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Abstract
Key message  Patterns of non-structural carbohydrate allocation in dry and wet differ between birch and larch in 
southern boreal forest.
Abstract  An increasing area of boreal forests is currently switching from temperature to drought limitation. It is not suf-
ficiently known how the trees’ non-structural carbohydrate (NSC) pools are affected by alternating dry and wet phases in 
drought-prone boreal forests and how NSC concentrations are related to growth responses. In the southern boreal forests 
of Mongolia, NSC concentrations (including soluble sugars and starch) were determined enzymatically in the stemwood of 
two tree species during a drought year (2017) that was preceded by another drought in 2015 and two subsequent wet years 
(2018/19). Betula platyphylla as a broadleaved pioneer tree showed reduced radial stem increment in the drought year and 
rapidly increasing growth in the following wet years. It had low concentrations of NSC and of soluble sugars in particular, 
suggesting that most assimilate were invested into growth in this early successional tree. Larix sibirica as a late-successional 
conifer also showed reduced growth in the drought year, but lagged reductions in NSC concentrations and less pronounced 
growth releases than birch in 2018/19, suggesting a longer aftereffect of the drought than in birch. Larch maintained much 
higher NSC concentrations throughout the three studied growing seasons, including the drought episode in 2017. The NSC 
pool in larch was primarily formed by soluble sugars in sapwood and heartwood. In contrast to birch, larch showed a high 
allocation priority for assimilates in soluble sugars before investment in biomass, which explains the aftereffect of the drought 
on both growth and NSC. We conclude that the high soluble sugar concentrations in larch are a key determinant of the extreme 
drought and cold tolerance of L. sibirica and, therefore, growth has lower allocation priority for carbon compared to birch.
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Introduction

The productivity of boreal forests has received growing 
attention because the boreal climate zone is influenced 
by polar amplification due to its proximity to the Arctic 
(Stuecker et al. 2018). Thus, the boreal forest experiences 
more rapid climate warming than most other forested biomes 
(IPCC 2021). Two lines of evidence suggest that an increas-
ing area of boreal forests is currently switching from temper-
ature to drought limitation of productivity: one is based on 
remote-sensing analyses of vegetation greenness (Buermann 
et al. 2014) and the other one on dendrochronological data 
(Lloyd and Bunn 2007; Babst et al. 2019).

The dendrochronological data from the boreal zone are 
primarily based on the analysis of wood cores from coni-
fers and mostly from late successional species (Lloyd and 
Bunn 2007; Tei et al. 2017). Though boreal conifers are 
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not necessarily isohydric tree species (Dulamsuren et al. 
2009a, b), they typically follow a water-saving strategy with 
stringent stomatal regulation (Goulden et al. 1997; Walker 
et al. 2015). Such a strategy limits C assimilation but low-
ers the risk of drought mortality. Summer droughts, which 
are commonplace under continental boreal climates, leave 
their imprint in the tree-ring data through annual to multi-
annual growth depressions (Dulamsuren et al. 2010; Itter 
et al. 2019). In climate-response analyses, low tree-ring 
width under drought conditions is usually correlated with 
high temperature, low precipitation, and high atmospheric 
drought as expressed by the Standardized Precipitation-
Evapotranspiration Index (SPEI). Such analyses also show 
that the drought’s impact on radial stem increment is some-
times stronger in the year following the drought than during 
the drought itself (Dulamsuren et al. 2011, 2013; Tumajer 
and Lehejček 2019).

Birch and aspen, which are the dominant broadleaved pio-
neer trees in boreal forests (Pfadenhauer and Klötzli 2020), 
are less in the focus of dendrochronologists because they 
have shorter life expectancies and the climate signal in the 
tree-ring series is more likely to be confounded by other fac-
tors in disturbed forests where pioneer trees establish than 
in late-successional forests. Birch and aspen gain the advan-
tage of fast growth by maintaining high transpiration even at 
high atmospheric vapor pressure deficits (Ponton et al. 2006; 
Zha et al. 2010), thus accepting a higher drought mortality 
risk (Kharuk et al. 2013) under declining soil water reserves 
(Kljun et al. 2006; Welp et al. 2007). In addition, the xylem 
of these trees is more vulnerable to cavitation than that of 
late-successional conifers (Dulamsuren et al. 2019). How-
ever, the higher stem mortality risk is compensated by the 
broadleaved pioneer’s capability to resprout (Xu et al. 2018).

While the negative impact of summer droughts on 
tree-ring width in the current or next year and on vegeta-
tion greenness in boreal forests is generally well known, 
less information is available on the mechanisms that link 
droughts with immediate or delayed growth depressions. In 
addition to temperature and plant water status, the size of the 
non-structural carbohydrates (NSC) pool that is available 
for cell division and cell elongation exerts an influence on 
the tree’s ability for biomass production (Oribe et al. 2003). 
An important function of the NSC pool is to bridge between 
growing seasons by storing assimilates for tissue formation 
in the next year (Sauter and Ambrosius 1986; Fierravanti 
et al. 2019). Especially foliation, flowering and the formation 
of earlywood with new conduits that reinforce the hydraulic 
system at the start of the growing season depend on C stored 
from the previous year (Palacio et al. 2018). Therefore, the 
NSC pool can be regarded as the material basis of first-order 
autocorrelation of tree-ring width between consecutive years 
(von Arx et al. 2017). However, high NSC reserves are no 
guarantee for wide tree rings, if the climate is unfavorable 

(Scartazza et al. 2013), because the allocation priority for 
maintaining a certain NSC level is higher than for stem 
wood formation (Hartmann et al. 2018, 2020).

Higher C allocation priorities in NSC than in wood 
growth arise from the circumstance that NSC fulfill multi-
ple functions in addition to assimilate storage for biomass 
production. NSC form the basis for catabolic and anabolic 
metabolism (Dietze et al. 2014; Hartmann and Trumbore 
2016). The disaccharide sucrose is used for assimilate dis-
tribution in the plant through the phloem. NSC and starch in 
particular are accumulated before the fall of leaves prior to 
cold and dry seasons to allow for respiration at times with-
out CO2 assimilation (Palacio et al. 2007; Richardson et al. 
2013; Furze et al. 2019). In addition, sugars play an impor-
tant function in osmoregulation (Yoshimura et al. 2016; von 
Arx et al. 2017; Ozturk et al. 2021) and cold acclimation 
(Rinne et al. 1998; Charrier et al. 2018; Lintunen et al. 2016; 
Deslauriers et al. 2021). Despite the importance of sugars 
for osmotic adjustment, NSC concentration can be depleted 
under drought conditions as the result of sustained stomatal 
closure, leading to an imbalance between C assimilation and 
respiration, which can finally result in death from C starva-
tion (O’Brien et al. 2014; Sevanto et al. 2014; Kono et al. 
2019). On the other hand, cell division and cell elongation 
can be stopped at an earlier stage of a beginning drought 
than the Calvin cycle (Muller et al. 2011; O’Brien et al. 
2015), resulting in NSC accumulation. However, Thompson 
et al. (2023) recently found simultaneous downregulation of 
photosynthesis and growth preventing NSC accumulation 
in a semiarid southern North American conifer woodland. 
Therefore, neither NSC depletion nor accumulation can be 
interpreted as a reliable drought stress indicator in plants 
(Dickman et al. 2019; Thompson et al. 2023).

Drought responses of NSC concentrations in trees are 
variable dependent on drought intensity, duration and the 
tree species (Regier et al. 2009; Dietze et al. 2014). Most 
trees show an increase in soluble sugar concentrations in 
the stemwood during moderate drought, which matches with 
their osmoregulatory function, but a decrease after long-
lasting intense drought pointing to the consumption of C 
reserves (Maguire and Kobe 2015; He et al. 2020). Cor-
respondingly, large NSC reservoirs reduce the mortality 
risk during drought due to their function in osmoregulation 
and the prevention of C starvation after stomatal closure 
(Canham et al. 1999). In addition to their osmoregulatory 
function, NSC (e.g. raffinose and fructans) are involved 
in protecting membranes from drought-induced oxidative 
stress (Jiménez et al. 2013; Van den Ende 2013; ElSayed 
et al. 2014). Furthermore, NSC have a function in refilling 
embolized xylem conduits, though the extent to which this 
occurs as a regular process after drought in mature trees is 
controversial and apparently different between species (Nar-
dini et al. 2011; Klein et al. 2018).
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Being interested in potential interrelations between NSC 
concentrations and radial stemwood increment and their 
dependence on climate, we compared the seasonal and 
interannual variability of NSC concentrations in the stem-
wood between an early successional broadleaved pioneer 
(Betula platyphylla Sukaczev, Siberian silver birch) and a 
late successional conifer (Larix sibirica Ledeb., Siberian 
larch) in a drought-limited southern boreal forest of Mon-
golia. Our study covered a sequence of three consecutive 
growing seasons, where the first one in 2017 represented 
a drought year (preceded by a drought in 2015), whereas 
the subsequent years 2018 and 2019 represented wet years. 
Since birch as a pioneer tree is specialized in rapidly occu-
pying as much canopy space as possible, we hypothesized 
(1) that birch has lower NSC concentrations than larch, as 
birch can be assumed to invest more of the assimilated C 
directly into growth. Therefore, we also tested hypothesis 
(2) that the drought episode in 2017 (that itself might have 
been still affected by the preceding drought of 2015) exerted 
no long-lasting effect on NSC concentrations in birch that 
extended to the subsequent wet years. As L. sibirica often 
shows stronger growth depressions in the years following 
the drought than in the year of the drought (Dulamsuren 
et al. 2013; Khansaritoreh et al. 2017a, b), we tested the 
hypothesis (3) that the drought caused a reduction in the 
NSC concentration in larch that persisted in the year(s) fol-
lowing the drought year 2017.

Materials and methods

Study area

The study was carried out in the mountain taiga of northern 
Mongolia, which occurs at the southern distribution limit 
of the Eurosiberian boreal forest in Inner Asia. Fieldwork 
was conducted in the western Khentei Mountains at 48°40ʹ 
N, 106°55ʹ E near the town of Tunkhel, ca. 85 km north 
of the Mongolian capital Ulan Bator and 230 km south 
of Lake Baikal. The Khentei Mountains range from Ulan 
Bator northeastward into Siberia (where they are called 
Yablonoviy Mountains) to Transbaikalia. Geologically, the 
mountain range consists of Proterozoic and Paleozoic rock, 
especially granite. Forests below 1500 m a.s.l. are mostly 
composed of Larix sibirica, but are frequently replaced by 
Betula platyphylla after natural and anthropogenic distur-
bance, which is mainly caused by fire, windthrow and log-
ging (Dulamsuren 2004). A local timber industry contribut-
ing to anthropogenic disturbance was developed in Tunkhel, 
which is located 12 km from our study site, in the 1960s.

Climate in the study region is coined by the Siberian 
High, which has its center over Lake Baikal from Septem-
ber to April and generates extremely cold and dry winters. 

Mean January temperatures are typically around − 25 °C and 
daily temperature minima regularly fall to values between 
− 45 and − 50 °C in the montane forest belt (Dulamsuren 
and Hauck 2008). In summer, when the Siberian High has 
collapsed, warm and moist air masses flow in resulting in a 
strong precipitation peak in summer and in July in particular. 
Meteorological data for our study area were obtained from 
the CRU TS 4.05 dataset edited by the Climate Research 
Unit of the University of East Anglia, Norwich and the 
Met Office in Exeter, UK. Data were downloaded for the 
period from 1901 to 2020 from the website of the World 
Meteorological Organization (WMO, https://​clime​xp.​knmi.​
nl) selecting a resolution of 0.5° × 0.5° for the grid field of 
48.5–49.0°N and 106.5–107.0°E. Mean annual (July/Janu-
ary) temperatures in the region amounts to − 1.7 ± 0.1 °C 
(17.6 ± 0.1 °C/− 24.0 ± 0.3 °C). Mean annual precipitation 
is 330 ± 5 mm with 90% falling between May and September 
(298 ± 5 mm); 68% (226 ± 4 mm) of the annual precipitation 
is received from June to August. The Standardized Precip-
itation-Evapotranspiration Index (SPEI) was calculated as 
one-monthly means (SPEI1) using the R package SPEI 1.7 
(Vicente-Serrano et al. 2010). Potential evapotranspiration 
was calculated after Thornthwaite (1948) for a latitude of 
48.666667°N.

Sampling design

Fieldwork was conducted on a mountain range ca. 12 km 
ENE of the town of Tunkhel (Selenge Province, Mongo-
lia) during the growing seasons of 2017, 2018, and 2019 
(Dulamsuren 2021). The field site is part of a larger project 
on forest functioning in late-successional conifers and broad-
leaved pioneers at the drought-prone southern fringe of the 
boreal forest and is located near a field station of the Ger-
man Corporation for International Cooperation (Deutsche 
Gesellschaft für Internationale Zusammenarbeit, GIZ). 
The mountain range is covered with the light taiga forest 
of Larix sibirica and Betula platyphylla on its north-facing 
slope at the studied elevational range of 1300–1500 m a.s.l. 
and steppe grassland on south-facing slopes. Three sample 
plots (48°40ʹ N, 106°55ʹ E) were studied representing mixed 
larch-birch forest, pure birch forest and pure larch forest, 
respectively. These plots were similar in terms of elevation 
(1290–1395 m a.s.l.), aspect (north) and were 210–325 m 
apart from one another.

Samples were collected in the three subsequent growing 
seasons of 2017, 2018 (both weekly sampling), and 2019 
(biweekly sampling) from May to late September/early 
October. Six trees per plot and tree species were sampled 
in 2017 and 2018. In 2019, sampling was limited to three 
replicate trees. Wood cores of 5 mm diameter and a length 
of ca. 5 cm were collected with an increment borer (Haglöf, 
Långsele, Sweden) along the entire stem circumference at a 

https://climexp.knmi.nl
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height of 1.3 m above the ground keeping a distance of 2 cm 
from the last sampling point. Sample trees were selected to 
represent dominant to subdominant trees with representa-
tive stem diameter and height for the stands. Diameters 
at breast height were 25.9 ± 8.6 cm (birch in pure stand), 
27.3 ± 0.8 cm (birch in mixed forest), 38.4 ± 0.6 cm (larch 
in pure stand), and 39.2 ± 0.7 cm (larch in mixed forest). 
At the start of each growing season, new tree individuals 
were selected to avoid bias by previous sampling activi-
ties. Wood cores were treated in a microwave at 600 W for 
90 s min at the day of sampling to inactivate enzymes and 
prevent biochemical conversions like starch hydrolysis and 
subsequently air-dried. Wood cores were stored dry until 
analysis. Analyses were done for the complete stemwood 
core for the individual samples (separately for each tree and 
sampling date). A subset of samples from the growing sea-
sons of 2017–2019 was analyzed separately differentiating 
for sapwood and heartwood. This analysis was restricted to 
larch, as birch usually has no distinct sapwood/heartwood 
separation. Another subset of weekly samples from 2017/18 
and biweekly samples from 2019 was used for the analysis 
of the NSC content in the phloem.

NSC analysis

NSC analysis included the measurement of free sugar (glu-
cose, fructose, sucrose) and starch concentrations following 
ethanol extraction (80% at 90 °C for 10 min) of the homog-
enized wood (Landhäusser et al. 2018). Extracts were cen-
trifuged at 13,000g for 1 min at room temperature. Super-
natants were used for the analysis of free sugars, whereas 
pellets were subjected to two further iterations of ethanol 
extraction and centrifugation to remove residual sugar 
extract from the pellet and then used for starch analysis. 
After the ethanol had been evaporated from the superna-
tant, the remnant was dissolved in deionized water at 90 °C, 
cooled down to room temperature and then centrifuged 
at 13,000g for 1 min. Free sugar content was determined 
enzymatically through the reduction of NAD+ to NADH 
by glucose-6-phosphate. This reaction is catalyzed by glu-
cose-6-phosphate dehydrogenase and the change in NADH 
concentration was recorded as an increase in absorbance at 
λ = 340 nm using a microplate reader (BioTek, Agilent, Santa 
Clara, California, USA). Sucrose was broken down into glu-
cose and fructose with invertase. Hexokinase was used to 
phosphorylate glucose and fructose to glucose-6-phosphate 
and fructose-6-phosphate, respectively; the latter was con-
verted to glucose-6-phosphate with isomerase. Starch was 
broken down into glucose in two steps: first, α-amylase was 
added to the starch pellet and incubated at 85 °C, cooled 

to room temperate and afterwards centrifuged at 13,000g 
for 1 min. Amyloglucosidase was added to the supernatant, 
incubated at 55 °C and then also cooled to room and centri-
fuged at 13,000g for 1 min. The resulting glucose solution 
was phosphorylated and then treated like the free sugar sam-
ples for further analysis. Three replicate measurements were 
made per extract and the results averaged. All concentrations 
presented in the paper refer to glucose equivalents. Glucose 
and fructose were used as standards. All biochemicals were 
obtained from Sigma-Adrich (St. Louis, Missouri, USA).

Radial stem increment

At the end of the last field season in 2019, wood cores for 
dendrochronological analysis were collected from all NSC 
sample trees with the increment borer at 1.3 m height paral-
lel to the contour lines of the slope. Annual ring width was 
measured with a precision of 10 µm on a movable object 
table (Lintab 6, Rinntech, Heidelberg, Germany), the move-
ments of which were electronically transmitted to a com-
puter system equipped with TSAP (Time Series Analysis 
and Presentation)-Win software (Rinntech). TSAP-Win and 
visual control were used for cross-dating. Tree-ring data 
were used to extract the annual radial stem increment of 
the years 2015–2019. Data were not standardized, because 
they were only used for the calculation of mean tree-ring 
width and all sample trees of each species were of similar 
size and age.

Light microscopy

In addition to the wood cores of 5 mm diameter used for 
NSC and tree-ring analysis, wood microcores of 2 mm diam-
eter and 15 mm length were collected with a Trephor cutting 
tube manufactured at the University of Padova, Italy (Rossi 
et al. 2006). The microcores were preserved in 50% etha-
nol, embedded in polyethylene glycol (PEG 2000) at 70 °C 
and cut with the microtome (Reichert, Leica Microsystems, 
Wetzlar, Germany) to thin sections of 5–10 µm. Thin sec-
tions were washed with ethanol, placed on an object holder 
and treated with Lugol’s iodine (1%), before the solution 
was removed with deionized water. Micrographs were taken 
using an Eclipse Ni-U research microscope (Nikon, Tokyo, 
Japan).

Statistical analysis

Arithmetic means ± standard errors (SE) are presented 
throughout the paper. All statistical calculations were 
done with R 4.0.3 software. Data were tested for normal 
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distribution with the Shapiro–Wilk test. Linear mixed 
effect analysis was calculated with the R package ‘lme4’ 
1.1–31 (Bates et al. 2015) to analyze the effect of tree 
species, tree mixture, and time on NSC concentrations. 
We entered tree species, tree mixture, year (for interan-
nual variation) and month (for seasonal variability) as 
fixed effects into the model and the sample plot as ran-
dom effect. Duncan’s multiple range test was used as a 
posthoc test (following analysis of variance) for multi-
ple comparisons of means; it was calculated with the R 
package ‘agricolae’ 1.3–5. Phloem NSC concentrations 
and dendrochronological data (tree-ring width, basal area 
increment) were log10-transformed before Duncan’s mul-
tiple range test in order to remove skewness by mainly 
positive outliers.

Results

Climatic variability

The growing season of 2017 was characterized by a strong 
drought from late June to July, which is normally the most 
precipitation-rich month in Mongolia. July precipitation 
amounted to 46 mm in 2017 compared to 119 mm in 2018 
and 97 mm in 2019 (Fig. 1a) and 86 ± 2 mm on the long-
term average (1901–2020). The annual precipitation did not 
show such a sharp contrast between the years (Fig. 1d), as 
the low July precipitation in 2017 was partly compensated 
by high rainfall in August (115 mm in 2017 vs. 90 mm in 
2018 and 70 mm in 2019). The long-term average of August 
precipitation for the area is 79 ± 2 mm. An SPEI of − 2.1 in 
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Fig. 1   Variation of a, d precipitation sums, b, e one-monthly values 
of the Standardized Precipitation-Evapotranspitration Index (SPEI), 
and c, f mean air temperature in a–c the study period from 2017 to 
2019 (monthly variation) and d–f from 2005 to 2019, including 
annual, monthly (June to August) and growing season (May to Sep-
tember, MJJAS) values. Data are modeled from the CRU TS 4.05 

dataset edited by the Climate Research Unit of the University of East 
Anglia, Norwich and the Met Office in Exeter, UK (https://​clime​
xp.​knmi.​nl) at a resolution of 0.5° × 0.5° for the grid field of 48.5–
49.0°N and 106.5–107.0°E. July values a–c of the drought year 2017 
are highlighted in red color, those of the wet years 2018 and 2019 in 
green
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July 2017 indicated strong atmospheric drought (Fig. 1b), 
whereas SPEI values were positive, indicating moist condi-
tions, in July 2018 (1.3) and 2019 (0.1). July air tempera-
ture was 20 °C in 2017, 18 °C in 2018, and 19 °C in 2019 
(Fig. 1c).

The year 2017 was preceded by a moderately dry year 
where 90% (296 mm) of the mean annual precipitation and 
88% (75 mm) of the mean July precipitation were received 
(Fig. 1d). June precipitation in 2016 (64 mm) was close 
the long-term average (104%), while August precipita-
tion (53 mm) was less than normal (67%). The summer 
of 2015 was characterized by a very dry June (18 mm or 
29% of the long-term mean), followed by a moderately 
dry July (73 mm, 85%) and August (33 mm, 42%). Since 
both years had warm summers with July temperatures of 
20 °C (Fig. 1f), this resulted in moderate meteorological 
drought in July 2015 and 2016 (SPEI = − 1.1 in both years), 
but strong drought in June (SPEI = − 2.1) and August 2015 
(SPEI = − 2.5; Fig. 1e).

Radial stem increment

Annual radial stem increment showed a growth depression 
in 2017 in both tree species (Fig. 2). Growth was rapidly 
resumed after the drought year 2017 in both species with 
increased tree-ring width and basal area increment in the 
first wet year 2018 and further accelerated growth in the sec-
ond wet year 2019. Growth releases in the second wet year 
were much higher in birch than in larch. The reduction of 
tree-ring width and basal area increment in 2017 compared 
to the preceding and the following years were consistently 
significant for larch, but not in birch, which showed high 
growth variability between individuals.

NSC concentrations in stemwood

Linear mixed-effects modeling yielded a strong effect of the 
tree species on the concentrations of total NSC, soluble sug-
ars, and starch, as evidenced by P ≤ 0.001 in the maximum 
likelihood estimates, high t-values and modest confidence 
intervals (Table 1). By contrast, tree mixture (i.e. the occur-
rence of larch and birch in pure or mixed forest) had with 
high certainty no effect on NSC concentrations (P = 0.98 
in all cases). Random effects, including influences by the 
sample plots, were also negligible. Therefore, we merged the 
data from pure and mixed forests for each species and pre-
sent the separate data only in the Supplementary Information 
(Figs. S2 to S4). A significant effect of the interaction of 
species × tree mixture was minor and was (particularly for 
total NSC and soluble sugars) connected with high uncer-
tainty as indicated by very high SE and confidence intervals. 
Temporal variation in NSC concentrations was also minor, 

as shown by only small and often statistically insignificant 
effects of year and month.

Total NSC concentrations were much higher in larch 
than in birch stemwood (Fig.  3a) with mean values of 
2.50 ± 0.04% in larch and 0.79 ± 0.02% in birch across all 
data. Birch and larch differed fundamentally in how much 
of the total NSC was allocated to soluble sugars or starch 
(Fig. 4). Soluble sugars represented one-third of total stem-
wood NSC (32.5 ± 2.0%) in birch, while the remaining 
two-thirds were deposited as starch (67.1 ± 6.6%). By con-
trast, larch kept the vast majority of NSC as soluble sugars 
(93.7 ± 0.9%) and only 6.6 ± 0.8% as starch. These differ-
ences are consistent with significantly higher sugar concen-
trations in larch than in birch (Fig. 3b) and (on a lower abso-
lute level) higher starch concentrations in birch (Fig. 3c).
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Table 1   Linear mixed model 
for the effects of tree species 
(birch vs. larch), tree mixture 
(pure vs. mixed stand), year 
(2017–2019) and month on total 
NSC, soluble sugar and starch 
concentrations in the stemwood

a Intraclass correlation coefficient

Parameter Estimate SE t P Confidence interval

2.5% 97.5%

Total NSC
 Fixed effects

(Intercept) − 393.92 61.20 − 6.44 − 511.49 − 276.35
 Tree species 1014.91 70.67 14.36 < 0.001 879.15 1150.67
 Tree mixture 166.94 70.67 2.36 0.98 31.18 302.70
 Year 0.20 0.03 6.45 0.12 0.14 0.25
 Month 0.05 0.02 3.07 0.93 0.02 0.08
 Species × Mixture 0.02 0.06 0.01 < 0.001 − 0.09 0.12
 Species × Year − 0.50 0.04 − 14.33 < 0.001 − 0.57 − 0.43
 Species × Month − 0.14 0.02 − 7.25 < 0.001 − 0.17 − 0.10
 Mixture × Year − 0.08 0.04 − 2.37 0.30 − 0.15 − 0.02
 Mixture × Month 0.02 0.02 1.09 0.94 − 0.02 0.06
 Random effects
 Plot 0.00 0.01 0.01a

 Residual 0.03 0.10
Soluble sugars
 Fixed effects

(Intercept) − 69.34 61.25 − 1.13 − 187.01 48.33
 Tree species 816.88 70.73 11.54 < 0.001 681.01 952.76
 Tree mixture 3.21 70.73 0.05 0.98 − 132.66 139.09
 Year 0.35 0.30 1.14 0.03 − 0.02 0.09
 Month − 0.02 0.02 − 0.92 0.18 − 0.05 0.02
 Species × Mixture 0.07 0.08 0.95 < 0.001 − 0.03 0.18
 Species × Year − 0.40 0.04 − 11.51 < 0.001 − 0.47 − 0.34
 Species × Month − 0.11 0.02 − 6.02 < 0.001 − 0.15 − 0.08
 Mixture × Year − 0.00 0.04 − 0.05 0.09 − 0.07 0.07
 Mixture × Month 0.02 0.02 1.20 0.40 − 0.01 0.06
 Random effects
 Plot 0.00 0.02 0.04a

 Residual 0.04 0.10
Starch
 Fixed effects

(Intercept) − 321.50 41.16 − 7.81 − 400.54 − 242.38
 Tree species 195.00 47.53 4.10 < 0.001 103.70 286.32
 Tree mixture 157.20 47.53 3.31 0.98 65.90 248.52
 Year 0.16 0.02 7.81 < 0.001 0.12 0.20
 Month 0.07 0.01 5.85 < 0.001 0.04 0.86
 Species × Mixture − 0.05 0.11 − 0.42 < 0.001 − 0.12 0.02
 Species × Year − 0.10 0.02 − 4.11 < 0.001 − 0.14 − 0.52
 Species × Month − 0.02 0.01 − 1.85 < 0.001 − 0.05 0.00
 Mixture × Year − 0.08 0.02 − 3.31 < 0.001 − 0.12 − 0.03
 Mixture × Month − 0.00 0.01 − 0.11 < 0.001 − 0.03 0.00
 Random effects
 Plot 0.01 0.04 0.25a

 Residual 0.02 0.06
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In larch, total NSC and soluble sugar concentrations were 
significantly reduced in the two years (2018 and 2019) fol-
lowing the drought year 2017 (Fig. 3a, b). The low starch 
concentrations in larch remained unchanged over the years 
(Fig. 3c). Birch did not show any depression in total NSC 
and starch concentrations in 2018, but concentrations 
increased significantly in 2019 (Fig. 3a, c). Soluble sugar 
concentrations in birch were very low (especially when 
compared to larch), but nevertheless showed a reduction in 
2018, with a significantly lower concentration than in 2019 
(Fig. 3b).

As already pointed out in connection with the linear 
mixed effect analysis (Table 1), seasonal variation of NSC 
concentrations was remarkably low (Fig. 5). Some of the 
small seasonal variations was due to the conversion of starch 

into soluble sugar before winter (especially in birch, Fig. 5d, 
e, g, h) or caused by decreasing sugar and total NSC concen-
trations in spring in both species. Soluble sugar (and thus 
also total NSC) concentrations in larch remained stable 
from the start of the growing season in 2017 throughout 
the drought in late June and July and showed some drift 
towards lower values in autumn (Fig. 5d). In the two fol-
lowing years, sugar (and total NSC) concentrations in larch 
decreased rapidly at the start of the growing season (Fig. 5e, 
f) to a level significantly below that in 2017 (Fig. 3). Despite 
this decline, soluble sugar concentrations were always much 
higher than in birch. Birch showed a buildup of the starch 
pool during the growing season in the wet years 2018 and 
2019 (Fig. 5h, i). In 2017, however, a very weak depres-
sion occurred in the starch concentration in birch during 
the drought in July (Fig. 5g), simultaneously with a slight 
increase in soluble sugar concentrations (Fig. 5d), but these 
alterations in birch concerned low relative changes at low 
concentration values.

Sapwood vs. heartwood NSC concentrations

The separate analysis of NSC concentrations in sapwood and 
heartwood of larch yielded strong differences between these 
wood types (Fig. 6). Most soluble sugars were found in the 
heartwood and not in the sapwood. Starch was not detectable 
in the heartwood. Growing season mean concentrations of 
soluble sugars varied between 2.6 and 3.7% in heartwood, 
but only 0.3 and 0.8% in sapwood.

Phloem NSC concentrations

Total NSC concentrations in the phloem exceeded that in 
stemwood by a factor of 5.6 in birch and by 4.0 in larch. Lin-
ear mixed-effects analysis revealed a dominant effect of the 
tree species on NSC concentrations in the phloem (Table 2). 
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Table 2   Linear mixed model 
for the effects of tree species 
(birch vs. larch), tree mixture 
(pure vs. mixed stand), year 
(2017–2019) and month on total 
NSC, soluble sugar and starch 
concentrations in the phloem

a Intraclass correlation coefficient

Parameter Estimate SE t P Confidence interval

2.5% 97.5%

Total NSC
 Fixed effects

(Intercept) − 2164.00 716.80 − 3.02 − 3540.98 − 787.40
 Tree species 313.00 823.90 0.38 < 0.001 − 1.27 1895.44
 Tree mixture 1205.00 823.90 1.46 0.92 − 3.77 2787.58
 Year 1.07 0.36 3.02 0.12 0.39 1.76
 Month 0.28 0.19 1.49 < 0.001 − 0.08 0.64
 Species × Mixture − 0.15 2.16 − 0.70 < 0.001 − 2.70 − 0.33
 Species × Year − 0.15 0.41 − 0.38 < 0.001 − 0.94 0.63
 Species × Month 1.02 0.22 4.65 < 0.001 − 0.60 1.45
 Mixture × Year − 0.60 0.41 − 1.46 0.29 − 1.38 0.19
 Mixture × Month 0.08 0.22 0.36 < 0.001 − 0.35 0.50
 Random effects
 Plot 2.15 0.73 0.30a

 Residual 4.94 1.11
Soluble sugars
 Fixed effects

(Intercept) 108.51 238.22 0.46 − 349.05 566.08
 Tree species − 362.43 273.80 − 1.32 < 0.001 − 888.03 163.47
 Tree mixture − 246.32 273.80 − 0.90 0.99 − 772.22 279.58
 Year − 0.05 0.12 − 0.45 0.29 − 0.28 0.17
 Month 0.10 0.06 1.62 0.009 − 0.02 0.22
 Species × Mixture 0.10 0.68 0.15 < 0.001 − 0.29 0.50
 Species × Year 0.18 0.14 1.33 < 0.001 − 0.08 0.44
 Species × Month 0.02 0.07 0.22 < 0.001 − 0.13 0.16
 Mixture × Year 0.12 0.14 0.90 0.57 − 0.14 0.38
 Mixture × Month 0.03 0.07 0.36 0.03 − 0.11 0.17
 Random effects
 Plot 0.21 0.23 0.28a

 Residual 0.55 0.37
Starch
 Fixed effects

(Intercept) − 2273.00 795.60 − 2.86 − 3800.77 − 744.64
 Tree species 6755.00 914.40 0.74 < 0.001 − 1080.83 2431.75
 Tree mixture 1451.00 914.40 1.59 0.90 − 304.83 3207.77
 Year 1.13 0.39 2.86 0.15 0.37 1.88
 Month 0.18 0.21 0.85 < 0.001 − 0.22 0.58
 Species × Mixture − 1.62 3.55 − 0.46 < 0.001 − 2.94 − 0.30
 Species × Year − 0.33 0.45 − 0.74 < 0.001 − 1.21 0.54
 Species × Month 1.01 0.24 4.12 < 0.001 0.54 1.48
 Mixture × Year − 0.72 0.45 − 1.59 0.34 − 1.59 0.15
 Mixture × Month 0.05 0.24 0.21 0.002 − 0.42 0.52
 Random effects
 Plot 6.05 1.23 0.50a

 Residual 6.08 1.23



1325Trees (2023) 37:1315–1332	

1 3

Like in the stemwood, phloem NSC concentrations were 
significantly higher in larch than in birch (Fig. 7; Fig. S5 for 
species occurrence in the pure or mixed forest). Tree mixture 
and year had no significant effect on NSC concentrations, 
while seasonal variation (month) showed a very weak effect 
in the analysis (Table 2). Unlike in stemwood, starch was 
the dominant fraction in the phloem NSC in both tree spe-
cies. Soluble sugar concentrations increased toward the end 
of the growing season, markedly in larch and to a lesser 
extent (and not consistently) in birch (Fig. 8d-f; Fig. S6). 
Sugar concentrations also partly showed declines in spring. 
Starch concentrations showed trends for an increase during 
the growing season (Fig. 8g–i). Before winter, the starch 
content decreased in birch (especially in 2017 and 2018) 
and in the drought year 2017 also in larch. Starch (Fig. 8g) 
and total NSC concentrations (Fig. 8a) showed depressions 
during the drought in late June and July 2017, but recovered 
in August in both tree species.

Localization of starch granules

Micrographs of stem thin sections stained with Lugol’s 
iodine visualized higher densities of starch deposits in the 
phloem than the xylem in both tree species (Fig. 9). Starch 
granules were more abundant in the phloem and outer xylem 
of B. platyphylla than L. sibirica (Fig. 9a, d). In the inner 
sapwood (Fig. 9b), but not the heartwood (Fig. 9c) of larch, 
starch was detectable in the ray parenchyma. In birch, the 
abundance of starch deposits in the xylem parenchyma also 
decreased strongly with increasing distance from the xylem, 
until the starch was no longer detectable by staining (Fig. 9e, 
f).

Interrelation between stemwood NSC 
concentrations and tree‑ring width

In both tree species, the drought year 2017 was character-
ized by low stemwood increment, but high NSC concen-
trations (Fig. 10). By contrast, higher growth rates in the 
moist years 2018 and 2019 were associated with low NSC 
concentrations. The increase in soluble sugars in the wood of 
trees growing at very low levels in 2017 was about 10 times 
higher in larch than in birch. In birch, the increment in the 
following year was independent of the NSC concentration in 
the previous year, and regardless of whether the year of NSC 
sampling was a wet or dry year (Fig. 10b, f, j). In larch, how-
ever, trees with high NSC concentrations (found in 2017) 
also showed low growth in the following year (Fig. 10d, h, l).
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Discussion

Despite their different life strategies and systematic posi-
tions as a broadleaved pioneer and late-successional conifer, 
birch and larch did not differ fundamentally in their growth 
response during the drought of 2017. Both tree species 
showed marked growth depressions. That these depressions 
were only partly significant compared to 2016 and 2018 in 
birch is attributable to the higher growth variability between 
tree individuals compared to larch. 2015 also was a drought 
year, though with a timing that differed from the drought in 
2017, which apparently caused a lagged growth reduction 
in the moderately dry year 2016, but could even have an 
impact still in 2017. The main difference between 2015 and 
2017 was that the 2017 drought spell lasted from late June 
to July, which is usually the most precipitation-rich month 
in Mongolia, whereas the drought in 2015 occurred in June 
and August, but was interrupted by a relatively moist July. 
Drought recovery after 2017 contrasted between the two tree 

species, as birch translated the additional water supply dur-
ing the two subsequent wet years 2018/19 into much stronger 
growth releases than larch, at least in the second year. It is 
likely that the rapid drought recovery in 2017 was enabled 
by the wet August of that year.

The approximately threefold higher NSC content in the 
stemwood of Larix sibirica than in that of Betula platyphylla 
is consistent with our first hypothesis that birch as a fast-
growing pioneer invests a higher share of the total C gain in 
growth, whereas C allocation in growth and NSC stocks in 
larch as the late-successional pioneer L. sibirica is more a 
tradeoff between survival probability, on the one hand, and 
biomass production, on the other hand (Sala et al. 2012). 
The resource allocation priorities in birch are clearly driven 
by the target to outcompete other trees through rapid growth 
and occupation of canopy space. Fast growth is achieved by 
accepting low wood density (Koizumi et al. 2003; Dulam-
suren et al. 2016; Erdene-Ochir et al. 2020) and low hydrau-
lic safety (Dulamsuren et al. 2019) compared to L. sibirica 
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and, thus, at the expense of longevity (Büntgen et al. 2019; 
Duchesne et al. 2019). Slower growth in larch is connected 
with larger mechanical stability, while the thicker bark pro-
duces greater fire tolerance.

In birch, low growth in 2017 (combined with a slight 
but insignificant trend for temporarily reduced starch con-
centrations in stemwood and phloem during the drought 
spell), suggest that the trees were seriously affected during 
the drought. Reduced growth (and the slight depression of 
starch concentrations) could partly be the result of leaf shed-
ding during the drought, which concerned approximately 
30% of the foliage in birch, as was observed during our 
fieldwork. The overall low NSC pool in birch suggests that 
the species has not much capacity to buffer drought-induced 
reductions in CO2 assimilation by falling back to its sugar 
and starch reserves. After the drought, B. platyphylla recov-
ered rapidly. After the drought, the original leaf area was 
restored despite the late point in time within the growing 
season (early August), which is consistent with increasing 
starch concentrations at that time (Figs. 5, 8). It is plausible 
to assume that hydraulic failure of the xylem was associated 
with the period of reduced growth and leaf shedding during 
the drought, because xylem vulnerability in B. platyphylla 
is known to be considerably greater than in L. sibirica and 

other southern boreal conifers of southern Siberia and Inner 
Asia (Dulamsuren et al. 2019). However, the drought did 
not leave a long-lasting imprint neither on NSC concentra-
tions, nor growth that exceeded the drought. It is known 
that B. platyphylla is capable of xylem refilling (Ogasa et al. 
2010, 2013), which is consistent with quick drought recov-
ery. Birch used the two consecutive wet years following the 
drought year for strong growth releases, but only for minor 
NSC accumulation, which was found in the second wet year. 
In agreement with our second hypothesis, the growth release 
after the drought was not achieved at the expense of fall-
ing NSC concentrations. Yet, it remains unclear whether 
the NSC content would have risen earlier or more strongly 
during the two consecutive wet years without the preceding 
drought in 2017 (and 2015). However, the strong growth 
releases in birch during the wet years at initially constant 
and later only moderately increasing NSC concentrations 
suggest a strong C allocation priority of birch for growth.

Larch responded to the 2017 drought with a growth 
depression (which occurred in 2017 but could have been 
influenced by aftereffects of the 2015 drought), but a lagged 
reduction in NSC concentrations lasting over the two years 
following the drought, confirming our third hypothesis. In 
addition, it cannot be ruled out that growth reduction in 2017 

Fig. 9   Localization of starch 
granules stained bluish black 
with Lugol’s iodine in a–c Larix 
sibirica and d–f Betula platy-
phylla. Larch: a relatively high 
starch density in phloem and 
starch in radial ray parenchyma 
of outer sapwood, b starch in 
ray parenchyma of inner sap-
wood, c no starch in heartwood. 
Birch: d high starch density in 
phloem and peripheral xylem 
parenchyma, e low starch 
density and f no starch in xylem 
parenchyma with increasing 
distance from the phloem
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were partly influenced by aftereffects of the 2015 drought. 
Whether L. sibirica responds to drought with immediate or 
lagged or multiannual reductions in tree-ring width depends 
on the timing of the drought spell and its intensity (Dulam-
suren et al. 2011, 2013; De Grandpré et al. 2011; Khan-
saritoreh et al. 2017a). The NSC data show that the 2017 
drought episode (perhaps partly influenced by the preceding 
drought of 2015) left an imprint despite growth recovery in 
2018 and even more 2019, as NSC concentrations in larch 
were significantly and even increasingly reduced compared 
to 2017. This aftereffect of the drought on the NSC pool 
explains how drought exposure weakens the first-order auto-
correlation in tree-ring chronologies of L. sibirica (Khan-
saritoreh et al. 2017a) and reduces the resistance of growth 
to repeated consecutive drought spells, which may lead to 
persistent growth and vitality reductions (Dulamsuren et al. 
2010) or increased tree mortality (Liu et al. 2013; Khansa-
ritoreh et al. 2017a). Climate change-induced drought mor-
tality has become widespread in L. sibirica in Mongolia’s 
boreal forest, although the xylem of L. sibirica is highly 
cavitation-resistant (Dulamsuren et al. 2019) and can accli-
mate to low water supply (Chenlemuge et al. 2015a, b).

That NSC concentrations show this lagged decline (con-
trasting with simultaneously increasing NSC concentrations 
in birch) suggests that reduced assimilate availability is a key 
determinant of delayed drought responses in L. sibirica. If 

cambium damage due to insufficient hydration occurred, the 
NSC pool should have increased, rather than decreased, as 
assimilates not consumed for growth and respiration would 
accumulate (Blackman et al. 2019; Dickman et al. 2019). 
We can only speculate about the mechanism leading to the 
drought’s aftereffect on the NSC pool. Persistent hydrau-
lic failure of the xylem, where conduits would have to be 
replaced by the slow formation of new wood, would be a 
possible explanation (Creek et al. 2018), which would thwart 
transpiration, impair leaf hydration, and reduce photosyn-
thesis. Such dependence of the post-drought restoration of 
hydraulic conductivity on the formation of new conduits 
would activate a downward spiral of reduced NSC pools 
and reduced growth, as the underlying CO2 assimilation is 
a function of stomatal conductance and transpiration rate. 
It has not been investigated whether L. sibirica can signifi-
cantly refill its xylem after drought; therefore, this explana-
tion for the lagged and persistent drought response on NSC 
concentrations in our study and sometimes delayed growth 
responses found in other studies (De Grandpré et al. 2011; 
Khansaritoreh et al. 2017a) remains a hypothesis.

It is evident that L. sibirica has a high C allocation 
priority in soluble sugars, unlike B. platyphylla, which 
apparently spends a high share of assimilates in growth. 
Rather, larch splits its C resources between allocation in 
sugars and biomass. High allocation priority for NSC was 
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also observed in Larix decidua from Europe (Peters et al. 
2020). As L. sibirica maintained high soluble sugar con-
centrations during the drought in stemwood and phloem 
and increased sugar concentrations in phloem before win-
ter, it is plausible to assume a key role in the exceptional 
drought and cold tolerance of this species. While several 
boreal tree species occur under the relatively moist cli-
mates of upper mountain forests in Mongolia or of the 
western Siberian dark taiga, the highly continental south-
ernmost boreal forests of Inner Asia are monospecific 
larch forests (Gunin et al. 1999; Dulamsuren 2004). Solu-
ble sugars are needed for osmotic adjustment to gener-
ate low plant water potentials (Dulamsuren et al. 2009a). 
Maintenance of high soluble sugar concentrations (Mitch-
ell et al. 2013) or conversion of starch into sugars (Magu-
ire and Kobe 2015; Cui et al. 2021) during drought and 
positive relationships between drought survival and NSC 
pools (Galiano et al. 2011; Adams et al. 2013) have been 
demonstrated repeatedly. The difference in the NSC pools 
suggests lower cold hardiness of B. platyphylla compared 
to L. sibirica, which is probably the cause of distribution 
gaps in particularly cold parts of Mongolia’s boreal forest 
area, including the Mongolian Altai (Dulamsuren et al. 
2014) or the northwestern Khangai Mountains (Khansari-
toreh et al. 2017a, b).

Remarkably, larch allocated soluble sugars at much higher 
concentrations to heartwood than to sapwood. Though we 
did not separate between different tissue types within heart-
wood, sapwood and phloem in our analyses, it is plausible to 
assume that the soluble sugars in the heartwood were located 
in the ray parenchyma that extends from the sapwood into 
the stem interior (Hartmann and Trumbore 2016). While 
high sugar concentrations are known to occur in the transi-
tion zone between sapwood and heartwood, because the sug-
ars are utilized for secondary metabolite synthesis (Niamke 
et al. 2018; Cui et al. 2021), NSC concentrations usually 
decrease from the sapwood toward the stem interior heart-
wood (Hoch et al. 2003). Yet, comparing NSC concentra-
tions in the sapwood and heartwood of several angiosperm 
and gymnosperm trees, Piper et al. (2019) found lower con-
centrations in heartwood in some species, but similar con-
centrations in other species. Replicate analyses from other 
L. sibirica forests should be performed to clarify whether 
high heartwood concentrations are consistently found in this 
species.

Our results for soluble sugar and starch concentrations 
agree well with the magnitudes found in other analyses of 
stemwood or phloem (Palacio et al. 2007; Galiano et al. 
2011; Richardson et al. 2013, 2015; Scartazza et al. 2013; 
Zhang et al. 2014; Landhäusser et al. 2018; Smith et al. 
2018). However, our values are not comparable with the 
results of Liu et al. (2019) from stemwood of B. platyphylla 
and Pinus sylvestris samples from the Mongolian boreal 

forest because of differences in the analytical method. While 
our measurements were based on enzymatic analyses, which 
can reliably separate between different sugar compounds, 
Liu et al. (2019) employed the phenol–sulfuric acid method, 
which results in much higher sugar concentrations. These 
higher concentrations are measured, because the phenol–sul-
furic acid method also subsumes oligosaccharides other than 
glucose, fructose, and sucrose as well as other compounds 
with glycosidic bonds in the result (Landhäusser et al. 2018).

Conclusion

Birch and larch contrasted in their stemwood NSC con-
centrations reflecting the different life strategies as early- 
and late-successional tree species. Birch invested most 
assimilated C in growth and not in NSC during the growth 
recovery period. It recovered quickly from an intense sum-
mer drought and used the two wet years after the drought 
for strong growth releases, whereas larch always kept a 
high C allocation priority for soluble sugars over dry and 
wet periods. Larch showed also growth releases during 
the wet years, but they were more modest than in birch, 
which is consistent with the birches’ strategy to rapidly 
occupy canopy space and the larches’ strategy to find a 
tradeoff between canopy space occupation and longevity. 
The high soluble sugar pool in L. sibirica can be seen as a 
key strategy causing the species’ extreme drought and cold 
tolerance in addition to its fairly cavitation-resistant xylem 
(Dulamsuren et al. 2019). The intense summer drought of 
2017 resulted in lagged reductions of NSC concentrations 
in larch, while growth was reduced in the drought year. 
We cannot rule out that these responses were also partly 
influenced by the preceding drought in 2015.
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