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Long-term snow alters the
sensitivity of nonstructural
carbohydrates of Syntrichia
caninervis to snow cover: Based
on a 7-year experiment

Shujun Zhang1,2†, Qing Zhang1†, Ziyi Liu3,
Sulayman Mamtimin2, Xiaobing Zhou1,
Benfeng Yin1* and Yuanming Zhang1*

1State Key Laboratory of Desert and Oasis Ecology, Xinjiang Institute of Ecology and Geography,
Chinese Academy of Sciences, Urumqi, China, 2Xinjiang Key Laboratory of Biological Resources and
Genetic Engineering, College of Life Science and Technology, Xinjiang University, Urumqi, China,
3Department of Geography, Economics and Geography-BSc(Econ), University College London,
London, United Kingdom
The dynamics of nonstructural carbohydrates (NSC) profoundly affect

productivity and ecological adaptability to adversity in plants. Global warming

induced the frequent occurrence of extreme precipitation events that altered the

winter snow pattern in deserts. However, there is a lack of understanding of how

desert mosses respond to long-term snow cover change at the NSC level.

Therefore, in this study, long-term (7-years) winter snow removal (-S), ambient

snow (CK), and double snow (+S) experiments were set in the field to investigate

the content of NSC and its component in Syntrichia Caninervis. Our results

showed that changes in snow depth, snow years, and their interaction

significantly affected NSC and its component of Syntrichia caninervis.

Compared to snow removal, NSC, soluble sugar, and starch significantly

decreased with the increasing snow depth. The ratio of soluble sugar to starch

significantly increased, while NSC and soluble sugar gradually returned to the

normal level with an increase in snow years. It is worth mentioning that snow

removal significantly reduced the soluble sugar to starch ratio compared to

ambient snow depth, whereas the double snow experiment significantly

increased the ratio of soluble sugar to starch during winter. This indicated an

obvious trade-off between carbon utilization and carbon storage in Syntrichia

caninervis. Snow removal stimulated Syntrichia caninervis to store sufficient

carbon sources by starch accumulation for its future growth, while double snow

promoted its current growth by soluble sugar accumulation. The variance in

decomposition showed that soil physical and chemical properties, snow cover,

and their interaction explained 83% of the variation in NSC and its components,

with soil and plant water content, pH, and electrical conductivity (P-WC, S-WC,

S-pH, and S-EC) as significant predictors. This highlights that snow indirectly

affected NSC and its component contents by changing soil physical and
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chemical properties; however, long-term changes in snow cover could slow

down its sensitivity to snow.
KEYWORDS

Biological soil crust, nonstructural carbohydrates, sensitivity index, climate
change, soil physical and chemical properties
Introduction

Biological soil crust is an organic complex formed by mutual

cementation of soil particles, photoautotrophic (e.g., cyanobacteria,

algae, lichens, mosses), and heterotrophic microorganisms (e.g.,

bacteria, fungi), which is widely distributed in arid and semi-arid

regions, with the coverage of over 70% in some deserts (Belnap

et al., 2008; Weber et al., 2022). Desert mosses, as an active

component in the advanced stage of biological soil crust

development, play an important role in enhancing surface

stability, altering surface hydrological processes and vegetation

succession (Zhao et al., 2014; Li et al., 2018; Rodriguez-Caballero

et al., 2018). Unlike vascular plants, mosses have monolayer cells in

their leaves, which are exceptionally sensitive to environmental

changes and can restore photosynthesis in a short time after

rehydration (Zhang et al., 2007; Zheng et al., 2011). Many studies

have shown that changes in moisture conditions can alter moss

growth and affect their physiological characteristics, nutrient

cycling, and microbial activity (Belnap et al., 2004; Kidron et al.,

2010; Chen and Duan, 2015). In the face of extreme environmental

stresses such as drought, mosses can mitigate the damage by

adjusting their physiological characteristics (Yin and Zhang, 2016;

Li and Zhang, 2018; Li et al., 2021). Therefore, understanding the

physiological mechanisms of mosses in response to water level

changes is extremely important, particularly how climate change

affects desert ecosystems.

NSC is one of the important physiological indicators to

measure the response of plants to environmental changes (Song

et al., 2022). NSC (including soluble sugar and starch) is the

primary energy source during plant growth, metabolism,

developmental, and reproduction processes. Its content reflects

the dynamic balance between photosynthesis and respiration in

plants (Hartmann and Trumbore, 2016; He et al., 2020;

D'Andrea et al., 2021). Soluble sugar is primarily used to meet

current energy demand and osmoregulation. Starch is the main

storage form of photosynthetic products used to meet future

energy demand. Moreover, soluble sugar and starch can

transform into each other to withstand environmental stresses,

so soluble sugar is negatively correlated with the starch content

in the stress environment (D'Andrea et al., 2021). The change in

NSC is the response of plants to environmental changes, which

effectively alleviates the damage caused by environmental stress
02
and regulates the growth and development of plants. Deslauriers

et al. (2021) found that soluble sugar of the wild blueberry is

transformed into starch to maintain normal physiological

functions under winter conditions, and soluble sugar gradually

decreased with the prolongation of snow cover during winter. In

addition, an experiment on physiological effects of snow removal

on sugar maple in New Hampshire, USA found that snow

removal resulted in deepening of soil freezing, imbalanced soil

cationic field, inhibited growth of terminal buds, and increased

the content of NSC in leaves, which was mainly caused by

increased starch content (Comerford et al., 2013). However, the

response of the red spruce foliage NSC to the winter freeze-

thawing cycle was not significant, indicating different plants had

different responses to winter snow (Perkins and Adams, 1995).

Nevertheless, there is a lack of research on how desert mosses

would respond to changes in winter snow in terms of NSC, and

the solution to this question would provide insight into the cold

resistance properties of desert mosses.

Global warming has become an indisputable fact, which not

only increases temperature but also significantly affects global

precipitation patterns, especially the snow cover pattern during

winter at mid-high latitudes (Group et al., 2007; Anderson and

Gough, 2017; Wuebbles et al., 2017). Changes in winter snow

cover could cause physiological stress on the plant, particularly

during freezing-thawing periods (Bjerke et al., 2011; Yin et al.,

2021). The existence of snow cover changes the soil

microenvironment, slows down the number and intensity of

freeze-thawing events, and avoids damage to the plants caused

by water deficiency and low-temperature conditions (Tan et al.,

2014; Fu et al., 2018; Hui et al., 2022). Given unabated global

warming and the frequent occurrence of extreme climatic events,

it is not clear how the changes in winter snow cover and the

increase of snow years will affect the NSC of desert mosses.

Therefore, we raise the following research question: what will be

the Syntrichia caninervis NSC level response to snow cover

changes over the years?

Based on the above problem, this study proposes the following

hypotheses: (1) Low temperature and low moisture environment

caused by snow removal will significantly improve the NSC

content of Syntrichia caninervis, and it will increase significantly

with snow cover years; (2) Snow removal will significantly increase

the frequency of soil freeze-thawing cycles, breaking soil aggregates,
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and increasing soil rapid-acting nutrients, which will promote the

accumulation of NSC. To verify the above scientific hypotheses, we

selected the Gurbantungut Desert with stable snow cover during

winter as a study area, and the dominant moss, Syntrichia

caninervis, as the research object. In November 2014, 2017, and

2020, three snow gradients, including snow removal (-S), ambient

snow (CK), and double snow (+S) were set up in the field to explore

the NSC of Syntrichia caninervis after 7 years of continuous snow

depth change. This study may provide an important reference for

the stability of desert ecosystems under global climate change.
Materials and methods

Study site

The Gurbantunggut Desert (44°11′~ 46°20′ N, 84°31′~90°
00′ E) is the largest fixed and semi-fixed desert dunes in China,

located in the Jungger Basin of Xinjiang Uygur Autonomous

Region, covering 4.88 × 10 4 km2. The altitude of the study

region is 300–600 m amsl, the average annual precipitation is

70–150 mm, and the average annual evaporation is about

2000 mm, with a mean annual temperature of about 8°C

(Zhang et al., 2007). This desert has a stable snow depth of

about 15–20 cm during winter, and the snow period is

maintained for about 100–150 days. The melting of snow

during spring provides sufficient water for the germination

and growth of ephemeral plants and annual herbs, which form

a unique plant community in the region (Zhou et al., 2009).

Additionally, well-developed biological soil crusts and vascular

plants have become important landscapes on the desert surface

(Li et al., 2017). As one of the typical dry mosses, Syntrichia

caninervis is widely distributed in the area, which plays an

important role in promoting soil stability and improving the

surface microenvironment (Zhang et al., 2007).
Experimental design

In 2014, we set the sample plots in a relatively homogeneous

and flat inter-dune area in the center of the Gurbantunggut. The

sample plots were enclosed with barbed wire to avoid human

activities and animal interference. We set three snow gradients,

snow removal (-S), ambient snow (CK), and double snow (+S) in

a random distribution manner, and eight small (1.5 m×1.5 m)

sample plots were set for each treatment. In addition, 24 snow

treatment quadrat were set up in the same area in 2017 and 2020,

with the same specifications as in 2014. Each quadrat was

separated by buffer zones of at least 2 m wide to avoid

variation due to different treatments. During snowfall, we

placed 30 cm high steel barson in the snow removal treatment

plots, and transparent acrylic sheets were placed above as a snow

shielding material, while the surroundings were wrapped by
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ventilated nylon net to prevent wind-blown snow from drifting

into the plots. After each snowfall event, the snow from the snow

removal samples was evenly added to the double snow sample

through a sieve. Finally, the nylon net and acrylic sheets were

removed after the snow melted (Zhang and Zhang, 2020). After

the snow, which completely melted in March 2021, five plots

were randomly chosen to collect Syntrichia caninervis from the

snow sample plots that were set up in 2014, 2017, and 2020.

Stems and leaves of the aboveground part of Syntrichia

caninervis were quickly removed using a sharp, frozen in

liquid nitrogen and brought back to the laboratory for standby

(Yin and Zhang, 2016).
Water content

The water content of Syntrichia caninervis was measured by

the drying method. Fresh moss samples were weighed (W1)

accurately with an analytical balance. It was then oven-dried at

105°C for 15 min, and at 80°C for 48 h to get a constant weight

(W2). The relative water content (WC) of Syntrichia caninervis

was calculated as follows:

WC = W1 −W2ð Þ=W1 * 100%
NSC analysis

In this study, NSC was considered as the sum of soluble

sugars and starch contents which were measured by the

anthrone-sulfuric acid method (Li et al., 2008).

Soluble sugars analysis: Dried samples were homogenized

and pulverized to a fine powder using a ball mill. 0.1000 g was

accurately weighed on an electronic scale (a precision of

0.0001 g). Then the powdered material was placed in a 10 mL

centrifuge tube, and 5 mL of 80% ethanol was added. The

mixture was incubated in a boiling water bath for 10 min, and

then centrifuged at 4000 g for 10 min. The pellets were re-

extracted twice with 80% ethanol and combined into the

supernatant. After adding 5 mL anthrone solution to 1 mL of

the extract, the mixture was shaken and heated in a 90°C water

bath for 15 min, and allowed to cool. The absorbance was read at

620 nm, and the standard curve was used to determine the

soluble sugar content.

Starch analysis: 10 mL of 30% perchloric acid was added to the

remaining pellets overnight. The mixture was incubated at 80°C

for 10 min and then centrifuged at 4000 g for10 min. The

supernatant for the samples was transferred into a 50 mL

volumetric flask and kept at a constant volume with distilled

water. After adding 5 mL anthrone solution to 1 mL of the extract,

the mixture was shaken, heated in a boiling water bath for 10 min,

and allowed to cool. The absorbance was read at 620 nm, and the

standard curve was used to determine the starch content.
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Data analysis

To visualize the response of NSC and its to different snow

depths and snow years, the following data were analyzed by

subtracting the control group from the treatment group. Data of

the NSC of the Syntrichia caninervis were tested before analyses

for normality and homogeneity. Differences in snow depth, snow

years , and the i r in terac t ion were assessed us ing

repeated measures ANOVA. Differences in NSC and its

components between treatments were evaluated using a

repeated measures analysis of variance and multiple

comparisons (LSD). All the tests were performed using SPSS

20.0 statistical packages for Windows (SPSS Inc., Chicago, IL,

USA) and mappings were done with Origin 20.0 (Origin Lab,

Northampton, Massachusetts, USA).

The influences of NSC, soluble sugar, starch, and the ratio of

soluble sugars to starch were analyzed by using Spearman’s

correlation analysis and random forest model. Relations between

the prime abiotic factors and NSC, soluble sugar, starch, and

their ratio were analyzed by regression analysis to explore

potential abiotic factors that affected NSC and its components.

Besides, variance in decomposition of snow, soil physical and

chemical properties, and plant nutrients were used to explore the

contribution of NSC and its components. All tests were

performed using R 4.1.3 software, mainly using the packages

of random Forest, link ET, and tidyverse.

To visualize the response of NSC and its components to

different snow depths and snow years, we introduced

sensitivity analysis to evaluate the sensitivity index (SI) of

NSC to different snow depths and snow years. The specific

equation is as follows:

SI = Vt − Vn

Vt is the measured value of different snow depths; Vn is the

measured value of ambient snow.
Results

Water content

The results of repeated measures ANOVA showed that snow

depth, snow years, and their interaction significantly affected the
Frontiers in Plant Science 04
water content of Syntrichia caninervis (Table 1). Compared to

snow removal, the plant water content increased significantly

with an increase in snow depth. With the increase in the snow

years, the water content of the plants under the two snow

treatments decreased gradually (Figure 1).
NSC and its components of
Syntrichia caninervis

The snow depth, snow years, and their interaction

significantly affected the contents of NSC and its components

(Table 1). Snow removal significantly increased NSC, soluble

sugar, and starch (p<0.05). However, the degree of increase was

affected by the years of snow removal, indicating a decline in

soluble sugar, while the contents of NSC and starch showed an

upward trend. Compared to ambient snow, an increase in snow

significantly increased NSC and soluble sugar. With the increase

of snow years, soluble sugar decreased gradually and attained

ambient snow level. Snow removal decreased the ratio of soluble

sugar to starch, and it decreased year by year with the increase in

snow removal years. Compared to ambient snow, the double

snow significantly improved the soluble sugar to starch ratio,

and gradually attained a natural level with an increase in snow

years (Figure 2).
Potential driving factors of NSC
and its components content of
Syntrichia caninervis

The results showed that there were differences in the key

factors affecting NSC and its component contents. The abiotic

factors explained more variation in NSC and starch (82.47%,

82.36%) than in soluble sugar and the ratio of soluble sugar to

starch (67.96%, 61.58%). P-WC, S-WC, S-AP, S-pH, and S-EC

were important predictors explaining the variations in NSC

and its component contents (Figure 3). Among them, P-WC

and S-EC contributed the most to explaining the variations

(Figure 3). This result was further confirmed by a significant

negative correlation between P-WC and NSC, while the

content of NSC and its components increased with increase

in S-EC. In contrast, the ratio of soluble sugar to starch showed
TABLE 1 Repeated measures ANOVA of snow depth and snow years on the content of NSC and its components of Syntrichia caninervis.

Factor P-WC SS ST SS/ST NSC
F-values F-values F-values F-values F-values

Snow 6317.725** 82.618** 788.609** 131.179* 1381.697**

Years 7.914* 8.277** 7.392* 5.184* 0.365

Snow ×Years 0.961 0.557 17.088** 1.618 10.08**
fron
** indicate p < 0.01; * indicate p < 0.05. Plant water content (P-WC), soluble sugar (SS), starch (ST), the ratio of soluble sugars to starch (SS/ST), nonstructural carbohydrates (NSC).
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the opposite trend (p< 0.05) (Figure 4). Secondly, P-TP was

also one of the key factors affecting soluble sugar content, and

there was a significant negative correlation between P-TP and

soluble sugar content (p < 0.05) (Figure 4). P-WC and S-WC

had a significant positive correlation with the ratio of soluble

sugar to starch, while S-AP and S-EC were negatively

correlated with it (p< 0.05) (Figure 4).

The variance in decomposition showed that NSC and its

component contents changed with 7-years of continuous snow

depth changes. It accounted for 71% and was mainly explained

by the interaction between snow and soil physical and chemical

properties (Figure 5). The individual effect of snow accounted

for 9% of the variation in NSC and its component contents,

whereas the individual effect of soil physical and chemical

properties explained just 3%. The explanation rates of

individual effects of the plant nutrients were among the

lowest (Figure 5).

It can be seen from Figure 6 that the sensitivity of NSC and

its components of Syntrichia caninervis to snow elevated with

increasing snow years. The shorter the number of snow years,

the more sensitive the response of Syntrichia caninervis to snow.

However, the sensitivity of different indexes to snow and their

responses to snow years varied. The soluble sugar and the ratio

of soluble sugar to starch were the most sensitive to snow and

snow years, while the starch was the least sensitive.
Frontiers in Plant Science 05
Discussion

Effect of snow on the NSC
and its component contents of
Syntrichia caninervis

Snow removal significantly increased NSC of Syntrichia

caninervis, and the NSC increased year by year with years of

snow removal, which is consistent with our first hypothesis. Our

results indicated that Syntrichia caninervis stored the energy

fixed by photosynthesis to cope with the environmental stresses

caused by drought and low temperature under the condition of

snow removal. This observation verifies the “carbon sink

limitation hypothesis” of plants in a low-temperature

environment (Korner, 2003; Shi et al., 2019). This could be

explained as follows: the removal of snow caused drought, low

temperature, and a high radiation environment, which tended to

decouple growth and photosynthesis in Syntrichia caninervis.

This inhibited growth, which resulted in the restriction of carbon

sink so that it prolongs the survival rate of plants during stress

through the accumulation of NSC (Muller et al., 2011; O'Brien

et al., 2014; O'Brien et al., 2015). NSC accumulation not only

provided a carbon source for the growth of Syntrichia caninervis,

but also played a role of buffer in the absence of photosynthesis

(Hoch et al., 2003). Compared with ambient snow, the double
frontiersin.org
FIGURE 1

The effect of snow depth and snow years on the water content of Syntrichia caninervis. -S represents snow removal, +S represents double
snow. Data are means ± SEM, n = 5. Different capital letters and lowercase letters indicate significant differences (P < 0.05) between treatments
of snow depth and snow years, respectively.
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snow experiment provided an environment with sufficient

water. The increase of NSC content reduced the osmotic

potential and helped to maintain the normal turgor, and

contributed to the normal progress of photosynthesis and cell

growth. The increase of NSC was mainly due to the increase of

soluble sugar (Quick et al., 1992; Qian et al., 2018; Gersony et al.,

2020). However, with the extension of the double snow years, the

NSC content decreased year by year and attained the natural

level. This result indicated that the effect of environmental

stresses on NSC had a temporal pattern (He et al., 2020).
Frontiers in Plant Science 06
During the long period of snow doubling, NSC was

regarded as a metabolic substance for the growth of Syntrichia

caninervis, and concurrently acted as an osmotic regulatory

substance during photosynthesis. This resulted in its content

decreasing yearly and gradually returning to a natural level (Li

and Zhang, 2018).

In this study, we found that the allocation model of NSC of

Syntrichia caninervis changed by the snow cover and snow years.

The soluble sugar is the prime energy source and osmotic

adjustment substance, and the plant could enhance its
FIGURE 2

The effect of snow depth and snow years on the NSC and its components of Syntrichia caninervis. Data are means ± SEM, n = 5. Different
capital letters and lowercase letters indicate significant differences (P< 0.05) between treatments of snow depth and snow years, respectively.
FIGURE 3

Contributions of abiotic factors to the NSC and its components of Syntrichia caninervis based on Spearman’s correlation and random forest
model. Circle size represents the variables’ importance (i.e., percentage of increase of mean square error calculated via random forest model).
Colors represent Spearman’s correlations. Plant water content (P-WC), soil water content (S-WC), soil electrical total nitrogen (S-TN), soil total
phosphorus (S-TP), soil total carbon (STC), soil organic carbon (S-SOC), ammonia nitrogen (S − NH+

4 ), soil nitrate nitrogen (S − NO−
3 ), soil

available phosphorus (S-AP), soil Ph (S-pH), soil conductivity(EC), plant total carbon(P-TC), plant electrical total nitrogen (P-TN), plant total
phosphorus (P-TP).
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resistance ability by increasing the soluble sugar under

environmental stress such as low temperature and drought

(Klopotek and Klaering, 2014; Rodriguez-Calcerrada et al.,

2011; Rodriguez-Caballero et al., 2018). Winter snow forms a

thermal insulation layer to alleviate the damage caused by the

low temperatures, while the melting of snow provides sufficient

water for the mosses to decrease the soluble sugar in the spring.

Thus, it slows down the water loss, maintains the stability of the

membrane proteins, and prevents oxidative damage under low

temperatures in the one-year snow experiment (Dietze et al.,

2014; Yin and Zhang, 2016; Hui et al., 2018). We confirmed this

observation in this study, where soluble sugar of Syntrichia

caninervis significantly increased with a decrease in snow. This

is mainly because the degree of suffering from environmental

stresses, such as low temperature, low water, and high radiation,

deepened with a decrease in snow, which caused it could
Frontiers in Plant Science 07
enhance cell concentration and water-holding capacity of

Syntrichia caninervis. Thus, by the accumulation of soluble

sugar, Syntrichia caninervis avoided growth arrest caused by

cell damage (Yin et al., 2021). However, Compared with one

year’s snow treatment, the long-term changes in the snow led to

a cold adaptation mechanism in Syntrichia caninervis, which

reduced its sensitivity to environmental stresses, such as low

temperature and moisture, and therefore soluble sugar content

was decreased year by year (Zhang and Zhang, 2020; Deslauriers

et al., 2021).

In this study, the hostile environment created due to snow

removal caused a sharp reduction in soluble sugar content that

could promote the accumulation of starch content to maintain

normal physiological function (O'Brien et al., 2015). Starch

content showed an increasing trend with snow removal years

for specific performance. This may be because the soluble sugar
FIGURE 4

Relationships between the NSC and its components of Syntrichia caninervis and the main drivers were estimated via linear least‐squares.
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supply was sufficient to maintain normal growth and osmotic

regulation under these conditions, which resulted in excessive

soluble sugar conversion into starch, and reserved a large amount

of carbon source for the recovery of Syntrichia caninervis (Adams

et al., 2013). Concurrently, a change in the soluble sugar to starch

ratio also verifies this assumption. Under the condition of snow

removal, the ratio of soluble sugar to starch was significantly lower
Frontiers in Plant Science 08
than the ambient snow level decreased year by year with an

increase in snow removal years. It shows that the increase in starch

is much greater than the decrease in soluble sugar under this

condition. The starch of Syntrichia caninervis did not change

significantly with snow years under double snow treatment. This

underlined that the Syntrichia caninervis tended to synthesize

soluble sugar to meet its own needs under the condition of double
FIGURE 5

Influence factors of NSC, soluble sugar, starch and the ratio of soluble sugar to starch of Syntrichia caninervis on 7-year continuous snow cover
change by the variance decomposition analysis.
FIGURE 6

Sensitivity characteristics of Syntrichia caninervis to snow cover under different snow years.
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snow cover, but it tended to store the energy fixed by the

photosynthesis to cope with the environmental stress under the

condition of extreme snow removal. This distribution pattern

reflects that the Syntrichia caninervis chose a conservative and

low-cost survival strategy in the face of 7-year of continuous

snow removal.
Effect of soil on NSC and its component
contents of Syntrichia caninervis

Snow depth and snow years significantly changed the content

of NSC and its components by changing the physical and

chemical properties of the soil. Due to low temperature and low

water environment caused by the removal of snow, available

nutrient content of the soil and NSC of Syntrichia caninervis

increased significantly, which is consistent with our second

hypothesis. First, snow removal increased the frequency of soil

freezing-thawing cycle, and large aggregates were cleaved into

small aggregates in the soil (Sulkava and Huhta, 2003; Wang et al.,

2022). At the same time, low temperature led to the cracking and

death of a large number of microorganisms, which increased S-EC

and available nitrogen. This promoted the absorption of N by

Syntrichia caninervis, increased chlorophyll content and net

photosynthetic rate, and helped in accumulating NSC (Baxter

et al., 1992; Tomassen et al., 2003; Kim et al., 2012; Zhang et al.,

2020). Compared with snow removal, the persistence of snow

slowed down the time and intensity of soil freezing and thawing,

resulting in small changes in daily temperature, which promoted

physiological activities, consuming part of NSC, and reducing

NSC content (Steinweg et al., 2008; Zhao and Jin, 2020).

Compared to ambient snow, double snow treatment increased

microbial activity, which enhanced the mineralization of C, N, and

P in the soil, resulting in lower organic nutrient content and

higher inorganic nutrient content and promoted NSC

accumulation (Xu et al., 2011). This indicates that snow depth

and snow years caused changes in soil available nutrient content

by affecting the N and P mineralization process, which led to

changes in the NSC.

Snow removal decreased S-pH and increased S-EC and soil

available nutrients, increased soluble sugar and starch content,

and decreased the ratio of soluble sugar to starch. This result was

that snow removal caused deep soil freezing, increasing NO−
3 ,

which led to an increase in soluble sugar (Xing et al., 2020).

In addition, the snow removal promoted soil acidification,

reduced soil pH, and soil enzyme activity. It affected the

absorption and utilization of soil nutrients by Syntrichia

caninervis, which reduced photosynthesis, and inhibited the

growth of Syntrichia caninervis. It caused the accumulation of

soluble and starch (Boutin and Robitaille, 1995; Tomlinson, 2003;

O'Brien et al., 2015). This result also validated the “growth

limitation hypothesis” of plants in low-temperature

environments. The degree of soil acidification was deepened,
Frontiers in Plant Science 09
and nutrient content in the plants was reduced with an increase

in snow removal years. This resulted in excessive soluble sugar

converted into starch for storage, providing a sufficient carbon

source for the recovery of Syntrichia caninervis in the future

(Knox and Clarke, 2005). Our result also verifies that the ratio of

soluble sugar to starch was lower than the natural level under

snow removal treatment and showed a decreasing trend year by

year. In addition, an increase in double snow significantly affected

soluble sugar content compared to ambient snow, but the starch

level was not significantly changed. This is mainly due to an

increase in soil nutrient content and microbial activity caused by

snow, which drove microbial decomposition of the Surfactant of

Syntrichia caninervis and provided the ability to fix and store

nutrients Syntrichia caninervis, increasing the. Increased N

content in the soil and plant protein synthesizing capacity

promoted enzyme activities related to photosynthesis and

carbon metabolism, which in turn increased soluble sugar

content, facilitated water use and transport, and enhanced

carbon utilization strategy (Schimel et al., 2004; Garnett et al.,

2009; Mo et al., 2020; Wang et al., 2022). However, long-term

double snow treatment led to a decrease in soluble sugar content

and gradually attained natural levels. This might be because an

increase in soluble sugar content inhibited excessive S − NO−
3

under long-term snow conditions. It could also be possible that

recovery of S-pH and S-EC promoted a decline in soluble sugar to

natural levels.
Conclusion

The continuous warming of the global climate and the

frequent occurrence of extreme climate caused significant

changes in snow patterns in desert winter. The 7-years

continuous snow depth change significantly affected the

content of NSC and its components of Syntrichia caninervis.

Compared to the snow removal, the content of NSC and its

components of Syntrichia caninervis significantly decreased with

the increase of snow depth. However, the sensitivity of NSC of

Syntrichia caninervis to snow depth and that to snow years was

different. The soluble sugar and the ratio of soluble sugar to

starch were the most sensitive, while the starch was insensitive.

In conclusion, the Syntrichia caninervis accumulated starch in

the snow removal environment, while soluble sugar accumulated

in the double snow environment, and the physiological

sensitivity of Syntrichia caninervis to snow depth was changed

with the increase of snow years.
Data availability statement

The original contributions presented in the study are

included in the article/supplementary material. Further

inquiries can be directed to the corresponding authors.
frontiersin.org

https://doi.org/10.3389/fpls.2022.999584
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2022.999584
Author contributions

BY, XZ and YZ planned and designed the research. SZ and

BY analysed data and wrote the manuscript. QZ and ZL

performed experiments. All authors contributed to the article

and approved the submitted version.
Funding

This research was supported by the National Natural Science

Foundation of China (41901134, U2003214), the Youth

Innovation Promotion Association of the Chinese Academy of

Sciences (2020437), the China Postdoctoral Science

Foundation (2019M653805).
Frontiers in Plant Science 10
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
Adams, H. D., Germino, M. J., Breshears, D. D., Barron-Gafford, G. A.,
Guardiola-Claramonte, M., Zou, C. B., et al. (2013). Nonstructural leaf
carbohydrate dynamics of pinus edulis during drought-induced tree mortality
reveal role for carbon metabolism in mortality mechanism. N. Phytol. 197 (4),
1142–1151. doi: 10.1111/nph.12102

Anderson, C. I., and Gough, W. A. (2017). Evolution of winter temperature in
Toronto, Ontario, Canada: A case study of winters 2013/14 and 2014/15. J. Climate
30 (14), 5361–5376. doi: 10.1175/JCLI-D-16-0562.1

Baxter, R., Emes, M. J., and Lee, J. A. (1992). Effects of an experimentally applied
increase in ammonium on growth and amino-acid metabolism of sphagnum
cuspidatum ehrh. ex. hoffm. from differently polluted areas. N. Phytol. 120 (2),
265–274. doi: 10.1111/j.1469-8137.1992.tb05663.x

Belnap, J., Phillips, S. ,. L., Flint, S., Money, J., and Caldwell, M. (2008). Global
change and biological soil crusts: effects of ultraviolet augmentation under altered
precipitation regimes and nitrogen additions. Global Change Biol. 14 (3), 670–686.
doi: 10.1111/j.1365-2486.2007.01509.x

Belnap, J., Phillips, S. L., and Miller, M. E. (2004). Response of desert biological
soil crusts to alterations in precipitation frequency. Oecologia 141 (2), 306–316. doi:
10.1007/s00442-003-1438-6

Bjerke, J. W., Bokhorst, S., Zielke, M., Callaghan, T. V., Bowles, F. W., and
Phoenix, G. K. (2011). Contrasting sensitivity to extreme winter warming events of
dominant sub-Arctic heathland bryophyte and lichen species. J. Ecol. 99 (6), 1481–
1488. doi: 10.1111/j.1365-2745.2011.01859.x

Boutin, R., and Robitaille, G. (1995). Increased soil nitrate losses under mature
sugar maple trees affected by experimentally induced deep frost. Can. J. For. Res. 25
(4), 588–602. doi: 10.1139/x95-066

Chen, X. H., and Duan, Z. (2015). Impacts of soil crusts on soil physicochemical
characteristics in different rainfall zones of the arid and semi-arid desert regions of
northern China. Environ. Earth Sci. 73 (7), 3335–3347. doi: 10.1007/s12665-014-
3622-x

Comerford, D. P., Schaberg, P. G., Templer, P. H., Socci, A. M., Campbell, J. L.,
and Wallin, K. F. (2013). Influence of experimental snow removal on root and
canopy physiology of sugar maple trees in a northern hardwood forest. Oecologia
171 (1), 261–269. doi: 10.1007/s00442-012-2393-x

D'Andrea, E., Scartazza, A., Battistelli, A., Collalti, A., Proiett, S., Rezaie, N., et al.
(2021). Unravelling resilience mechanisms in forests: role of nonstructural
carbohydrates in responding to extreme weather events. Tree Physiol. 41 (10),
1808–1818. doi: 10.1093/treephys/tpab044

Deslauriers, A., Garcia, L., Charrier, G., Butto, V., Pichette, A., and
Pare, M. (2021). Cold acclimation and deacclimation in wild blueberry:
Direct and indirect influence of environmental factors and nonstructural
carbohydrates. Agric. For. Meteorol., 301–302, 108349. doi: 10.1016/j.agrformet.
2021.108349

Dietze, M. C., Sala, A., Carbone, M. S., Czimczik, C. I., Mantooth, J. A.,
Richardson, A. D., et al. (2014). Nonstructural carbon in woody plants. Annu.
Rev. Plant Biol. 65, 667–687. doi: 10.1146/annurev-arplant-050213-040054
Fu, Q., Hou, R. J., Li, T. X., Jiang, R. Q., Yan, P. R., Ma, Z., et al. (2018). Effects of soil
water and heat relationship under various snow cover during freezing-thawing periods
in songnen plain, China. Sci. Rep. 8 (1), 1325. doi: 10.1038/s41598-018-19467-y

Garnett, T.R, Conn, V., and Kaiser, B. N. (2009). Root based approaches to
improving nitrogen use efficiency in plants. Plant Cell Environ. 32 (9), 1272–1283.
doi: 10.1111/j.1365-3040.2009.02011.x

Gersony, J. T., Hochberg, U., Rockwell, F. E., Park, M., Gauthier, P. P., and
Holbrook, N. M. (2020). Leaf carbon export and nonstructural carbohydrates in
relation to diurnal water dynamics in mature oak trees. Plant Physiol. 183 (4),
1612–1621. doi: 10.1104/pp.20.00426

Group, I., Averyt, M., Solomon, S., Qin, M., Manning, Z., Chen, M., et al. (2007).
IPCC, climate change : The physical science basis. South Afr. Geographical J. Being
A Rec. Proc. South Afr. Geographical Soc. 92 (1), 86–87. doi: 10.1080/
03736245.2010.480842

Hartmann, H., and Trumbore, S. (2016). Understanding the roles of
nonstructural carbohydrates in forest trees - from what we can measure to what
we want to know. N. Phytol. 211 (2), 386–403. doi: 10.1111/nph.13955

He, W. Q., Liu, H. Y., Qi, Y., Liu, F., and Zhu, X. R. (2020). Patterns in
nonstructural carbohydrate contents at the tree organ level in response to drought
duration. Global Change Biol. 26 (6), 3627–3638. doi: 10.1111/gcb.15078

Hoch, G., Richter, A., and Korner, C. (2003). Non-structural carbon compounds
in temperate forest trees. Plant Cell Environ. 26 (7), 1067–1081. doi: 10.1046/
j.0016-8025.2003.01032.x

Hui, R., Zhao, R. M., Liu, L., and Li, X. R. (2022). Effect of snow cover on water
content, carbon and nutrient availability, and microbial biomass in complexes of
biological soil crusts and subcrust soil in the desert. Geoderma 406. doi: 10.1016/
j.geoderma.2021.115505

Hui, R., Zhao, R. M., Liu, L. C., Li, Y. X., and Yang, H. T. (2018). Changes in
winter snow depth affects photosynthesis and physiological characteristics of
biological soil crusts in the tengger desert. Photosynthetica 56 (4), 1304–1312.
doi: 10.1007/s11099-018-0838-0

Kidron, G. J., Vonshak, A., Dor, I., Barinova, S., and Abeliovich, A. (2010).
Properties and spatial distribution of microbiotic crusts in the Negev desert, Israel.
Catena 82 (2), 92–101. doi: 10.1016/j.catena.2010.05.006

Kim, D. G., Vargas, R., Bond-Lamberty, B., and Turetsky, M. R. (2012). Effects of soil
rewetting and thawing on soil gas fluxes: A review of current literature and suggestions
for future research. Biogeosciences 9 (7), 2459–2483. doi: 10.5194/bg-9-2459-2012

Klopotek, Y., and Klaering, H. P. (2014). Accumulation and remobilisation of
sugar and starch in the leaves of young tomato plants in response to temperature.
Scientia Hortic. 180, 262–267. doi: 10.1016/j.scienta.2014.10.036

Knox, K. J. E., and Clarke, P. J. (2005). Nutrient availability induces contrasting
allocation and starch formation in resprouting and obligate seeding shrubs. Funct.
Ecol 19 (4), 690–698. doi: 10.1111/j.1365-2435.2005.01006.x

Korner, C. (2003). Carbon limitation in trees. J. Ecol. 91 (1), 4 −17. doi: 10.1046/
j.1365-2745.2003.00742.x
frontiersin.org

https://doi.org/10.1111/nph.12102
https://doi.org/10.1175/JCLI-D-16-0562.1
https://doi.org/10.1111/j.1469-8137.1992.tb05663.x
https://doi.org/10.1111/j.1365-2486.2007.01509.x
https://doi.org/10.1007/s00442-003-1438-6
https://doi.org/10.1111/j.1365-2745.2011.01859.x
https://doi.org/10.1139/x95-066
https://doi.org/10.1007/s12665-014-3622-x
https://doi.org/10.1007/s12665-014-3622-x
https://doi.org/10.1007/s00442-012-2393-x
https://doi.org/10.1093/treephys/tpab044
https://doi.org/10.1016/j.agrformet.2021.108349
https://doi.org/10.1016/j.agrformet.2021.108349
https://doi.org/10.1146/annurev-arplant-050213-040054
https://doi.org/10.1038/s41598-018-19467-y
https://doi.org/10.1111/j.1365-3040.2009.02011.x
https://doi.org/10.1104/pp.20.00426
https://doi.org/10.1080/03736245.2010.480842
https://doi.org/10.1080/03736245.2010.480842
https://doi.org/10.1111/nph.13955
https://doi.org/10.1111/gcb.15078
https://doi.org/10.1046/j.0016-8025.2003.01032.x
https://doi.org/10.1046/j.0016-8025.2003.01032.x
https://doi.org/10.1016/j.geoderma.2021.115505
https://doi.org/10.1016/j.geoderma.2021.115505
https://doi.org/10.1007/s11099-018-0838-0
https://doi.org/10.1016/j.catena.2010.05.006
https://doi.org/10.5194/bg-9-2459-2012
https://doi.org/10.1016/j.scienta.2014.10.036
https://doi.org/10.1111/j.1365-2435.2005.01006.x
https://doi.org/10.1046/j.1365-2745.2003.00742.x
https://doi.org/10.1046/j.1365-2745.2003.00742.x
https://doi.org/10.3389/fpls.2022.999584
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2022.999584
Li, X. R., Hui, R., Zhang, P., and Song, N. P. (2021). Divergent responses of
moss- and lichen-dominated biocrusts to warming and increased drought in arid
desert regions. Agric. For. Meteorology 303 .doi: 10.1016/j.agrformet.2021.108387

Li, X. R., Song, G., Hui, R., and Wang, Z. R. (2017). Precipitation and topsoil
attributes determine the species diversity and distribution patterns of crustal
communities in desert ecosystems. Plant Soil 420 (1-2), 163–175. doi: 10.1007/
s11104-017-3385-8

Li, X. R., Tan, H. J., Hui, R., Zhao, Y. G., Huang, L., Jia, R. L., et al. (2018).
Researches in biological soil crust of China: A review. Chin. Sci. Bull. 63 (23), 2320–
2334. doi: 10.1360/N972018-00390

Li, M. H., Xiao, W. F., Wang, S. G., Cheng, G. W., Cherubini, P., Cai, X. H., et al.
(2008). Mobile carbohydrates in Himalayan treeline trees i. evidence for carbon
gain limitation but not for growth limitation. Tree Physiol. 28 (8), 1287–1296.
doi: 10.1093/treephys/28.8.1287

Li, Y. G., and Zhang, Y. M. (2018). Response of nonstructural carbohydrate
content of Syntrichia Caninervis to dehydration process. Acta Ecologica Sin. 38
(23), 8408–8416. doi: 10.5846/stxb201801010004

Mo, Q. F., Chen, Y. Q., Yu, S. Q., Fan, Y. X., Peng, Z. T., Wang, W. J., et al.
(2020). Leaf nonstructural carbohydrate concentrations of understory woody
species regulated by soil phosphorus availability in a tropical forest. Ecol.
Evolution. 10 (15), 8429–8438. doi: 10.1002/ece3.6549

Muller, B., Pantin, F., Genard, M., Turc, O., Freixes, S. A., Piques, M., et al.
(2011). Water deficits uncouple growth from photosynthesis, increase c content,
and modify the relationships between c and growth in sink organs. J. Exp. Bot. 62
(6), 1715–1729. doi: 10.1093/jxb/erq438

O'Brien, M. J., Burslem, D. F. R. P., Caduff, A., Tay, J., and Hector, A. (2015).
Contrasting nonstructural carbohydrate dynamics of tropical tree seedlings under
water deficit and variability. N. Phytol. 205 (3), 1083–1094. doi: 10.1111/nph.13134

O'Brien, M. J., Leuzinger, S., Philipson, C. D., Tay, J., and Hector, A. (2014).
Drought survival of tropical tree seedlings enhanced by nonstructural carbohydrate
levels. Nat. Climate Change 4 (8), 710–714. doi: 10.1038/nclimate2281

Perkins, T. D., and Adams, G. T. (1995). Rapid freezing induces winter injury
symptomatology in red spruce foliage. Tree Physiol. 15 (4), 259–266. doi: 10.1093/
treephys/15.4.259

Qian, Y., Sun, H. G., Dong, R. X., and Jiang, J. M. (2018). Research progress of
carbohydrates allocation in conifers. Scientia Silvae Sinicae 54 (01), 141–153.
doi: 10.11707/j.1001-7488.20180116

Quick, W. P., Chaves, M. M., Wendler, R., David, M., Rodrigues, M. L.,
Passaharinho, J. A., et al. (1992). The effect of water stress on photosynthetic
carbon metabolism in four species grown under field conditions. Plant Cell
Environ. 15 (1), 25–35. doi: 10.1111/j.1365-3040.1992.tb01455.x

Rodriguez-Caballero, E., Belnap, J., Buedel, B., Crutzen, P. J., Andreae, M. O.,
Poeschl, U., et al. (2018). Dryland photoautotrophic soil surface communities
endangered by global change. Nat. Geosci. 11 (3), 185–189. doi: 10.1038/s41561-
018-0072-1

Rodriguez-Calcerrada, J., Shahin, O., del Rey, M. D. C., and Rambal, S. (2011).
Opposite changes in leaf dark respiration and soluble sugars with drought in two
Mediterranean oaks. Funct. Plant Biol. 38 (12), 1004–1015. doi: 10.1071/FP11135

Schimel, J. P., Bilbrough, C., and Welker, J. A. (2004). Increased snow depth
affects microbial activity and nitrogen mineralization in two Arctic tundra
communities. Soil Biol. Biochem. 36 (2), 217–227. doi: 10.1016/j.soilbio.2003.09.008

Shi, H., Zhou, Q., Liu, X., Xie, F., Li, T., Zhang, Q., et al. (2019). Variations in
carbon source-sink relationships in subalpine fir across elevational gradients. Plant
Biol. 21 (1), 64–70. doi: 10.1111/plb.12912

Song, L., Luo, W. T., Griffin-Nolan, R. J., Ma, W., Cai, J. P., Zuo, X. A., et al.
(2022). Differential responses of grassland community nonstructural carbohydrate
to experimental drought along a natural aridity gradient. Sci. Total Environ. 822,
153589. doi: 10.1016/j.scitotenv.2022.153589

Steinweg, J. M., Fisk, M. C., McAlexander, B., Groffman, P. M., and Hardy, J. P.
(2008). Experimental snowpack reduction alters organic matter and net n
mineralization potential of soil macroaggregates in a northern hardwood forest.
Biol. Fertility Soils 45 (1), 1–10. doi: 10.1007/s00374-008-0305-3
Frontiers in Plant Science 11
Sulkava, P., and Huhta, V. (2003). Effects of hard frost and freeze-thaw cycles on
decomposer communities and n mineralisation in boreal forest soil. Appl. Soil Ecol.
22 (3), 225–239. doi: 10.1016/S0929-1393(02)00155-5

Tan, B., Wu, F. Z., Yang, W. Q., and He, X. H. (2014). Snow removal alters soil
microbial biomass and enzyme activity in a Tibetan alpine forest. Appl. Soil Ecol.
76, 34–41. doi: 10.1016/j.apsoil.2013.11.015

Tomassen, H. B. M., Smolders, A. J. P., Lamers, L. P. M., and Roelofs, J. G. M.
(2003). Stimulated growth of betula pubescens and molinia caerulea on
ombrotrophic bogs: Role of high levels of atmospheric nitrogen deposition. J.
Ecol. 91 (3), 357–370. doi: 10.1046/j.1365-2745.2003.00771.x

Tomlinson, G. H. (2003). Acidic deposition, nutrient leaching and forest growth.
Biogeochemistry 65 (1), 51–81. doi: 10.1023/A:1026069927380

Wang, J. Z., Qu, F., Liang, J. Y., Yang, M. F., and Hu, X. H. (2022). Bacillus
velezensis SX13 promoted cucumber growth and production by accelerating the
absorption of nutrients and increasing plant photosynthetic metabolism. Scientia
Hortic. 301, 111151. doi: 10.1016/j.scienta.2022.111151

Weber, B., Belnap, J., Budel, B., Antoninka, A. J., Barger, N., Chaudhary, V. B.,
et al. (2022). What is a biocrust? A refined, contemporary definition for a
broadening research community. Biol. Rev. doi: 10.1111/brv.12862

Wuebbles, D. J., Fahey, D. W., and Hibbard, K. A. (2017). Climate science special
report: Fourth national climate assessment, volume I. (U.S.: Global Change Research
Program).

Xing, Y. Y., Niu, X. L., Wang, N., Jiang, W. T., Gao, Y. G., and Wang, X. K.
(2020). The correlation between soil nutrient and potato quality in loess plateau of
China based on PLSR. Sustainability 12 (4), 1588. doi: 10.3390/su12041588

Xu, Q. Q., Liu, Q. J., and Zhang, G. C. (2011). Soil nitrogen dynamics and
productivity of snowpack sanguisorba sitchensis community in alpine tundra of
changbai mountain, China. Acta Phytoecologica Sin. 35 (2), 159–166. doi: 10.3724/
SP.J.1258.2011.00159

Yin, B. F., Li, J. W., Zhang, Q., Wu, N., Zhang, J., Rong, X. Y., et al. (2021).
Freeze-thaw cycles change the physiological sensitivity of Syntrichia Caninervis to
snow cover. J. Plant Physiol. 266. doi: 10.1016/j.jplph.2021.153528

Yin, B. F., and Zhang, Y. M. (2016). Physiological regulation of Syntrichia
Caninervis mitt. in different microhabitats during periods of snow in the
gurbantunggut desert, northwestern China. J. Plant Physiol. 194, 13–22. doi:
10.1016/j.jplph.2016.01.015

Zhang, Y. M., Chen., J., Wang., L., Wang., X. Q., and Gu., Z. H. (2007). The
spatial distribution patterns of biological soil crusts in the gurbantunggut desert,
northern Xinjiang, China. J. Arid Environments 68 (4), 599–610. doi: 10.1016/
j.jaridenv.2006.06.012

Zhang, W. T., Shan, L. S., Li, Y., Bai, Y. M., and Ma, J. (2020). Effects of nitrogen
addition and precipitation change on nonstructural carbohydrates in reaumuria
soongorica seedlings. Shengtaixue Zazhi 39 (3), 803–811. doi: 10.13292/j.1000-
4890.202003.017

Zhang, J., and Zhang, Y. M. (2020). Ecophysiological responses of the biocrust moss
Syntrichia Caninervis to experimental snow covermanipulations in a temperate desert of
central Asia. Ecol. Res. 35 (1), 198–207. doi: 10.1111/1440-1703.12072

Zhao, Z., and Jin, Z. X. (2020). Effects of simulated nitrogen deposition on the
growth and the content of non-structure carbohydrate of sinocalycanthus chinensis
seedlings. Bull. Botanical Res. 40 (1), 41–49. doi: 10.7525/j.issn.16735102.2020.01.007

Zhao, Y. M., Zhu, Q. K., Li, P., Zhao, L. L., Wang, L. L., Zheng, X. L., et al. (2014).
Effects of artificially cultivated biological soil crusts on soil nutrients and biological
activities in the loess plateau. J. Arid Land 6 (6), 742–752. doi: 10.1007/s40333-014-
0032-6

Zheng, Y. P., Xu, M., Zhao, J. C., Zhang, B. C., Bei, S. Q., and Hao, L. H. (2011).
Morphological adaptations to drought and reproductive strategy of the moss
Syntrichia Caninervis in the gurbantunggut desert, China. Arid Land Res.
Manage. 25 (2), 116–127. doi: 10.1080/15324982.2011.554956

Zhou, H. F., Li, Y., Tang., Y., Zhou, B. J., and Xu, H. W. (2009). The
characteristics of the snow-cover and-snowmelt water storage in Gurbantunggut
desert. Arid Zone Res. 26 (3), 312–317. doi: 1001-4675(2009)26:3<312:
GEBTGT>2.0.TX;2-H
frontiersin.org

https://doi.org/10.1016/j.agrformet.2021.108387
https://doi.org/10.1007/s11104-017-3385-8
https://doi.org/10.1007/s11104-017-3385-8
https://doi.org/10.1360/N972018-00390
https://doi.org/10.1093/treephys/28.8.1287
https://doi.org/10.5846/stxb201801010004
https://doi.org/10.1002/ece3.6549
https://doi.org/10.1093/jxb/erq438
https://doi.org/10.1111/nph.13134
https://doi.org/10.1038/nclimate2281
https://doi.org/10.1093/treephys/15.4.259
https://doi.org/10.1093/treephys/15.4.259
https://doi.org/10.11707/j.1001-7488.20180116
https://doi.org/10.1111/j.1365-3040.1992.tb01455.x
https://doi.org/10.1038/s41561-018-0072-1
https://doi.org/10.1038/s41561-018-0072-1
https://doi.org/10.1071/FP11135
https://doi.org/10.1016/j.soilbio.2003.09.008
https://doi.org/10.1111/plb.12912
https://doi.org/10.1016/j.scitotenv.2022.153589
https://doi.org/10.1007/s00374-008-0305-3
https://doi.org/10.1016/S0929-1393(02)00155-5
https://doi.org/10.1016/j.apsoil.2013.11.015
https://doi.org/10.1046/j.1365-2745.2003.00771.x
https://doi.org/10.1023/A:1026069927380
https://doi.org/10.1016/j.scienta.2022.111151
https://doi.org/10.1111/brv.12862
https://doi.org/10.3390/su12041588
https://doi.org/10.3724/SP.J.1258.2011.00159
https://doi.org/10.3724/SP.J.1258.2011.00159
https://doi.org/10.1016/j.jplph.2021.153528
https://doi.org/10.1016/j.jplph.2016.01.015
https://doi.org/10.1016/j.jaridenv.2006.06.012
https://doi.org/10.1016/j.jaridenv.2006.06.012
https://doi.org/10.13292/j.1000-4890.202003.017
https://doi.org/10.13292/j.1000-4890.202003.017
https://doi.org/10.1111/1440-1703.12072
https://doi.org/10.7525/j.issn.16735102.2020.01.007
https://doi.org/10.1007/s40333-014-0032-6
https://doi.org/10.1007/s40333-014-0032-6
https://doi.org/10.1080/15324982.2011.554956
https://doi.org/1001-4675(2009)26:3%3C312:GEBTGT>2.0.TX;2-H
https://doi.org/1001-4675(2009)26:3%3C312:GEBTGT>2.0.TX;2-H
https://doi.org/10.3389/fpls.2022.999584
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Long-term snow alters the sensitivity of nonstructural carbohydrates of Syntrichia caninervis to snow cover: Based on a 7-year experiment
	Introduction
	Materials and methods
	Study site
	Experimental design
	Water content
	NSC analysis
	Data analysis

	Results
	Water content
	NSC and its components of Syntrichia caninervis
	Potential driving factors of NSC and its components content of Syntrichia caninervis

	Discussion
	Effect of snow on the NSC and its component contents of Syntrichia caninervis
	Effect of soil on NSC and its component contents of Syntrichia caninervis

	Conclusion
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


