-area projection. (4) Formation
of binary layers (EGC and background). (5)
Assessment of maps for the initial (2001—2003)
and final (2011—2013) periods assuming that EGC
pixel is registered on the maps for the initial and
final periods only if it was observed simultaneously
on all images of the considered period. (6)
Assessment of changes in EGC areas between the
initial and final periods. (7) Calculation of area
changes distribution for the relief features
(elevation, exposure, slope steepness). (8)
Calculation of EGC stands spatial density for each
year using the method of focal statistics with
averaging within a sliding window of 5 pixels. (9)
Generation of a multilayer composite covering the
entire analyzed period. (10) Calculation of linear
trends for each pixel. The raster of trend lines slope
coefficients, the significance levels of trends and
the Pearson correlation coefficient were calculated.
(11) Calculation of areas with statistically
significant (p < 0.05) trends of EGC density. (12)
Calculation of zones with statistically significant (p
< 0.05) trends in climate variables. (13) Calculation
of trends distribution for the relief features. The
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algorithm is implemented using ESRI ArcGIS and
Python script.

The dendrochronological analysis was carried
out on the selected Pinus sibirica trees (at
elevations of 1700 m and 900 m a.s.l., N = 28 and
N = 16, respectively), and Abies sibirica trees
(elevation 450 m a.sl, N = 123). LINTAB 3
platform with precision 0.01 mm was used to
measure wood cores (Rinn 1996). As a result,
absolute  individual tree-ring chronologies  (in
millimeters) were obtained. TSAP and COFECHA
were used to assess the quality of crossdating and
measurement accuracy (Holmes 1983). To
eliminate the age trend, we applied the
standardization procedure that converts the time
series of the annual rings width to the time series of
unitless indices with a defined mean of 1.0 and a
relatively constant variance (Speer 2010).

2 Results

2.1 Climate variables dynamics

Climate variables strongly depend on the
elevation gradient (Figure 2). Air temperature,
length of growth season (the number of days with
t>5°C) and RZMC decreasing with elevation
increase; precipitation reaches its maximum at
about 1200-1300 m a.s.l. with minimal values at
low and high elevations. VPD has maximal values
at low elevations (100-500 m a.s.l.; Figure 2).

At both, low and high elevations, “warming
hiatus” was observed from 1997 till c. 2014.
(Figures 3a, g). At high elevation, summer
temperature during hiatus increased about +1.0°C
in comparison with the “pre-warming” period
(Figure 3g), besides there was found a 3-days
increase in the length of the growing season
(Figure 21). At high elevations, minimal values
trend followed precipitation increase in 1970th—
8oth. Precipitation trends were not observed at low
elevations (Figure 3b).

2.2 Temporal and spatial dynamics of EGC
area in Altai-Sayan Region (ASR)

During warming hiatus, the area of EGC
increased by ~20%, nevertheless there was
multidirectional dynamics along an elevation
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Figure 2 Distribution of eco-climatic variables across an elevation gradient (mean summer values for 2001-2013).
(a) Temperature, (b) precipitation, (c¢) growth season (N days with ¢ > 5°C), (d) RZMC (root zone moisture content).

Standard deviation indicated by grey.

gradient: at low and middle elevations (<1000 m
a.s.l.) the area of EGC decreased (-7%), while in the
highlands it increased (+30%; Figure 4a). Negative
and positive EGC trends covered 8% and 17% of the
total area of EGC, respectively (Figure 1).

The main changes of EGC area observed along
an elevation gradient (Figure 4) with the modified
impact of exposure and slope steepness (Figure 5).
Along an elevation gradient, EGC area changes (AS)
switched from minus to plus at about 800 m a.s.l.
(Figure 4a). Maximums of AS decrease and
increase observed at 650 and 1450 m a.s.l,
respectively. There are similarities in distributions
of EGC area trends and drought index SPEI trends.
Thus, forest mortality observed mainly within
negative SPEI areas, whereas the EGC area
increase corresponded to positive SPEI trends
(Figure 4b). Similarly, within high VPD values
(approx. <1000 m) mortality prevailed, whereas
the zone of low VPD coincided with EGC area
increase (Figure 4c¢).

As for slope steepness, maximal EGC area

increase was observed at slopes with about 10°,
whereas there was a relative increase (in
percentage points) with slope steepness increase
(Figure 5a). As for exposure, EGC area decreased
on the western slopes and increased on the
northern ones (Figure 5b,c).

EGC area changes in lowlands correlated with
mean summer temperature (r = 0.64+0.06; p <
0.05) and SPEI (r=-0.64£0.07; p < 0.05). In
highlands EGC area correlated with total summer
precipitation (r = 0.67+£0.08; p <0.05) and mean
summer SPEI (r = 0.64+0.07; p < 0.05).

2.3 Dendrochronology data

Growth index analysis revealed different GI
dynamics along an elevation gradient. In highlands,
GI permanently increased since 1960t, whereas at
middle and low elevations GI increased until 1983
(“breakpoint”) followed by growth depression
(Figure 6 a-c).
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Figure 3 Dynamics of eco-climatic variables within the ASR for low (<1000, left columns) and high elevations
(>1000 m, right columns). (a, g) — summer temperature anomaly (base period 1950—2016), (b, h) — precipitation
anomaly, (c, i) — VPD, (d, j) — SPEI, (e, k) — RZMC (root zone moisture content), (f, 1) — number of days with t > +5°C
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At low elevations, fir GI responded negatively
to June temperature and VPD increases and
positively to SPEI increase (Figure 7, Appendix 1).
At middle elevation, Siberian pine GI response to
climate variables switched at the breakpoint. Thus,
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positive correlations with air temperature and VPD
and negative with precipitation and SPEI switch to
the opposite sign (Figure 7, Appendix 2).

At high elevations, GI positively correlated
with air temperature and VPD and negatively with
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precipitation  (Figure 7ab; Appendix 3).
Correlations with root zone moisture content
(RZMC) were negative at high elevation and
positive at middle one (Figure 7b).

3 Discussion

In warming hiatus (1998—2013), in ASR (both
at lowlands and highlands), there was no
significant increase in air temperature and
precipitation; moreover, there was a decrease in
the sum of active temperatures (Figure 3l).
Nevertheless, EGC area in the highlands increased
(+30%), whereas in the lowlands (<1000 m a.s.l.)
area decreased (-7%).

That EGC area increase could be attributed to
the higher air temperature (+1.0°C) during hiatus
than in the pre-warming period (1950-1970).
Moreover, growing season length also increased
(+3 days). Thus, during hiatus EGC stand’s area in
highlands was increasing due to improved thermal
conditions on the background of sufficient
precipitation. Similarly, He et al. (2017) found
that evergreen conifer forest expansion in Western
Siberia continued during warming hiatus. EGC

area increase attributed mainly to the growth of
pre-existing small trees and seedlings because
observations period (17 yr.) is too short for area
expansion due to new trees establishment. For
example, regeneration line upward shift estimated
as 0.35—-0.8 m/yr. (Kharuk et al. 2010, 2017a), or
about 10—-15 m for the observation period; that
difference is hardly detectable by MODIS sensor.
Tree growth index in highlands also
permanently increased since warming onset and
during hiatus, whereas in lowlands initial GI
positive response to warming switched to GI
depression with a breakpoint in 1983 yr., more
than a decade before hiatus onset (1997). Growth
depression was caused by water stress via elevating
air temperature. Meanwhile, highlands remained
the zone of excessive moistening, which indicated
negative correlations of GI with precipitation and
root zone moisture content (and positive with VPD).
At low and middle elevations (<1000 m), on the
contrary, hiatus coincided with EGC area decrease
(fir and Siberian pine stands areas; Kharuk et al.
2017b,c). These areas mainly refer to the zones of
decreased moistening (as indicated by SPEI and
VPD values; Figure 3¢, d). Periods of EGC area
decrease and GI depression coincided (Figure 6a, b).
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Similarly, observations in Southern Tibet,
China showed that while Abies georgei population
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is expanding and upper limit of this species has
advanced upslope, the lowest limit has retreated
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2013) GI breakpoint for low (450 m), middle (900), and high (1700) elevation. Variables: June temperature, May-
August precipitation, June-August VPD (vapor pressure deficit), May-August SPEI, July-August RZMC (root zone
moisture content). Dashed lines indicate correlation with p = 0.05.

upslope (Wong et al. 2013; Shen et al. 2016).

At the middle elevations, the “growth
limitation switch” was observed in the mid of
1980th, when temperature limitation switched to
moisture limitation. Thus, since warming onset GI
correlated positively with air temperature and
negatively with precipitation, whereas during
growth depression sign of these correlations
switched. Similar switch (from temperature to
moisture limitation) was described for Pinus mugo
at high Alps (Churakova et al. 2016).

Notably, GI patterns at low and middle
elevations are typical for water-stressed declining
stands and may precede stands mortality (Cailleret
et al. 2017). Within study area taiga mortality
(mainly Siberian pine and fir; Appendixes 4, 5) was
caused by water stress in synergy with bark-beetles
attacks (Kharuk et al. 2016). Earlier Siberian pine
and fir decline and mortality described within
middle (500—900 m a.s.l.) elevations in the ASR
north (Kuznetsk Alatau and East Sayan Mountains;
Kharuk et al. 2013a, 2017b). As for fir mortality,
the most hazardous pest is Polygraphus proximus,
the bark-beetle that was not observed before
warming (Krivecz et al. 2015). Similarly, increased
water deficit together with pest attacks caused
Douglas fir growth decrease in western US forests
(Restaino et al. 2016).

Projected air temperature increase (IPCC 2014)

will lead further fir and Siberian pine area
reduction in the lowlands, and area increase the
highlands, as well as trees migration into alpine
tundra. Moreover, warming will also adversely
affect wildfire regime; thus, both fire frequency and
burned area in Siberia increased in recent decades
(Kharuk and Ponomarev 2017e). An additional
factor of tree mortality is an activation of primary
pests such as Siberian silkmoth (Dendrolimus
sibiricus), which extended its range northward and
caused huge forest decline and mortality (on about
800 thousand ha) in mid-taiga zone (Kharuk et al.
2017d).

4 Conclusions

Warming hiatus in ASR caused a general
increase in the EGC area (+20% mean). However,
at lowlands (<1000 ma.s.]l.) EGC area decreased
(-7%) with significant (+30%) increase at high
elevations (>1000 m). EGC area increase were
mainly observed on the rain-ward northwest slopes.
EGC area increase in highlands correlated with air
temperature mainly, whereas EGC area decreases
in lowlands correlated with drought index SPEI
and VPD.

Tree mortality in lowlands was caused by
increased water stress via elevated temperature in
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synergy with bark-beetles attacks.

Tree GI dynamics was determined by water
regime. Within the zone of sufficient precipitation
(highlands) GI demonstrates permanent increase
since warming onset, whereas at low and middle
elevation initial positive GI response to elevating
temperature switched to growth depression (with a
breakpoint at 1983 yr.). At the middle elevations,
“GI - climate variables” correlations changed signs
after breakpoint (from plus to minus with
temperature and VPD, and from minus to plus with
precipitation and SPEI).
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