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Abstract
Vegetation restoration is a critical approach for improving soil quality in arid
ecosystems, yet its effects on soil extracellular enzyme activities (EEAs), sto-
ichiometric relationships, and nutrient dynamics in the Gobi Desert remain
poorly understood. This study aimed to address this knowledge gap by analyz-
ing a chronosequence of three stand ages (3, 11, and 14 a) of artificial seabuck-
thorn (Hippophae rhamnoides L.) plantations in the 170th Regiment of the
9th Agricultural Division of the Xinjiang Production and Construction Corps,
China. Three 20 m(×)20 m quadrats were established for each restoration stage
in early to mid-August 2024. Soil samples were collected in 0–10, 10–20, and
20–30 cm soil layers within each quadrat using a five-point method, to explore
the ecological changes in Gobi Desert soil throughout the vegetation restoration.
The results indicated that soil organic carbon (SOC), particulate organic car-
bon (POC), dissolved organic carbon (DOC), mineral-associated organic carbon
(MAOC), total nitrogen (TN), and microbial biomass carbon (MBC), nitrogen
(MBN), and phosphorus (MBP) all significantly increased in the 0–10 cm soil
layer during vegetation restoration. In the 10–20 cm soil layer, MAOC and TN
significantly increased during vegetation restoration, while in the 20–30 cm soil
layer, MAOC, TN, MBN, and MBP significantly increased. Concurrently, the
activities of key enzymes (𝛽-1,4-glucosidase and 𝛽-1,4-N-acetylglucosaminidase)
involved in carbon (C) and nitrogen (N) cycling were also the highest in the
14-year-old plantation in the 0–10 cm soil layer. Further analysis of enzymatic
stoichiometry indicated a shift in microbial resource allocation, with significant
increases in the C–N and C–phosphorus (P) ratios of EEAs, whereas the N–P
ratio remained relatively stable. The drivers of these stoichiometric ratios varied
with soil depth: in the 0–20 cm soil layer, the C–N and C–P ratios of EEAs were
mainly influenced by soil C content, whereas the N–P ratio was not regulated by
any factors. In the 20–30 cm soil layer, the C–N and C–P ratios of EEAs were
mainly influenced by soil C, N, and microbial biomass content, whereas the N–P
ratio was mainly affected by TP and pH. Overall, the establishment of seabuck-
thorn plantations, especially over a 14-year period, significantly improved Gobi
Desert soil quality by enhancing nutrient content, stimulating microbial activ-
ity, and modulating extracellular enzyme strategies. These findings underscore
the considerable C sequestration potential and ecological benefits of targeted
artificial afforestation in arid land restoration.

Full Text
J Arid Land (2026) 18(8): 1446–1461
doi: 10.1016/j.jaridl.2026.08.008; CSTR: 32276.14.JAL.20250396

chinarxiv.org/items/chinaxiv-202608.00018 Machine Translation

https://chinarxiv.org/items/chinaxiv-202608.00018


Response of Gobi Desert soil to the establishment
of sea buckthorn (Hippophae rhamnoides) plan-
tations
ZHOU Mingwang^1, DING Junjie^2, MA Fanyan^1, JIANG Ping^3, WANG
Mei^3,
CHU Guangming^3, HE Mengyao^1, HUI Ying^1, YANG Zhen’an^3*

^1 College of Agriculture, Shihezi University, Shihezi 832003, China;
^2 Xinjiang Academy of Agricultural and Reclamation Science, Shihezi 832003,
China;
^3 College of Urban and Environmental Sciences, Shihezi University, Shihezi
832003, China

Abstract: Vegetation restoration is a critical approach for improving soil qual-
ity in arid ecosystems, yet its effects on soil extracellular enzyme activities
(EEAs), stoichiometric relationships, and nutrient dynamics in the Gobi Desert
remain poorly understood. This study aimed to address this knowledge gap by
analyzing a chronosequence of three stand ages (3, 11, and 14 a) of artificial sea
buckthorn (Hippophae rhamnoides L.) plantations in the 170^th Regiment of the
9^th Agricultural Division of the Xinjiang Production and Construction Corps,
China. Three 20 m(×)20 m quadrats were established for each restoration stage
in early to mid-August 2024. Soil samples were collected in 0–10, 10–20, and
20–30 cm soil layers within each quadrat using a five-point method, to explore
the ecological changes in Gobi Desert soil throughout the vegetation restoration.
The results indicated that soil organic carbon (SOC), particulate organic car-
bon (POC), dissolved organic carbon (DOC), mineral-associated organic carbon
(MAOC), total nitrogen (TN), and microbial biomass carbon (MBC), nitrogen
(MBN), and phosphorus (MBP) all significantly increased in the 0–10 cm soil
layer during vegetation restoration. In the 10–20 cm soil layer, MAOC and TN
significantly increased during vegetation restoration, while in the 20–30 cm soil
layer, MAOC, TN, MBN, and MBP significantly increased. Concurrently, the
activities of key enzymes (𝛽-1,4-glucosidase and 𝛽-1,4-N-acetylglucosaminidase)
involved in carbon (C) and nitrogen (N) cycling were also the highest in the
14-year-old plantation in the 0–10 cm soil layer. Further analysis of enzymatic
stoichiometry indicated a shift in microbial resource allocation, with significant
increases in the C–N and C–phosphorus (P) ratios of EEAs, whereas the N–P
ratio remained relatively stable. The drivers of these stoichiometric ratios varied
with soil depth: in the 0–20 cm soil layer, the C–N and C–P ratios of EEAs were
mainly influenced by soil C content, whereas the N–P ratio was not regulated
by any factors. In the 20–30 cm soil layer, the C–N and C–P ratios of EEAs
were mainly influenced by soil C, N, and microbial biomass content, whereas
the N–P ratio was mainly affected by TP and pH. Overall, the establishment of
sea buckthorn plantations, especially over a 14-a period, significantly improved
Gobi Desert soil quality by enhancing nutrient content, stimulating microbial
activity, and modulating extracellular enzyme strategies. These findings un-
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derscore the considerable C sequestration potential and ecological benefits of
targeted artificial afforestation in arid land restoration.
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1 Introduction
In arid and semi-arid areas, desertification poses a significant threat to ecosys-
tem stability and socioeconomic development. Vegetation restoration has been
widely recognized as an effective strategy to combat land degradation and im-
prove environmental conditions (Wang et al., 2022; Li et al., 2024). In the vast
Gobi deserts of Northwest China, selecting appropriate pioneer species is criti-
cal for initiating this recovery process. Sea buckthorn (Hippophae rhamnoides
L.), a deciduous shrub renowned for its drought resistance, salt tolerance, and
ability to thrive in nutrient-poor soils, is naturally distributed across the tem-
perate regions of the Eurasian continent and has been widely introduced for
this purpose (Liu et al., 2023; Yang et al., 2024; Ma et al., 2025). Beyond its
economic value, sea buckthorn plays a pivotal role in controlling desertification.
Its dense root system can stabilize the soil, reduce wind erosion, and enhance
soil fertility, thereby creating favourable conditions for the natural succession
of related plant communities and the restoration of degraded ecosystems (Tam-
chos and Dorjey, 2024). Different ages of sea buckthorn have a good effect on
soil improvement in arid and semi-arid areas. In the sandy rock area of Dalad
Banner in Inner Mongolia Autonomous Region of China, sea buckthorn planta-
tions aged 4–7 a have a stronger soil water retention capacity than those aged
1–3 a, which is conducive to the maintenance and stability of soil moisture (Liu
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et al., 2019). In plateau semi-arid desert areas, the stability of sea buckthorn
communities increases with the length of fixation years, and can resist general
natural threats and moderate biological disturbances (Tian et al., 2019). In
addition, sea buckthorn has remarkable nitrogen (N)-fixing ability through its
root nodule bacteria. The annual N fixation per hectare of mature plants (13–
16 years old) is 179 kg, which is much higher than that of young plants (0–3
years old)—at only 27 kg (Zhang et al., 2020). This N-fixing ability accumulates
with increasing plantation age, contributing to the long-term improvement of
soil fertility and creating more favourable conditions for the growth of other
plants.

The establishment of sea buckthorn plantations initiates a series of soil improve-
ment processes. A key process is the enhancement of soil organic carbon (SOC)
—a fundamental indicator of soil quality and ecosystem health (Glaser et al.,
2002). It is directly related to soil fertility, water retention capacity, and green-
house gas emissions, making SOC analysis crucial for addressing global climate
change (Hartmann and Six, 2023). Afforestation increases vegetation cover and
biomass, thereby promoting SOC accumulation (Sun and Chen, 2024). How-
ever, SOC accumulation is a complex process involving multiple factors and
mechanisms, including the input of exogenous organic carbon (OC) and other
organic materials (Jin et al., 2024; Qi et al., 2025), the physicochemical prop-
erties of plant-derived inputs (Zhang et al., 2022; Wu et al., 2025), and the
pathways of soil organic matter formation (Shahbaz et al., 2017; Spohn et al.,
2023) as a source of SOC (Table S1). These factors interact to promote the
accumulation and stabilization of SOC, thereby improving overall soil quality.
Concurrently, sea buckthorn improves soil fertility through biological N fixation
and the alteration of soil microbial community structure and function (Yao et
al., 2022). These changes are intimately linked to the soil extracellular enzyme
activities (EEAs), which mediate the biogeochemical cycling of carbon (C), N,
and phosphorus (P) (Mu et al., 2025). The response of five EEAs involved in
C, N, and P cycling to drought have been studied; they were found to well
reflect the activity status of soil microorganisms under different environmental
stresses and their contributions to soil nutrient cycling (Rajper et al., 2024).
One study investigated the changes in soil enzyme activities in arid regions un-
der irrigation management based on enzymes such as 𝛽-glucosidase and urease,
and found that soil enzyme activities are a feasible indicator of soil health (Díaz
et al., 2021). The stoichiometric ratios of these EEAs provide profound insights
into microbial metabolic limitations and nutrient demand, serving as sensitive
bio-indicators of soil ecological processes during vegetation restoration (Abay
et al., 2024). For example, during grassland restoration, the limiting nutrient
for soil microorganisms gradually shifts from P to N with time (Yang et al.,
2020). Further, changes in precipitation patterns significantly affect soil EEAs
and stoichiometric

ratios, resulting in a dual asymmetric response to precipitation changes (Sun
and Chen, 2024). Thus, soil EEAs and their stoichiometric ratios, which are in-
fluenced by various other factors, serve as important indicators of soil microbial
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metabolic status and nutrient limitation (Feyissa et al., 2022).

Previous research has revealed the basic patterns by which plantation age affects
soil (Mao et al., 2024). Some studies have employed a stand age sequence-
based research design to examine the effects of different plantation ages on soil
in Larix principis-rupprechtii (Guo and Tang, 2020) and Quercus aliena var.
acuteserrata (Li et al., 2017) plantations. This unique plantation age gradient
enables quantifications of the changes in soil C, N pools, and related EEAs
from the initial stage of afforestation to the stable closure of the forest stand.
Nevertheless, for sea buckthorn in the Gobi Desert, the dynamic changes in the
relationships among soil physicochemical properties, nutrient availability, and
the stoichiometry of soil EEAs across different plantation ages remain unclear.

To address current knowledge gaps and gain a deeper understanding of how soil
dynamically responds during different developmental stages of sea buckthorn
plantations, we constructed a chronosequence consisting of three stand ages (3,
11, and 14 a) (Chen et al., 2005). Our main objectives were to: (1) investi-
gate the changes in Gobi Desert soil C and nutrient cycling over time during
the restoration process of planting sea buckthorn in the Gobi Desert; and (2)
explore the relationship between Gobi Desert soil C and nutrient cycling and
the stoichiometric ratios of soil EEAs during the vegetation restoration pro-
cess. Our findings provide key insights for future ecological restoration and C
sequestration in arid regions based on nature-based solutions.

2 Materials and methods
2.1 Study area

This study selected the sea buckthorn plantations of the 170th Regiment of the
9th Agricultural Division of the Xinjiang Production and Construction Corps
(Fig. 1), located in the western Junggar Basin and the edge of the Gurban-
tunggut Desert in Northwest China. Since 2000, the 170th Regiment of the 9th
Agricultural Division of the Xinjiang Production and Construction Corps has
been experimenting with sea buckthorn cultivation. The trials were successful
in 2007, and large-scale planting was initiated in 2008. By 2024, the planting
area has reached 3468.4 hm2, making it the largest contiguous planting base of
large-fruited sea buckthorn in China. The study area has a typical temperate
continental desert climate and is characterized by high evaporation, sufficient
sunlight, abundant heat, large temperature differences between day and night,
and drought with minimal precipitation throughout the year. It receives an
average annual precipitation of 264.4 mm and has an average annual evapora-
tion rate of 1859.1 mm. The annual average temperature is 7.3°C, the average
annual sunshine duration is 2813.3 h, and the frost-free period lasts 138 d. The
accumulated temperature above 10.0°C persists over 177 d (Zhao et al., 2024).
The region is characterized by a typical Gobi Desert environment with sparse
vegetation cover. Specifically, the soil in the 0–30 cm layer is alkaline, with low
concentrations of OC, total nitrogen (TN), total phosphorus (TP), and others
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Overview of the study area based on the digital elevation model (DEM) and
distribution of sampling plots for sea buckthorn plantations of three ages (3,

11, and 14 a)

Figure 1: Overview of the study area based on the digital elevation model (DEM)
and distribution of sampling plots for sea buckthorn plantations of three ages
(3, 11, and 14 a)

(Table S2), indicating low overall soil fertility.

2.2 Experimental design and soil sampling

This study employed the chronosequence approach. We selected sea buckthorn
plantations of different ages (3, 11, and 14 a) with comparable site conditions as
sampling plots. Table 1 lists the basic characteristics of the plots. Information
on the plantations of the sampling plots was collected from relevant land man-
agement personnel, which confirmed that the plantation management practices
across the plots were largely consistent.

The experiment began in early to mid-August 2024, during the beginning of the
most vigorous season of plant growth. Soil samples from sea buckthorn planta-
tions of different ages were collected from an artificial sea buckthorn planting
area in each selected plot. Three 20 m(×)20 m quadrats were set up in each
plot, and the height, plant spacing, and row spacing of the trees in the

Fig. 1 Overview of the study area based on the digital elevation model (DEM)
and distribution of sampling plots for sea buckthorn plantations of three ages
(3, 11, and 14 a)

Table 1 Details of the sampling plots

Plantation
age (a)

Average plant
height (cm)

Spacing
between

plants (m)
Row spacing

(m)
Stand density
(trees/hm2)

3 162.54 ± 1.62 1.5 4 1666.67
11 240.45 ± 3.19 1.5 4 1666.67
14 255.95 ± 3.72 1.5 4 1666.67

Note: Mean±SD.

quadrats were recorded. The three 20 m(×)20 m quadrats were located in
proximity to each other, ensuring replicability. In each quadrat, three sampling
points were established, and soil samples were collected at each point following
the five-point sampling method. Soil samples were collected from three depth
layers: 0–10, 10–20, and 20–30 cm. After removing litter, gravel, and other
debris through a 2-mm sieve, the soil was split into two portions. One portion
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was used for analyzing soil physicochemical properties, whereas the other was
stored in a refrigerator at 4.0°C in the laboratory for subsequent analyses of soil
microbial biomass and EEAs. The samples designated for EEA analysis were
processed within 24 h of collection.

2.3 Assessment of soil physicochemical characteristics and
microbial biomass
A portion of the naturally air-dried soil samples was used to determine SOC
(g/kg), dissolved organic carbon (DOC; mg/kg), particulate organic carbon
(POC; g/kg), mineral-associated organic carbon (MAOC; g/kg), TN (g/kg),
and TP (g/kg). The remaining samples were used to determine soil micro-
bial biomass carbon (MBC; mg/kg), nitrogen (MBN; mg/kg), and phospho-
rus (MBP; mg/kg). SOC and TN were measured using an elemental analyzer
(FlashSMART, Thermo Fisher Scientific, Waltham, USA) after acidification
to remove inorganic C, and excess acid was neutralized with NaOH (Zhu et
al., 2020). TP was determined using the alkali fusion-molybdenum blue spec-
trophotometric method. TP content was then obtained using a spectrophotome-
ter (UV-1900i, Shimadzu, Kyoto, Japan) at a wavelength of 880 nm (Yang et
al., 2018). Soil pH was determined by an acidimeter (PB-10, Sartorius, Bei-
jing, China) using a soil:water mixture with a ratio of 1:2.5 (Zhu et al., 2020).
DOC was extracted from the treated soil using 0.5 mol/L K2SO4 solution and
shaken at 180 r/min for 30 min. The suspension was centrifuged at 4000 r/min
for 10 min, and the supernatant was decanted and vacuum filtered through a
0.45 micron nitrocellulose membrane filter. DOC content was measured using a
total organic carbon (TOC) analyzer (TOC-VCPH, Shimadzu, Kyoto, Japan)
(Dong et al., 2026). POC was extracted and quantified using the sodium hex-
ametaphosphate extraction method. Approximately 10 g of soil was placed in
a 50-mL plastic bottle, and 30 mL of a 5 g/L sodium

hexametaphosphate solution was added. The mixture was shaken for 18 h and
sieved through 53-𝜇m and 250-𝜇m meshes. The soil was washed with water un-
til the filtrate ran clear and free of fine soil particles. Soil particles larger than
53 𝜇m were transferred to a well-weighed aluminium box, oven dried at 60.0°C,
and weighed. The ratio of the dried soil sample to the total soil sample weight
was calculated to determine the proportion of soil particle components (Zhu
et al., 2024). In the process of measuring POC, the organic matter under the
sieve (<53 𝜇m) was dried at 60.0°C, weighed, and the OC content (g/kg) was
measured. The MAOC content was calculated by multiplying the percentage of
each particle fraction in the soil (Cambardella and Elliott, 1993). MBC, MBN,
and MBP were measured using the chloroform fumigation-extraction technique.
First, the soil samples were fumigated with chloroform to kill the microorgan-
isms. Subsequently, nutrients were extracted from the microorganisms. MBC
was determined using a TOC analyzer (TOC-VCPH, Shimadzu, Kyoto, Japan);
MBN was determined using an Auto Analyzer (Auto Analyzer 3, SEAL An-
alytical, Norderstedt, Germany); and MBP was determined using ultraviolet

chinarxiv.org/items/chinaxiv-202608.00018 Machine Translation

https://chinarxiv.org/items/chinaxiv-202608.00018


spectrophotometer (UV-1900i, Shimadzu, Kyoto, Japan) (Yang et al., 2018).

2.4 Measurement of soil EEAs
This study determined the 𝛽-1,4-glucosidase (BG), 𝛽-1,4-N-acetylglucosaminidase
(NAG), L-leucine aminopeptidase (LAP), and phosphatase (AP) activities
using a microplate fluorescence method and a multimode microplate reader for
fluorescence excitation and detection. Each sample was analyzed in triplicate in
the wells of a microplate. Specifically, 1 g of fresh soil sample was weighed and
mixed with 125 mL of 50 mmol/L sodium acetate buffer solution, with the pH
adjusted to 5.0 (the pH for AP was adjusted to 8.0). The sample was vortexed
for 1 min, and 200 mL of the soil suspension and 50 mL of the corresponding
substrate were added to the sample wells. For the standard wells, the soil
suspension was mixed with 50 mL of 10 mmol/L standard buffer solution and
200 mL of sodium acetate buffer solution to determine soil EEAs (Cheng et al.,
2023).

2.5 Measurement of stoichiometric ratios of soil EEAs
We calculated the stoichiometric ratios of soil EEAs to reflect the balance be-
tween microbial nutrient demand and soil resource availability in terms of bio-
geochemistry. These ratios indicate the elemental limitations experienced by
soil microorganisms under varying nutrient conditions. The relevant formulas
are as follows (Yang et al., 2023):

EEAC∶N = ln(BG)/ ln(LAP + NAG), (1)

EEAC∶P = ln(BG)/ ln(AP), (2)

EEAN∶P = ln(LAP + NAG)/ ln(AP), (3)

VL = √(EEA2
C∶P + EEA2

C∶N), (4)

VA = ATAN2(EEAC∶P,EEAC∶N) × (180/𝜋), (5)

where EEAC:N is the C–N stoichiometric ratio of EEAs; EEAC:P is the C–P sto-
ichiometric ratio of EEAs; EEAN:P is the N–P stoichiometric ratio of EEAs; VL
signifies the extent of soil microbial C limitation, with a greater value indicating
a higher degree of microbial C limitation; and VA (°) indicates soil microbial N
or P limitation. A VA value greater than 45° suggests that microorganisms are
limited by P, whereas a VA value less than 45° indicates N limitation (Bi et al.,
2024).
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Fig. 2

Figure 2: Fig. 2

2.6 Data processing and analyses
Data were compiled using Excel 2021, and statistical analyses were conducted us-
ing SPSS 26.0 software. One-way analysis of variance and Tukey’s test were em-
ployed to assess differences in soil EEAs and physicochemical properties among
plantations of different ages within the same soil depth. Pearson’s correlation
analysis was utilized to examine the relationships between soil EEA stoichio-
metric ratios and soil physicochemical properties. All figures were created using
OriginPro 2021.

3 Results
3.1 Variations in soil physicochemical properties and microbial
biomass during vegetation restoration in the Gobi Desert

In the three soil layers, most parameters did not significantly differ between the
3- and 11-year-old plantations, while significant increases were observed in the
14-year-old plantation (Fig. 2). Specifically, significant differences in soil pH
were observed at the same depths across the three plantation ages. The 0–10
cm topsoil layer exhibited significant changes as plantation age increased. The
pH values in all three soil layers initially rose and subsequently declined with
plantation age (Fig. 2a). The contents of DOC and POC significantly increased
with plantation age in the 0–10 cm soil layer (Fig. 2b and d). In contrast, no
significant differences were found in the 10–20 and 20–30 cm soil layers across
the three stand ages. The SOC content showed significant differences in the 0–
10 cm soil layer, with no significant differences in the 10–20 and

Fig. 2 Variations in soil physicochemical properties and microbial biomass
across soil layers along a sea buckthorn plantation age gradient. (a), pH; (b),
dissolved organic carbon (DOC); (c), soil organic carbon (SOC); (d), partic-
ulate organic carbon (POC); (e), mineral-associated organic carbon (MAOC);
(f), total nitrogen (TN); (g), total phosphorus (TP); (h), microbial biomass
carbon (MBC); (i), microbial biomass nitrogen (MBN); (j), microbial biomass
phosphorus (MBP). , , and indicate significant differences among plantation
ages at P<0.050, P<0.010, and P<0.001 levels, respectively; ns indicates that
the observed differences are not statistically significant among plantation ages.
Different lowercase letters on the bar chart within the same soil depth layer indi-
cate significant differences among plantation ages. Error bars indicate standard
errors.

20–30 cm soil layers (Fig. 2c). However, multiple comparisons revealed that
the SOC content in the 20–30 cm soil layer significantly increased in the 14-
year-old plantation compared with that in the 3-year-old plantation. MAOC
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Fig. 3. Variations in the activities of 𝛽-1,4-glucosidase (BG; a),
𝛽-1,4-N-acetylglucosaminidase (NAG; b), L-leucine aminopeptidase (LAP; c),
and phosphatase (AP; d) across soil layers along a sea buckthorn plantation

age gradient.

Figure 3: Fig. 3. Variations in the activities of 𝛽-1,4-glucosidase (BG; a),
𝛽-1,4-N-acetylglucosaminidase (NAG; b), L-leucine aminopeptidase (LAP; c),
and phosphatase (AP; d) across soil layers along a sea buckthorn plantation age
gradient.

content within the same layer also increased with plantation age (Fig. 2e).
MAOC content significantly increased with plantation age in the 0–10 and 10–
20 cm soil layers (P<0.010). Particularly, this increase was highly significant
in the 20–30 cm soil layer (P<0.001). TN differed highly significantly in the
0–10 cm topsoil layer (P<0.001) and significantly in the 10–20 cm and 20–
30 cm soil layers (P<0.050). Although TN content between the 3- and 11-
year-old plantations did not differ in any soil layer, both differed significantly
from the 14-year-old plantation (Fig. 2f). The TP content within the same
soil layers did not significantly increase with plantation age (Fig. 2g). In the
0–10 cm topsoil layer, MBC, MBN, and MBP contents significantly increased
with plantation age (Fig. 2h–j). In the 10–20 cm soil layer, the increase was
not significant and multiple comparisons revealed that the MBP content in
the 14-year-old plantation significantly increased compared with the 3-year-old
plantation. In the 20–30 cm soil layer, MBN and MBP contents significantly
increased with plantation age, whereas MBC content did not show a significant
increase; multiple comparisons revealed that the MBC content in the 14-year-old
plantation significantly increased compared with the 3-year-old plantation.

3.2 Variations in soil EEAs during vegetation restoration
In the 0–10 cm soil layer, BG activity did not significantly increase with planta-
tion age; in the 10–20 cm soil layer, single-factor analysis showed no differences,
while multiple comparisons revealed that the 14-year-old plantation significantly
increased compared with the 3-year-old plantation; in the 20–30 cm soil layer,
BG activity increased significantly (Fig. 3a). NAG activity increased signifi-
cantly with plantation age in the 0–10 and 20–30 cm soil layers but not in the
10–20 cm soil layer (Fig. 3b). In the 20–30 cm soil layer, LAP activity first
increased and then decreased with plantation age (Fig. 3c). No significant dif-
ferences in AP activity were observed in the same soil layers across plantation
ages (Fig. 3d). Overall, during the stand development of sea buckthorn plan-
tations, BG activity increased significantly, the NAG activity first decreased
and then increased, while the activities of LAP and AP first increased and then
decreased.

Fig. 3 Variations in the activities of 𝛽-1,4-glucosidase (BG; a), 𝛽-1,4-N-
acetylglucosaminidase (NAG; b), L-leucine aminopeptidase (LAP; c), and
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Fig. 4. Variations in the carbon and nitrogen stoichiometric ratio (EEA_C:N;
a), carbon and phosphorous stoichiometric ratio (EEA_C:P; b), and nitrogen

and phosphorous stoichiometric ratio (EEA_N:P; c) of soil extracellular
enzyme activities (EEAs) across soil layers along a sea buckthorn plantation

age gradient.

Figure 4: Fig. 4. Variations in the carbon and nitrogen stoichiometric ratio
(EEA_C:N; a), carbon and phosphorous stoichiometric ratio (EEA_C:P; b),
and nitrogen and phosphorous stoichiometric ratio (EEA_N:P; c) of soil ex-
tracellular enzyme activities (EEAs) across soil layers along a sea buckthorn
plantation age gradient.

phosphatase (AP; d) across soil layers along a sea buckthorn plantation age
gradient. * indicates that there are significant differences among plantation
ages at P<0.050 level; ns indicates that the observed differences are not
statistically significant among plantation ages. Different lowercase letters on
the bar chart within the same soil depth layer indicate significant differences
among plantation ages. Error bars indicate standard errors.

3.3 Variations in soil EEA stoichiometric ratios and micro-
bial nutrient limitation
Based on the results of soil EEAs (Fig. 3), we calculated and analyzed the soil
EEA stoichiometric ratios and the indicators for quantifying soil nutrient limita-
tions. With increasing plantation age, the EEAC:N ratio significantly increased
in the 0–10 cm (P=0.035), 10–20 cm (P=0.007), and 20–30 cm (P=0.013) soil
layers (Fig. 4a). The EEAC:P ratio did not change significantly in the 0–10 cm

soil layer but increased significantly with plantation age in the 20–30 cm soil
layer (Fig. 4b). Multiple comparisons showed that in the 10–20 cm soil layer,
EEAC∶P ratio in both the 11- and 14-year-old plantations significantly increased
compared with that of the 3-year-old plantation (P<0.050). No significant
change was noted in the EEAN∶P ratio with increasing plantation age in 0–
10 and 10–20 cm soil layers. However, in the 20–30 cm soil layer, the EEAN∶P
ratio initially increased and then significantly decreased with plantation age
(P=0.026; Fig. 4c). Overall, EEAC∶N and EEAC∶P increased significantly with
plantation age, whereas EEAN∶P remained almost unchanged (Fig. 4). Vector
analysis revealed that the VL of soil EEA stoichiometric ratios increased with
plantation age in all soil layers (Fig. 5a). VA was less than 45° in all soil lay-
ers (Fig. 5b). Variations in VL and VA were not significant in the 0–10 cm
layer. Variation in VL was significant in the 10–20 cm (P=0.025) and 20–30 cm
(P=0.018) soil layers, whereas variation in VA was not significant in the 10–20
cm layer but was significant in the 20–30 cm layer (P=0.028).

Fig. 4 Variations in the carbon and nitrogen stoichiometric ratio (EEAC∶N;
a), carbon and phosphorous stoichiometric ratio (EEAC∶P; b), and nitrogen
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Fig. 5. Variations in vector length (VL; a) and vector angle (VA; b) across soil
layers along a sea buckthorn plantation age gradient.

Figure 5: Fig. 5. Variations in vector length (VL; a) and vector angle (VA; b)
across soil layers along a sea buckthorn plantation age gradient.

and phosphorous stoichiometric ratio (EEAN∶P; c) of soil extracellular enzyme
activities (EEAs) across soil layers along a sea buckthorn plantation age gradi-
ent. * and ** indicate there are significant differences among plantation ages at
P<0.050 and P<0.010 levels, respectively; ns indicates that the observed differ-
ences are not statistically significant among plantation ages. Different lowercase
letters on the bar chart within the same soil depth layer indicate significant dif-
ferences among plantation ages. Error bars indicate standard errors.

Fig. 5 Variations in vector length (VL; a) and vector angle (VA; b) across
soil layers along a sea buckthorn plantation age gradient. * indicates there
are significant differences among plantation ages at P<0.050 level; ns indicates
that the observed differences are not statistically significant among plantation
ages. Different lowercase letters on the bar chart within the same soil depth
layer indicate significant differences among plantation ages. Error bars indicate
standard errors.

3.4 Relationship between soil physicochemical properties and EEA
stoichiometric ratios during vegetation restoration

The ratio of EEAC:N showed a significant negative correlation with MAOC con-
tent across all three soil layers (P<0.050; Fig. 6). For EEAC:P, a significant neg-
ative correlation with MAOC content was observed in the 10–20 cm (P=0.019)
and 20–30 cm (P=0.030) soil layers. However, neither EEAC:P nor EEAN:P ex-
hibited significant correlations with any other soil physicochemical properties in
the 0–10 cm layer (Fig. 6a). EEAN:P did not exhibited significant correlations
with any other soil physicochemical properties in the 10–20 cm soil layer (Fig.
6b). In the 0–10 cm soil layer, EEAC:N was significantly positively correlated
with DOC and POC (P<0.050; Fig. 6a). In the 10–20 cm soil layer, EEAC:N
was significantly positively correlated with TN (P=0.042; Fig. 6b). In the 20–
30 cm soil layer, both EEAC:N and EEAC:P were significantly positively corre-
lated with POC (P<0.050) and highly significantly positively correlated with
SOC, MBC, and MBN (P<0.010). EEAC:N was highly significantly positively
correlated with MBP and TN (P<0.010), whereas EEAC:P showed significant
positive correlations with MBP and TN (P<0.050). EEAN:P was highly sig-
nificantly positively correlated with pH (P<0.010) but significantly negatively
correlated with TP (P<0.050). No significant relationships were found between
EEAN:P and other soil physicochemical properties (Fig. 6c).

Fig. 6 Correlation analysis between the soil EEA stoichiometric ratios and soil
physicochemical properties in the 0–10 cm (a), 10–20 cm (b), and 20–30 cm (c)
soil layers. , significance at P<0.050 level; , significance at P<0.010 level;
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Fig. 6 correlation analysis between soil EEA stoichiometric ratios and soil
physicochemical properties in three soil layers

Figure 6: Fig. 6 correlation analysis between soil EEA stoichiometric ratios and
soil physicochemical properties in three soil layers

, significance at P<0.001 level.

4 Discussion
4.1 Impact of sea buckthorn plantation age on soil C and nutrient
content

This study revealed that artificial cultivation of sea buckthorn can effectively
improve soil properties and particularly enhance soil C content in the arid ar-
eas of the Gobi Desert. In the 0–10 cm topsoil layer, SOC and TN contents
significantly increased with plantation age. Planting sea buckthorn did not sig-
nificantly boost P content in any of the three soil layers. This may be because
the surface soil receives more organic matter than inorganic matter, and the C-
and N-related microbial activities, which promote the accumulation of C and N,
are high (Hartmann and Six, 2023). In addition, litter in the topsoil layer affects
the formation and stability of soil organic matter through microbial transforma-
tion products during decomposition, thereby increasing soil C content (Spohn
et al., 2023). DOC and MBC also tended to increase with plantation age in the
surface soil; however, the increase in deep soil was minimal, suggesting that

advancing plantation age could primarily enhance microbial activity in the sur-
face soil. In contrast, microbial activity in deep soil remained unaffected by
plantation age.

During the stand development of sea buckthorn plantations, the diversity of
microbial communities in the surface soil was improved by increasing the species
and quantity of microorganisms, thereby promoting the health and stability of
the soil ecosystem, while having a relatively minor impact on deep soil (Zhang
et al., 2022). MAOC is generally more stable than POC and is the most stable
component of the mineral soil C pool (Cong et al., 2025). In our study, as the
sea buckthorn plantation developed, the proportion of POC in the total C pool
was greater than that of MAOC, and its content was relatively stable compared
to that in mineral soil. This indicated that POC may be the most important
stable component in the soil C pool of Gobi Desert. We also found that as
the sea buckthorn plantation aged, the contents of soil C and N both increased
significantly. This may be attributed to the greater input of organic matter
from sea buckthorn into the soil during the stand development, which enhances
microbial activity and intensifies the decomposition of organic matter, thereby
increasing the content of soil C and N and improving the fertility of Gobi Desert
soil (Zeng et al., 2024).
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4.2 Impact of sea buckthorn plantation age on soil EEAs
Soil EEAs serve as a vital marker for soil biochemical processes and indicate
shifts in nutrient cycling and microbial activity within the soil (Daunoras et
al., 2024). We found that during the stand development of sea buckthorn plan-
tations from 3 to 14 a, the activities of soil enzymes (such as BG and NAG)
increased. These enzymes are crucial in breaking down soil organic matter and
facilitating the cycling of nutrient elements (Mu et al., 2025), thereby increasing
the related soil C and N content and promoting soil C circulation. This may be
attributed to the root growth of sea buckthorn and the associated increase in
root exudates (Liu et al., 2023). The increase in SOC promoted exudate release
and enhanced soil EEAs (Zhou et al., 2025). BG and NAG were the most ac-
tive enzymes in the 14-year-old plantation, whereas LAP and AP were the most
active in the 11-year-old plantation. Thus, during the stand development of sea
buckthorn plantations, the residues and root systems of ground vegetation in
the soil are the main sources of soil organic matter, leading to changes in the ac-
tivity of various soil enzymes (Yang et al., 2020). C and N are essential nutrients
for plant growth and key limiting factors for soil microbial metabolic activity
(Keenan et al., 2023). Soil microorganisms obtain nutrients by secreting extra-
cellular enzymes (Bi et al., 2024). The stoichiometric ratios of EEAs reflect the
demand and limitations of microorganisms for different nutrients (Moreno et al.,
2022). Under C limitation, microorganisms increase the secretion of C-acquiring
enzymes, such as BG. Conversely, when they are limited by N or P, enzymes,
such as NAG or AP, are secreted in high amounts (Abay et al., 2024). Our study
supports these findings (Figs. 3 and 5). The SOC, POC, MAOC, DOC, and
TN contents in the soil of sea buckthorn plantations increased with plantation
age, possibly because planting sea buckthorn improved soil quality, supplied
energy and nutrients to soil microorganisms, and promoted microbial growth
and metabolism, thereby enhancing soil EEAs (Moreno et al., 2022; Yang et
al., 2024). A significant negative correlation was observed between EEAC∶N and
MAOC content. Therefore, the increase in MAOC content in Gobi Desert soil
with plantation age may indicate a relative N deficiency, prompting microor-
ganisms to allocate resources for N acquisition, which is reflected in the high
activity of N-decomposing enzymes (Fig. 3).

Soil pH within the same layer initially increased and then decreased with plan-
tation age, mirroring the trends in LAP and AP activities. This observation
indicated that the EEAs related to soil N and P cycling may be affected by soil
pH. The correlation analysis indicated that EEAN∶P was highly significantly pos-
itively associated with pH. An appropriate pH range promotes enzyme activity,
whereas extremely high or low pH inhibits it (Nannipieri et al., 2018). Soil mi-
crobial communities can also alter soil pH and OC content through EEAs (Li et
al., 2021). In this study, MBC, MBN, and MBP contents in the same soil layer
increased with plantation age, indicating microbial C, N, and P accumulation.
Soil BG and NAG activities in the same soil layer

increased with plantation age, indicating a positive impact of sea buckthorn
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plantations on the soil ecosystem. This is because soil EEAs rise as microbial
diversity and activity increase, thereby enhancing ecosystem stability (Williams
et al., 2025). Therefore, over time, sea buckthorn plantations may contribute
to soil nutrient cycling and ecosystem health.

4.3 Effects of sea buckthorn plantation age on ecological
stoichiometry and nutrient limitation
The soil EEA stoichiometric ratios can reflect the relative demand and limita-
tions of soil microorganisms for C, N, and P (Abay et al., 2024). EEAC∶N and
EEAC∶P increased with plantation age across different soil layers, indicating that
a rise in soil C content enhanced C availability for microorganisms and altered
the soil C–N and C–P stoichiometry (Wang et al., 2024). Further correlation
analysis revealed that increases in SOC, DOC, and POC contents significantly
increased EEAC∶N and EEAC∶P. This observation indicated that the rise in soil
C content boosts microbial C demand, leading to higher EEAC∶N and EEAC∶P.
In contrast, EEAN∶P was primarily affected by pH and P content, showing only
weak correlations with C components. The stoichiometric ratios of C, N, and
P in ecosystems are close to 1:1:1 and are influenced by climate and pH (Xu
et al., 2017). In the 10–20 and 20–30 cm soil layers, the EEAN∶P ratio initially
rose and then declined with plantation age. This indicated that the growth of
sea buckthorn plantations can improve soil EEAs. Such changes in enzyme sto-
ichiometry indicated shifts in metabolic state and nutrient limitations (Abay et
al., 2024). In this study, the EEAC∶N and EEAC∶P ratios were positively corre-
lated with MBC, MBN, and MBP. Microbial community structure significantly
influences MBC, MBN, and MBP concentrations, thereby regulating the cycling
and availability of C, N, and P in soil, which in turn affects soil enzyme activity
and its stoichiometry (Williams et al., 2025).

Soil nutrient limitation is reflected in enzyme stoichiometry, which indicates the
ability of microorganisms to obtain and utilize soil nutrients (Yi et al., 2022).
During the process of vegetation restoration, the nutrient limitation characteris-
tics of soil microorganisms change with increasing years of restoration (Moreno
et al., 2022). This variation might stem from differences in the availability of key
nutrients such as C, N, and P in the soil, which can lead to C and P limitations
(You et al., 2025). SOC content in the study area increased with plantation
age, providing a rich C source for microorganisms. Theoretically, this should
alleviate microbial C limitation (You et al., 2025). However, the VL values in
all three soil layers increased across the three stand ages, indicating a persistent
and increasing C limitation. This may be due to the degradation of the 14-year-
old sea buckthorn plantation, where, despite the absorption of large amounts
of C, the C is not converted into its non-structural form or is transported be-
lowground as energy for soil microbes. The VA values in all three soil layers
across the three stand ages were less than 45°, indicating that N limitation per-
sists regardless of the soil layer. Despite the decrease in soil N limitation with
increasing plantation age, unlike bare soil, planted vegetation can enhance mi-
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Fig. 7 Model diagram of variations in soil properties and EEAs along a sea
buckthorn plantation age gradient.

Figure 7: Fig. 7 Model diagram of variations in soil properties and EEAs along
a sea buckthorn plantation age gradient.

crobial C and N limitations (Ling et al., 2025). This may be attributed to the
application of fertilizers or increased nodule-forming N-fixing bacteria, which
enhance N-fixing capacity (Wu et al., 2022). These results further highlighted
the complexity of soil nutrient limitations at different developmental stages of
sea buckthorn plantations.

4.4 Pattern of soil property improvement across different
plantation ages of sea buckthorn
Vegetation restoration is a key factor influencing natural ecosystems because it
reflects how vegetation affects ecosystem characteristics and dynamics at dif-
ferent developmental stages (Heidrich et al., 2020). In this study, we found
that the soil C and N contents, soil microbial biomass, and related EEAs in
the Gobi Desert tended to increase with plantation age. This is because vege-
tation restoration significantly improves the physical, chemical, and biological
properties of the soil by increasing SOC and TN content, enhancing microbial
activity, and alleviating soil N limitation. However, C limitation may also oc-
cur during restoration, necessitating appropriate management measures such as
fertilization and selection of suitable vegetation types to optimize soil fertility
and ecosystem functions. Despite constraints in both C

and N, N limitation was gradually alleviated with plantation age (Fig. 7), in-
dicating that enhancing EEAs for acquiring soil C and N is a key mechanism
driving soil property improvement in sea buckthorn plantations.

Fig. 7 Model diagram of variations in soil properties and EEAs along a sea
buckthorn plantation age gradient. The blue arrow indicates an increase in the
content and the orange arrow indicates no change in the content; the yellow
arrow indicates the process of action of organic carbon (OC), TN, and TP; and
the green arrow indicates the process of action of MBC, MBN, and MBP.

This study provides a phased understanding of the ecological restoration role
of sea buckthorn plantations in the Gobi Desert, highlighting their importance
in improving soil properties and ecosystem functions. However, the absence
of bare land controls limits the accurate quantification of sea buckthorn’s net
contribution to restoration. To further enhance the applicability and mechanis-
tic insight of these findings, few aspects warrant further investigation. Future
work should include long-term observations across multiple growing seasons and
years to assess the stability of key ecological processes in sea buckthorn planta-
tions at different ages, along with the incorporation of bare land baselines to
better distinguish plantation-induced effects. Expanding the spatial scope of
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the study would also improve the generalizability of the results. In addition,
quantifying the N-fixation capacity of sea buckthorn across varying plantation
ages could help clarify its role in regulating soil fertility and EEAs. Further re-
search into microbial community composition is also needed to better reveal the
underlying mechanisms of ecological restoration. Addressing these aspects will
contribute to a more comprehensive understanding of the ecological functions
of sea buckthorn in arid land restoration.

5 Conclusions
This study elucidated the impacts of sea buckthorn plantation age on soil C
sequestration, EEAs, and microbial metabolic constraints in the Gobi Desert.
SOC, MBC, MBN, MBP, and activities of enzymes (such as BG and NAG)
significantly increased with the duration of sea buckthorn vegetation restoration,
suggesting that the decomposition of sea buckthorn litter, root exudates, and N-
fixing symbiosis enhance soil C and nutrient accumulation and enzyme-mediated
nutrient cycling. Although N limitation was alleviated with stand age of sea
buckthorn, C limitation

persisted and tended to intensify because of the low energy conversion efficiency
of soil microbial metabolism. Balancing C and N inputs is essential for optimiz-
ing soil health and microbial activity, which in turn is vital for a comprehensive
understanding of the age-driven soil–microbe interactions for effective desert
restoration, particularly regarding C sequestration and ecosystem stability im-
provement. Future management strategies for sea buckthorn vegetation should
be tailored to specific climatic and edaphic conditions to sustainably increase
SOC content and enhance C sequestration capacity in Gobi Desert soils.
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Appendix
Table S1 Studies on the sources of organic carbon
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Organic carbon
accumulation
type Study area Mechanism Reference
Input of
exogenous
organic carbon
and other organic
materials

Jiangsu Province,
China

Enhancing soil
carbon
sequestration
potential through
the input of
exogenous
organic carbon

Jin et al. (2024)

Input of
exogenous
organic carbon
and other organic
materials

Xiji County,
China

Improving SOC
stability via
exogenous
carbon-enhanced
enzyme activities

Qi et al. (2025)

Physicochemical
properties of
plant inputs

Southern China Increasing
significantly SOC
content through
the addition of
soil nutrients

Wu et al. (2025)

Physicochemical
properties of
plant inputs

Heilongjiang
Province, China

Improving SOC
through the
release of root
exudates into the
soil

Zhang et
al. (2022)

Pathways of soil
organic matter
formation

Africa, Asia,
Australia,
Europe, North
America, and
South America

Restoring plant
diversity
enhances soil
carbon
sequestration

Spohn et
al. (2023)

Pathways of soil
organic matter
formation

Northwest
Germany

Contributing to
soil organic
matter formation
via microbial
necrotic biomass
inputs

Shahbaz et
al. (2017)

Note: SOC, soil organic carbon.

Table S2 Physicochemical properties of the 0–30 cm soil layer in the Gobi
Desert

Indicator 0–10 cm soil layer 10–20 cm soil layer 20–30 cm soil layer
pH 8.68 ± 0.45 8.92 ± 0.45 8.92 ± 0.27
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Indicator 0–10 cm soil layer 10–20 cm soil layer 20–30 cm soil layer
DOC
(mg/kg)

26.31 ± 0.61 23.64 ± 3.33 20.47 ± 0.82

SOC (g/kg) 2.85 ± 0.30 2.22 ± 0.17 2.39 ± 0.64
POC (g/kg) 1.86 ± 0.09 1.64 ± 0.18 1.68 ± 0.27
MAOC
(g/kg)

0.94 ± 0.06 0.59 ± 0.07 0.72 ± 0.11

TN (g/kg) 0.23 ± 0.01 0.21 ± 0.05 0.24 ± 0.08
TP (g/kg) 0.82 ± 0.02 0.68 ± 0.04 0.67 ± 0.05
MBC
(mg/kg)

51.21 ± 3.92 35.84 ± 3.40 34.41 ± 3.58

MBN
(mg/kg)

3.67 ± 0.24 2.50 ± 0.35 2.28 ± 0.26

MBP
(mg/kg)

1.83 ± 0.20 1.22 ± 0.17 1.16 ± 0.13

Note: DOC, dissolved organic carbon; POC, particulate organic carbon; MAOC,
mineral-associated organic carbon; TN, total nitrogen; TP, total phosphorus;
MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; MBP, mi-
crobial biomass phosphorus.
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