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Abstract
Background  Non-structural carbohydrates (NSC) play a significant role in plant growth and defense and are an 
important component of carbon cycling in desert ecosystems. However, regarding global change scenarios, it 
remains unclear how NSCs in desert plants respond to changing precipitation patterns. [Methods] Three precipitation 
levels (natural precipitation, a 30% reduction in precipitation, and a 30% increase in precipitation) and two 
precipitation intervals levels (5 and 15 d) were simulated to study NSC (soluble sugar and starch) responses in the 
dominant shrub Artemisia ordosica.

Results  Precipitation level and interval interact to affect the NSC (both soluble sugar and starch components) 
content of A. ordosica. The effect of precipitation on NSC content and its components depended on extended 
precipitation interval. With lower precipitation and extended interval, soluble sugar content in roots increased and 
starch content decreased, indicating that A. ordosica adapts to external environmental changes by hydrolyzing root 
starch into soluble sugars. At 5 d interval, lower precipitation increased the NSC content of stems and especially roots.

Conclusions  A. ordosica follows the “preferential allocation principle” to preferentially transport NSC to growing 
organs, which is an adaptive strategy to maintain a healthy physiological metabolism under drought conditions. 
The findings help understand the adaptation and survival mechanisms of desert vegetation under the changing 
precipitation patterns and are important in exploring the impact of carbon cycling in desert systems under global 
environmental change.
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Background
Water is an important environmental limiting factor for 
plant growth that significantly impacts plant survival, 
growth, and distribution, particularly in nutrient- and 
water-limited desert ecosystems [1, 2]. In the context 
of climate change, global warming will alter global and 
regional water cycles, resulting in future changes in local 
precipitation patterns, including precipitation amount 
and frequency [3, 4]. Extreme precipitation events asso-
ciated with climate change and greater interannual pre-
cipitation variability have become significant factors 
affecting regional vegetation stability in the sandy areas 
of Northwest China [5].

The regulation of non-structural carbohydrate (NSC) 
allocation is a central plant response strategy to precipi-
tation changes. NSCs are important for plant metabolism 
and the main storage form of energy [6, 7]. Soluble sug-
ars and starches are the main components of NSC and 
account for more than 90% of all NSC in plants [8]. As 
the main form of NSC transport in plants, soluble sugars 
regulate osmotic pressure and maintain metabolic func-
tions [9]. Starch is an important energy-storage substance 
in plants [10]. Several studies have shown that during the 
dry season, plants break down starch into soluble sugars 
to maintain constant the total NSC content and thereby 
preserve normal physiological activity, suggesting that 
precipitation affects the proportion of different NSC 
types in plants [11, 12]. In addition, in response to water 
scarcity, some plants transfer and store large amounts of 
NSCs in the root system and increase the energy storage 
allocation in the root system in order to improve water 
acquisition opportunities [13, 14]. Therefore, the alloca-
tion of NSC regulation among different organs is also an 
adaptive strategy for plants to cope with changes in water 
availability [15, 16]. Studying the dynamics of NSCs and 
their response to environmental conditions, particularly 
rainfall, is important for understanding plant adapta-
tion mechanisms. it also provides a basis for assessing 
organ, individual, and ecosystem carbon balances, as well 
as ecosystem succession [17, 18]. Previous studies have 
mostly focused on NSC changes and component char-
acteristics of individual or partial organs [19]. however, 
studies on synergistic changes in NSCs across all organs 
of a plant are lacking.

Numerous studies have examined how NSC content 
responds to precipitation changes. Some studies have 
suggested that precipitation reduction can increase 
plant NSC content [20, 21], while others show that pre-
cipitation reduction can decrease plant NSC content [7, 
22]. In contrast, some plant species can maintain stable 
NSC content under different precipitation conditions by 
adjusting the ratio of soluble sugars to starch [23–25]. 
Consequently, there is no uniform understanding of the 
impact of precipitation variation on plant NSC content. 

The response of plant NSC to precipitation exhibits 
greater variability and complexity due to the diverse 
characteristics of precipitation allocation, including fre-
quency and duration [26]. Studies have shown that plant 
NSC content may increase in the early stages of drought 
[27, 28], but with the continuation of drought, plant NSC, 
including soluble sugar and starch, content decreases 
[26]. Although there are abundant studies on the influ-
ence of precipitation on plant NSC content, the influence 
of precipitation duration remains poorly understood 
[29–31], and the interaction between the two on plant 
NSC content is rarely discussed, which greatly restricts 
the understanding and prediction of changes in plant 
NSCs and their constituents.

Artemisia ordosica is a dominant and constructive spe-
cies that covers 31% of the Mu Us Sandy Land of North-
western China and plays an important role in the stability 
of the ecosystem in the region. Therefore, in this study, 
taking A. ordosica as the research object, we conducted a 
field control experiment simulating three levels of precip-
itation (W-30%, W, W + 30%) and two levels of precipita-
tion intervals (T, T++) in a desert shrubland in the Mu 
Us Desert of northern China and examined the effects 
of changes in precipitation patterns on NSC storage at 
the whole-plant and organ levels. The study addresses 
the following three question: (1) Will the alteration in 
precipitation patterns have an effect on the NSC, starch 
and soluble sugar content of A. ordosica? (2) Do soluble 
sugars and starch transform each other to adapt to pre-
cipitation change? (3) Does the distribution ratio of plant 
NSC among different organs change due to precipitation 
change?

Materials and methods
Study site
The experimental area was at the Yanchi Research Station 
in Ningxia City on the southwest edge of Mu Us Sandy 
Land, China (37°42’31"N, 107°13’37"E, 1530  m above 
sea level). The area has a typical temperate continental 
monsoon climate with average annual precipitation and 
evaporation of 280 and 2024  mm, respectively. Precipi-
tation is mainly concentrated in summer and autumn, 
with 83.3% of annual precipitation occurring from May 
to September. Annual average temperature is 8.1 ℃, 
annual sunshine duration is approximately 2867.3 h, and 
the frost-free period is approximately 165 d. The pre-
vailing wind is northwesterly, with average annual wind 
speed of 2.8 m/s, and mainly concentrated from Novem-
ber to April of the following year. The experimental site 
has a loose soil structure and is dominated by aeolian 
sandy soils. The main plant species in this region are A. 
ordosica, Hedysarum mongolicum, Salix psammophila, 
Leymus secalinus, Heteropappus altaicus, Pennisetum 
centrasiaticum, Corispermum puberulum, Setaria viridis, 
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and Cynanchum thesioides. We chose A. ordosica as our 
study species. It is a deciduous dwarf shrub, the aver-
age height of mature plants is between 50 and 100  cm, 
and the branches are mainly yellowish brown or black-
ish grey. Normally we divide the branches into vegeta-
tive twigs and reproductive twigs by the maturity of their 
growth. In semi-fixed and fixed sands, the root system 
of A. ordosica can usually penetrate the soil layer mainly 
20–45 cm deep, and in mobile sands, the root system of 
A. ordosica penetrates 100–200  cm, and can keep the 
normal growth of the plant by absorbing the deep soil 
groundwater. A. ordosica is an excellent sand-fixing half-
shrub plant endemic to arid and semi-arid desert areas in 
China, widely distributed in fixed and semi-fixed sandy 
areas in Inner Mongolia, Ningxia, Shaanxi, Gansu, and 
other provinces, exhibiting characteristics such as resis-
tance to wind erosion and barrenness, and playing an 
important role in ecological construction of sandy area 
vegetation.

Cultivation of experimental material
The experiment was conducted from March to Octo-
ber in 2020 and 2021 at the Yanchi Research Station in 
Ningxia City. In late March 2021, the sandy soil in the 
study area was screened as cultivation soil, loaded into 
PVC buckets (height 60 cm, diameter 26 cm), and buried 
in the soil to prevent the influence of soil moisture on the 
experimental treatment. In addition, 10 A. ordosica seeds 
were sown in each PVC bucket. After the plants grew, 
any excess A. ordosica were removed at seedling stage, 
leaving only one per bucket. The height of the PVC buck-
ets was sufficient for A. ordosica roots to grow, as the 
roots of A. ordosica are mainly distributed between 0 and 
50 cm depth. After two months of slow growth, precipi-
tation treatment started in early June.

Experimental design
The experiment used a two-factor (precipitation amount 
and precipitation interval) level combination, and the 
precipitation amount treatment set the precipitation 
gradient according to the average monthly precipita-
tion amount during the regional growing season (May–
October). Regional precipitation statistics show that 
average annual precipitation amount from 1990 to 2017 
was 311 mm, varying by approximately 30% around this 
annual average (highest, 449 mm; lowest, 212 mm). The 
experiment therefore tested three corresponding precipi-
tation levels: annual mean natural precipitation amount 
(W), W decreased by 30% (W-), and W increased by 30% 
(W+). The annual precipitation data (1990–2017) show 
that precipitation frequency is generally stable within 
the study area, with the largest proportion of precipita-
tion events (62.09%) occurring within a time interval of 
0–5 d. Precipitation intervals in the arid and semi-arid 

regions of Northwest China are expected to increase in 
the future. Therefore, in this experiment, a precipitation 
interval of 5 d was selected to simulate the natural pre-
cipitation frequency (T). To account for the increased 
precipitation levels associated with prolonged rainfall 
events, this interval was extended to 15 d to simulate 
periods of heavy rainfall (T++). The experiment involved 
six treatment levels: W-T, WT, W + T, W-T++, WT++, 
and W + T++. The WT level represents the treatment 
with natural precipitation amount and precipitation fre-
quency and served as the control group in this experi-
mental series. Our experiment used the randomized 
complete block design with 3 replicates per treatment. 
The gradients of total monthly precipitation amount and 
precipitation interval were controlled by artificial irriga-
tion following the experiment design.

Field sampling and measurements
During sampling in late October, the PVC buckets were 
dug out of the soil. The whole A. ordosica plants were 
removed from the buckets to ensure the plants are intact. 
Each plant was then divided into three parts: leaves, 
stems, and roots, placed in an oven at 120 °C for 30 min, 
and then dried at 70 °C to a constant weight. After crush-
ing, the material was passed through a 0.4  mm sieve 
and stored prior to determining the starch and soluble 
sugar contents. Soluble sugar and starch contents were 
determined from the absorbance at 625 nm of the same 
anthrone reagent in a spectrophotometer. The soluble 
sugar content was based on the regression equation of a 
standard solution of glucose, while the glucose content 
multiplied by a conversion factor of 0.9 was calculated 
as the starch content. Soluble sugar and starch contents 
were shown as a percentage of dry matter [22, 31]. In this 
experiment, the NSC content was calculated as the sum 
of soluble sugars and starch. The soluble sugar, starch, 
and NSC contents of the whole A. ordosica plants were 
calculated following Eq. (1):

	
CPlant =

∑
COrgan ×BOrgan

COrgan
� (1)

where CPlant and COrgan represent the content (%) of NSCs 
and their carbon components (soluble sugar and starch) 
in the whole plant and different organs of A. ordosica, 
respectively. BOrgan represents the biomass (g) of each 
organ of A. ordosica.

Statistical analyses
Microsoft Excel 2019 was used to input and collate the 
experimental data, and SPSS software (version 26.0; IBM 
Corp., Armonk, NY, USA) was used for statistical analy-
sis. Two-way ANOVA was used to test the differences in 
the contents of NSCs and their components in whole A. 
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ordosica plants by precipitation amount and precipita-
tion intervals. One-way ANOVA was used to test for dif-
ferences in the contents of NSCs and their components 
among different precipitation amounts, precipitation 
intervals, and plant organs. Duncan’s test was used to 
make multiple comparisons. Origin 2022b data analysis 
and graphing software (OriginLab, Northampton, MA, 
USA) was used to provide graphical representations of 
the data.

Results
Effects of precipitation amounts and interval on NSC in A. 
ordosica
As shown in Fig.  1, at the T level, the soluble sugar 
content of A. ordosica in stems and roots followed the 
sequence: W- > W > W+. The content of NSCs in stems 
was as follows: W- > W > W+, whereas the contents 
of soluble sugar and NSCs in leaves and the content of 
NSCs in roots did not show significant differences among 
different precipitation amount treatments. At the level 
of T++, the contents of soluble sugar and NSCs in each 

Fig. 1  Effects of changes in precipitation pattern on non-structural carbohydrates (NSCs) and their components in Artemisia ordosica. Soluble sugar (a, 
d, g, f), starch (b, e, h, k), and the total NSC pools (c, f, i, l) at the organ and whole plant levels in A. ordosica seedlings. Error bars indicate ± 1 S.E. (N = 3). 
Note: Data in the figure are presented as the mean ± standard error (n = 3). Different uppercase letters show significant differences in precipitation amount 
under the same precipitation interval (P < 0.05); different lowercase letters indicate significant differences between the different precipitation intervals at 
the same precipitation level (P < 0.05)
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organ showed non-difference under the different precipi-
tation amount treatments, and the content of starch in 
stems was as follows: W- < W < W+. In other words, at 
natural precipitation frequency, the decrease in precipi-
tation amount increased soluble sugar content of stems 
and total NSCs. However, at longer precipitation inter-
vals, the decrease in precipitation amount increased the 
starch content of stems.

At the W- level, the soluble sugar content of each organ 
of A. ordosica was not affected by the precipitation inter-
val, and the contents of starch and NSCs in stems were 
in the order of T > T++; the starch and NSC contents of 
the leaves and roots were not affected by the precipita-
tion interval. At the W level, the starch and NSC contents 
in each organ showed non-difference under different pre-
cipitation intervals, and the soluble sugar content in the 
roots of A. ordosica was lower at T than at T++. At the 
W + level, the contents of soluble sugar and NSCs in each 
organ of A. ordosica were not affected by the precipita-
tion interval, and the starch content in roots was higher 
at T than at T++. In conclusion, under the background 
of natural precipitation amount, extended precipitation 
intervals increased the soluble sugar content of the roots 
of A. ordosica. With 30% reduction in the precipitation 
amount, longer precipitation interval was associated with 
lower starch content in stems of A. ordosica. However, 
when the precipitation amount increased by 30%, longer 
precipitation interval decreased the starch content in the 
root system.

As shown in Table  1, the precipitation interval had a 
significant effect on the starch content of A. ordosica 
stems and roots (P < 0.05), whereas precipitation amount 
had no significant effect on the content of NSCs or their 
components in each organ. The interaction between 
precipitation amount and precipitation interval had 

significant effects on the total content of soluble sugar, 
starch, and NSCs in the stems of A. ordosica (P < 0.05), 
and had a significant effect on the soluble sugar content 
of roots (P < 0.05).

It can be seen from Fig. 1j, k, l that at the T level, the 
contents of soluble sugar, starch, and NSCs in whole A. 
ordosica plants followed the sequence: W- > W > W+, 
that is, the soluble sugar, starch, and NSC contents of 
the whole A. ordosica plant increase when precipita-
tion decreases. At the level of T++, the starch content 
of the whole A. ordosica plants followed the order of 
W + > W > W-. The soluble sugar and NSC contents of A. 
ordosica plants were non-difference under different pre-
cipitation treatments. These results suggest that the lon-
ger the precipitation interval and the lower the amount of 
precipitation, the lower the starch content of the whole 
A. ordosica plant.

At natural precipitation levels (W), the soluble sugar 
content of A. ordosica plants showed significant differ-
ences according to precipitation interval, being lower at 
T than at T++. At W- and W + levels, no significant dif-
ference was observed in the effect of precipitation inter-
vals on soluble sugar content in the whole plant. At the 
W- level, the contents of starch and NSCs in A. ordosica 
plants were higher at T than those at T++, that is, the 
reduced whole-plant starch and NSC content was asso-
ciated with longer precipitation interval. However, at 
the W and W + levels, longer precipitation interval did 
not result in significant changes in whole-plant starch 
content.

Precipitation amount had significant effects on the 
contents of soluble sugar and NSCs in whole A. ordosica 
plants (Table  1), whereas the precipitation interval had 
significant effects only on the starch content of the whole 
plants. The interaction between the two had significant 
effects on the soluble sugar, starch, and NSC contents in 
whole A. ordosica plants (P < 0.05).

Analysis of NSC variability in different organs among 
precipitation change scenarios
The variation coefficients with precipitation chang-
ing of soluble sugar content, starch content, and 
NSC content in each organ was observed as follows: 
roots > stems > leaves. This suggests that the regulation 
of non-structural carbon allocation in response to pre-
cipitation changing was primarily occurring in roots 
(Table 2). Compared to CK (WT treatment), W-T treat-
ment had the greatest effects on NSCs and their com-
ponents. Soluble sugar, starch, and NSC contents of 
A. ordosica significantly increased in stems and roots; 
the most significant increases were detected for soluble 
sugar and NSC contents of the roots, suggesting that A. 
ordosica plants allocated more carbon to roots in order to 
absorb more soil water in response to low precipitation 

Table 1  Significance of multivariate analysis of variance for non-
structural carbohydrate (NSC) content with precipitation amount, 
precipitation interval, and organs (F-value)
Factor Organ Soluble 

sugar
Starch NSC

W Leaves 0.960 0.197 0.051

Stems 3.128 1.309 3.499

Roots 2.146 0.565 1.545

Whole plant 4.704* 2.866 7.114**

T Leaves 3.876 0.022 0.096

Stems 0.002 8.079* 2.116

Roots 3.990 14.681** 0.047

Whole plant 0.583 20.707*** 2.424

 W×T Leaves 0.376 1.069 0.917

Stems 4.063* 6.675* 12.095**

Roots 3.978* 0.901 3.278

Whole plant 7.103** 7.904** 23.831***
Note. ∗: P < 0.05, ∗∗: P < 0.01, ∗∗∗: P < 0.001. W: precipitation amount; T: 
precipitation interval
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amount. W + T treatment significantly reduced the sol-
uble sugar content and increased the starch content in 
all organs, reduced the total NSC content in stems, and 
increased the NSC content in other organs, indicating 
that significant reduction in NSC content under drought 
stress occurred only in some organs. W-T++, WT++, and 
W + T + + treatments significantly reduced the root starch 

content but significantly increased the root soluble sugar 
and total NSC contents (Fig. 2a, b, c), indicating that in 
order to adapt to changes in rainfall patterns, the roots of 
A. ordosica plants responds to water stress through the 
interconversion between soluble sugar and starch. Over-
all, the root system of A. ordosica showed the greatest 

Table 2  Distribution characteristics of non-structural carbohydrates (NSC) and their components in various organs of A. ordosica
Index Organs Min. (%) Max. (%) Mean (%) Standard deviation Coefficient of

variation (%)
Soluble sugar Leaves 3.09 3.47 3.3061b 0.14130 4.27

Stems 3.81 11.83 7.2878a 1.55772 21.37

Roots 2.77 12.00 7.4767a 2.40887 32.22

Starch Leaves 11.18 12.84 11.9339a 0.54809 4.59

Stems 6.32 9.41 7.5272b 0.82715 10.99

Roots 5.70 9.51 7.7017b 1.12121 14.56

NSC Leaves 14.65 16.14 15.2400a 0.52400 3.44

Stems 11.40 19.69 14.8156a 1.87283 12.64

Roots 10.36 21.51 15.1778a 2.50626 16.51
Note: Different letters indicate significant difference at 0.05 level in different organs

Fig. 2  Effects of precipitation pattern (%) on non-structural carbohydrate (NSC) pools under different treatments compared with those in controls. 
Soluble sugar (a), starch (b), and NSC (c) in Artemisia ordosica
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variability and was the main site of regulation for the dis-
tribution of carbohydrate components in the plant.

Effects of precipitation amount levels and intervals on the 
allocation of NSC components
Precipitation interval had a significant effect on the 
soluble sugar–starch ratio in the roots of A. ordosica 
(P < 0.05), whereas precipitation amount and its inter-
action with precipitation intervals showed no signifi-
cant effect on the soluble sugar–starch ratio (P > 0.05) 
(Table 3).

At the T level, under different precipitation levels at 
T frequency, the soluble sugar–starch ratio in the leaves 
and stems of A. ordosica did not show significant differ-
ences and those in the roots and whole plants were sig-
nificantly different in the order W- > W > W+ (Fig. 3c, d). 
At the T + + level, the soluble sugar–starch ratio in each 
organ and the whole plant of A. ordosica did not show 
significant differences under the different precipitation 

Table 3  Two-way ANOVA on the effects of precipitation amount 
and precipitation interval on the soluble sugar–starch ratio of 
Artemisia ordosica seedlings (F-value)
Factor Soluble sugar: starch

Leaves Stems Roots Plant
W 0.743 2.719 1.556 3.708

T 1.615 1.080 12.883** 3.785

 W×T 1.110 0.500 2.504 1.994
Note. ∗: P < 0.05, ∗∗: P < 0.01, ∗∗∗: P < 0.001. W: precipitation amount; T: 
precipitation interval

Fig. 3  Effect of precipitation amount level and interval on the soluble sugar–starch ratio in Artemisia ordosica. Leaves (a), stems (b), roots (c), and whole 
plant (d). Error bars indicate ± 1 S.E. (N = 3). Note: Data in the figure are presented as the mean ± standard error (n = 3). Different uppercase letters show 
significant differences in precipitation amount under the same precipitation interval (P < 0.05); different lowercase letters indicate significant differences 
between the different precipitation intervals at the same precipitation level (P < 0.05)
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amount treatments. In other words, under the back-
ground of natural precipitation frequency, the decrease 
in precipitation amount increased the soluble sugar–
starch ratio in roots and whole plants, whereas with lon-
ger precipitation interval, the decrease in precipitation 
had no effect on the soluble sugar–starch ratio in organs 
and whole plants.

At the W- level, the soluble sugar–starch ratio in each 
organ of A. ordosica showed non-difference at differ-
ent precipitation intervals. At the W level, the soluble 
sugar–starch ratio in the whole A. ordosica plants was 
significantly different under different precipitation inter-
vals, being higher at T + + than at T; however, at the 
W + level, the soluble sugar–starch ratio in each organ of 
A. ordosica only differed significantly in the root system, 
being higher at T + + than at T. In the context of natural 
precipitation, the longer the precipitation interval, the 
higher the soluble sugar–starch ratio of the whole A. 
ordosica plant. In the context of a 30% increase in pre-
cipitation amount, the longer the precipitation interval, 
the greater was the soluble sugar–starch ratio in the 
root system of A. ordosica. With prolonged precipitation 
interval, the soluble sugar–starch ratio in the roots of A. 
ordosica was greater than one, and the amount of soluble 
sugar in the roots of the plant was always greater than 
that of starch. However, the soluble sugar–starch ratio 
in whole A. ordosica plants was less than one (0.48–0.78; 
Fig. 3d), indicating that NSC in A. ordosica plants always 
contained more starch than soluble sugar. This finding 
indicates that A. ordosica predominantly stores NSC as 
starch.

Discussion
Water resources affect the carbon assimilation yield of 
plants and thereby change the NSC content in plants 
[32]. Climate change has caused changes in the temporal 
patterns of precipitation, triggering droughts of varying 
intensity and frequency. However, in the face of drought 
events, plants usually store a certain amount of NSCs, 
which provide additional energy directed to water stress 
resistance [21]. A short period of drought inhibits plant 
photosynthesis, and the decrease in photosynthetic rate 
lags the growth rate, which leads to the accumulation of 
NSCs in plants [27, 28] (Fig. 1). However, a longer period 
of drought leads to more serious water stress, the bal-
ance between carbon uptake and carbon consumption of 
plants is disrupted [13], and the NSC content decreases 
or remains relatively stable when the NSC produced by 
photosynthesis cannot offset the NSC required for respi-
ration, growth, and defense [33, 34] (Fig. 1). This suggests 
that the effect of precipitation amount on plant NSC 
component content is dependent on changes in precipita-
tion intervals, consistent with our study results. Our find-
ings indicate that the interaction between precipitation 

amount and interval had a significant effect on the sol-
uble sugar, starch, and NSC content of whole A. ordosica 
plants (P < 0.05; Table  1). At natural precipitation fre-
quency, the NSC and its components increased in whole 
A. ordosica plants with decreasing precipitation amount, 
and when the precipitation interval was extended to 15 
days, the starch content decreased and the NSC content 
remained relatively stable with decreasing precipitation 
in whole A. ordosica plants. This may be because, with 
natural precipitation frequency, a decrease in precipita-
tion leads to insufficient soil water supply, which inhib-
its the normal physiological and metabolic activities of 
A. ordosica, and the accumulation of synthetic photo-
synthates in the plant body leads to an increase in NSC 
content. However, at longer precipitation intervals, A. 
ordosica can regulate photosynthesis and respiration 
through its homeostatic mechanism to maintain the rela-
tive stability of NSCs [8, 22, 23]. In addition, our results 
indicated that when precipitation amount was reduced 
by 30% and the precipitation interval was extended, the 
NSC content of A. ordosica plants was reduced only in 
the stems, and no significant changes were observed in 
other organs (Fig.  1). Because carbon stored in plants 
cannot be fully utilized, or because the carbon avail-
able to the plant is limited in arid environments, car-
bon depletion does not occur even when plants die [16, 
33], and a decrease in NSC content does not occur in all 
organs [22, 35, 36], which also verifies our results. The 
distribution pattern of NSC components is a result of the 
synergistic action of physiological processes, reflecting 
the adaptation mechanisms of plants to environmental 
factors [9, 13], which are closely related to plant survival 
strategies [37]. The conversion of NSCs between carbon 
utilization and storage via the soluble sugar and starch is 
an effective mechanism for plant stress resistance [38]. 
When soluble sugar accumulates to a high level, it can be 
converted and stored in the form of starch; conversely, 
when soluble sugar content is low, starch is decomposed 
and converted into sugar to maintain normal physiologi-
cal activities [39]. Many studies have shown that when 
plants are subjected to drought stress, they often main-
tain or even increase soluble sugars at the cost of starch 
consumption, mainly because soluble sugars play a role 
in regulating osmotic pressure and maintaining cell tur-
gor pressure under drought conditions [16, 17, 25, 40, 
41]. Our study found that precipitation interval had a 
significant effect on the soluble sugar–starch ratio in the 
roots of A. ordosica (P < 0.05). Compared with the control 
(WT), extended precipitation interval (W-T++, WT++, 
W + T++) resulted in an increase in the soluble sugar con-
tent of the roots of A. ordosica together with a decrease 
in starch content, and the soluble sugar–starch ratio was 
greater than 1 (Figs. 2 and 3). This suggests that, mutual 
conversion of soluble sugars to starch is a mechanism of 
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A. ordosica for adaptation to the changing external envi-
ronment initiated by water stress due to extended precip-
itation interval. By hydrolyzing root starch, A. ordosica 
supplements the plant’s demand for soluble sugars, 
increases the concentration of osmotic regulators, main-
tains the water balance of cells, and ensures the root sys-
tem’s ability to absorb water and nutrients [14, 18], which 
is an adaptive strategy enabling A. ordosica to save energy 
and maintain normal physiological metabolism. Mean-
while, the root system was found to be the major part of 
the regulation mechanism of carbohydrate distribution in 
A. ordosica.

At the same time, the allocation of NSCs among differ-
ent plant organs can buffer the different synchronisms of 
carbon supply and demand among different organs under 
stress and maintain plant osmoregulation, growth, and 
development [38]. The allocation of NSCs to different 
organs depends on the ability (or competition) of each 
organ to use NSCs. Generally, plants follow the “preferen-
tial allocation principle” prioritizing carbon supply to the 
most important organs [42] and growing organs receiv-
ing NSCs first [43, 44]. Our study found that, compared 
with the control treatment, under natural normal pre-
cipitation frequency and reduced precipitation amount, 
the NSC content in the stems and roots of A. ordosica 
increased dramatically, especially soluble sugar in roots. 
This suggests that under drought stress A. ordosica allo-
cates more carbon to underground parts to maintain 
the survival of the root, which was consistent with the 
hypothesis of optimal allocation [45, 46]. Previous stud-
ies have shown that in conditions of drought stress, plant 
carbon input is always insufficient to meet plant carbon 
demands (such as respiration, metabolism, defense, and 
osmoregulation functions). Therefore, in order to main-
tain survival and improve nutrient utilization efficiency, 
NSCs are gradually accumulated in the stems and then 
rapidly transferred to roots [47, 48]. Simultaneously, 
part of the starch in the root system is hydrolyzed into 
soluble sugars, which regulates the osmotic potential 
while maintaining leaf cell metabolic activity [17, 49]. 
After drought period, tissue and organ reconstruction are 
performed under optimal environmental conditions [50, 
51], which is an inter-organ coordinated adaptation strat-
egy of A. ordosica to cope with changes in the drought 
environment.

Conclusions
The interaction between precipitation amount and inter-
val had significant effects on the content of NSCs and 
their components in A. ordosica plants. The effect of 
precipitation amount on the content of NSCs and their 
components in A. ordosica depends on the variability in 
precipitation interval. At natural precipitation frequency, 
with a decrease in precipitation amount, the contents of 

soluble sugar in roots and starch in stems of A. ordosica 
gradually increased. In contrast, under prolonged pre-
cipitation interval, the starch content of the whole plant 
decreased as precipitation decreased.

The interconversion of NSC components and coordi-
nated allocation between organs are adaptive strategies 
for A. ordosica to cope with changes in precipitation. 
Lower precipitation amount and longer precipitation 
interval led to an increase in the soluble sugar and starch 
fractions of whole A. ordosica plant, and NSC prefer to 
be allocated more in the roots systems. These results sug-
gest that root system was the main regulatory site of car-
bohydrate distribution in A. ordosica.

This study provided new ideas for the adaptation 
mechanisms of plants in deserts to global environmen-
tal changes, and offered a new insight into the vegetation 
structure in desert regions under global change scenarios.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12870-023-04512-4.

Supplementary Material 1

Acknowledgements
The study is funded by “the National Natural Science Foundation of China 
(No.31700639). We would like to thank Wiley Editing Services for English 
language editing during the preparation of this manuscript.

Author’ contributions
YYH. and GDD. were responsible for the conception of ideas and design of 
methodology. YYH. and FCZ. collected the data. YYH. and MHY. analyzed the 
data. GDD. and MHY. were responsible for the resources and writing review. 
YYH. took charge of manuscript writing.  All authors reviewed the manuscript 
and approved its publication.

Funding
This work was supported by the National Natural Science Foundation of China 
(No.31700639).

Data availability
Data are made available as supplementary material.

Declarations

Ethics approval and consent to participate
Experimental research on plants cultivated, including the collection of plant 
material, all methods were carried out in compliance with local and national 
regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 20 April 2023 / Accepted: 4 October 2023

https://doi.org/10.1186/s12870-023-04512-4
https://doi.org/10.1186/s12870-023-04512-4


Page 10 of 11He et al. BMC Plant Biology          (2023) 23:505 

References
1.	 Maestre FT, Eldridge DJ, Soliveres S, Sonia Kéfi, Berdugo M. Structure and 

functioning of dryland ecosystems in a changing world. Annu Rev Ecol Evol 
Syst. 2016;47:215–37.

2.	 Zhang WT. Effects of Rainfall Changes and Nitrogen Addition on the 
unstructured carbohydrate and stoichiometric characteristics of Reaumuria 
soongorica seedlings. Gansu Agricultural University; 2020.

3.	 Zhang J, Chen H, Zhang Q. Extreme drought in the recent two 
decades in northern China resulting from eurasian warming. Clim Dyn. 
2019;52:2885–902.

4.	 Hoover DL, Hajek OL, Smith MD, Wilkins K, Slette IJ, Knapp AK. Compound 
hydroclimatic extremes in a semi-arid grassland: Drought, deluge, and the 
carbon cycle. Glob Change Biol. 2022;28:2611–21.

5.	 IPCC. Climate Change 2007: The physical science basis. Contribution of Work-
ing Group I to the Fourth Assessment Report of the Intergovernmental Panel 
on Climate Change Cambridge, UK: Cambridge University Press.

6.	 Dickman LT, McDowell NG, Grossiord C, Collins AD, Wolfe BT, Detto M, Wright 
SJ, Medina-Vega JA, Goodsman D, Rogers A, Serbin SP, Wu J, Ely KS, Michaletz 
ST, Xu C, Kueppers L, Chambers JQ. Homoeostatic maintenance of nonstruc-
tural carbohydrates during the 2015–2016 El Niño drought across a tropical 
forest precipitation gradient. Plant Cell Environ. 2019;42:1705–14.

7.	 Liu Q, Huang Z, Wang Z, Chen Y, Tigabu M. Responses of leaf morphology, 
nscs contents and c:n:p stoichiometry of cunninghamia lanceolata and 
schima superba to shading. BMC Plant Biol. 2020;20(1):354.

8.	 Hoch G, Körner C. The carbon charging of pines at the climatic treeline: a 
global comparison. Oecologia. 2003;135:10–21.

9.	 Martinez-Vilalta J, Sala A, Asensio D, Galiano L, Hoch G, Palacio S, Piper FI, 
Lloret F. Dynamics of non-structural carbohydrates in terrestrial plants: a 
global synthesis. Ecol Monogr. 2016;86:495–516.

10.	 MacNeill GJ, Mehrpouyan S, Minow MAA, Patterson JA, Tetlow IJ, Emes MJ. 
Starch as a source, starch as a sink: the bifunctional role of starch in carbon 
allocation. J Exp Bot. 2017;68:4433–53.

11.	 Asao S, Ryan M. Carbohydrate regulation of photosynthesis and respiration 
from branch girdling in four species of wet tropical rain forest trees. Tree 
Physiol. 2015;35:608–20.

12.	 McDowell NG, Grossiord C, Adams HD, Pinzón-Navarro S, Mackay DS, Bres-
hears DD, Allen CD, Borrego I, Dickman LT, Collins A, Gaylord M, McBranch N, 
Pockman WT, Vilagrosa A, Aukema B, Goodsman D, Xu C. Mechanisms of a 
coniferous woodland persistence under drought and heat. Environ Res Lett. 
2019;14:045014.

13.	 Dickman LT, Mcdowell NG, Sevanto S, Pangle RE, Pockman WT. Carbohydrate 
dynamics and mortality in a piñon-juniper woodland under three future 
precipitation scenarios. Plant Cell Environ. 2015;38:729–39.

14.	 Wang K, Song Q, Zhang RS, Zhang DP, Song J. Distribution characteristics 
of non-structural carbohydrate in main tree species of shelterbelt forests in 
horqin sandy land. Scientia Silvae Sinicae. 2020;56:39–48.

15.	 Hartmann H, Adams HD, Hammond WM, Hoch G, Landhäusser SM, Wiley 
E, Zaehle S. Identifying differences in carbohydrate dynamics of seedlings 
and mature trees to improve carbon allocation in models for trees and 
forests. Environ Experimental Bot Experiments Trees: Seedlings Ecosyst. 
2018;152:7–18.

16.	 Hartmann H, Trumbore S. Understanding the roles of non-structural carbohy-
drates in forest trees – from what we can measure to what we want to know. 
New Phytol. 2016;211:386–403.

17.	 Dietze M, Sala A, Carbone M, Czimczik C, Mantooth J, Richardson A, Vargas R. 
Nonstructural carbon in woody plants. Annu Rev Plant Biol. 2014;65:667–78.

18.	 Furze ME, Huggett BA, Aubrecht DM, Stolz CD, Carbone MS, Richardson AD. 
Whole-tree nonstructural carbohydrate storage and seasonal dynamics in 
five temperate species. New Phytol. 2019;221:1466–77.

19.	 Piper FI, Fajardo A, Hoch G. Single-provenance mature conifers show higher 
non-structural carbohydrate storage and reduced growth in a drier location. 
Tree Physiol. 2017;37:1001–10.

20.	 Adams HD, Germino MJ, Breshears DD, Barron-Gafford GA, Guardiola‐Clara-
monte M, Zou CB, Huxman TE. Nonstructural leaf carbohydrate dynamics 
of Pinus edulis during drought‐induced tree mortality reveal role for carbon 
metabolism in mortality mechanism. New Phytol. 2013;197:1142–51.

21.	 Song L, Luo WT, Ma W, He P, Liang XS, Wang ZW. 2020. Extreme drought 
effects on nonstructural carbohydrates of dominant plant species in a 
meadow grassland. Chinese Journal of Plant Ecology. 2020; 44: 669–676.

22.	 Zhang T, Cao Y, Chen Y, Liu G. Non-structural carbohydrate dynamics in Rob-
inia pseudoacacia saplings under three levels of continuous drought stress. 
Trees. 2015;29:1837–49.

23.	 Fatichi S, Leuzinger S, Körner C. Moving beyond photosynthesis: from carbon 
source to sink-driven vegetation modeling. New Phytol. 2014;201:1086–95.

24.	 Du Y, Lu R, Xia J. Impacts of global environmental change drivers on non-
structural carbohydrates in terrestrial plants. Funct Ecol. 2020;34:1525–36.

25.	 Thalmann M, Santelia D. Starch as a determinant of plant fitness under 
abiotic stress. New Phytol. 2017;214:943–51.

26.	 McDowell NG. Mechanisms linking Drought, Hydraulics, Carbon Metabolism, 
and Vegetation Mortality. Plant Physiol. 2011;155:1051–9.

27.	 Hsiao TC. Plant responses to water stress. Annu Rev Plant Physiol. 
1973;24:519–70.

28.	 Korner C. Carbon limitation in trees. J Ecol. 2003;91:4–17.
29.	 Anderegg WRL, Anderegg LDL. Hydraulic and carbohydrate changes in 

experimental drought-induced mortality of saplings in two conifer species. 
Tree Physiol. 2013;33:252–60.

30.	 Regier N, Streb S, Zeeman S, Frey B. Seasonal changes in starch and 
sugar content of poplar (Populus deltoides × nigra cv Dorskamp) and the 
impact of stem girdling on carbohydrate allocation to roots. Tree Physiol. 
2010;30:979–87.

31.	 Buysse J, Merckx R. An improved colorimetric method to quantify sugar 
content of plant-tissue. J Exp Bot. 1993;44:1627–9.

32.	 He W, Liu H, Qi Y, Liu F, Zhu X. Patterns in non-structural carbohydrate con-
tents at the tree organ level in response to drought duration. Glob Change 
Biology. 2020;26:3627–38.

33.	 Sala A, Piper F, Hoch G. Physiological mechanisms of drought-induced tree 
mortality are far from being resolved. New Phytol. 2010;186:274–81.

34.	 Zhang P, Zhou X, Fu Y, Shao J, Zhou L, Li S, Zhou G, Hu Z, Hu J, Bai SH, 
McDowell NG. Differential effects of drought on nonstructural carbohydrate 
storage in seedlings and mature trees of four species in a subtropical forest. 
For Ecol Manag. 2020;469:118159.

35.	 Zhang PP. Responses of tree non-structural carbohydrates to drought and 
the regulation mechanisms. East China Normal University; 2020.

36.	 Hartmann H, Ziegler W, Trumbore S. 2013. Lethal drought leads to reduction 
in non-structural carbohydrates in Norway spruce tree roots but not in the 
canopy. Functional Ecology. 2013; 27: 413–427.

37.	 McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb T, Plaut J, 
Sperry J, West A, Williams DG, Yepez EA. Mechanisms of plant survival and 
mortality during drought: why do some plants survive while others succumb 
to drought? New Phytol. 2018;178:719–39.

38.	 O’Brien M, Leuzinger S, Philipson C, Tay J, Hector A. Drought survival of tropi-
cal tree seedlings enhanced by non-structural carbohydrate levels. Nat Clim 
Change. 2014;4:710–4.

39.	 Lintunen A, Paljakka T, Jyske T, Peltoniemi M, Sterck F, Cochard H, Copini P, 
Caldeira MC, Delzon S, Gebauer R, Grönlund L, Kiorapostolou N, Lechthaler 
S, Lobo-do-Vale R, Peters RL, Petit G, Prendin AL, Salmon Y, Steppe K, Urban J, 
Roig Juan S, Robert EMR, Hölttä T. Osmolality and non-structural carbohy-
drate composition in the secondary phloem of trees across a latitudinal 
gradient in Europe. Front Plant Sci. 216; 7: 718–26.

40.	 Stitt M, Zeeman SC. Starch turnover: pathways, regulation and role in growth. 
Curr Opin Plant Biol. 2012;15:282–92.

41.	 Rodríguez-Calcerrada J, Li M, López R, Cano FJ, Oleksyn J, Atkin OK, Pita P, 
Arand I, Gil L. Drought-induced shoot dieback starts with massive root xylem 
embolism and variable depletion of nonstructural carbohydrates in seedlings 
of two tree species. New Phytol. 2017;213:597–610.

42.	 Chapin FS, Schulze ED, Mooney HA. The ecology and economics of storage in 
plants. Annu Rev Ecol Syst. 1990;21:423–47.

43.	 Lambers H, Chapin F, Pons T. Plant physiological Ecology. New York: Springer; 
1998.

44.	 Chapin FS, Matson P, Mooney H. Principles of terrestrial ecosystem Ecology. 
New York: Springer; 2002.

45.	 Kobe RK, Iyer M, Walters MB. Optimal partitioning theory revisited: non-
structural carbohydrates dominate root mass responses to nitrogen. Ecology. 
2010;91:166–79.

46.	 Li W, Jin C, Guan D, Wang Q, Wang A, Yuan F, Wu J. The effects of simulated 
nitrogen deposition on plant root traits: a meta-analysis. Soil Biol Biochem. 
2015;82:112–8.

47.	 Quirk J, McDowell NG, Leake JR, Hudson PJ, Beerling DJ. Increased susceptibil-
ity to drought-induced mortality in Sequoia sempervirens (Cupressaceae) 
trees under cenozoic atmospheric carbon dioxide starvation. Am J Bot. 
2013;100:582–91.

48.	 Sevanto S, Mcdowell NG, Dickman LT, Pangle R, Pockman WT. How do trees 
die? A test of the hydraulic failure and carbon starvation hypotheses. Plant 
Cell Environ. 2014;37:153–61.



Page 11 of 11He et al. BMC Plant Biology          (2023) 23:505 

49.	 McDowell NG, Sevanto S. The mechanisms of carbon starvation: how, when, 
or does it even occur at all? New Phytol. 2010;186:264–6.

50.	 Lei H, Wang K, Tian H, Gao X, Zhao L. Responses of non-structural carbohy-
drates accumulation and distribution of Caragana microphylla seedlings to 
drought stress. Chin J Ecol. 2017;36:3168–75.

51.	 Mitchell PJ, McAdam SAM, Pinkard EA, Brodribb TJ. Significant contribution 
from foliage-derived ABA in regulating gas exchange in Pinus radiata. Tree 
Physiol. 2017;37:236–45.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Precipitation pattern changed the content of non-structural carbohydrates components in different organs of ﻿Artemisia ordosica﻿
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Study site
	﻿Cultivation of experimental material
	﻿Experimental design
	﻿Field sampling and measurements
	﻿Statistical analyses

	﻿Results
	﻿Effects of precipitation amounts and interval on NSC in ﻿A. ordosica﻿
	﻿Analysis of NSC variability in different organs among precipitation change scenarios
	﻿Effects of precipitation amount levels and intervals on the allocation of NSC components

	﻿Discussion
	﻿Conclusions
	﻿References


