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Plant functional groups and
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restoration periods in Zoige
desertification land
Ruolan Wang1,2, Yuanxin Lou2, Li He1, Juanli Chen2,
Yali Chen2, Wuxian Yan1, Dongzhou Deng1*

and Junpeng Mu2

1Ecological Restoration and Conservation on Forest and Wetland Key Laboratory of Sichuan
Province, Sichuan Academy of Forestry Sciences, Chengdu, China, 2Ecological Security and
Protection Key Laboratory of Sichuan Province, Mianyang Normal University, Mianyang, China
Desertification has a significant impact on the Zoige meadow. Research

efforts are directed towards the rehabilitation of the Zoige desertified alpine

meadow, specifically in understanding the soil’s physical and chemical

characteristics and the functional groupings of plants. However, the

relationships between plant functional groups and soil properties remains

uncertain. The primary objective of this study is to investigate the correlation

between plant functional groups and soil nutrients across various stages of

restoration. This study examined important value of plant functional groups,

as well as variations in several soil characteristics, such as soil total nitrogen,

total carbon, total phosphorus, available nitrogen, available potassium,

available phosphorus, and soil pH during the stages of recovery. The

results showed that the relative significance of importance values differed

across distinct functional groups during different stages of recovery. The

important value of legumes was found to have a strong negative correlation

with the levels of soil available nitrogen and potassium. In contrast, there was

a substantial positive correlation between the important value of grass and

both soil total carbon and available potassium. Conversely, there was a strong

negative relationship between the importance value of sedges and both total

soil carbon and phosphorus. These findings indicate that the linkages

between soil properties and plant functional groups varied across different

recovery periods. This study would shed new light on the restoration in the

Zoige desertified alpine meadows.
KEYWORDS

alpine meadows, restoration years, community stability, soil factors, functional
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1 Introduction

The grassland ecosystems represent the most expansive

terrestrial ecosystems globally, encompassing approximately 40%

of the Earth’s land area. These ecosystems play a crucial and

indispensable role in maintaining the stability of global ecosystem

functions (Reeder and Schuman, 2002). The Tibet Plateau holds a

pivotal position in atmospheric circulation and the regional

monsoon climate, exerting notable influences on both local and

global climatic conditions. Numerous studies have demonstrated

the heightened vulnerability of plateau ecosystems to the impacts of

global climate change, thereby positioning them as potential

precursors for broader global environmental shifts (Zhang and

Welker, 1996; Li and Zhou, 1998; Zheng et al., 2002). The Zoige

alpine meadow is located in the eastern Tibet Plateau and has been

experiencing significant desertification. This phenomenon has been

particularly pronounced in recent years due to the combined effects

of global climate change, excessive grazing practices, and the

excavation of ditches (Hill, 2011; Jia et al., 2013). This has had a

concerning impact on the proper functioning of ecosystem services

(Liu et al., 2021). Plant communities, biodiversity, and soil

properties in the Zoige meadow area exhibited a notable decline

as desertification progressed (Lv and Lu, 2006). The desertification

of certain regions within the Zoige alpine meadow has occurred as a

result of climate change and anthropogenic disturbances (Li, 2008).

After a treatment period exceeding a decade, there has been a

reduction in the severity of desertification and a partial restoration

of the impaired ecosystem functions (Jiang et al., 2011). Currently,

the prevailing research has primarily focused on examining the

nutrients of desertified soil and the integrated management

framework for desertified grassland (Hu et al., 2012; Xiao

et al., 2013).

During the recovery process, higher nutrient uptake generally

occurs in the early stages of vegetation recovery, while higher

nutrient output generally occurs in the later stages of vegetation

recovery (Deng et al., 2019). The diversity and abundance of species

may also be lower during the early stages of restoration due to

disturbances caused by restoration, but as the restoration period

lengthens, the plant community resumes succession, and both

diversity and abundance will rise (Zhang et al., 2022). Significant

increases in vegetation density, coverage, height, and biomass

occurred together with a mutual promotion of soil and vegetation

variables (Qian et al., 2014; Li et al., 2016). Restoration time affects

vegetation restoration, and vegetation restoration has positive and

negative effects on various physical and chemical properties of soil,

and soil properties change differently at different restoration times

(Sun et al., 2008).

Functional groups are assemblages of organisms that exhibit

similar functions in ecosystem processes or display similar

responses to environmental conditions. Functional groups can

serve as a valuable and responsive approach for examining and

forecasting alterations in the recovery of desertification, acting as a

connection between ecosystems and physiology (Craine et al., 2001;

Kleyer, 2002). Currently, a key area of investigation in the field of

grassland ecology pertains to the correlation between grassland

degradation and the diversity of grassland species. Additionally,
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researchers are examining the fluctuating patterns of species

composit ion and funct ional groups within grass land

communities. The intricate interplay between the material

composition within a community and soil factors within the

environment has long been a central focus in ecological research

(Legendre and Fortin, 1989). Plant functional groups exhibit a high

degree of adaptability in response to variations in soil factors, which

are crucial determinants of plant growth and development

(Reynolds et al., 2003; Begon and Townsend, 2006). However,

there is a limited understanding of the patterns of plant

functional groups and soil nutrition in response to restoration

periods in Zoige desertification land.

This study focused on the Zoige desertification land as the

subject of investigation. The research methodology employed

involves field investigations, with the objective of using recovery

time as a means to gain clarity on the subject matter. This study

examined 1) the alterations in plant functional groups within Zoige

desertification land across recovery time; 2) the alterations in soil

physical and chemical properties across recovery time; and 3) the

correlation between functional groups and soil physical and

chemical factors. The objective is to analyze the dynamic changes

in these factors and offer insights for vegetation restoration in Zoige

desertification land and the recovery and sustainable utilization of

desertified alpine meadow.
2 Materials and methods

2.1 Study site

Zoige alpine meadow is located on the eastern Tibetan Plateau,

specifically on the Zoige Plateau, which situated in the northwestern

region of Sichuan Province. The geographical coordinates of the

area span from a longitude of 101°36’–103°55’E to a latitude of

32°20’–34°05’N. The average elevation ranges from 3400 m to 3900

m. This climate is characterized by prolonged winters and brief

summers. The mean annual temperature is recorded at 1.73°C,

while the annual precipitation measures 756 mm. Additionally, the

average relative humidity throughout the year is approximately

69%, and there are no absolute frost-free periods. The prevailing soil

types in the area consist of subalpine meadow soil and mountain

meadow soil (Wu et al., 2021; Wang et al., 2023).

The local shepherds planted Salix takasagoalpina Koid on the

desertified soil in an attempt to restore the desertified alpine

meadow. The plant had a height of 2–3 m and a crown diameter

of 1–1.5 m. The plant density was 1 per square meter. The

restoration sites were surrounded by the wire fence that

prohibited both grazing and human disturbance. No herbal seeds

were artificially introduced throughout the restoration process.
2.2 Field survey

In the middle of August 2022, a total of eight sites were

established to represent varying recovery time periods, including

those less than ten years (3 sites), more than ten years but less than
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twenty years (3 sites), and more than twenty years (2 sites).

(Table 1). Nature carried out the entire restoration process, aside

from the initial act of planting the willow. All the study sites

commenced under identical conditions. The investigation

employed a random selection process to choose sample plots that

exhibited flat slopes and maintained consistent habitat conditions

within each plot (Figure 1).

In each site, we randomly selected six 5 m × 5 m plots to measure

the composition of the shrubs. Additionally, within each 5 m × 5 m

plot, one 1 m × 1 m plot is established specifically for

herbaceous plants.

The investigation encompassed a period spanning from July 30

to August 15, 2022, during which an examination was undertaken

to assess the attributes of vegetation and community dynamics.

Throughout the investigation, data pertaining to the various types

of species, their respective densities, and the extent of their coverage

were meticulously documented. To identify unfamiliar plant

species, it is recommended to collect specimens and subsequently

transport them to a laboratory for identification purposes. The

determination of density and coverage measurements in the sample

plots was conducted using the visual estimate (VE) method

(Bråkenhielm and Qinghong, 1995). Plant height was assessed by

employing a ruler (Heady, 1957). The aerial portion of the

herbaceous was severed using scissors, carefully enclosed within

envelope bags, and subsequently transported to the laboratory. The

aboveground biomass of a 1 m × 1 m herb sample was dried to

constant a weight in an oven at 65°C. Biomass dry weight was

obtained by weighing with a precision electronic balance of 0.001 g.

Simultaneously, soil samples were obtained within the depth

range of 0 to 20 cm using a soil auger with a diameter of 10 cm. A

single soil sample was obtained from each standard plot using the

following prescribed procedure: a 5 m × 5 m quadrat was employed,

within which a five-point sampling technique was utilized. This

involved collecting five soil samples from the topsoil layer (0–20 cm)

at specific locations, namely the four corners and the center of the

quadrat, by means of a soil auger (Wang et al., 2021). The soil

samples, which were of approximately equal mass, were carefully

positioned in a plastic bag. Any extraneous materials, such as stones

and plant roots, were eliminated from the samples. Approximately

500 g of soil samples were retained for packaging purposes.

Simultaneously, undisturbed soil samples were obtained from the
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0–20 cm layer using a ring knife and subsequently transported to the

laboratory for the purpose of measuring soil porosity. Following

the process of observation and sampling, the soil was subsequently

reinstated in accordance with its initial stratification to mitigate any

potential disruptions caused by human activities. A comprehensive

set of 48 soil samples was gathered from the alpine meadows.
2.3 Determination of soil properties

The soil physical and chemical properties assessed in this study

encompassed soil pH, total nitrogen (TN), total carbon (TC), total

potassium (TK), available potassium (AK), available nitrogen (AN),

available phosphorus (AP), carbon-to-nitrogen ratio (C/N), and

nitrogen-to-phosphorus ratio (N/P). The soil pH was assessed using

a Soil All-in-One Soil Meter, while the determination of TN and TC

was conducted through the utilization of an elemental analyzer. The

measurement of TP was accomplished using the sulfuric acid-

perchloric acid digestion method. The determination of soil AN

was carried out using the alkali hydrolysis diffusion method

(Mulvaney and Khan, 2001). The AP content was measured

employing the sodium bicarbonate extraction–molybdenum

antimony colorimetric method (Holliday and Gartner, 2007).

Lastly, the available potassium was determined through NH4OAC

extraction and flame photometry.
2.4 Data analysis

Based on how alpine meadow plants were used in the study

area, four different functional groups were found. These groups

were called grass, sedges, legumes, and forbs. The calculation of the

importance value of herbaceous plants is determined by the

following formula: The formula for calculating the importance

value (IV) is derived from three variables: the relative coverage

(RC), the relative height (RH), and the relative abundance (RA).

The RC is determined by dividing the coverage rate of a specific

species by the coverage rate of all species and then multiplying the

result by 100%. Similarly, the RH is obtained by dividing the height

of a particular species by the height of all species and multiplying

the outcome by 100%. Lastly, the RA is computed by dividing the

number of individuals in a given species by the sum of the number

of individuals in all species, and then multiplying the quotient by

100%. After that, the IV is determined by adding the RC, RH, and

RA, then dividing the total by 3 (Zuo et al., 2010).

The statistical analyses were conducted using the R software (R

Core Team, 2022). The R software can be accessed at http://www.R-

project.org/.

Before data analysis, the normality and homogeneity of the

variance of the data were checked. For data that conformed to the

normal distribution, the data was analyzed using generalized linear

mixed models (GLMMs). The fixed effects in the study

encompassed different recovery times, while the plot was

considered a random effect. The soil physical and chemical

properties, soil carbon to nitrogen ratio, and soil nitrogen to

phosphorus ratio were modeled using a Gaussian model with an
TABLE 1 Geographical location and recovery time of eight sample plots.

Site Recovery time Longitude and latitude

A Xi Village-1 Less than 10a 102°93′E, 33°76′N

A Xi Village-2 Less than 10a 102°92′E, 33°69′N

Xia Man Town-2 Less than 10 a 102°49′E, 33°73′N

Mai Xi Village 10~20a 102°55′E, 33°87′N

Xia ManTown-3 10~20a 102°51′E, 33°75′N

Wa Qie Town 10~20a 101°51′E, 31°51′N

Xia Man Town-1 More than 20a 102°43′E, 33°18′N

Xia Man Town-4 More than 20a 102°48′E, 33°72′N
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identity-link function. Next, we used a Gammamodel (with a Logit-

link) and the Laplace approximation to estimate parameters for a

number of factors, such as the soil’s TN, TC, TP, AN, AK, AP,

carbon-to-nitrogen ratio, nitrogen-to-phosphorus ratio, bulk

density, and porosity. The parameters were estimated using the

Laplace approximation method, specifically utilizing the glm.nb

function in the ‘lme4’ package. Following the identification of a

notable impact on the different recovery times, subsequent post-hoc

LSD tests were employed to conduct pairwise comparisons between

the different recovery times. The lares package in R was used to

analyze soil environmental indicators, community characteristics,

community stability, and functional group diversity, respectively

(Bates, 2007).
3 Results

3.1 Effects of recovery time on the
importance value of herbaceous
functional groups

The Shannon-Wiener index, Simpson index, Pielou evenness

index, and Margalef richness index did not show any statistically

significant differences when comparing functional groupings of

herbaceous plants (Table 1S).

The relative significance of importance values differed across

distinct functional groups during different stages of recovery

(Figure 2). The important value of the grass exhibited a higher

level of significance compared to forbs, legumes, and sedges during

time intervals of less than a decade. Over time periods of more than
Frontiers in Ecology and Evolution 04
20 years and within time periods ranging from 10 to 20 years, the

values of forbs outweighed those of grass, legumes, and sedges.

Overall, the essential value of herbs increased by 19.7% over a

period ranging from less than ten years to more than twenty years.

Conversely, the important value of grass declined by 17.45%, the

important value of legumes decreased by 25.8%, and the important

value of sedges decreased by 22.5%.
3.2 Effects of recovery time on soil
physicochemical properties

The duration of recovery had a significant impact on various

soil parameters, including TN, TC, TP, AN, AP, and AK (Table S2).

The levels of soil TN, AN, and AK exhibited a significant increase as

the recovery time progressed (Figure 3). Specifically, the recovery

time exceeding 20 years demonstrated the highest increase of TN,

AN, and AK, followed by the recovery time ranging from 10 to 20

years, and finally, the recovery time less than 10 years exhibited the

lowest increase of TN, AN, and AK. There were significant

variations in the TN levels observed across different recovery

periods. The soil TC displayed a pattern that included initial high

levels during the recovery phase, a decline in the middle stage, and a

notable increase in the later stage. TC in the plots with a recovery

period exceeding 20 years exhibited a statistically significant

increase compared to the plots with a recovery period ranging

from 10 to 20 years. TP was found to be significantly higher in areas

with a recovery time from 10 to 20 years compared to areas with a

recovery time of less than 10 years. Conversely, AP in soil with a

recovery time of less than 10 years and more than 20 years was
FIGURE 1

The figure shows the location of study sites.
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significantly lower than that in soil with a recovery time ranging

from 10 to 20 years.

The observed correlation between an extended duration of

recovery and a decline in the C/N ratio in soil was noted

(Figure 4). There was a positive correlation observed between the

N/P ratio in soil and recovery times, with statistically significant

variations observed among different recovery times.
3.3 Correlation analysis between plant
functional groups and soil factors at
different recovery times

There was a significant negative correlation between herbaceous

biomass and soil AN as well as TN when the recovery time was less

than 10 years. Additionally, the important value of legumes was

positively associated with soil AN (Figure 5). The important value

of grass exhibited a negative correlation with soil AK when the

duration of recovery ranged from 10 years to 20 years (Figure 6).

There was a strong link between the important value of sedges and

the levels of soil TC, soil TP, and soil AK when the recovery period

was longer than 20 years (Figure 7). Conversely, the important value

of forbs exhibited a negative correlation with soil AK and soil TC.

Additionally, a significant positive correlation was found between

the important value of legumes and the AK of soil (Figure 7).

When the duration of recovery was less than 10 years, a notable

and statistically significant positive relationship was observed
Frontiers in Ecology and Evolution 05
between the availability of nitrogen in the soil and the coverage of

herbaceous vegetation (Figure 5). A significant negative correlation

was observed between herb height and the levels of AP and AK in

the soil when the recovery time ranged from 10 years to 20 years

(Figure 6). There was a significant negative correlation observed

between the levels of AN and TC in the soil, as well as the coverage

of herbaceous plants and community coverage (Figure 6). When the

duration of recovery exceeded 20 years, there was a significant

negative correlation between soil AK potassium and the coverage of

herbaceous plants, as well as the overall coverage of the entire plant

community and the height of shrubs (Figure 7). Additionally, there

was a significant negative correlation between the availability of

phosphorus in the soil and the coverage of shrubs (Figure 7).

Furthermore, the TC content in the soil exhibited a significant

negative correlation with the coverage of herbaceous plants and the

overall coverage of the entire plant community (Figure 7). The data

analysis revealed a substantial inverse relationship in

coverage (Figure 7).
4 Discussion

Our findings revealed that during the process of rehabilitating

desertified alpine meadows, there was a significant augmentation in

soil TN, soil AN, soil AK, soil N/P ratio, and forbs. In contrast, a

reduction was observed in the soil C/N ratio, soil bulk density, and

pH value. The physical and chemical properties of the soil were
FIGURE 2

Comparison of the important values of plant functional groups with different recovery times. The abscissa represents important values, and the
ordinate represents the recovery years.
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found to have a strong positive relationship with the length of time

it took to restore the area. This was especially true for herbaceous

coverage, total community coverage, herbaceous biomass, and

shrub coverage. Furthermore, there was a notable inverse

relationship between the important value of legumes and the

concentrations of AN and AK within the soil. In contrast, there
Frontiers in Ecology and Evolution 06
was a noteworthy positive association between the important value

of forbs and both TC and AK, highlighting its significance.

Conversely, there was a notable inverse relationship observed

between the important value of the sedges and the levels of TC

and TP. Our findings would shed new light on the restoration in the

Zoige desertified alpine meadows.
FIGURE 3

Comparison of soil physical and chemical properties at different recovery times. Ends of the boxes represent the 25th and 75th percentiles of the
data, while ends of whiskers represent the minimum and maximum of the data. Line within the box represents the median of the responses and
green circle within the box represent the mean of the responses. Different letters above the boxes denote significant differences among treatments
(P < 0.05).
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4.1 Influence of restoration time on plant
functional groups

The restoration of degraded ecosystems is frequently evaluated

based on the recovery of plant functional groups, which is widely

recognized as a significant indicator (Winikoff et al., 2020). The

analysis of functional groups encompasses not only the delineation

of species classification and the challenges associated with species
Frontiers in Ecology and Evolution 07
identification but also takes into account variations in species traits

(Mermillod-Blondin et al., 2002). Furthermore, this analysis can be

extended to encompass a more elevated level of organizational

hierarchy, enabling the comparison of plant functions across a

diverse array of plant taxa (Vamosi et al., 2009). As a result, it

possesses an enhanced comprehension and prognostic framework

pertaining to the performance of plants across varying durations of

recuperation (Zhao et al., 2016). The present study employed a
FIGURE 4

Soil carbon–nitrogen ratio and nitrogen–phosphorus ratio vary with different recovery times. SBD, Soil bulk density; SP, Soil porosity. Different
lower-case letters above the boxes denote significance among treatments (P<0.05).
FIGURE 5

Correlation analysis between community traits and soil properties when recovery time is less than 10 years. TN, soil total nitrogen; TC, soil total
carbon; TP, soil total phosphorus; AN, soil available nitrogen; AK, soil available potassium; AP, soil available phosphorus; Liv, important value of
legumes; biomass, above ground biomass; Civ, important value of sedges; Fiv, important value of forbs; Giv, important value of grass; hrh, bush
height; hh, herb height; hrc, Shrub cover; htc, total community cover; hhc, herb coverage. * P<0.05; ** P<0.01; *** P<0.001.
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FIGURE 6

Correlation analysis between community traits and soil properties during recovery time between 10 and 20 years. * P<0.05; ** P<0.01; *** P<0.001.
FIGURE 7

Correlation analysis between community traits and soil properties when recovery time is greater than 20 years. * P<0.05; ** P<0.01; *** P<0.001.
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selection process to identify desertified alpine meadow areas in the

Tibet meadows that had undergone varying durations of recovery.

The primary objective was to investigate the temporal fluctuations

in plant functional groups within these selected sites. The varying

recovery times of functional groups had an impact on the

community structure (Mu et al., 2020). So, learning about how

rules about different types of plant functional groups during

different recovery periods gives us a scientific reason for restoring

sandy landscapes.

As the years of restoration increased, the dominant plant species

within the community changed significantly (Figure 2). Overall, the

importance of forbs increased, while that of grasses decreased. In

addition, the importance value of legumes first increases and then

decreases, and the importance value of sedges first decreases and

then increases. Different functional group species exhibit notable

variations in environmental adaptability, which can be the cause of

the observed phenomenon (Loreau et al., 2001). Consequently,

grasslands with varying recovery periods experience alterations in

the abundance of functional group species as they strive to acclimate

to specific survival conditions (Chapin et al., 1997; Mori et al.,

2013). During the initial restoration phase of desertified alpine

meadows, the dominant species are grass plants, while legumes

facilitate the growth of sedges through the process of biological

nitrogen fixation (Holzmann and Haselwandter, 1988). This, in

turn, intensifies the competition for resources among grass plants.

Nevertheless, as the duration of recovery time lengthens, the three

entities will engage in a competitive struggle for essential nutrients

derived from the soil, consequently impeding their individual

growth (Qi et al., 2011). Throughout the process of desertified

alpine meadows restoration, the significant value of forbs exhibited

a continuous increase. The reason for the prevalence of forbs in

desertified alpine meadows can be attributed to their adaptation to

the arid conditions of the study area (Qi et al., 2011). The restricted

availability of soil nutrients further exacerbates these conditions,

which restrict plant growth. Forbs has exhibited robust stress

resilience and adeptness in resource allocation (Craine et al.,

2001). Consequently, forbs gradually expand their ecological

niche during community succession, surpassing other functional

groups in terms of competitiveness (Qi et al., 2011). The plasticity

alterations observed in plant functional groups provide an objective

measure of plants’ ability to adapt to varying recovery durations

(Meng et al., 2007). Different ecological phenomena are linked to

different combinations of functional groups, which has led to the

development of different ecological strategies during the time

progression of desertified meadow restoration. We found a

notable pattern in the evenness metric, which initially increases

and subsequently decreases as recovery time progresses (Table 1S).

This suggests that as the number of recovery years increases, the

distribution of functional groups becomes more evenly distributed,

resulting in a reduction in landscape heterogeneity (Hu et al., 2019).

With the exception of the Pielou evenness index, all other diversity

indexes pertaining to plant functional groups exhibited a general

upward trend as restoration time progressed (Table 1S). This

phenomenon may be a sign that herbaceous communities are

moving gradually towards a relatively stable stage with

comparable levels of species richness and complexity.
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Consequently, the desertified alpine meadows ecosystem has

progressively attained a more stable ecological impact (Hao

et al., 2023).
4.2 Influence of recovery time on
soil properties

The principal indicators of soil nutrients encompass nitrogen,

phosphorus, potassium, and carbon (She et al., 2021). These

nutrients are essential for supplying the requisite elements for the

growth and development of vegetation (Ulrich, 1952). As a result,

they exert a substantial influence on the composition and dynamics

of plant communities (Huang et al., 2021). Prior studies have

established that soil is a relatively stable component in alpine

meadow ecosystems. Changes in soil composition often begin

with alterations in its physical structure, which subsequently have

a substantial impact on its chemical properties (Van der Putten

et al., 2013; Li et al., 2020). Variations in soil properties resulting

from different recovery durations exert an influence on the

community structure (Auslander et al., 2003; Gong et al., 2008).

The assessment of soil quality in grassland ecosystems is heavily

influenced by soil factors (Nortcliff, 2002), which serve as

fundamental determinants of sustainability. Therefore, gaining an

understanding of the changes in plant functional groups during

different stages of recovery provides a scientific basis for the

strategic management and utilization of grasslands.

A positive correlation between recovery time and the levels of

soil TN, AN, and AK (Figure 3). This relationship can be attributed

to the restoration efforts in sandy areas of alpine meadows, which

have led to an increase in vegetation cover and a decrease in bare

areas. Consequently, the reduced exposure of soil surfaces to

weathering and rain erosion has resulted in the retention of

nutrients within the soil (Wei and Li, 2012; Yang et al., 2020). In

contrast, the restoration of desertified alpine meadow resulted in an

increase in the quantity of subterranean plant roots. Additionally,

there was a gradual increase in the presence of litter and humus in

the soil, as well as an increase in the number of microorganisms and

soil enzyme activity. These factors collectively contributed to the

enhancement of soil nutrition supply capacity and an overall

improvement in soil quality (Li et al., 2018). The levels of TP and

AP in the soil showed an initial increase and a subsequent decrease

(Figure 3). The observed increase prior to the restoration procedure

can be attributable to the interplay between soil TN and AN, as well

as soil TP and AP. The prolonged duration of recovery negatively

impacts the ability of soil TN and AN to facilitate the uptake of soil

TP and AP (Vitousek et al., 2010). The soil’s TC content within 10

to 20 year recovery period was found to be lower compared to that

during the recovery period of less than 10 years. This observation

can potentially be attributed to the favorable conditions provided by

moderately alkaline soil for the nitrification process carried out by

nitrifying bacteria (Li et al., 2010; Yao et al., 2011). Consequently,

this promotes the utilization of nitrogen by plants in the soil.

Furthermore, as the recovery time continues to increase, there is

an observed increase in soil clay content and a decrease in soil

roughness. The soil TC exhibited a positive correlation with the
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increase in clay content. This relationship can be attributed to the

enhanced carbon sequestration capacity of soils with finer textures,

such as clay (Ingram and Fernandes, 2001; Wiesmeier et al., 2014).

The results indicate a declining trend in the soil carbon-to-nitrogen

ratio, while conversely, an increasing trend was observed in the

nitrogen-to-phosphorus ratio. The decline in the ratio of carbon to

nitrogen in soil commenced subsequent to a recovery period

exceeding ten years. This phenomenon can be attributed to the

more rapid reduction in soil carbon compared to nitrogen,

suggesting an acceleration in mineralization and nitrogen release

(Shen et al., 2012). This acceleration is advantageous for facilitating

nutrient absorption by plants.
4.3 Relationship between soil factors and
plant functional groups at different
recovery ages

Natural elements like vegetation, soil composition,

precipitation, and temperature primarily affect the alteration of

desertified alpine meadows. Additionally, climate and soil nutrient

levels are closely associated with plant diversity and the distribution

of plant functional groups, thereby exerting a direct influence on

patterns of biodiversity (Bremer et al., 2007). The enhancement of

the sandy soil environment has a direct impact on the process of

vegetation succession. The accumulation of nutrients plays a crucial

role in influencing vegetation coverage, plant functional group

composition, and plant diversity (Zhang et al., 2022). The

relationship between plant diversity and soil characteristics, such

as physical and chemical properties, is significant. Additionally, the

nutrient composition of soil plays a direct role in determining plant

productivity (Wu et al., 2013). The assessment of soil fertility often

relies on the examination of soil nutrient content, which serves as a

key indicator (Hu et al., 2020). The fluctuations in soil nutrient

content exhibit a strong correlation with vegetation growth.

When the recovery time was less than 10 year, the correlation

analysis showed that there was a positive relationship between soil

AN and herbaceous biomass but a negative relationship between

soil AN and the importance value of legumes (Figure 5).

Additionally, a significant positive correlation was found between

herbaceous coverage and soil AN (Figure 5). This phenomenon can

be attributed to the rise in soil nitrogen availability, which effectively

mitigates the nitrogen constraint on vegetation, stimulates plant

growth, and enhances plant biomass (Luo et al., 2004; Chen et al.,

2022). In conditions where there was a significant amount of

nitrogen available in the soil, legumes had a tendency to enhance

the absorption of nitrogen by their roots. However, this increased

nitrogen uptake comes at the expense of suppressing the

development of root nodules and the process of biological

nitrogen fixation, which requires a substantial amount of energy

(Nacry et al., 2013; Schwember et al., 2019). This suggests that the

rise in soil nitrogen availability is associated with a widespread

occurrence of reduced importance value in legumes.

In the period of 10 to 20 years of recovery time, there was a

notable positive correlation between the overall coverage of the

community and the levels of AN and TN (Figure 6). The fact that
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plants produce more nitrogen-containing substances as they

recover can help to explain this connection. This leads to more

microbial and enzyme activity in both plants and soil (Zhu et al.,

2021). Consequently, this promotes the cycling of soil nutrients,

resulting in an increased production of nitrogen (An et al., 2021).

There was a notable positive correlation between the height of

shrubs and the presence of AN and phosphorus (Figure 6). This can

be explained by the fact that shrubs grow slowly, which allows their

root systems to grow and improves their ability to absorb nutrients

in the rhizosphere (Raynaud et al., 2008; Hao et al., 2023).

There was a clear and statistically significant positive

relationship between the amount of herbaceous vegetation, the

amount of the ecological community as a whole, and the TC

content when recovery took more than 20 years (Figure 7). This

finding suggests that as the duration of recovery increases, there is a

gradual improvement in the progression of vegetation community

succession in a positive direction (Zhu et al., 2010). Additionally,

the physical and chemical properties of the soil gradually improve,

which promotes the process of carbon sequestration in degraded

grassland soil (Zhu et al., 2010; Xu et al., 2017). There is a significant

positive correlation between herbaceous coverage, total community

coverage, and shrub height with AK and phosphorus (Figure 7).

This association may be attributed to the overall augmentation of

plant coverage in desertified alpine meadow, resulting in reduced

susceptibility to wind erosion and enhanced preservation of soil

nutrients (Li et al., 2009). The AK exhibited a significant negative

correlation with the importance value of sedges and legumes, while

it showed a significant positive correlation with the importance

value of forbs (Figure 7). Additionally, the TC demonstrated a

significant positive correlation with the importance value of forbs.

On the other hand, both TC and TP displayed a significant negative

correlation with the importance value of sedges (Figure 7). This

means that raising the TC and AK levels in the soil can make forb

species more important in the community of desertified alpine

meadows. However, it is observed that TC, AK, and TP do not

promote an increase in the importance value of sedges. To figure

out the underlying mechanism, more research needs to be done, but

it is thought that the regulation of soil nutrition status has an effect

on how different species in a functional group compete with

each other.
5 Conclusion

Overall, the length of the recovery time had a big effect on both

the characteristics of the plant community and the soil properties in

Zoige desertification land. During different stages of healing, the

soil’s properties changed in noticeable ways. The correlation study

showed that there were strong connections between some soil

factors and plant functional groups. Our study gives a scientific

explanation for the problem in Zoige desertification land and a basis

for how to solve it. This study exclusively examines the impact of

varying healing durations on plant community characteristics and

soil properties, while also investigating the interrelationships

between soil properties and functional groups. Our study

demonstrate that desertified alpine meadows are achieved
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through the implementation of additional vegetation and

modifications to soil dynamics. The phenomenon being referred

to is commonly known as a reciprocal feedback process, which

results in the amplification of certain effects. Further investigation is

required to ascertain the impact of alterations in soil properties on

the composition of functional groups within plant communities.

Our findings would shed new light on the restoration in the Zoige

desertified alpine meadows.
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