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Abstract
Normal watering, mild, moderate, and severe drought treatments were estab-
lished to analyze the variation characteristics of soluble sugars, starch, and non-
structural carbohydrates (NSC) in different organs of two-year-old elm seedlings
with extended treatment duration (15, 30, 45 d, and 60 d). The results showed:
At 15 d of water treatment, with increasing drought severity, the soluble sugar
content in leaves and fine roots exhibited a decreasing trend; leaf starch content
was lowest under moderate and severe drought treatments at (18.35±0.06) mg・
g-1; and soluble sugar content in stems and coarse roots under severe drought
treatment was significantly lower than in other treatments. At 30 d of treat-
ment, leaf starch and NSC contents showed an increasing trend with increasing
drought severity, with leaf starch content reaching the highest value under se-
vere drought treatment at (47.83±0.27) mg・g-1; starch and NSC contents in
stems and coarse roots under mild drought treatment were significantly lower
than under suitable water treatment. At 45 d of treatment, with increasing
drought severity, the soluble sugar/starch ratio in fine roots showed a decreas-
ing trend; leaf soluble sugar content, soluble sugar/starch ratio, and stem starch
content under severe drought treatment were significantly higher than in other
treatments. At 60 d of treatment, with increasing drought severity, the soluble
sugar/starch ratio in leaves and fine roots gradually increased; soluble sugar,
starch, and NSC contents in coarse roots under severe drought treatment were
significantly higher than in other treatments, with NSC content reaching the
maximum value of (68.88±1.01) mg・g-1. These results indicate that soluble
sugar, starch, and NSC contents in different organs of elm seedlings exhibited
differential responses with extended treatment duration, with NSC decreasing
in various organs and accumulating in coarse roots. This provides a basis for
water management of elm shelterbelts in the Horqin Sandy Land.
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Abstract

Two-year-old Ulmus pumila seedlings were grown under suitable water, mild
drought, moderate drought, and severe drought treatments. The soluble sugar,
starch, and non-structural carbohydrate (NSC) contents in different organs of
the seedlings were measured after 15, 30, 45, and 60 days of drought treatment.
The results showed that on the 15th day of treatment, the soluble sugar contents
in leaves and fine roots decreased with increasing drought level, and the starch
content in leaves under moderate and severe drought treatments reduced to the
minimum value of (18.35±0.06) mg・g�¹. The soluble sugar contents in stems
and coarse roots under severe drought treatment were significantly lower than
those under other treatments. On the 30th day of treatment, the starch and
NSC contents in leaves increased with increasing drought degree, and the starch
content in leaves under severe drought treatment increased to the maximum
value of (47.83±0.27) mg・g�¹. The starch and NSC contents in stems and
coarse roots under mild drought treatment were lower than those under suitable
water treatment. On the 45th day of treatment, the ratio of soluble sugar to
starch in fine roots decreased with increasing drought level. The soluble sugar
content, ratio of soluble sugar to starch in leaves, and the starch content in stems
under severe drought treatment were significantly higher than those under other
treatments. On the 60th day of treatment, the ratio of soluble sugar to starch
in leaves and fine roots gradually increased with increasing drought degree. The
soluble sugar, starch, and NSC contents in coarse roots under severe drought
treatment were significantly higher than those under other treatments, and the
NSC content increased to the maximum value of (68.88±1.01) mg・g�¹. These
results indicated that soluble sugar, starch, and NSC in all organs of U. pumila
seedlings responded differently with increasing treatment time. The NSC in
each organ decreased and accumulated in coarse roots. This provides evidence
for water management of U. pumila protection forests in Horqin sandy land.

Keywords: Ulmus pumila Linn.; seedling; organ; non-structural carbohydrate;
Horqin sandy land
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1 Materials and Methods
1.1 Study Area

The study was conducted at the Liaoning Technical University experimental
base (42°42�N, 122°32�E) in the Horqin Sandy Land. The region has a temper-
ate semi-arid continental monsoon climate with an average altitude of 345 m.
The mean annual temperature is 6.82°C, with extreme minimum and maximum
temperatures of -33.4°C and 43.2°C, respectively. Annual precipitation ranges
from 400–550 mm, with 70% occurring from June to August. Annual evapora-
tion is 1200–1450 mm. The soil organic matter content in the 0–20 cm layer
is 5.72%–9.80%, and total nitrogen content is 7.73%–9.60% [16]. The area ex-
periences frequent droughts, with average wind speeds of 3.2 m・s�¹, maximum
wind speeds exceeding 5 m・s�¹ for 240 days annually, and 154 windy days per
year, mainly in spring. The natural vegetation includes Pinus sylvestris var.
mongolica, Pinus tabuliformis, Populus spp., and Ulmus pumila [17].

1.2 Experimental Design

In May 2015, two-year-old U. pumila seedlings with uniform growth were se-
lected and transplanted into plastic pots (30 cm diameter, 35 cm height, 17 kg
soil capacity). The soil substrate was a mixture of local sandy soil and peat
soil (2:1 v/v) with a field capacity of 17.52%, pH of 6.7, organic matter content
of 7.79 g・kg�¹, total nitrogen of 0.31 g・kg�¹, total phosphorus of 0.11 g・kg�¹,
total potassium of 87.19 g・kg�¹, available nitrogen of 6.01 mg・kg�¹, available
phosphorus of 3.58 mg・kg�¹, and available potassium of 59.33 mg・kg�¹ [17].

After one year of cultivation, in May 2016, 64 healthy seedlings of similar size
((37.76±5.14) cm height, (0.44±0.08) mm stem base diameter) were selected
for the drought experiment. Four water treatments were established based on
field capacity: suitable water (W1, 80% field capacity), mild drought (W2, 60–
55% field capacity), moderate drought (W3, 50–45% field capacity), and severe
drought (W4, 40–35% field capacity) [13, 15]. Each treatment had 16 repli-
cates. The pots were weighed daily at 18:00 to maintain target water content
by replenishing the water loss. The experiment lasted for 60 days.

1.3 Sample Collection and Measurement

Five seedlings per treatment were randomly selected and harvested after 15,
30, 45, and 60 days of treatment. The plants were separated into leaves, stems,
coarse roots (diameter > 2 mm), and fine roots (diameter < 2 mm). All samples
were oven-dried at 105°C for 30 minutes, then at 70°C to constant weight, and
finally ground into powder for NSC determination.

Soluble sugar content was measured using the anthrone colorimetric method
[20], and starch content was determined by enzymatic hydrolysis followed by the
same colorimetric method. NSC content was calculated as the sum of soluble
sugar and starch contents.
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1.4 Data Analysis

All data were analyzed using SPSS 20.0 software. Two-way ANOVA was used to
examine the effects of drought level, treatment duration, and their interactions
on soluble sugar, starch, NSC contents, and the soluble sugar/starch ratio. Dun-
can’s multiple range test was used for multiple comparisons among treatments
at � = 0.05 significance level.

2 Results and Analysis
2.1 Effects of Water Treatments on Non-Structural Carbohydrates in
Leaves

On the 15th day of treatment, soluble sugar content in leaves decreased with
increasing drought level, with W4 showing significantly lower values than other
treatments (Table 1). Starch content under moderate and severe drought treat-
ments decreased to the minimum value of (18.35±0.06) mg・g�¹. NSC content
showed no significant differences among treatments.

On the 30th day, starch and NSC contents in leaves increased with drought
severity, with starch content under severe drought reaching the maximum value
of (47.83±0.27) mg・g�¹, which was significantly higher than other treatments.
Soluble sugar content showed no significant differences among treatments.

On the 45th day, the soluble sugar/starch ratio in leaves under severe drought
was significantly higher than in other treatments. Soluble sugar content under
severe drought was also significantly higher than in other treatments.

On the 60th day, the soluble sugar/starch ratio in leaves increased with drought
level. Soluble sugar, starch, and NSC contents under severe drought were sig-
nificantly higher than those under suitable water treatment.

2.2 Effects of Water Treatments on Non-Structural Carbohydrates in
Stems

On the 15th day, soluble sugar content in stems under severe drought was sig-
nificantly lower than under other treatments. No significant differences were
observed for starch or NSC contents among treatments.

On the 30th day, starch and NSC contents under mild drought were significantly
lower than under suitable water treatment. The soluble sugar/starch ratio under
severe drought was significantly higher than under other treatments.

On the 45th day, the soluble sugar/starch ratio under mild drought was signifi-
cantly lower than under other treatments. Starch and NSC contents under mild
drought were also significantly lower than under suitable water treatment.

On the 60th day, no significant differences were observed for any measured
parameters among treatments.
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2.3 Effects of Water Treatments on Non-Structural Carbohydrates in
Coarse Roots

On the 15th day, no significant differences were observed for any parameters
among treatments.

On the 30th day, starch and NSC contents under mild drought were significantly
lower than under suitable water treatment.

On the 45th day, the soluble sugar/starch ratio under mild drought was sig-
nificantly lower than under other treatments. No significant differences were
observed for other parameters.

On the 60th day, soluble sugar, starch, and NSC contents under severe drought
were significantly higher than under other treatments, with NSC content reach-
ing the maximum value of (68.88±1.01) mg・g�¹.

2.4 Effects of Water Treatments on Non-Structural Carbohydrates in
Fine Roots

On the 15th day, soluble sugar content decreased with increasing drought level,
with W4 showing significantly lower values than other treatments. No significant
differences were observed for starch or NSC contents.

On the 30th day, no significant differences were observed for any parameters
among treatments.

On the 45th day, the soluble sugar/starch ratio decreased with increasing
drought level. Soluble sugar content under severe drought was significantly
higher than under other treatments.

On the 60th day, the soluble sugar/starch ratio increased with drought level.
Soluble sugar content under severe drought was significantly higher than under
other treatments.

[Figure 2: see original paper] Effects of different water treatments on non-
structural carbohydrates in stems of Ulmus pumila seedlings

[Figure 3: see original paper] Effects of different water treatments on non-
structural carbohydrates in coarse roots of Ulmus pumila seedlings

[Figure 4: see original paper] Effects of different water treatments on non-
structural carbohydrates in fine roots of Ulmus pumila seedlings

3 Discussion
Non-structural carbohydrates serve as important osmotic regulators and energy
sources for plants under drought stress [21]. Previous studies have shown that
NSC content in plant tissues reflects the carbon balance status and drought
resistance capacity [5, 7]. In this study, the responses of soluble sugar, starch,
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and NSC in different organs of U. pumila seedlings varied with drought duration
and intensity.

During the early stage of drought (15 days), soluble sugar contents in leaves
and fine roots decreased with increasing drought severity. This may be due to
reduced photosynthesis and increased consumption of soluble sugars for osmotic
adjustment [8, 26]. The decrease in starch content in leaves under moderate and
severe drought suggests that starch hydrolysis was insufficient to compensate for
the carbon deficit.

After 30 days of drought, starch and NSC contents in leaves increased with
drought severity, indicating that U. pumila seedlings could maintain carbon
assimilation and accumulate NSC under mild and moderate drought conditions
[28]. However, the lower starch and NSC contents in stems and coarse roots
under mild drought suggest carbon allocation priority to leaves for survival.

On the 45th day, the soluble sugar/starch ratio in fine roots decreased with
drought level, suggesting that roots enhanced starch storage for long-term sur-
vival [33]. The accumulation of soluble sugar and starch in leaves under severe
drought indicates that U. pumila could adjust carbon partitioning among organs
to cope with prolonged drought.

By the 60th day, the significant accumulation of NSC in coarse roots under
severe drought demonstrates that U. pumila seedlings prioritize carbon storage
in roots for drought survival [10]. This strategy ensures carbohydrate supply for
root growth and maintenance when soil water becomes available again [34]. The
increased soluble sugar/starch ratio in leaves and fine roots reflects enhanced
osmotic adjustment capacity under severe drought stress.

The differential responses of NSC components among organs suggest that
U. pumila employs organ-specific carbon allocation strategies during drought.
Leaves maintain soluble sugar levels for osmotic adjustment, while coarse roots
serve as the primary NSC storage organ for long-term drought survival [32].
This finding provides a physiological basis for water management in U. pumila
protection forests in sandy lands.

4 Conclusion
Drought stress significantly affected the contents and ratios of soluble sugar,
starch, and NSC in different organs of U. pumila seedlings. The responses
varied with drought duration and intensity. In the early stage, drought reduced
soluble sugar contents in leaves and fine roots. During prolonged drought, U.
pumila accumulated NSC in leaves and particularly in coarse roots. The organ-
specific carbon allocation strategy, with coarse roots serving as the primary NSC
storage site, enhances drought survival. These results provide scientific evidence
for water management practices in U. pumila protection forests in the Horqin
Sandy Land.
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