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Abstract

This study aimed to determine if the succession of Nitraria Tangutorum nebkhas could change
soil nutrients in the Jilantai desert, Inner Mongolia. Four succession stages including rudimental
stage (RUD), developing stage (DEV), stabilizing stage (STA) and degrading stage (DEG) were
regarded as succession patterns. We collected 588 soil profile samples within a 0-100 cm depth from
different succession stages of N. tangutorum nebkhas. We determined the vertical distributions of
soil organic carbon (SOC), total nitrogen (TN) and their densities to 1 m depth. The results indicated
that soil depths and successional stages had significantly impact on SOC and soil organic carbon
density (SOCD), and soil depths had significant impact on TN and soil nitrogen density (SND). SOCD
showed firstly increased and then decreased, and SND showed an increasing trend with the succession
of N. tangutorum nebkhas. SOCD and SND showed as the following order: STA (860.60 g/m?)
>DEG (753.00 g/m*»>DEV (737.60 g/m?)>RUG (678.18 g/m?») and DEG (83.75 g/m?»>STA
(83.68 g/m?)>DEV (83.06 g/m?)>RUG (73.42 g/m?), respectively. The stratification ratios (SR) of SOC
and TN gradually decreased with soil depth in different succession stages, and there was no significant
difference in SRs of SOC and TN for each succession stage. Redundancy analysis (RDA) revealed that
soil depth, silt content, soil water content (SWC) and successional stage directly drove SOCD and
SND of N. tangutorum nebkhas. Therefore, understanding the vertical distribution of the SOC and TN
at different succession stages has great significance for accurately estimating the SOCD and SND
storage in the desert areas.
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Introduction

Soil organic carbon (SOC) and total nitrogen (TN)
formed a main terrestrial carbon and nitrogen pool [1].
SOC is not only an important indicator of soil quality but
also closely related to atmospheric CO, concentration
[2-3]. Around the world, about 1300-1500 Pg C is stored
in the form of organic matters in the 0-100 cm soil layer
[4], and its carbon storage is 2-3 times that of vegetation
and atmosphere, respectively [S]. Since soil has a great
SOC storage capacity, and even its slight changes
could have important implications for atmospheric CO,
concentration [6-8]. Soil nitrogen, as one of the massive
elements essential for plant growth and development,
has an important regulatory role in the nutrient cycling
of ecosystems, in which storing and cycling of soil
carbon and nitrogen is a mutually coupled process
[9]. SOC and TN contents are mutually coupled, and
SOC fixation has long been limited by soil TN [10-11].
Therefore, we can not study individual cycles of SOC
and soil TN in isolation. For instance, Soil C/N ratio is
important to evaluate the use efficiency of soil TN by
vegetation and soil microorganisms [12]. Soil organic
carbon density (SOCD) and total nitrogen density (SND)
are driven by several factors, such as vegetation types,
soil characteristics (eg. SOC, TN and pH), climate,
ecosystem types and vegetation succession stages.
Changes in SOC and TN affect various biochemical
reactions and microbial activities in soil, thus further
affect soil fertility [13]. Therefore, research on SOC
and soil TN levels is of great significance to accurately
estimate ecosystem carbon storage.

The desert ecosystems play an important role in
the terrestrial ecosystem due to its unique structure
and function [14]. The area of the desert ecosystem
accounts for about 30% of the terrestrial system, and
its carbon storage accounts for about 8% carbon pool
of the terrestrial ecosystems. Desert ecosystem has a
high carbon sequestration potential (mainly absorbing
large amounts of CO, from the air), its carbon cycle
process is a vital part of carbon cycle in terrestrial
ecosystems [15]. Soil carbon sequestration, closely
related to vegetation types, soil types and ecological
environment, can increase soil carbon storage in desert
ecosystems [16]. Therefore, to accurately estimate soil
carbon and nitrogen storage in the desert ecosystem,
it is of great significance to study the cycle and sink
management of carbon and nitrogen in global terrestrial
ecosystems.

Nebkhas of different sizes are commonly observed
in arid, semi-arid and semi-humid desert areas.
As a momentous part of the desert ecosystem, nebkha is
a kind of wind-driven sedimentary landform developed
under the influence of vegetation [10], nebkha,
as the linkage between local climate and environment,
has the function of soil and water conservation, wind
prevention and sand fixation [15]. Previous studies
have focused on the distribution of nebkhas [10],

its morphological characteristics [17], vegetation
diversity and productivity [18], sediment characteristics
and supply, and its influencing factors [19-20]. These
studies have reported that the formation of nebkhas
is mainly controlled by wind intensity, sand sources
and vegetation coverage. Plants that can form nebkhas
are triangular-shaped or cylindrical-shaped, and the
reverse occurred in the case of rhombus-shaped [21].
The presence of nebkhas strongly influences abiotic
factors, biotic factors and gradually forms a highly
heterogeneous fertile island effect [22]. The process
of fertile island effect is complex mutual interactions
between vegetation and nebkhas in the desert area [23-
24]. Generally, studies show that nebkhas were mainly
composed of very fine, fine and medium sand and
the proportion of fine sand increased with vegetation
coverage [25]. Changes in SOC and TN of nebkhas
were intimately related to the coverage degree, soil
particles and soil moisture [26]. The degree of fertility
effect varied among nebkhas types, and the better soil
nutrients of dense shrubs in nebkhas formation [27].
Furthermore, soil organic matter, total phosphorus and
soil moisture at the later growth stage were higher than
those at the early growth stage [28]. Although some
scholars have carried out extensive efforts to study the
protection benefits of N. tangutorum nebkhas. However,
the effect of vegetation growth on soil nutrient status of
nebkhas is still poorly understood. Since the evolution
process of nebkhas is a complex process of interaction
between vegetation and soil [29]. However, it is still
unknown if soil nutrients of nebkhas are related to
its successional stages, especially the characteristics
of SOC and TN vary according to soil depth inside
nebkhas.

The Ulan Buh Desert is located in the ecotone with
a very fragile vegetation ecosystem from semi-arid
area to arid area of northern China. Plant communities
consist of shrubs and semi-shrubs with many annual
herbaceous species, N. tangutorum is a typical
xerophytes shrub with wide adaptability and strong
resistance to arid environment. As an important plant
component of the Ulan Buh Desert, N. tangutorum
also serves as the pioneer species for fixing extensive
shifting sand and stabilizing the desert environment
[30]. Researches on N. tangutorum nebhas is important
to provide a theoretical basis for a reasonable
assessment of the status of carbon and nitrogen storage
in the Jilantai desert ecosystem. However, the effects
of N. tangutorum nebhas on its abiotic and biotic
environment are not fully understood. Therefore,
N. tangutorum nebkhas in the Jilantai desert arca was
taken as the research object. The following specific
questions were addressed: (1) to test whether soil
nutrients differ with the development and soil depth of
N. Tangutorum nebkhas; (2) to analyze whether SOCD
and SND are driven by selected biotic and abiotic
factors; and (3) to test whether SOC and TN differ
with the development and soil depth of N. Tangutorum
nebkhas.



Soil Organic Carbon, Total Nitrogen...

2883

Materials and Methods
Study Sites

The study area is located on the southwest edge of
Ulan Buh Desert (105°47°08“-105°47"38“E, 39°46'58%-
39°47°40“N, 960-979 m.a.s.l.). The area has a typical
temperate continental monsoon climate. Mean annual
precipitation here is 100-140 mm (1986-2019), 83%
of which is mainly concentrated in July to September
with large interannual variations. The annual mean
temperature is 8.6°C, with an extreme maximum value
of 40.4°C and the extreme minimum value of -31.2°C.
The prevailing wind direction is west-northwest
throughout the year of winds >3.5 m/s. Mean annual
potential evaporation, sunshine duration and the frost-
free period are 3006 mm, 3316 h and 160 d, respectively.
The study area is mainly located in fixed sandy land,
where the terrain gently undulating characterizes
the local landscape without human activities.
The predominant soil is aeolian sandy soil mainly
consists of coarse sand and silt. Aeolian sandy soil is
characterized by weak development and impoverished
nutrients. The groundwater level has fallen from 1-5 m in
1958 to 10-15 m in 2012 [31]. Mean soil moisture content
at depth of 0-100 cm is 0.48%-0.86%, the soil density
is 1.58-1.63 g/cm® and soil pH is 8.90-9.22 in all cases,
suggesting that the soils in our study area are strongly
alkaline. The natural vegetation is mainly composed
of N. tangutorum with a density of 48 nebhas/hm?.
The common herbaceous species are Artemisia
desertorum, Agriophyllum squarrosum, and Elymus
dahuricus (Fig. 1).

Experimental Design and Soil Sampling

Fieldwork was performed in mid-August 2019 at
Jilantai Desert located on the southwest edge of Ulan
Buh Desert. Seven experimental plots of 100 mx100 m
were randomly selected with the distance among them
less than 1 km. The sampling plots are arranged far
away from the highway to prevent the interference of
human activities. The classification of N. tangutorun
nebkhas referred to the method of Tengberg and Chen
[10] and the actual situation of the sample plots were
selected. The succession of N. tangutorun nebkhas was
divided into four stages:(1) rudimental stage (RUD),
(2) developing stage (DEV), (3) stabilizing stage (STA),
and (4) degrading stage (DEG). These classifications
are based on the factors of nabkhas morphological
characteristics (including long axis, short axis, height,
and form), vegetation coverage, plant species and crust
condition. The thresholds of each stage are listed in
Table 1. During the field investigation, 3 N. tangutorun
nebkhas with the same size, height and developmental
stage were selected in each plot. The long axis, short
axis and height of each N. tangutorun nebkhas were
measured. Three 1 m x 1 m herb quadrats were
set up on the windward slope and leeward slope,

and the species, plant numbers and heights of herbs in
the quadrats were recorded.

In each sample plot, the soil samples were
collected from 0-5, 5-10, 10-20, 20-30, 30-50, 50-70
and 70-100 cm depths on the top of each successional
N. tangutorun nebkhas using a steel sampler (100 cm?).
In total, soil samples (four successional stages at seven
depth levels) were collected to represent each sampling
plot. 3 soil samples at the same sampling depths were
mixed as the composite soil sample, a total of 588 soil
samples (7 sample plotsx4 successional stagesx7 soil
depthsx3 replicates). Soil samples were transported to
the laboratory in sealed plastic bags, air-dried and then
passed through a 2 mm sieve to discard roots and other
debris.

The Malvern 3000 laser diffractometer was used
to analyze the soil particle size classification of each
composite soil sample, the ring knife method was
used to determine the soil bulk density and the drying
method was adopted to identify soil moisture. Soil pH
was measured in a soil-water ratio of 1:2.5 (weigh/
weight) with a pH meter (STARTER3100, USA). SOC
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Table 1. Classification standard of N. tangutorun nebkhas successions [10].
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was measured by the potassium dichromate external
heating method, TN was measured by the Kjeldahl
method [32].

Statistical Analyses

SOCD was calculated as follows:
SOCD, = C;x D;x H;x(1-0.01G; )< 10 )

Where SOCD; is the SOC density of soil layer i
(g/m?), C, D, H, and G, represent the SOC content
(g/kg), soil bulk density (g/cm?®), thickness (cm),
and the content of gravels (%) larger than 2 mm in soil
layer i, respectively. The SND (g/m?) was also computed
similarly.

For 0-100 cm soil depth, total SOCD (T-SOCD)
(g/m?) was calculated for a certain soil depth as follows
[33]:

T-SOCD; =" SOCD,
P )

The total SND (T-SND) (g/m?) was also calculated
similarly.

To understand the effect of N. tangutorum nebkhas
succession on soil quality, the concept of SR was
introduced to overcome the inherent differences in
soil types and climates, which is defined as the ratio of
nutrient content in the surface layer to that in the deep
layer [34]. Soil stratification ratio (SR) was proposed by
Franzluebbers [35], which was defined that the ratio of
the soil surface to that of a lower depth.

sk =204
S0G (3)

Where SOC, (g/kg) is the SOC of 0-5 ¢cm soil layer;
SOC. is SOC of certain soil depth. In this study, six
SRs (SR, SR,, SR,, SR,, SR, and SR) for SOC at seven
different depths were calculated.

The SRs of soil TN was also calculated similarly.

Kolmogorov Smirnov test (K-S test) was conducted
on soil variables by SPSS 22.0. The results showed
that soil data of N. tangutorum nebkhas in different
successional stages were consistent with a normal
distribution (P>0.05). Significant differences of soil
variables among different successional stages were
analyzed using an ANOVA analysis. Redundancy
Analysis (RDA) was conducted using Canoco 5.0
(Biometry, Wageningen, Netherlands). Figures were
drawn with Origin 2018. We expressed the data based
on meantstandard deviation (SD).
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Table 2. Two-way ANOVAs of the effects of successional stage, soil depths and their interactions on physicochemical properties.

FPY T soc | ™~ | on [socp | snp | Seilwater| Bulk |t cp o | site | Sand
value content | density

F 10.309 | 4.007 | 1.191| 2.955 1.37 1.586 6.038 | 13368 | 1.358 | 0.698 | 1.063

Factor

Successional stage

P | <0.001 | <0.05|0321| <0.05 | 0261 | 0203 | <0.001 |<0.001| 0265 | 0.557 | 0372
Soil depth F | 3.956 |2.068 |0.937]66.092| 69.974 | 8786 | 1.593 | 8.627 |20.709 | 9.078 | 14.518
P | <0.001 | 0.072 | 0.476|<0.001 | <0.001 | <0.001 | 0.166 |<0.001 | <0.001 | <0.001 | <0.001
Successional F | 1763 | 2152 |1267| 1.324 | 0952 | 1948 | 2003 | 4222 | 0.883 | 0.997 | 1336

<0.001 | 0.600 | 0.477 | 0.202

stage*Soil depth P 0.055 | <0.05[0.245| 0.209 | 0.524 <0.05 <0.05

*Indicates significant difference at 0.05 level ; * * indicates significant difference at 0.05 level.

Results

Changes of Soil SOC, TN, and C/N
of N. tangutorun Nebkhas at Different
Successional Stages

Two-way ANOVA analysis revealed that successional
stage and soil depth were significantly different in SOC,
and successional stage had a significant difference in
TN. The interactive effect of successional stage and soil
depth was significant effect on TN. However, there was
no significant difference in C/N between successional
stage and soil depth (Table 2). These findings suggested
that successional stage and soil depth induced spatial
variability of SOC, the succession of nebkhas induced
spatial variability of TN.

Soils of N. tangutorun nebkhas had low contents of
SOC and TN and firstly increased and then decreased
with succession stages. SOC and TN did not show any

increasing pattern with depth (Fig. 2a, b). The mean
SOC contents were 0.42-0.58 g/kg in 0-100 cm depth
across the entire succession stages. At 0-50 cm, SOC
firstly increased and then decreased with succession,
and increased by 20.97%-96.37% from the RUD to
the STA, and reduced by 6.91%-86.03% compared
with STA. There was no significant difference in SOC
among four succession stages at 5-10 cm and 50-100 cm
(Fig. 2a). Overall, the SOC firstly increased and then
decreased with soil depth and decreased to the lowest
level at 10-20 and 20-30 cm during the RUD and DEG,
respectively. SOC showed a gradually decreasing
trend with soil depth and decreased to the lowest level
at 50-70 and 70-100 cm during the DEV and STA,
respectively. The mean TN content ranged from 0.05
to 0.06 g/kg across the entire 0-100 cm soil profiles.
There was no significant difference in TN content
throughout succession processes (except 20-30 cm and
50-70 cm) (P>0.05). Compared with RUD, TN content

SOC content/g/kg TN content/g/kg C/N ratio
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Fig. 2. Changes in SOC, TN and C/N in the soil of N. tangutorun nebkhas at 0-100 cm at different successional stages. Values are
meas+SD (n = 21). Different lowercase represents a significant difference between different development stages of the same soil layer

(P<0.05).



2886 Wei Y., et al.
0.12
RUD:y= 0.0452x+0.0271 DEV:y=0.0201x+0.0457 STA:y=0.0607x+0.0212 DEG:y= -0.0250x+0.0665
R’=0.0535; p>0.05 R?=0.1129; p=0.05 R?=0.1415; p>0.05 R*=0.1142; p>0.05
g ®
0.09 | - L L
2
i @
=11}
E o © °® ° g @
2 b () ° °
£0.06 - ® o 8 - e -
= o o og ee .. ey
° )
2 8% e o Fo o' o ©*% ®
:. ® ® ®
0.03 - % - L L
) [
0‘00 1 1 1 1 1 1 1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6

0.8 0.0 0.2 0.4 0.6 0.80.0 0.2 0.4 0.6 0.8

SOC content/g/kg

Fig. 3. Correlation between SOC and TN contents of N. tangutorun nebkhas at different successional stages.

of DEV, STA and DGE at 20-30 cm increased by
41.01%, 32.29%, 64.74%. At 50-70 cm, the TN content
of DEV, STA and DGE increased by 32.93%, 55.25%
and 36.85% compared with RUD, respectively (P<0.05).
The changes in TN showed a wave pattern with soil
depth in each succession stage (Fig. 2b). The mean
C/N ratio was 9.07-10.63 within 0-100 cm soil layers
throughout all succession processes. There was no
significant difference (except 0-5 cm and 20-30 cm)
in each succession stage (P>0.05). Compared with
RUD, the C/N ratio of DEV, STA and DGE at 0-5 cm
increased by 33.54%, 76.37% and 48.72%, respectively.
The C/N ratio of DEV and STA at 20-30 cm increased
by 19.90% and 21.60%, respectively (P<0.05), and
decreased by 47.87% (P<0.05). The change in C/N
showed a wave pattern with soil depth in each
succession stage (Fig. 2c).

The regression analysis was conducted between
mean values of SOC and TN content at the depths of
0-100 cm in different succession stages. The results
showed that R? increased firstly and then decreased with
the succession stages. However, there was a positive
correlation between SOC content and TN content in
RUD, DEV, and STA, and a negative correlation in
DEG (Fig. 3). Regression analysis indicated that as the
succession of N. tangutorun nebkhas, and there was no
synchronization between SOC content and TN content.

Vertical Distribution Characteristics of Soil SOCD
and TND at Different Successional Stages

Two-way ANOVA revealed that successional stage
and soil depth had significant differences in SOCD,
and soil depth had a significantly different in SND, and
successional stage had no significantly different in SND
(Table 2). There were significant differences in SOCD
among four succession stages (P<0.05), SOCD of each
soil depth (except 70-100 cm) increased firstly and then
decreased with succession stages. Compared with RUD,

SOCD of DEV, STA and DEG at 0-5 cm increased by
42.34%, 42.72% and 38.01%, respectively. SOCD of
DEV, STA and DEG at 10-20 cm increased by 58.34%,
86.22% and 23.23% respectively. SOCD of DEV and
STA at 20-30 cm increased by 46.36% and 59.76%
respectively, and DEG decreased by 12.81% (Table 3).
SOCD showed a gradually increasing trend from the
surface layer to the deep layers.

SND fluctuated enormously throughout successional
process, differing among depths of 5-10, 10-20, 20-30
and 50-70 cm. Compared with RUD, SND of DEV, STA
and DEG at 5-10 cm increased by 29.60%, 65.66% and
9.67%, respectively. At 10-20 cm, SND of DEV, STA
and DEG increased by 85.15%, 76.56% and 85.88%
compared with RUD, respectively(P<0.05). SND of
DEV, STA and DEG at 20-30 c¢m increased by 38.77%,
25.28% and 58.45% compared with RUD, respectively;
At 50-70 cm, SND of DEV, STA and DEG increased
by 26.79%, 53.90% and 32.17% compared with RUD
(P<0.05), respectively. However, compared with RUD,
SND of DEV, STA and DEG at 70-100 cm decreased by
11.78%, 13.60% and 9.70%, respectively. SND increased
from surface to deep layers among four successional
stages (Table 3).

As shown in Table 4, variation in SOCD and
SND at different depths among four successional
stages showed that SOCD and SND of DEV, STA
and DEG were higher than RUD. SOCD at different
depths among four successional stages showed that
STA>DEV>DEG>RUD. In addition, for 0-20 cm, there
was no significant difference in SOCD at other soil
depths. Compared with RUD, SOCD of DEV, STA
and DEG at 0-20 cm increased by 43.95%, 56.09%
and 10.76%, respectively (P<0.05) (Table 4). SND of
0-100 cm soil among four succession stages were shown
as DEG>STA>DEV>RUD, and there was an obvious
difference between 0-20 cm and 0-30 cm. Compared
with RUD, SND of DEV, STA and DEG at 0-20
and 0-30 cm increased by 36.88%, 35.20%, 26.87%
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Table 5. Percent of the SOCD and SND in every depth related to the whole profile.
Soil SOCD (g/m?) STN (g/m?)
depth/cm RUD DEV STA DEG RUD DEV STA DEG

0-10 11.1941.30a | 13.79£1.76a | 11.66+0.18a | 12.11£0.31a | 12.30+2.62a | 11.93+0.14a | 12.11£1.02a | 10.18+1.37a
0-20 19.04+0.76¢ | 25.05+0.44a | 23.17+1.38ab | 20.91£1.46bc | 19.824+4.39a | 23.62+0.80a | 23.1+1.19a | 21.87+2.35a
0-30 27.7840.79a | 36.95£1.96a | 34.14+2.41a | 34.1246.93a |29.08+5.75a | 34.60+0.94a | 32.944+0.73a | 34.33+3.60a
0-50 47.82+4.02ab | 59.11+2.26a | 53.11+5.28ab | 44.42+5.11b | 50.13+7.20a | 55.08+2.05a | 52.23+2.59a | 54.15+2.30a
0-70 67.10+2.38a | 73.42+£5.07a | 72.64+4.65a | 63.86+5.88a | 66.6+8.06a | 73.2+2.19a | 74.08+1.55a | 73.01+2.98a

Values are means+SD (n = 21). Different lowercase represents a significant difference between different development stages

of the same soil layer (P<0.05).

and 37.47%, 32.08%, 36.81%, respectively (P<0.05)
(Table 4).

Except for 0-10 cm, the percentage of SOCD and
SND firstly increased and then decreased, and showed
a wave pattern among different soil depths at each
successional stage. At 0-20 cm, the percentage of SOCD
in RUD was significantly lower than that of DEV, STA
and DEG (P<0.05). At 0-50 cm, the percentage of
SOCD in DEV was significantly higher than that of
DEG (P<0.05). This means the successional stage did
not affect the SND (Table 5).

The SR of SOC and TN Content at Different
Successional Stages

SR of SOC and TN tended to decrease with soil
depth at different successional stages. Under the same
soil layer, there was no significant difference in SR of
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SOC and TN in each successional stage. SR of SOC
and TN during RUD, DEV, STA, DEG were 0.16-0.91,
0.27-0.99, 0.22-0.99, 0.18-1.19 and 0.21-1.37, 0.22-0.95,
0.17-0.56, 0.19-0.97 at the depths of 0-5, 5-10, 10-20,
20-30, 30-50, 50-70 and 70-100 cm, respectively.
These findings showed that lower SOC and TN stability
in different soil depths of N. tangutorun nebkhas

(Fig. 4).
Changes in SOCD and SND in Soil Properties

It was found that there were negative significant
correlations among SWC, pH, soil depth and sand
content with SOCD, STD, SOC and TN. SOC, TN,
SOCD and SND were significantly positively correlated
with silt and clay contents. The successional stage was
positively correlated with SOC, TN, SOCD and SND
(Fig. 5).
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Fig. 4. SR of SOC and TN of N. tangutorum at different succession stages. Different capital letters represent a significant difference
between different development stages of the same soil layer (P<0.05); different lowercase represent a significant difference between

different soil layers in the same development stage (P<0.05).
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Fig. 5. PCA of SOCD, SND and soil properties at different
successional stages. PCA axes 1 and 2 explained 85.59% and
1.01% of the variation, respectively. SOC: soil organic carbon
content; TN: total nitrogen content; BD: bulk density; SOCD:
soil organic carbon content density; SND: total nitrogen density;
SWC: soil water content.

The order of importance of soil physicochemical
factors to SOCD and SND was as follows: soil
depth>silt  content>SWC>successional  stage>clay
content>sand content>pH>SD. Among these indicators,
soil depth, silt content, SWC and successional stage
were the main factors affecting SOCD and SND,
which account for 73.7%, 14.1%, 10.4% and 1.0% of
the interpretation of all soil physicochemical factors.
Other soil physicochemical factors had no significant
influence (Table 6).

Discussion

Variation Characteristics of Soil SOC, TN Content
and C/N during the Succession
of N. tangutorum Nebkhas

SOC and TN contents are important indexes to
evaluate soil nutrients [36]. Our results indicated that
mean SOC and TN contents firstly increased in RUD
and then decreased in STA. This agrees with Wang et
al. [27] regarding soil nutrients increased gradually with
the development of nebkhas. The reason for this pattern
is mainly related to vegetation coverage (Table 1) and
silt and clay contents, especially in the 0-30 cm soil
depths [27, 29]. On the one hand, as vegetation coverage
of N. tangutorum nebkhas continues to increase and its
surface accumulates a considerable amount of litters,
and are decomposed and stored in the soil [37-38]. When
the vegetation coverage of N. tangutorum nebkhas
increased, and the wind-break and sand-fixation ability
increased, which increased the proportion of silt and
clay particles in the surface soil [39]. It was conducive
to soil nutrient accumulation and improvement of SOC
and TN sequestration capacity [40-41]. The SOC of
N. tangutorum nebkhas in our study had high
heterogeneity in the vertical direction. Rather, the
change in soil TN was non-heterogeneity. This result is
not in accordance with previous findings that succession
stages and soil depths were important factors affecting
the SOC of N. tangutorum nebkhas [27, 42-43]. This
consequently indicates that accumulations of soil C and
N were not well coupled. It is well known that 95%
of soil N is derived from soil organic matter [36], and
soil nutrient redistribution is strongly influenced by
precipitation, stem flow and infiltration [44]. Clearly,
soil SOC and TN found in N. tangutorum nebkhas
entered the system as a result of these important
processes, thus forming fertile islands. Yet, dry climatic
conditions with limited rain and strong evaporation
result in low soil moisture and input of organic carbon
to the soil. Even worse, soil organic matter was difficult

Table 6. Importance sequencing and Duncan test of physicochemical factors.

Soil physicochemical factors Explains /% Contribution/ % F P Importance sequencing
Soil depth 60.6 73.7 390 0.002 1
Silt content 9.3 14.1 10.7 0.006 2
SwcC 3.0 10.4 53 0.022 3
Successional stage 0.9 1.0 5.3 0.010 4
Clay content 0.2 0.3 1.4 0.202 5
Sand content <0.1 <0.1 0.4 0.652 6
pH <0.1 <0.1 0.3 0.736 7
SD <0.1 <0.1 0.4 0.68 8

SOC: soil organic carbon content; TN: total nitrogen content; BD: bulk density; SOCD: soil organic carbon content density;
SND: total nitrogen density; SWC: soil water content.
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to maintain at a high level due to the poor structure of
acolian sandy soil [39, 45-46].

Soil C/N is an index to measure the nutrient balance
of soil C and N and soil quality evaluation [47-48].
Our study indicated that the C/N ratio is between 9.07
and 10.63, indicating that the decomposition rate of
soil organic matter is greater than the accumulation
rate [49]. This result was in accordance with Xu et
al. [50] who showed that mean C/N ratio is 9.00 in
the global desert. One reason for this might be the
drought climate and soil environment in the Jilantai
Desert, which is the main factors hindering nutrient
accumulation of N. tangutorum nebkhas, when SOC
level was seriously insufficient, the accumulation of
SOC and TN was not synchronous, which verified
the previous observations [51]. Through regression
analysis of SOC and TN, it is found that there is a
positive correlation between SOC and TN in RUE,
DEV and STA, and a negative correlation in DEG. This
indicates that the priming effect of SOC may occur in
the DEG. That is, the results showed that SOC tend to
decrease following soil N input under certain conditions
[52-53].

Variation Characteristics of SOCD and SND during
the Succession of N. tangutorum Nebkhas

Previous studies showed that the desert ecosystem
had a strong carbon sequestration potential and was
an important area for CO, fixation [42]. It is generally
accepted that SOCD and SND are the result of
the natural environment and human activities [54].
Our results indicated that SOCD at a depth of 0-100 cm
in N. tangutorum nebkhas was significantly lower than
the mean SOCD of 0-100 cm in Tengger Desert
(1.936 g/m?) [55], indicating that soil nutrient content was
low in Jilantai desert. Moreover, SOCD firstly increased
then decreased with the succession of N. tangutorum
nebkhas and was at STA. Compared with that of RUG,
which increased by 8.76%, 26.90% and 11.03% in DEV,
STA and DGE, respectively (P<0.01). The reason for
this phenomenon is mainly related to the difference
in aboveground biomass of N. tangutorum nebkhas.
As vegetative succession progressed, aboveground
biomass firstly increased in RUD and then decreased
in STA and reached a peak in STA throughout the
succession. Simultaneously, aboveground biomass of
N. tangutorum nebkhas directly influences soil carbon
and nitrogen inputs, and is a key factor affecting plant
carbon and nitrogen storage. In addition, SND was
significantly lower than the Chinese national averages
(2.3 kg/m?) [56], Qinghai Tibet plateau (2.01 kg/m?)
[57] and deserts in northwest China (447.5 g/m?) [58].
SND increased with the succession of N. tangutorum
nebkhas, which was 13.13%, 13.97%, and 14.07% in
DEV, STA and DGE higher than that of RUG (P>0.01),
illustrating that soil nitrogen fixation capacity increased
gradually with the growth of N. tangutorum [44]. Due
to the rapid growth and strong deep roots system of

N. tangutorum shrubs, more SOC and TN were
sequestered in the soil, which resulted in the
intensification of SOCD and SND [59]. In this study,
the RDA analysis showed that SOCD and SND are
closely related to soil depth, silt content, soil moisture
and successional stage. The effect of soil depth on
SOCD and SND strongly depends on differences in
soil water content, root distribution and microbial
activity [55]. Soil moisture has key implications for the
water uptake of plant root systems, soil animals and
microorganisms secrete hydrophobic organic matter.
Which in turn, affects redistribution of soil nutrients,
and soil water scarcity limits soil carbon and nitrogen
accumulation [60]. The silt content affects the stability
and decomposition rate of organic matter via nutrient
cycling and microbial activity [61]. The successional
stage could facilitate the accumulation of SOCD and
SND via carbon and nitrogen sequestration capacity of
the desert ecosystem. In RUD of nebkhas succession,
litters and soil nutrients can not be efficiently
accumulated, and soil crusts can not be formed
under small canopies of young N. tangutorum shrubs
(Table 1). As N. tangutorum nebkhas develops, soil
crust formation is facilitated by increased soil nutrient
input. The formation of soil crusts can enhance soil
stability and fertility, and reduce soil wind erosion [62-
63]. Together with the interactions among soil microbial
processes, soil microorganisms, soil water, litter and
nutrients, thereby increased the nutrient input to the N.
tangutorum nebkhas [64].

Variation Characteristics of the SR during
the Succession of N. tangutorum Nebkhas

The successional stage in this study had no
significant effects on SR of SOC and TN within the same
soil depth, indicating that changes in SR triggered by
N. tangutorum nebkhas succession were not significant
to SOC and TN accumulation. In this study, the SR of
SOC and TN decreased significantly with soil depth,
which was not consistent with Fernandez-Romero et
al. [33]. Soil carbon and nitrogen sequestration may
predominately occur in the topsoil due to the effects of
N. tangutorum nebkhas succession processes. Factors
including litters, root biomass, vegetation coverage,
moisture and particle sizes can contribute to surface
soil quality across successions [65-66]. In our study,
the SRs of soil SOC at DEG was greater than RUG for
N. tangutorum nebkhas at different successional stages,
while the reverse was found for soil TN. This may result
from the possibility that priming effect of SOC may
occur at DEG [52]. This is also evidenced by negative
correlation between SOC and TN at DEG. Recent
research has suggested that soil quality of farmland
could be improved when SR>2 [35, 67]. However, in
our study, it is not appropriate to use 2 as an indicator
to assess the quality of N. tangutorum nebkhas.
If SRs of SOC and TN in RUG were used as a reference,
the succession of N. tangutorum nebkhas was not
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significant for SOC and TN pools. It may be the result
of the combined effect of nutrient supplementation
and nutrient expenditure from below. Together with
soil water-thermal conditions in the soil that restricts
timely supplementation of nutrients from upper soil to
the lower layers. Accordingly, the SRs of SOC and TN
were not significant at different successional stages.

Despite this, our results highlighted the importance
of overall understanding towards soil nutrient cycling,
and SOC, TN and their densities of N. tangutorum
nebkhas with the development of the nebkhas. Carbon
and nitrogen sequestration was affected by the
succession of N. tangutorum nebkhas in the shrub-
dominated desert ecosystems. Human intervention of
N. tangutorum nebkhas in stabilizing stage is needed to
prevent soil nutrient loss. If not, arid desert ecosystems
can easily become emitters. This information may
improve our understanding of the nutrient cycling
process of N. tangutorum in different successional
stages in the oasis-desert ecotone. To provide
information for accurate estimation of C change in arid
desert areas and global climate change, our study on the
mechanism of soil N. tangutorum carbon and nitrogen
storage change is not in-depth enough. Changes in soil
carbon and nitrogen stocks in N. tangutorum nebkhas
are related to climate change, anthropogenic impacts,
geological and hydrogeological conditions, wind
strength and sand sources. In the following research,
we should focus on the impact of the environment for
in-depth discussion and research. Some differences
in carbon and nitrogen stocks in the N. tangutorum
nebkhas in different regions were also caused by these
factors. Therefore, future work on the carbon and
nitrogen stocks of N. tangutorum nebkhas in different
regions and their influence mechanisms needs to be
strengthened.

Conclusions

Our results suggested that succession stages of
N. tangutorum nebkhas and soil depth had significant
effects on the degree of SOC content and SOCD,
and soil depth had a significant difference in TN
content and SND in the Jilantai desert area. SOC and
TN profiles in the Jilantai desert were characterized by
low density at a depth of 0-100 cm, with a low level of
678.18-860.60 g/m? and 73.42-83.75 g/m?, respectively.
Soil depth, silt content, SWC and successional stage
promote the SOCD and SND. SR change resulting
from N. tangutorum nebkhas succession change had
no remarkable effects on SOC and TN accumulation.
Based on the results of our study, it is clear that
the ongoing success of N. tangutorum nebkhas will
not significantly change soil carbon and nitrogen
sequestration. The results are helpful to the accurate
estimation of soil carbon and nitrogen storage in desert
ecosystems.
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