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Abstract

Background: Forest area, stand quality and growth of Siberian larch in Mongolia have decreased significantly over
recent decades. This forest decline is frequently attributed to factors such as unregulated logging, increased
ecological disturbances (primarily fire) and climate change. In this study, we analyzed climate-growth response and
pointer years for Siberian larch observed in the Altansumber forest research area in the Mongolian mountain forest
steppe zone. We compare our results with previously published results of white birch from the same area.

Methods: We built a reference chronology from wood core samples taken from 30 trees in three neighboring larch
stands. Climate-growth relationships were analyzed monthly and seasonally over the period 1962–2009 using
climate data from the Eroo weather station. Pointer year analysis covered the same time frame.

Results: Our analysis of the larch chronology showed that precipitation during autumn of the previous year and
directly before the growing season of the current year was the most decisive factor determining tree-ring growth.
Regional pointer year analysis further indicated that a humid summer and autumn followed by a warm spring
support current-year tree-ring growth in these larch stands. Our findings were comparable to a white birch study in
the same area. The larch trees, however, showed stronger growth performance and were more tolerant of higher
temperatures, notably in spring during peak fire season.

Conclusions: Water availability is the decisive factor for larch growth in the mountain forest steppe zone. The
chronologies showed no climatic indication of insect infestations. Differences in climate-growth relationships of
birch and larch trees during peak fire season may to some degree be explained by their respective means of
protecting themselves against low-intensity surface fires (e.g. thick bark of larch). These fire events occur regularly in
the region and are influenced by climatic factors. Our analysis and comparison of climate tree-growth relationships
may be valuable for developing climate- and disturbance-resilient forestry practices in Mongolian mountain forest
ecosystems.
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Background
The genus Larix Mill. is widely distributed over the boreal
forest biome of the Northern hemisphere. It dominates
the Eurasian light taiga forests, especially in Eastern
Siberia and Northern Mongolia (Martinsson and Lesinski
2007; Dorjsuren 2014). Larch is shade intolerant and typ-
ically grows in clay soils with relatively high pH levels and
limestone content (Martinsson and Lesinski 2007;
Kraznoshekov 2013; Tikhonova et al. 2014). Larch is able
to survive in regions characterized by extreme cold tem-
peratures (Antropov et al. 2013). Climate conditions char-
acterized by rapid seasonal transition from cold winters to
spring combined with sufficient monthly soil moisture
levels and short but intensely warm summers are consid-
ered favorable for Siberian larch (Larix sibirica Ledeb.)
(Martinsson and Lesinski 2007).
Siberian larch is one of the prevailing wood species in

forests of the distinctive mountain forest steppe in
Northern Mongolian, a transition zone between the
northern boreal forest of the Siberian taiga to the dry
steppes of Inner Asia (Mühlenberg et al. 2012). Sun ex-
posure and other microclimatic conditions combined
with the prevailing disturbance regime, which is fire
(MET 2016), are decisive factors for site-specific vegeta-
tion: the northern slopes are largely forested, whereas
the southern slopes are dominated by steppe vegetation.
Certain landscape features can either soften or pro-
nounce the local effects of climatic factors on vegetation.
Landscape features in connection with vegetation and
ground cover also play an important role in the protec-
tion of discontinuous permafrost and water runoff
(Swanson 1996; Kopp et al. 2014, 2016).
It is well-established that the Earth's climate is cur-

rently changing (IPCC 2013). The effects of climate
change in Mongolia have been particularly severe where
rising average temperatures are among the highest in the
world (Oyuntuya et al. 2015). The pronounced effects of
ongoing and projected climatic changes have drawn at-
tention to the vulnerability of boreal and temperate for-
est ecosystems throughout Eurasia (Lindner et al. 2010;
Cui et al. 2016). Moreover, numerous natural forest sites
in Northern Mongolia have degraded over past decades
and the overall forest area has decreased (Hansen et al.
2013; Khishigjargal et al. 2014). In addition to increasing
anthropogenic pressures such as logging and livestock
breeding, global climate change is expected to influence
the future distribution, composition and structure of for-
ests in Mongolia, and have an impact on larch forests in
particular (Dulamsuren et al. 2011; Natsagdorj 2014).
According to the National Forest Inventory, larch and
birch forests together represent more than 70% of the
total forest land area in Northern Mongolia (MET
2016). Siberian larch represents Mongolia's most import-
ant commercial tree species and projections of increasing
disturbance frequency, such as recently observed forest
fires and insect outbreaks, raise important concerns
(Dulamsuren et al. 2010a, 2014; Khishigjargal et al. 2014).
The disturbance-prone mountain forest steppe zone

represents the southern distribution border for Siberian
larch in Mongolia, where it is often associated with
white birch (Betula platyphylla Sukaczev). In recently
disturbed forest sites, birch and larch can be found
growing within the same valley as pure, single-species
stands, or as mixed-species stands. In regions of the
Selenge Aimag in Northern Mongolia, logging activity
and high intensity fires caused larch forest area as pure
or mixed-species to decrease, while increasing birch for-
est area (Gradel et al. 2010). Larch forest degradation in
the mountain forest steppe has been the subject of consid-
erable research (Dulamsuren 2010a, 2010b; Dulamsuren
et al. 2011; Kishigjargal et al. 2014). To our knowledge, no
study has yet compared how Siberian larch and white
birch are influenced by climatic factors. Studies on pine
(Pinus sylvestris L.) (Haensch 2015) and birch (Gradel
et al. 2017) from the western Khentey Mountains indicate
that there could be differences between larch and birch,
especially during spring at the peak of the fire season in
Mongolia. Larch and birch vary in their ability to survive
and regenerate following fires. As is the case with Scots
pine, larch tends to have thicker bark providing protection
from fire damage (Martinsson and Lesinski 2007). Con-
versely, birch is more prone to fire damage because of
thinner bark, but is able to regenerate vegetatively after se-
vere large-scale disturbances including fires (Rydberg
2000; Johansson 2008). Our general objectives in this
study were: (i) to describe and understand specific re-
sponses of Siberian larch to climatic factors observed in
the Mongolian mountain forest steppe zone, and (ii) to
compare our results with those recently obtained for white
birch observed in the same area using the same method-
ology (Gradel et al. 2017). Building on previous studies on
larch, pine and birch in the Selenge Aimag of Mongolia
(Dulamsuren et al. 2011; Haensch 2015; Gradel et al.
2015a; Gradel et al. 2017), we hypothesize that larch
growth depends largely on sufficient levels of rainfall spe-
cifically in late summer and autumn of the previous year,
and that temperature-growth relationships for the two
species will differ during the peak fire season in spring.

Methods
Study area
We conducted our study in Altansumber (49°29′07.29′′
N; 105°31′30.36′′E) located in the province of Selenge
Aimag in Northern Mongolia (Fig. 1). Situated at an ele-
vation between 900 and 1200 m above sea level, the area
is a prime example of the Mongolian mountain forest
steppe zone. Forests consist of secondary growth stands
dominated either by Siberian larch or white birch on



Fig. 1 a The larch stands (LI, LII, LIII) and birch stands (BI, BII, BIII) located in b) Altansumber in the Selenge Aimag in c) Northern Mongolia. (Maps:
Institute of Geography-Geoecology, MAS, Ulaanbaatar and Czech-Mongolian Forest Project 2015–2017). Map elevations are in metres
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north and northwest-facing slopes. Soils below larch
stands in Altansumber are heavy with calcium content
and with permafrost below a depth of one meter
(Khutakova et al. 2016). Most stands in the study area
have been affected by fire and small-scale logging activities
(Gradel et al. 2015b). The area is inhabited by traditional
nomads, whose livelihoods depend on raising livestock
and small-scale agriculture. For our research, we sampled
trees located in stands composed of 85%-100% larch. We
established three plots within each stand in compliance
with design guidelines for taiga forests (Gadow and Hui
2007). At each plot, we measured the dbh (diameter out-
side bark at breast height) and position of each tree above
a minimum size of 7 cm dbh and assessed visible signs of
impacts by earlier disturbances such as fires (e.g. black-
ened trunks) and logging (stumps). Signs of prior fires
were found on all plots (Table 1).
Records for 1961–2009 from the Eroo climate station
(49°48′N, 106°42′E, ca. 900 m. a.s.l.) show that mean an-
nual temperature was –1.8°C with mean monthly tem-
peratures of –27.1°C and 18.8°C for January and July,
respectively. Mean annual precipitation was 278 mm,
92% of which fell almost exclusively as rain from April
through September. For our analysis, we used the mean
monthly temperature and monthly total precipitation.

Development of the larch tree-ring chronology
We extracted and prepared about 50 radius core samples
from the three larch stands following standard dendro-
chronological techniques (Stokes and Smiley 1996).
Cores were extracted with an increment borer of 5 mm
in diameter at a height of 1 m above the ground, accord-
ing to Dulamsuren et al. (2011). Cores from young trees
<45 years were exempted from further analyses since



Table 1 Biophysical attributes of the three Siberian larch stands in Altansumber

Stand Location (lat/long) Elevation
(m. a.s.l.)

Aspect Number
of plots

Plot size
(m2)

Past disturbances Density
(Stems∙ha–1)

Basal area
(m2∙ha–1)

Mean dbh
(cm)

LI 49°28′57.96′′N/105°31′40.95′′E 911 NW 3 2500 fire 1389 15.292 11.0

LII 49°28′52.54′′N/105°30′34.26′′E 976 NW 3 2500 fire; logg. 565 23.179 21.8

LIII 49°29′30.34′′N/105°30′29.15′′E 913 N 3 2500 fire; logg. 232 17.475 30.2

L larch stands (85%–100% larch trees), LI larch stand with dominantly small diameters, LII larch stand with relatively medium diameters, LIII larch stand with
relatively large diameters, fire signs of fire impact, logg. signs of previous logging (stumps)
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they did not cover the whole period of the climate re-
cords. Fritts (1976) suggested that for climate studies,
one core per tree is sufficient if more than 14 trees are
sampled. However, for 11 trees, a second core was sam-
pled at an angle of 90° clockwise from the first core sam-
ple to control for missing and false tree rings, which are
common in the semiarid environment of Mongolia
(Dulamsuren et al. 2011). Each core’s tree-ring widths
were measured with a Megatron movable object table at
a precision of 10 μm and recorded with the programme
Berlin Muehle 4 1.0. Preliminary evaluations of single
tree-ring series were conducted using the program
TSAP-Win 4.69.
Crossdating between single tree-ring series was based

on Gleichläufigkeit (synchronicity) (Eckstein and Bauch
1969; Kaennel and Schweingruber 1995) and the cross-
dating index (CDI) which combines Gleichläufigkeit and
t-values (Chichocki et al. 2004). Chronology building
and evaluation of cross-correlation was conducted using
the programs TSAP-Win and COFECHA 6.06P (Cook
1985). The tree-ring series were processed with a seg-
ment length of 30 years lagged successively by 15 years.
We removed series which did not correlate significantly
at the 99% confidence level (threshold 0.58; taken from
COFECHA). To detrend the final chronology, we used the
program ARSTAN (Holmes 1983; Cook and Holmes 1986).
We opted for a cubic smoothing spline with a 50% cut-off
at 10 years (Holmes et al. 1986). Statistical evaluations of
the residual chronology and tree-ring series were performed
with dplR 1.6.3 (Bunn 2008) in R (R Development Core
Team 2015).

Statistical analysis of climate-growth relationships
The residual larch chronology was used for correlation
function analysis with the climate records of monthly
mean temperatures and monthly total precipitation. Ra-
dial growth activity of Siberian larch is pronounced in
June and July and then decreases (Antonova and Stasova
1997). We therefore used a 15-month time window from
June of the previous year to August of the current year.
We also pooled the climate records according to the sea-
sons in Mongolia (winter: November-March, spring:
April-May, summer: June-August, autumn September-
October). Pearson product moment correlation coeffi-
cients were computed from 1962 to 2009 between the
residual chronology and each monthly or seasonal rec-
ord using the program DENDROCLIM 2002 1.0.0.1
(Biondi and Waikul 2004). For each correlation analysis,
95% confidence intervals were derived from 1000 ran-
dom bootstrapped samples (Biondi and Waikul 2004).

Pointer year analysis
Due to climate or other impact factors as natural or an-
thropogenic disturbances, trees can experience years
with extreme growth conditions, so-called event years.
These event years can trigger the development of above-
average wide or narrow tree rings (Schweingruber et al.
1990). We searched for such event years in our larch re-
sidual chronology. Event values were detected using the
program Weiser 1.0 (García-González and Fonti 2006)
with a 5-year window for the indexation (Cropper 1979).
Indices obtained were compared against a threshold
value of 0.3, which corresponds to a standard deviation
of 30% (Gradel et al. 2017). A positive or negative event
year was identified if a respective index-value exceeded
the threshold value of |0.3| and if ≥80% cores of the re-
sidual chronology showed this tendency (Schweingruber
2012). We limited the maximum number of pointer
years for one chronology to the six strongest negative
and positive pointer years (Gradel et al. 2017).
We verified pointer years against our monthly and sea-

sonal climate records over the 1962–2009 period. For
seasonal climate records, evaluation values were plotted
in cross diagrams. We compared Siberian larch and
white birch pointer years from Altansumber (Gradel
et al. 2017). Finally we created comparative diagrams
that show how selected pointer years are associated with
cool or warm and humid or dry conditions during prior
or current year seasons.

Results
Larch tree-ring chronology characteristics
For Altansumber, we developed a larch residual chron-
ology that extended from 1943–2009 (Fig. 2). Residual
chronology statistics included an expressed population
signal >0.85 (Table 2) indicating the residual chronology
represented a theoretical population of the region
(Wigley et al. 1984). Robustness of the residual chron-
ology was confirmed with high mean values of the R-bar
statistic (Table 2). Mean sensitivity and standard



Fig. 2 Altansumber Siberian larch residual chronology ring-width indices (black curve) and sample depth or number of cores included in the
chronology each year (grey curve)
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deviation values indicated high year to year variability
(Table 2).
Climate-growth relationships
Monthly total precipitation showed positive correlations
with growth during previous year July to October and
current year February to April (Fig. 3). Of these correla-
tions, four were significant and occurred with previous
year August and September and current year February
and April (p < 0.05). Likewise, seasonal patterns of pre-
cipitation showed positive correlations with growth, par-
ticularly during previous year autumn (p < 0.05). In
contrast, monthly mean temperature showed less pro-
nounced negative correlations with growth except for
previous year November, although the correlation was
not significant. Seasonal patterns of mean temperature
showed weak correlations with growth.
Pointer year analysis
Based on our threshold, we identified six positive and six
negative pointer years and compared these with pointer
years of young and old birch trees (Gradel et al. 2017).
Consistent pointer years throughout all chronologies in-
cluded 1986 and 2008 as positive pointer years and 1987
as a negative pointer year Fig. 4.
Although we did not test for significance due to a few

observations of pointer years, we found seasonal analysis
of pointer years showing negative pointer years were
more often associated with dry conditions both in the
previous and current year.
The previous year summers of the positive pointer

years were often above-average humid. Spring of the
positive pointer years was rather warm and sometimes
humid (Fig. 5).
Table 2 Siberian larch chronology statistics

Raw chronology

Sample size Length Ring-width (mm)±SD Ov. interseries

30 1943–2009 1.72±1.45 0.71

Ov. interseries correlation average correlation of each series with a master chronolog
deviation, AC1 first-order autocorrelation, MS mean sensitivity, Rbar mean interserie
Based on the selected positive versus negative pointer
year comparative diagrams, 1986 and 2008 were identi-
fied as positive pointer years, showing above average
monthly total precipitation during the previous and
current year vegetative period (previous July-September
and current May-June or May-July) (Fig. 6). Conversely,
1969 and 1996 were identified as negative pointer years
showing below average monthly total precipitation dur-
ing the previous and current year vegetative period (pre-
vious June-September or July-August and current
March-July or April-August) (Fig. 6). No distinct pattern
was identified with monthly mean temperature.

Discussion
Larch growth response to climatic factors in the
mountain forest steppe
Our correlation results suggest that above-average pre-
cipitation at the end of the vegetation period of the pre-
vious year (August and September) and directly before
and at the start of vegetation (February and April) of the
current year is the most important climatic factor for
growth of Siberian larch in the research area. A positive
relationship between current-year growth and precipita-
tion rates from the previous year measured in August
and September was found in several other studies from
Northern Mongolia (e.g. Dulamsuren et al. 2011;
Khishigjargal et al. 2014). The late accumulation of
photoassimilates during the previous year has been at-
tributed as a positive effect on the development of early-
wood in spring of the current year (Dulamsuren et al.
2011; Babushkina and Belokopytova 2014).
The pointer year analysis indicated that characteristics

supporting above average growth on northern slopes in
the region are: a humid summer of the previous year,
followed by a relatively warm and humid spring. On the
Residual chronology

correlation MGL (%) AC1 MS Rbar EPS

0.75 0.72 0.36 0.57 0.97

y (Bunn and Korpela 2014), MGL (%) “mean Gleichläufigkeit”, SD standard
s correlation, EPS expressed population signal



Fig. 3 Correlation coefficients of the monthly and seasonal temperature-growth and precipitation-growth relationships from 1962–2009. Black
bars indicate a correlation coefficient >0.2 and the asterisk (*) indicates significance with p<0.05
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contrary, a dry summer and autumn of the previous
year, followed by a relatively dry and cool spring and a
dry summer, triggered relatively low growth productivity.
Previous year dry autumn weather conditions appeared
to negatively affect larch growth rates.
Increased summer droughts have been denoted in

previous studies as being a key factor for reduced ra-
dial growth of larch trees across the northern hemi-
sphere (Pederson et al. 2001; Dulamsuren et al.
2010b; Khishigjargal et al. 2014; Lévesque et al. 2014).
Khishigjargal et al. (2014) found that recent increases
in the frequency of summer droughts have promoted
the frequency of growth anomalies such as narrow
latewood. In the context of the patterns of observed
climate change in Mongolia (Oyuntuya et al. 2015),
these results indicate that warmer and drier vegeta-
tion periods lead to lower growth productivity and
may contribute to decreasing forest area. Tree growth
at high elevations, however, has been shown to correl-
ate positively with higher summer temperatures
(Kolář et al. 2015; Wilson et al. 2016). Therefore, in a
cold high-elevation environment with a subzero an-
nual mean temperature, as in the Mongolian Altai
Fig. 4 Positive and negative pointer years from 1962 to 2009 for Siberian l
Mountains, an increase in temperature could theoret-
ically promote the growth and productivity of larch
trees (Dulamsuren et al. 2014). Drought stress has
also been indirectly identified as a contributing factor
to poor growth rates of larch in less continental re-
gions. A dendrochronological study on European
larch (Larix decidua Mill.) in Lithuania indicated that
precipitation during the vegetation period was the
most important environmental factor influencing
growth during the pointer years (Vitas 2015). In this
study tree-ring width of European larch positively
correlated with precipitation in June and with air
temperature in April and May, but showed negative
correlation with air temperatures of the previous
summer (Vitas 2015).
Local topographic features such as aspect in semi-arid

Mongolia create a unique set of conditions during the
seasonal transition (MET 2016; Xu et al. 2016), notably
at the beginning and end of the vegetation period. The
degree of solar radiation determined by these landscape
features likely has a stronger influence during this period
than during the summer. Snow melts faster, for example,
on south-facing slopes than on the north-facing slopes
arch and young and old birch in Altansumber



Fig. 5 Seasonal pointer years for the Siberian larch detrended chronology. Positive pointer and negative pointer years are shown as circles and
crosses respectively
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where the soil is kept cooler for longer periods. This
may also be the case for night frost events when longer
periods before sun exposure maintain coldness and hu-
midity levels longer before the soil slowly warms. During
summer the angle of the sun is high and exposition ef-
fects therefore may become less important. When a for-
est occurs on both south and north-facing slopes,
differences in growth activity can be expected to be
more pronounced (e.g. the start and end of growth, tree-
ring width). A certain mean daily threshold value of
temperature is necessary to trigger cell growth, as re-
ported by Antonova and Stasova (1997), who calculated
the optimal values for larch growth in central Siberia. In
this respect, interpretation of our findings is more ap-
propriate for the stands on north-facing slopes. A more
precise assessment of growth differences between trees
established on both south and north-facing slopes would
need to be supported by fine-scale spatial meso- and
microclimate measurements (Viewegh et al. 2003;
Kusbach et al. 2012).
Several studies have drawn attention to the negative

impact of herbivore insects, especially the gypsy moth
(Lymantria dispar L.), can have on growth of larch trees
in Mongolia (Hauck et al. 2008; Dulamsuren et al.
2010a; 2011; Khishigjargal et al. 2014). Given that the
survival and development of the gypsy moth population
can be directly related to certain climatic factors, such as
temperature especially during winter, climate-growth re-
lationships can be indicators of insect infestations with
potentially negative effects on the growth of larch trees
(Dulamsuren et al. 2011). Our analysis of the climate-
growth relationship presented here for larch observed in
the Altansumber forest provided no indication that these
stands may have suffered from insect infestation. Given



Fig. 6 Selected Siberian larch and white birch pointer years. Average course of precipitation and temperature over 1961–2009 shown as solid
line. Actual course of precipitation and temperature shown as dashed line
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that we were unable to identify such a specific relationship
(i.e. a significant negative relationship with precipitation
and temperature during the peak of winter), we can as-
sume that insect infestation was less important for larch
trees in the study area. Considering also the results of
other studies (Dulamsuren et al. 2011; Gradel et al. 2017),
we suggest that insect infestations in the mountain forest
steppe zone may be less common compared to the taiga
zone. Potential causes for this may be differences concern-
ing the overall cover and compactness of forest patches
within these zones or certain microclimatic conditions
(e.g. related to specific aspects or higher accumulation of
snow coverage) that can favor infestations.
The climate-growth relationship of Siberian larch compared
to white birch
Despite the devastating impact of forest loss and on-
going climate change in Mongolia (MARCC 2014;
Oyuntuya et al. 2015), there is only limited data available
on climate-growth relationships for the two dominant
tree species, Siberian larch and white birch. Comparative
analyses between these two species growing in a single
area do not exist so far. The comparisons we make in
the present study between our results on larch and re-
sults from a previous work focused on young and ma-
ture birch trees (Gradel et al. 2017) may prove highly
valuable for furthering our understanding of ecology in
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the mountain forest steppe zone. Our results strongly in-
dicated that similarities exist between the two species.
Effectively, analyses of the present study and recent work
by Gradel et al. (2017) showed that precipitation is the
most decisive climatic factor for both species. Many of
the pointer years that were identified in the larch chron-
ology also occurred for the chronologies of the young
and/or mature birches observed in the Altansumber for-
est. Analysis of these years consistently provided us with
a clear picture of precipitation patterns (wherein nega-
tive years indicated droughts and positive years indicated
above-average precipitation; see Fig. 6 and Gradel et al.
2017). Patterns showing monthly correlation between
growth and precipitation for both species also showed
similarities.
However, the correlation coefficients with monthly

temperature showed stronger negative, sometimes sig-
nificant values for the birches, younger trees in particu-
lar. It is unlikely that birch is less well adapted to the dry
and sometimes hot steppe conditions as this species
populates the most southern outposts of all tree species
of the Northern Mongolian steppe forests (Otoda et al.
2013; Gradel et al. 2017), notably in areas where larch
have trouble surviving. The strong negative correlation
of birch growth with temperatures in May (peak fire sea-
son) proved to be the most significant difference in
Altansumber (Gradel et al. 2017) compared to the non-
significant relationships drawn from our own larch
chronology. We also observed differences in the growth
performance between larch and birch growing in Altan-
sumber. The growth performance and production of
larch were clearly higher than those of birch in the same
area (compared with Gradel et al. 2017). The mean
width of tree-rings for the larch was 1.72 mm ± 1.45
(SD) and 0.26 (SE) compared to 1.18 mm ± 0.8 (SD) and
0.17 (SE) for the young birches (average age of 30 years)
and 1.03 mm ± 0.74 (SD) and 0.18 (SE) for the old birch
trees (average age of 72 years) (Gradel et al. 2017). A
very similar scenario was observed in fire-disturbed sites
of mixed birch-pine stands on largely south-facing slopes
of the western Khentey Mountains (taiga zone; Bugant).
Data from dendrochronological examinations conducted
for mean annual ring growth showed an average of 1.94
mm ± 0.61 SD for the pine trees, and 1.13 mm ± 0.59
SD for same old birch trees within the same stand
(Haensch 2015). Competitive status for both species
were similar. The significant negative correlation of
birch growth with temperatures in April (peak fires sea-
son) proved to be the most significant difference of the
climate-growth relations between the two species. No
significant temperature-growth relations were found for
the pine trees (Haensch 2015). This means that the com-
parison of temperature-growth relationships for pine
and birch showed an analogous scenario resembling
previously outlined relationships between larch and
birch. It is worth noting, however, that an important dif-
ference between the two species was the degree of fire
damage sustained on lower stems: birch trees exhibited
signs of having suffered as much as eight times more fire
damage than the thick barked pine trees within the same
stand (Gradel et al. 2015a). Fire can damage the phloem
and consequently affect transport of photoassimilates
throughout a tree (Lüttge et al. 2005). Damage to the
cambium can affect production and slow radial growth.
While most trees are able to survive fire damage, the sec-
ondary effects can have a negative effect on growth per-
formance for several years following. The average fire
return interval in the western Khentey pine-birch forest
was found to be only around 11.6 years (Oyunsanaa 2011).

Indication from climate-growth relationships to species-
specific sensitivity to different fire regimes
Fire represents the most important and most frequent
natural disturbance occurring throughout boreal forest
ecosystems (Goldammer and Furyaev 1996), especially
in Mongolia (MET 2016). Already the very first article
listed in the Forest Law of Mongolia prioritizes preven-
tion of forest and steppe fires (MOLF 2015). All sampled
Siberian larch and white birch stands in Altansumber
exhibited signs of previous disturbance by fire (Gradel
et al. 2015b; Gradel et al. 2017). The observed differ-
ences between larch and birch in Altansumber, and simi-
larly between pine and birch in Bugant, could in part be
linked to species-specific responses to forest fires.
Fire activity in Mongolia is highest in April and May

(Goldammer 2002), which also was the time for the sig-
nificant negative temperature-growth relation in all birch
chronologies (Haensch 2015; Gradel et al. 2017). Data
from the Selenge Aimag, for example, show that more
than 80 % of the annual forest fire events occur in April
or May (Goldammer 2002). We did not, however, find
any indication that fire damage directly impacted results
of the larch trees, but there is a lot of indication that it
impacted birch (Gradel et al. 2017). Due to its thick bark
(Martinsson and Lesinski 2007), the cambium of larch
provides more protection against surface fires than that
of birches. A recent study has shown the close associ-
ation of fire driven ecosystems and tree species with
thick bark at a global scale across different vegetation
zones (Pellegrini et al. 2017). Pausas (2014) showed that
the nature of the fire regime occurring within an ecosys-
tem determines to what extent thick bark provides trees
with special protection against fires. For example, there
are fire regimes which are mainly selective for thick bark
on the lower stem or even fire regimes dominated by
high-intensity crown fires in which the resource-
consuming development of thick bark no longer offers
any adaptation advantages (Pausas 2014). In contrast to
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the birch, larch has a particularly thick bark (Martinsson
and Lesinski 2007), which is an important protective
mechanism against surface fires. The severity of distur-
bances occurring in forest ecosystems is commonly de-
scribed by the degree of removal of overstory trees
(Puettmann and Ammer 2007). Low intensity surface
fires favor the selection of fire-tolerant trees, whereas
high-intensity fire events, which usually include crown
fires, can prompt the stand replacement process and
promote stand development by creating favorable
conditions for new growth and successional stages
(Goldammer and Furyaev 1996). Low intensity fires
are fueled primarily by the ground cover and ground
vegetation and besides climate factors the specific fuel
conditions (fine fuel) have been suggested to be one
potential control on the fire regime (Hessl et al.
2012). It is likely that the natural disturbance regime
plays an important role in competition between birch
and thick-barked conifer species. A low intensity fire
regime, which usually consists of surface fires, may
therefore favor the growth dominance of larch. A
stand-replacing fire regime, however, may support re-
generation of birch because of its re-sprouting cap-
acity, which is a common strategy of fire resistant
plants (Pausas and Verdu 2005). The nature of the
fire regime therefore may selectively regulate the var-
iety of species affected depending on the intensity,
which Pausus (2014) addressed indirectly in a study
on adaptive survival strategies in other regions. An-
thropogenic influences increase the probability of fire
events (Sheingauz 1996), given that most fires are
caused by human activity (Goldammer and Furyaev
1996). The conditions for fire ignition, frequency and
to some degree also severity are largely controlled by
climate factors (Jolly et al. 2015). Climate change is
expected to trigger more frequent and severe fire
disturbances in the taiga forests (Ykhanbai 2010;
Tchebakova et al. 2011). However, additional research
is needed to show a clear relationship between tree
species' specific growth response and fire events.
Based on prior research and our results, surface fires
appear to be the most plausible contributing factor
for the observed differences of larch and birch growth
responses.

Conclusions
Direct and indirect effects of climate change will in-
creasingly influence the forests of Northern Asia (IPCC
2013). Our results showed that precipitation is the most
decisive climate factor for growth of Siberian larch in
the mountain forest steppe. Frequency and severity of
disturbances (especially fire) are expected to increase
(Tchebakova et al. 2011; Jolly et al. 2015). General
options for maximizing the adaptive capacity of
ecosystems, mentioned by the IPCC WGII for Asia, in-
clude reducing the non-climate impacts, protecting areas
and habitat restoration (Hijioka et al. 2014). With refer-
ence to Mongolia current initiatives for the management
of protected areas and forests are increasingly consider-
ing the impact of climate factors and disturbances (MET
2016). Research on the impact of climate factors on tree
growth and disturbances can provide scientific informa-
tion for developing climate and disturbance resilient for-
est management practices in Mongolia. We found that
the main difference between larch and birch concerning
sensitivity to temperature coincides with the peak of the
Mongolian fire season. Eventually, furthering our know-
ledge of climate-growth relationships of the different
tree species may support methodologies for better
adapted silvicultural treatments, e.g. reforestation. Re-
habilitation of larch-birch forests systematically will re-
quire advanced knowledge on species site-specific
ecology. Fine-scale studies on how topography (gradient,
slope and aspect) trigger the effectiveness of climate fac-
tors and disturbances (e.g. fire) and therefore influence
the response of tree growth may be beneficial for the de-
velopment of planning alternatives for climate resilient
forest management practices.
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