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Abstract
& Key message Wood-anatomical traits determining the hydraulic architecture of Larix sibirica in the drought-limited
Mongolian forest steppe at the southern fringe of the boreal forest respond to summer drought, but only weakly to
variations in microclimate that depend on forest stand size.
& Context Siberian larch (L. sibirica Ledeb.) is limited by summer drought and shows increasingmortality rates in theMongolian
forest steppe. The climate sensitivity of stemwood formation increases with decreasing forest stand size. The trees’ hydraulic
architecture is crucial for drought resistance and thus the capability to deal with climate warming.
& Aims We studied whether hydraulic traits were influenced by temporal or forest size-dependent variations in water availability
and were related to tree-ring width.
& Methods Hydraulic traits (tracheid diameter, tracheid density, potential sapwood area-specific hydraulic conductivity) of
earlywood were studied in stemwood series of 30 years (1985–2014) and were related to climate data. Tree-ring width was
measured for the same period. Trees were selected in stands of four different size classes with increasing drought exposure with
decreasing stand size.
& Results Tracheid diameters and hydraulic conductivity decreased with decreasing late summer precipitation of the previous
year and were positively correlated with tree-ring width. Forest stand size had only weak effects on hydraulic traits, despite
known effects on stemwood increment.
& Conclusion Decreasing tracheid diameters and thus hydraulic conductivity are a drought acclimation of L. sibirica in the
Mongolian forest steppe. These acclimations occur as a response to drought periods but are little site-dependent with respect to
stand size.
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1 Introduction

Stem wood formation is highly sensitive to variations in cli-
mate. In boreal forests, annual stem increment is usually lim-
ited by either low summer temperature or summer drought
(Tei et al. 2017). Climate warming increasingly converts
temperature-limited forests into drought-limited ones
(Buermann et al. 2014). While the climatic limitation of stem
increment is well studied and forms the basis for dendrochro-
nology, effects on wood-anatomical features and trade-offs
between tree-ring width and xylem anatomy are less well
studied in boreal forests. Climate exerts effects not only on
tree-ring width, but also on the occurrence of intra-annual
wood-anatomical features (Yasue et al. 2000; Wang et al.
2002; De Grandpré et al. 2011); this includes traits of the
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xylem anatomy that are relevant for water transport (Eilmann
et al. 2009; Fonti and Babushkina 2015).

Conduits for water transport should be wide to ensure high
hydraulic conductivity, since the maximum flow rate depends
on the conduit radius in the fourth power, according to Hagen-
Poiseuille’s law for the transport of fluids in cylindrical pipes
(Tyree and Zimmermann 2002). Water transport is in turn the
prerequisite for CO2 assimilation. However, large conduit di-
ameters increase the cavitation risk, which can result in hy-
draulic failure and ultimately tree mortality (Hacke et al. 2001;
Cochard et al. 2004; Poyatos et al. 2013). The relationship
between conduit diameter and embolism resistance is thought
to be an indirect one that depends on pit structure (Sperry et al.
2006; Delzon et al. 2010). Trees show inter-annual and site-
dependent plasticity in their hydraulic architecture to take up
and transport water efficiently under moist conditions, but to
reduce the risk of cavitation during drought (Poyatos et al.
2007; Bryukhanova and Fonti 2013). Relevant parameters
that can be adapted to water supply include conduit diameters,
conduit density, and the resulting hydraulic conductivity
(Tyree and Zimmermann 2002; Tyree 2003; Pittermann et al.
2006). Dry conditions are usually associated with low hydrau-
lic conductivity (Hacke and Sperry 2001; Sperry et al. 2006).
Hydraulic conductivity results from the combination of con-
duit diameters and tracheid numbers in the sapwood.

The southernmost boreal forests in Inner Asia are mostly
strongly drought-limited (Dulamsuren et al. 2010, 2013; Liu
et al. 2013), although also temperature-limited forests occur
especially at high elevations (Jacoby et al. 1996; D’Arrigo
et al. 2000). The Mongolian forest steppe represents a widely
drought-limited part of the boreal forest in this region, which
is strongly dominated by Siberian larch (Larix sibirica). Here,
Chenlemuge et al. (2015a, b) demonstrated increasing tra-
cheid diameters and increasing hydraulic conductivity with
increasing moisture availability.

Forests in the Mongolian forest steppe are naturally
fragmented, because they are largely limited to north-facing
mountain slopes, which represent, aside from riverine habitats,
the moistest sites in the landscape. Forest fragmentation is addi-
tionally promoted as the result of logging, livestock grazing, as
well as drought- and fire-related forest declines (Khishigjargal
et al. 2013; Lkhagvadorj et al. 2013; Dulamsuren et al. 2014). At
present, Mongolia belongs to the countries with the highest de-
creases in forest cover loss (Hansen et al. 2013).

Studying the annual stem increment of L. sibirica in forest
stands of different size, Khansaritoreh et al. (2017) found that
the sensitivity of stemwood production to summer drought
increased with decreasing stand size, because maximum air
temperatures increased and relative humidity decreased with
decreasing stand size. This means that anthropogenic forest
fragmentation exacerbates the detrimental impact of global
warming on tree growth in a region, which is exposed to
temperature increases far above the global average (IPCC

2013) and where L. sibirica widely shows growth depres-
sions, failure of regeneration, and increased mortality
(Dulamsuren et al. 2010; Liu et al. 2013).

Since Chenlemuge et al. (2015a, b) established trade-offs
between tree-ring width, tracheid diameter, tracheid density,
and hydraulic conductivity in L. sibirica, wewere interested in
the question whether forest stand size also left an imprint in
the tree’s hydraulic architecture. Moreover, whereas several
studies on the climate response of annual stem increment from
the Inner Asian forest-steppes are published (D’Arrigo et al.
2000; De Grandpré et al. 2011; Dulamsuren et al. 2011, 2013),
little is known on climate effect on hydraulic traits in
L. sibirica. Therefore, we were also generally interested on
the climate dependency of tracheid diameter, tracheid density,
and hydraulic conductivity irrespective of stand size. The ob-
jective of our study was to test the hypotheses that (1) drought
years cause signals in the trees’ hydraulic architecture in ad-
dition to their effect on tree-ring width; (2) tracheid diameters
that are crucial for shaping hydraulic conductivity are corre-
lated with tree-ring width; and (3) tracheid diameter, tracheid
density, and hydraulic conductivity vary in dependence of
stand size.

2 Materials and methods

2.1 Study area

The study was conducted in the Mongolian forest steppe,
which is the ecotone between the southernmost Siberian taiga
and the Central Asian steppe grasslands. Field work was car-
ried out in the Khangai Mountains in Zavkhan province near
Tosontsengel (48°45′ N, 98°16′ E, 1700 m a.s.l.), ca. 630 km
W of Ulan Bator and 550 km SW of Lake Baikal, in August
2014. The Khangai Mountains represent a major mountain
range of central and western Mongolia that constitutes much
of Mongolia’s forest steppe area. The forest steppe landscape
consists of mosaics of Siberian larch forest islands occurring
at variable size on north-facing slopes and grasslands covering
south-facing slopes and dry valleys. Mongolia’s boreal forests
(ca. 73,800 km2; Dulamsuren et al. 2016) are strongly domi-
nated by Siberian larch (Larix sibirica Ledeb.), which oc-
cupies 80% of the forest area (Tsogtbaatar 2004). Siliceous
rock, including granite and metamorphic rock (e.g., schist),
is the prevailing bedrock in our study region. The dominant
forest soils are Cambisols and Leptosols.

2.2 Climate in Mongolia and our study area

The extreme continental climate of Mongolia is characterized
by long cold winters, coined by the stable Siberian High
Pressure Cell, and short warm summers with most rainfall in
July. In most of the forest steppe region, mean annual
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temperature is below or around zero. Mean annual precipita-
tion is approximately 200–300 (− 400) mm in most of the
forest steppe. Climatic data from our study area are available
from 1964 (temperature) to 1968 (precipitation) according to
records from Tosontsengel meteorological station. This study
covers 30 years from 1985 to 2014, and in this period, mean
annual air temperature was − 5.4 °C (July 15.3 °C, January −
31.2 °C). Mean annual precipitation amounted to 232 mm,
ranging from 148 to 430 mm. Mean growing season (May–
September) air temperature has increased by 0.58 °C decade−1

since 1985 (Fig. 1). In the growing seasons of this period, June
and July showed the strongest increase in monthly tempera-
ture and a marked decrease in monthly precipitation (Fig. S1).
August precipitation did not change over time, while August
temperature has increased (like the mean growing season tem-
perature) by c. 0.6 C decade−1.

2.3 Study design and core sampling

We defined four different classes (F1 to F4) of forest stand
size varying from < 0.1 km2 (F1) to > 5.0 km2 (F4)
(Table 1) and selected two stands per size class (Fig. S2).
Elevation of the selected stands varied between 1809 and
2135 m a.s.l. The distance of the sampled trees to the lower
forest line was between 110 and 330 m. Forests of the
different size classes were characterized by differences in

microclimate and land use intensity (Khansaritoreh et al.
2017). Individual forest stands from different size classes
were selected randomly based on remote-sensing analysis
of forest distribution in the study region. Trees were select-
ed in the interior of each forest stand, and geographic po-
sitions of stands were determined by GPS.

We selected five trees per stand size (in total 20 individuals,
Table 1) which were intact, stout, dominant, and of similar
height to eliminate competition effects. Importance of height
in relation with variation in conduit diameter and hydraulic
properties has been earlier shown in several studies (Ryan and
Yoder 1997; Woodruff et al. 2004; Koch et al. 2004; Pennisi
2005; Ryan et al. 2006; Domec et al. 2008; Anfodillo et al.
2013). While we kept height constant, variation in diameter at
breast height (DBH) had to be accepted; F1 trees had signif-
icantly higher DBH than trees from the other stand sizes
(Table 1). The suitability of this procedure was later
reconfirmed by our data, since we found that variation in
DBH did not influence anatomical traits. For example, there
was no significant correlation between DBH and tracheid di-
ameters (P = 0.24, r = 0.17). Non-metric multidimensional
scaling (NMDS) ordination of tree-ring series results showed
that our selected sample trees for anatomical studies from the
individual stand size classes represented the entire stands of
the same size class, because the sample trees are evenly dis-
tributed in the homogenous scatter plots (Fig. S3).
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Fig. 1 Climate trends in Tosontsengel (48°45′N, 98°16′ E, 1700m a.s.l.),
northwestern Mongolia, 1985–2014: amean annual temperature, bmean

growing season temperature, c annual precipitation, d growing season
precipitation
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A total of 40 wood cores (i.e., two cores collected in close
vicinity to each other from the same side of each tree) was
collected at stem breast height (1.3 m height above the
ground) using increment borer with an inner diameter of
5 mm. Samples were taken parallel to the contour lines of
the mountain slopes to avoid compression wood.

2.4 Xylem anatomy analysis

All 20 cores were stored in 70% ethanol prior to laboratory
preparation. We applied two different procedures for dyeing
samples based on their quality. In one procedure, the whole
cores were stained (before cutting) with safranin (1% in 50%
ethanol, Merck, Darmstadt, Germany) for 3 days followed by
rinsing the samples with 70% ethanol three times while shak-
ing for 12 h. Subsequently, the samples were soaked in dis-
tilled water for 3 days. In a second procedure, another sub-
sample of wood cores was only soaked in distilled water to be
softened and then microsections were dyed after cutting. The
quality of the results of the staining procedures is slightly
variable between individual samples; therefore, we selected
the wood core subsample for analysis visually for every indi-
vidual sample after staining. Wood cores (produced by both
procedures) were cut with a sliding microtome (G.S.L. 1,
WSLBirmensdorf, Switzerland) into semi-thin transverse sec-
tions (10–15 μm thick). To reduce distortions of the samples
during cutting, a solution of corn starch, water, and glycerol
(Schneider and Gärtner 2013) was placed on the wood cores
immediately before cutting. After cutting, starch particles
were removed by washing with water and ethanol. The un-
stained microsections were stained with a mixture of safranin
and alcine blue for 1–2 min and subsequently rinsed with
water. Dehydration of microsections was done firstly with
70% ethanol and secondly with 99% ethanol. Afterwards,
microsections were fixed with Euparal adhesive and dried
for 10 days at 50 °C. Finally, the complete microsections were
photographed at 100–150× magnification using a stereomi-
croscope equipped with an automatic stage (SteREOV20,
Carl Zeiss MicroImaging GmbH, Jena, Germany; Software:
AxioVision v4.8.2, Carl Zeiss MicroImaging GmbH).

Since water transport primarily takes place in the early-
wood, whereas latewood has predominantly a mechanical
function (Vaganov et al. 2006; Eilmann et al. 2006), we lim-
ited our analyses to earlywood formed between 1985 and
2014 (30 years). Image analysis was performed in Adobe
Photoshop CS2 9.0 (Adobe Systems, San Jose, California,
USA) and ImageJ software (Wayne Rasband, National
Institute of Health, Bethesda, Maryland, USA) using the par-
ticle analysis function. We measured single and cumulative
tracheid lumen areas (mm2), tracheid density (TD, in
N mm−2), and idealized tracheid diameters (d, in μm) from
both major (a) and minor (b) tracheid radii using the equation
given by White (1991) as d = ((32(ab)3)/(a2 + b2))1/4.
Hydraulic mean diameter (dh, inμm), which puts more weight
on large than small conducting vessels (Sperry et al. 1994),
was calculated from d as dh =∑d5/∑d4. According to the
Hagen-Poiseuille equation, potential sapwood area-specific
hydraulic conductivity (Kp, in kg m −1 MPa−1 s−1) was calcu-
lated from the tracheid radii as Kp = π (∑r4) ρ/(8 η Axylem),
where η is the viscosity and ρ is the density of water at 20 °C,
while Axylem is the corresponding cross-sectional xylem area
without pith and bark. In the stem wood, we analyzed a range
of 63–1033 tracheids per tree ring or 5260–13,341 tracheids
per complete cross section. The high variability is due to inter-
annual variation in stem increment.

2.5 Tree-ring analysis

One core per sample tree was prepared (mounted on wooden
strips, cut lengthwise with a microtome, and chalk added to
enhance contrasts between the annual rings) for measurement
of tree-ring width (TRW). TRW was measured and tree-ring
data were evaluated with Time Series Analysis and
Presentation (TSAP)-Win software (Rinntech, Heidelberg,
Germany). We used a movable object table (Lintab 6,
Rinntech) that electronically transmits shifts to a computer
system equipped with TSAP-Win software to measure TRW
(and the widths of earlywood and latewood separately) with a
precision of 10 μm. All chronologies were cross-dated visu-
ally and checked for missing rings. Cross-dating accuracy was
assessed by the calculation of coefficients of agreement

Table 1 Main tree characteristics, mean sensitivity, and autocorrelation of tree-ring width (arithmetic mean ± SE)

Stand size Forest size (km2) Height (m) DBH (cm) Ring width (mm) Mean sensitivity (%) Autocorrelation

F1 < 0.1 20.2 ± 1.7 a 57.8 ± 4.3 a 0.29 ± 0.03 ab 39.6 ± 2.2 a 0.57 ± 0.06 a

F2 0.1–1.0 19.3 ± 0.8 a 36.9 ± 3.7 b 0.31 ± 0.10 a 37.8 ± 1.8 ac 0.67 ± 0.05 ab

F3 1.1–5.0 18.4 ± 1.0 a 30.4 ± 5.8 b 0.35 ± 0.08 a 35.7 ± 2.7 ac 0.68 ± 0.07 ab

F4 > 5.0 19.5 ± 1.5 a 30.5 ± 2.0 b 0.25 ± 0.04 b 27.2 ± 1.1 b 0.82 ± 0.03 b

Number of samples: 5 trees per stand size class. Ring width data refers to the period 1985–2014. Stand size classes with same lower case letters are not
statistically significantly different (Tukey’s test, P ≤ 0.05, dfmodel, error = 3, 15)

DBH diameter at breast height
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(‘Gleichläufigkeit’ [GL]) and (standard) t-value (Eckstein and
Bauch 1969). Only tree-ring series with GL > 65% and t > 3
were united to mean curves. The exact tree age could not be
determined for all sample trees, since the center of most trees
was rotten (14 out of 20 trees). However, we could make sure
that all trees belonged to the same age class of > 160 years.
Information onmean tree age in the stand size classes F1 to F4
from our study area is available from Khansaritoreh et al.
(2017, Table S1). Based on a much higher sample size of
1033 trees, that study showed a mean cambial age (±SE) of
157 ± 9 years for F1 (N= 176 trees), 146 ± 12 years for F2
(N= 146), 143 ± 13 years for F3 (N= 317), and 130 ± 11 years
for F4 (N= 279); there was no significant difference in tree
age between the stand sizes in that data set (P ≤ 0.05,
Duncan’s multiple range test). Representativeness of our sam-
ple trees for the trees of the same age class from the studied
forest stands was controlled by NMDS. For NMDS, we used a
larger data set of all > 160-year old trees from 400-m2 plots in
the studied forests that was available fromKhansaritoreh et al.
(2017). Any correlation of anatomical traits with TRW was
made with complete TRW, which was closely correlated with
earlywood width (r = 0.99, P ≤ 0.001). The expressed popula-
tion signal (EPS) was calculated using Arstan software (Cook
and Holmes 1984) to quantify how well our tree-ring series
represented the stem increment dynamics of the studied
stands. We accepted a given tree-ring series as representative
for the whole stand when EPS > 0.85 (Wigley et al. 1984).

2.6 Climate-response analysis

Climate-response analysis was conducted separately for each
tree usingmonthly means of temperature andmonthly sums of
precipitation from 1985 to 2014 to quantify the influence of
current and prior year’s climate on the tree-ring index and d.
Since we knew about an intensive fire in the study area in
1996 that produced a strong growth anomaly in 1997, we
removed that year from our analysis to focus on the effect of
climate. This was done to exclude immediate effects of fire in
the sampled stands; however, it should be noted that lagged
effects and competition effects from any other disturbance
influenced the analysis like in any other climate-response

analysis. For the climate-response analysis, the individual
tree-ring series were standardized in order to remove any
age-related trends. Standardization was applied, although it
has only a limited effect on the results in the short time span
of only 30 years included in our analysis. We used a 32-year
cubic spline function with a 50% frequency response (Cook
and Kairiukstis 1990) for indexation of TRW data. We did not
attempt any standardization for d, since we exclude the first
years of growth with considerable tracheid dimension increase
(Carrer et al. 2015).

Based on the monthly temperature and precipitation data and
latitude of our study site, we calculated potential evapotranspi-
ration (PET) after Thornthwaite (1948). PETwas used to calcu-
late the standardized precipitation-evapotranspiration index
(SPEI) on a monthly resolution using version 1.6 of the R pack-
age “SPEI” (Vicente-Serrano et al. 2010). To find the shortest
drought episodes, we selected SPEI1 (resolution of only
1 month), because drought-sensitive tree species on shallow
soils may be affected by short drought periods (Fonti and
Babushkina 2015).Year-to-year variability of tree-ring width
was expressed as mean sensitivity, which was calculated as the
difference in TRWof two consecutive years divided by themean
TRW of these years. First-order autocorrelation analyzing the
connection between the increment in two consecutive years

Table 2 Anatomical parameters
averaged over the period from
1985 to 2014 (arithmetic mean ±
SE)

Stand size d (μm) dh (μm) TD (N mm−2) Kp (kg m−1 MPa−1 s−1)

F1 29.4 ± 0.4 a 37.9 ± 0.4 a 610 ± 21 a 18.7 ± 0.4 a

F2 29.9 ± 0.9 a 38.1 ± 1.0 a 620 ± 42 a 19.6 ± 0.9 ac

F3 25.3 ± 1.7 b 32.8 ± 2.3 b 787 ± 115 b 13.1 ± 2.3 b

F4 31.2 ± 0.8 c 39.3 ± 1.2 c 548 ± 28 c 20.2 ± 1.6 c

Tracheid diameter (d), hydraulically weighted mean tracheid diameter (dh), tracheid density (TD), potential
sapwood area-specific hydraulic conductivity (Kp). Stand size classes with same lower case letters are not statis-
tically significantly different (Tukey’s test results, P ≤ 0.05, dfmodel, error = 3, 596)

Fig. 2 Tree-ring chronologies of L. sibirica from the stand size classes F1
(< 0.1 km2), F2 (0.1–1 km2), F3 (1.1–5 km2), and F4 (> 5 km2) for the
period of 1985–2014
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was calculated as a measure of the tree’s physiological buffering
capacity (Fritts 1976). Mean sensitivity and first-order autocor-
relation were calculated from raw TRW data for the period from
1985 to 2014. Pointer years were calculated using the
“PointRes” package in R (van der Maaten-Theunissen et al.
2015) to obtain information on climatically driven event years
that might have influenced wood anatomy (Schweingruber et al.
1990). Since our data set of 20 treeswas too small for calculating
pointer years, we included data of 1280 L. sibirica trees within
the same study area (Khansaritoreh et al. 2017).

2.7 Data processing and statistical analysis

Arithmetic means ± standard errors (SE) are given throughout
the paper. Wood-anatomical and hydraulic data from the stem
samples were first averaged for individual tree rings and then
averaged (for each year) over the five trees of each stand size
class. Data were tested for normality using the Shapiro-Wilk
test. One-way analysis of variance (ANOVA) was combined
with Tukey’s post hoc test to find significant differences be-
tween stand size classes. To remove the age effect from time
series, we used the R-package ‘Dendrochronology Program
Library in R’ (dplR) 1.5.5 (Bunn 2008). Multiple regression
analysis was used to quantify the response of the tree-ring
index and d to climate. Kernel density estimation (KDE)

was calculated for d of all samples grouped by the SPEI of
the prior August, because precipitation of this month showed
the most significant correlation with d. The NMDS was cal-
culated using PAST 3.15 software (Ø. Hammer, Natural
History Museum, University of Oslo, Norway). Correlation
coefficients were calculated in linear and non-linear fits. If not
mentioned otherwise, statistical analyses were carried out in
R software (R Development Core Team).

3 Results

3.1 Hydraulic conductivity and anatomical traits

Mean diameters (d) and hydraulically weighted mean di-
ameters (dh) of tracheids as well as the theoretical sap-
wood area-specific hydraulic conductivity (Kp) were higher
in the largest (F4) than in the smallest forest stands (F1;
Table 2). Tracheid density was lower in the F4 than the
F1 stands. Nevertheless, there was no consistent trend for
constant changes of these parameters with increasing forest
stand size from F1 to F4. There were many inter-annual
fluctuations in time series of anatomical traits (d, dh, TD,
Kp) in all forest stand sizes (Fig. S4). Any linear temporal
trends for d, dh, TD, and Kp were absent, except for an
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increase of d (P < 0.001), dh (P = 0.003), and Kp (P =
0.001) and a decrease of TD (P < 0.001) over time in F4.

3.2 Radial stem wood increment and stands size

Mean tree-ring width (TRW) for the period between 1985 and
2014 ranged from 0.25 to 0.35 mm and did not reveal any
consistent trend for increase or decrease with forest stand size
(Fig. 2, Table 1). For the 20 sample trees, EPS reached 0.89 in
1895, which is long before our study interval from 1985 to
2014. Mean sensitivity decreased and first-order autocorrela-
tion increased with forest stand size (Table 1). Tracheid diam-
eter (d, dh) and Kp increased with increasing TRW, whereas
tracheid density (TD) decreased with TRW (Fig. 3).

3.3 Climate response and tracheid size variation
with summer drought

Climate-response analysis revealed correlations of the tree-
ring index and the hydraulic traits with the precipitation of
the previous year (Table 3). The August precipitation of the
previous year was nearly consistently correlated with the tree-
ring index, d, and dh (positive correlations) as well as with TD
(negative correlations). Kp as a value derived from d was only
significant at P ≤ 0.05 in the smallest forests of the size classes
F1 and F2. June precipitation of the previous year was posi-
tively correlated with the tree-ring index in all except the larg-
est forests (F1 to F3), but was only sporadically correlated
with the hydraulic parameters. The frequency distributions
of d in dependence of previous year’s August SPEI also

Table 3 Response of the tree-ring index, tracheid diameter (d), hydraulically weighted mean tracheid diameter (dh), tracheid density (TD), and
potential sapwood area-specific hydraulic conductivity (Kp) of Larix sibirica trees from different stand size classes to monthly temperature and
precipitation of the year of and the year prior to tree ring formation

Temperature Precipitation

Prior year Current year Prior year Current year

3 4 5 6 7 8 4 3 4 5 6 7 8 10 11 12 2 3 5 6

Tree-ring index:

F1 □ ● ● ●
F2 ● ● ○ ○
F3 □ ● ○ ● ●
F4 ●
Tracheid diameter (d):

F1 ● ○ ●
F2 ○ ● ●
F3 ○
F4 □ ○ ■ ● ●
Hydraulically weighted tracheid mean diameter (dh):

F1 ○
F2 ● ● ○
F3 ● ■ ● □ ● ●
F4 ○ ● ■ ■ ● ●
Tracheid density (TD):

F1 □ ■
F2 □ ■ ■ □ ■
F3 ■ ○ □
F4 □ ● ■ ● ○ ■ ○ ○
Potential sapwood area-specific hydraulic conductivity (Kp):

F1 ●
F2 ● ● ● ●
F3 ○ □ ●
F4 □ ■ ● ○

Correlation significant (P ≤ 0.05): ● positive, ■ negative correlation; marginally significant (P ≤ 0.10): ○ positive, □ negative correlation. Months are
identified with numbers 1 to 12; months without correlation are not listed
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highlights the influence of water availability in late summer
(Fig. 4). Tracheid diameters were smaller under dry conditions
(SPEI-1) than at better water supply (SPEI ≥ 0). Except forKp,
which only increased with the previous years’ August precip-
itation in small stands (F1, F2), stand size had no control of the
occurrence of correlations between hydraulic traits and cli-
mate parameters.

3.4 Pointer years

From 1985 to 2014, we found negative pointer years in 1997
and 2008 and positive pointer year in 2006 (Fig. S5). The
negative pointer years were associated with low values of d,

dh, and Kp, but high TD (Fig. 5). The pointer year in 1997
followed an intense forest fire in 1996, whereas the pointer
year in 2008 followed 2 years with below-average precipita-
tion in August (to, respectively, 35 and 75% of the mean
August precipitation in the period 1985–2014), which was
identified as significant for stemwood production in the
climate-response analysis (Table 3).

4 Discussion

Our analyses provide multiple evidence that summer drought
in the previous year affects not only tree-ring width, but also

Fig. 4 Density distributions of all tracheid diameters grouped per
standardized precipitation-evapotranspiration index (SPEI) of prior year
August. Negative and positive SPEI indicate dryness and wetness,
respectively. The density distributions were calculated with a Gaussian

smoothing and the “nrd0” bandwidth using the “density” function of R (R
Development Core Team, 2013). Tracheid data from 6, 13, 6 years were
included in the classes of SPEI − 1, 0, and 1 respectively. Lines for the
SPEI − 2 and 2 are not shown since only found in 2 and 3 years

Fig. 5 Time-series of a d, b dh, c TD, d Kp, over the period 1985–2014. Pointer years 1997 and 2008 are shaded in gray
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the hydraulic architecture of L. sibirica. Tracheid diameters (d,
dh) and the potential sapwood area-specific hydraulic conduc-
tivity (Kp) were strongly reduced due to drought. Climate-
response analysis showed that the amount of precipitation in
late summer (August) of the previous year was most influen-
tial for determining tracheid diameters and hydraulic conduc-
tivity in the consecutive growing season. This relationship
coincides with reductions of tree-ring width by drought in
the previous growing season that was repeatedly found in
water-limited L. sibirica forests (Dulamsuren et al. 2011,
2013; Tei et al. 2017). The influence of the climate in the prior
year is often thought (but not proven) to be mediated by the
climatic limitation of the tree’s capability to build up stocks of
non-structural carbohydrates. Carbohydrate reserves from the
previous year need to be used, since most wood is formed in
the early growing season (Begum et al. 2010). However, the
relationships between non-structural carbohydrate pools, cli-
mate, and wood formation are complex and far from being
completely understood (Oberhuber et al. 2011; Simard et al.
2013; Palacio et al. 2014).

Whether low tracheid diameters are just the consequence of
low annual stem increment or can vary independently of each
other is not completely clear. There are several examples of
reduced conduit diameters at low tree-ring width (Vaganov
et al. 2006; Martin-Benito et al. 2013; Ziaco et al. 2014) in
agreement with our findings. However, while Khansaritoreh
et al. (2017) demonstrated an increasing drought sensitivity of
stemwood formation with decreasing forest stand size, we
found only loose relations between stand size and hydraulic
traits. Although d, dh, and Kp were higher and tracheid density
(TD) was lower in the largest forests than in the smallest stands,
there was no consistent trend between these parameters and
stand size. Moreover, for most parameters, we did not find a
consistent change of the relationship of these parameters to
climate variables along with forest stand size, in contrast to
the observations of Khansaritoreh et al. (2017) for annual stem
increment. The only exception was the correlation between Kp

and the previous year’s August precipitation in the small stands
of the size classes F1 and F2, but not in the larger stands (F3,
F4). Probably, the more extreme microclimate of the small
stands with high maximum temperatures and low humidity
increased to responsiveness of Kp to late summer precipitation.
We can only speculate why this relationship of stand size with
tree-ring width was not more widespread for the wood-
anatomical and hydraulic parameters. A possible explanation
could be the existence of different climatic controls for cell
division and cell differentiation. Moreover, it could play a role
that we kept tree height constant in the present study, since
tracheid diameter is known to be related to tree height, while
tree height and diameter are not closely correlated (Anfodillo
et al. 2012; Carrer et al. 2015).

The observed reduction of tracheid diameters as the result
of summer drought is beneficial for the trees to prevent

hydraulic failure and potentially mortality (Sperry et al.
2006; McDowell 2011; Sevanto et al. 2014). Combined with
low tracheid density, the formation of low-diameter tracheid
reduces hydraulic conductivity. L. sibirica is also known for
low fine-root mass during drought (Chenlemuge et al. 2013),
providing evidence of low capacity for water transport right
from the beginning of the plant’s hydraulic pathway as the
consequence of preceding drought events. Unfortunately, we
have no reliable data of defoliation events and thus Huber
values available for L. sibirica to quantify the sapwood-to-
leaf area ratio (Carter and White 2009), which would be help-
ful for a complete understanding of the drought response in
this species. A reduction of transpiration by needle abscission
and the closure of stomata would be a likely strategy to form
drought resistance in addition to acclimations of the root sys-
tem (Chenlemuge et al. 2013) and the stem xylem (this study).
Studying sites of different macroclimate or competition,
Chenlemuge et al. (2015a, b) found increasing tracheid diam-
eter and hydraulic conductivity with increasing water avail-
ability in root, stem, and branch xylem of L. sibirica. Stomatal
regulation is generally sensitive in conifers, but less sensitive
in L. sibirica than in Pinus sylvestris, which is another
drought-tolerant tree species at the southern edge of the boreal
forest (Dulamsuren et al. 2009a, b).

5 Conclusion

Tracheid diameters (d, dh), potential sapwood area-specific
hydraulic conductivity (Kp), and tracheid density (TD) were
shown to vary in L. sibirica from the Mongolian forest steppe
ecotone with temporal variations in climate. In agreement with
our first hypothesis, drought in the previous years’ late sum-
mer reduced tracheid diameters and hydraulic conductivity,
but increased tracheid density in the following growing sea-
son. Tree-ring width that was shown earlier also to be reduced
by summer drought in the preceding year was correlated with
tracheid diameter in support of our second hypotheses. Forest
fragmentation and the resulting variation in stand climate are
apparently only a weak determinant of the hydraulic architec-
ture in L. sibirica, which largely falsifies our third hypothesis.
Our findings on the influence of dry late summers on the
hydraulic traits in L. sibirica clearly suggest that the trend
for increasing summer drought that is observed at the southern
fringe of the boreal forest in Inner Asia not only leads to
reduced stemwood formation, but also to acclimations of the
hydraulic architecture of L. sibirica. These acclimations might
ensure some protection against hydraulic failure and tree mor-
tality, but reported cases of L. sibirica mortality in this region
(Liu et al. 2013; Dulamsuren et al. unpublished) demonstrate
that this acclimation of the hydraulic system is not capable of
keeping pace with the rapid increase in aridity in Inner Asia.
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