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Editorial on the Research Topic

The impacts of climate change and human activities on the structure
and function of wetland/grassland ecosystems
Wetland/grassland ecosystems play a crucial role in providing numerous ecosystem

services, including water purification, flood prevention, carbon (C) sequestration, and

habitat provision. However, these ecosystems are highly vulnerable to environmental

changes. In recent years, climate change and human activities have put these ecosystems at

risk of degradation or transformation (Cloern et al., 2016). This could lead to the release of

C, exacerbating global warming and causing habitat loss, water pollution, and the

introduction of invasive species (Gibbons et al., 2000; Jaureguiberry et al., 2022). As a

result, there has been a decline in biodiversity and ecosystem service functions (Sharma and

Singh, 2021; Martıńez-Megıás and Rico, 2022). On the one hand, wetland/grassland

ecosystems support rich biodiversity, and studying their responses to climate change and

human disturbances helps identify conservation priorities and provides information for

implementing effective management practices. Conducting such research enables us to gain

a deeper understanding of the ecological interactions and dependencies within these

ecosystems. This knowledge empowers us to make well-informed decisions regarding their

protection and restoration. On the other hand, wetland/grassland ecosystems are often

interconnected with surrounding landscapes, making them susceptible to land use changes

and habitat fragmentation caused by climate change and human activities. By studying the

impacts of these disturbances, we can develop sustainable land-use practices, minimize

negative effects, and promote their long-term viability. Therefore, the related research is

crucial for understanding their vulnerability, protecting ecosystem services, preserving

biodiversity, and providing information for sustainable management practices.

This Research Topic focuses on the impacts of climate change and human activities on

various components, such as plants and soil, as well as ecological functions like C fixation

and biodiversity maintenance, within wetland and grassland ecosystems including regional
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or specific site scales. It utilizes a range of methods, such as

manipulation experiments, remote sensing, ecological models, and

machine learning techniques.
Climate change or human activities’
effects on wetland/grassland plants

This thematic section contains eight papers on the study of

climate change and human activities’ effects on wetland/grassland

plants. Based on a variety of research methods, these studies present

several significant findings and new perspectives on vegetation

coverage, aboveground biomass, plant stoichiometry and stable

isotopes. Wang et al. based on the Global Database (CMCC-

BioClimInd), identified the key bioclimatic indicators that

indicate forage growth in the northeastern Qinghai-Tibet Plateau

and revealed the physiological and ecological mechanisms behind

forage growth in this region. In terms of stoichiometric ratios and

stable isotope feature of plant issues, the findings of Wang et al.

support the idea that shrubs in permafrost peatlands expand due to

competition for nutrients under conditions of climate warming,

which helps enhance our understanding of how various plant

tissues in permafrost peatlands respond to climate change. Chen

et al. utilized the Break for Additive Seasonal and Trend (BFAST)

algorithm to detect abrupt changes in the monthly Normalized

Difference Vegetation Index in wetlands and revealed a significant

turning point in the greening of wetlands in the new century. The

time-lag effect of alpine vegetation on climate variables is further

discussed in the study. Based on the long-term altitude asymmetric

warming experiment, Han et al. proposed that uneven warming at

different altitudes could balance out plant a-diversity and

aboveground net primary production in the northern alpine

steppe of Qinghai-Tibetan Plateau. Lv et al. focused on Kobresia

pygmaea, a dwarf sedge in the alpine meadow on the Qinghai-Tibet

Plateau. They used the BIOMOD niche model to determine the

potential distribution of its community and revealed the spatial

distribution and driving factors from the perspectives of human

activities and climate change. Feng et al. utilized the residual

analysis method to simulate the potential net primary

productivity (NPPp) of marsh wetland vegetation in the source

region of the Yellow River. They employed the Zhou Guangsheng

model to simulate NPPp and calculated the net primary production

(NPP) influenced by human activities by comparing the results with

the MOD17A3HGF product. The problem of quantifying the

relative contribution of climate change and human activities to

changes in NPPa in marsh wetland vegetation has been solved.

In addition, based on an investigation of vegetation

communities in inland salt marsh wetlands, Kang et al. utilized

meteorological, hydrological, and Landsat remote sensing image

data, as well as a binary pixel model, to analyze the spatio-temporal

distribution characteristics of vegetation coverage in inland salt

marsh lake wetlands in Sugen. They also quantitatively analyzed the

response of vegetation coverage to hydrometeorological factors,

which is beneficial for preventing vegetation degradation in fragile

ecosystems. Liu et al. utilized high-resolution remote sensing
Frontiers in Ecology and Evolution 026
images from Sentinel-1 and Sentinel-2, as well as environmental

and topographic data, along with remote sensing algorithms

including traditional regression, machine learning, and deep

learning models, to estimate the aboveground biomass (AGB) of

mountain grasslands in southwest China. This method provides a

high spatial resolution simulation solution for estimating the AGB

of grassland with complex terrain, fragmented landscape, and

interleaved vegetation distribution. Furthermore, Tao et al.

conducted a study on the composition of the plankton

community and its influencing factors. They found that an

increase in biodiversity and improved resource use efficiency

resulted in a more stable plankton community. Their research

will contribute to the restoration of damaged wetlands and

provide a valuable reference for the protection of urban

wetland ecosystems.
Climate change or human activities’
effects on wetland/grassland soil
biogeochemical cycles

In this thematic issue, the main factors considered to affect soil

element cycling in wetland/grassland are warming, precipitation

changes (including timing and intensity), and external nitrogen (N)

input. Ma et al. conducted a laboratory experiment to investigate

the changes in carbon dioxide emissions and soil enzyme activity

under warming in a boreal peatland. They also examined the litter

positions in the soil and the response mechanism of climate

warming on litter decomposition. Tong et al. conducted a

greenhouse experiment to investigate the effects of warming and

drought on the C, N, and phosphorus cycles in the soil of alpine

meadows. The study proposed an interesting finding that

microorganisms did not directly benefit significantly from the

increased nutrient availability under the prevailing conditions.

Furthermore, in the Inner Mongolia steppe, Chen et al.

investigated the biotic and abiotic factors that influence methane

(CH4) uptake through a manipulated experiment involving

warming and precipitation addition. Zheng et al. investigated the

co-regulatory effects of timing and plant composition on CH4

uptake under heavy rainfall using a manipulative experiment and

a mixed-effect model. At the same time, the study highlights that

climate-driven changes in dominant species are highly likely to alter

ecosystem feedback. Based on field investigations, Cong et al.

conducted an in-depth study on the stability of C pools under

climate change and human activities. They assessed the effects of

climate factors and human activities on C pools in natural and

degraded peatlands, and highlighted the sensitivity and

vulnerability of C pools in shrub peatlands under anthropogenic

interference. Through a field N input experiment and high-

throughput sequencing technology, Huang et al. found that the

response of the soil bacterial phylogenetic community to short-term

N input was more sensitive than that of the species community.

This finding emphasizes the importance of considering the

phylogenetic level in research on the response of soil bacterial

communities to short-term N input. Song et al. monitored the long-
frontiersin.org
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term net ecosystem exchange (NEE) flux using an open-path eddy

covariance system and identified a pattern in which NEE responds

to the size of rainfall events. This study contributes to a deeper

understanding of the C cycle and its regulatory mechanisms in the

temperate desert steppe. More significantly, it also provides valuable

long-term continuous field monitoring data for the validation of

ecological models.

In addition, there is one paper that mainly focuses on wetland

degradation. Sun et al. utilized an expert scoring method and

analytic hierarchy process, along with networks and administrative

units, to examine wetland degradation at a regional scale in

Northeast China. Their findings clearly indicate that human

activities, such as construction, overgrazing, deforestation, and

reclamation, were the primary causes of wetland degradation,

which could provide a new perspective for the index selection and

model construction of comprehensive evaluation of wetland

degradation in other cold areas.

In summary, this Research Topic explores a range of wetland

and grassland ecosystems, with a specific focus on the impact of

climate change and human activities on their vegetation and soil

biogeochemical cycles. These papers can provide valuable insights

for addressing the challenges brought about by environmental

changes and ensuring the continued health and functionality of

these vital ecosystems.
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Different responses of soil 
bacterial species diversity and 
phylogenetic diversity to 
short-term nitrogen input in an 
alpine steppe at the source of 
Brahmaputra
Shaolin Huang 1,2, Chengqun Yu 1*, Gang Fu 1, Wei Sun 1, 
Shaowei Li 1 and Jianyu Xiao 1,2

1 Lhasa Plateau Ecosystem Research Station, Key Laboratory of Ecosystem Network Observation 
and Modeling, Institute of Geographic Sciences and Natural Resources Research, Chinese 
Academy of Sciences, Beijing, China, 2 University of Chinese Academy of Sciences, Beijing, China

The Qinghai-Tibet Plateau has experienced an increase in N deposition/input 

due to global change. However, it remains unclear how the responses and 

whether the responses of soil bacterial diversity to short-term N input are 

consistent at different levels. Here, we investigated soil bacterial species and 

phylogenetic α-diversity and community composition based on a short-term 

nitrogen input experiment (five levels: 0, 2.5, 5, 10, and 20 g N m−2 y−1) in an alpine 

steppe at the source of Brahmaputra, using high-throughput sequencing 

technology. Short-term nitrogen input did not affect the species α-diversity 

and β-diversity of soil bacteria. However, soil bacterial phylogenetic α-diversity 

and dissimilarity increased with increasing nitrogen input. Different relative 

contributions and correlations of primary factors to species and phylogenetic 

diversity under short-term nitrogen input may result in different responses, in 

which ecological processes also play a role. Therefore, studying the response 

of soil bacteria to short-term nitrogen input should take into account not only 

the species level but also the phylogenetic level. We should pay close attention 

to the potential influence of short-term nitrogen deposition/fertilization on 

the soil bacterial community in the alpine steppe on the Tibetan Plateau.

KEYWORDS

nitrogen deposition, soil bacteria, species diversity, phylogenetic diversity, 
community structure, alpine steppe, Brahmaputra

Introduction

Nitrogen (N) is a vital factor that controls species composition and diversity in 
terrestrial ecosystems (Zechmeister-Boltenstern et al., 2011). In the last century, human 
activities have dramatically increased nitrogen deposition globally (Galloway et al., 2004; 
Bobbink et al., 2010). On the one hand, in a nitrogen-deficient ecosystem, elevated nitrogen 
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deposition can relieve nitrogen limitation in the system. On the 
other hand, excessive nitrogen would result in nitrogen pollution 
due to fossil combustion and deliberate N fertilization (Gruber 
and Galloway, 2008), which would greatly affect the 
biogeochemical cycles of C and N in terrestrial ecosystems. One 
of the most plentiful soil microbes in terrestrial ecosystems is 
bacteria, which play vital roles in promoting vital biogeochemical 
procedures in soils (Bardgett and van der Putten, 2014; Delgado-
Baquerizo et al., 2019; Zhang et al., 2020). Thus, understanding 
how the soil bacterial community responds to N enrichment is of 
great value for predicting the effects of nitrogen deposition on 
subterranean terrestrial ecosystems.

With the development of high-throughput sequencing 
technology, a growing number of studies have studied the 
response of the soil bacterial community to nitrogen input in 
wetland (Li et al., 2019a), forests (Nie et al., 2018; Wang et al., 
2021), grasslands (Zhang and Han, 2012; Ling et al., 2017), 
and alpine regions on the Tibetan Plateau (Li et al., 2020a, 
2021; Mu et  al., 2021; Yang et  al., 2021). However, how 
different nitrogen input rates affect the response of soil 
bacterial species diversity to short-term nitrogen input still 
remains controversial (Li et  al., 2020a; Zhang et  al., 2022). 
Although Zhang et al. (2022) reported that different nitrogen 
input rates increased soil bacterial α-diversity on the Loess 
Plateau, Li et al. (2020a) found that different nitrogen input 
rates decreased soil bacterial α-diversity on the Qinghai-
Tibetan Plateau. In addition, Bradley et al. (2006) found that 
short-term (1–2 months) N application (0, 5.44, and 
27.2 g N m−2 y−1) had insignificant effects on soil bacterial 
α-diversity in a grassland at the Cedar Creek LTER in 
Minnesota, USA. These inconsistent results may have been 
caused by different nitrogen input rates, durations, climatic 
conditions, vegetation conditions, and land-use types among 
these studies. In addition to the unclear response of soil 
bacterial species diversity to short-term nitrogen input, as well 
as soil bacterial phylogenetic diversity. Soil bacterial diversity 
contains not only species diversity but also phylogenetic 
diversity, which can all deduce community assembly 
mechanisms (Zhou and Ning, 2017). Some previous studies 
have reported that phylogenetic diversity reveals more 
information about community construction than taxonomic 
diversity (Jia and Du, 2014) and has a strong connection with 
stability (Zhang et al., 2019), which is an important index. 
Although Turlapati et al. (2013) have reported that chronic 
N-amended can increase the phylogenetic diversity of soil 
bacteria, as well as species diversity. However, little attention 
has been given to the effects of phylogenetic diversity during 
changes in soil bacterial communities in response to short-
term nitrogen input, and whether the effects on species 
diversity and phylogenetic diversity are consistent.

The Qinghai-Tibet Plateau is known as the “Roof of the 
World” and the “Third Pole of the Earth,” which is an important 
barrier to the ecological security of China and Asia (Sun et al., 
2012). The high altitude and low temperature of the Qinghai-Tibet 

Plateau make it very sensitive to global change. From the 1980s to 
the 2000s, the dose of N deposition increased significantly, ranging 
from 4 to 13.8 kg N ha−1 y−1 on the Tibetan Plateau (Liu et al., 
2013). At the same time, nitrogen fertilizer application is used to 
manage degraded grasslands, improve soil fertility and increase 
plant productivity on the Tibetan Plateau (Zhao and Zhou, 1999; 
Wang et al., 2020; Li et al., 2020b). However, few studies have 
examined the effect of different nitrogen input rates on soil 
bacterial phylogenetic diversity, particularly in the alpine steppe 
in the western Tibetan Plateau. The Brahmaputra River basin 
originates west of the Tibetan Plateau, which links Bangladesh, 
Bhutan, China, and India and is an important international river 
(Barua, 2018). Therefore, it is important to study the effect of 
different nitrogen input rates on the alpine steppe at the source 
of Brahmaputra.

In this study, we investigated the responses of soil bacterial 
species and phylogenetic diversity to short-term (<1 year) N input 
based on a field nitrogen input experiment with five levels (i.e., 0, 
2.5, 5, 10, and 20 g N m−2 y−1) in an alpine steppe at the source of 
Brahmaputra, using the high-throughput Illumina sequencing 
technology. Specifically, we mainly aimed to investigate how the 
responses of soil bacterial species and phylogenetic diversity to 
short-term (<1 year) nitrogen input and whether the effects were 
consistent in the alpine steppe at the source of Brahmaputra.

Materials and methods

Study sites

This study was conducted in an alpine steppe of Zhongba 
County (29° 37′ N, 82° 21′ E, 4,763 m above sea level), Tibet 
Autonomous Region, China. The mean annual temperature is 
approximately 5.1°C, and the mean annual precipitation is 
approximately 320 mm. The dominant species in this steppe is 
Potentilla bifurca, accompanied by Microula sikkimensis, 
Chenopodium glaucum, Heteropappus semiprostratus, Carex 
atrofusca, and Carex thibetica Franch. The soil texture type is 
sandy loam belonging to alpine steppe soil. The soil organic 
carbon, soil moisture, soil bulk density, and pH values are 
0.57%–0.81%, 5.44%–6.13%, 1.49–1.66 g/cm3, and 8.27–8.47, 
respectively.

Experimental design

We designed a one-way factorial design (nitrogen application) 
with five treatments: 0 (control), 2.5, 5, 10, and 20 g N m−2 y−1 and 
were characterized by N0 (control), N2.5, N5, N10, and N20, 
respectively. In August 2021, a total of 25 5 × 5 m plots were laid 
out based on a randomized design, and each treatment had five 
replicates. The distance between any two neighboring plots was 
approximately 3 m. Nitrogen was applied in the form of urea, 
which was applied in the afternoon on a cloudy day.
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Plant community investigation, soil 
sampling, and high-throughput 
sequencing

In September 2021, we recorded the number of plant species, 
height, and coverage of each plant species within a 0.5 m × 0.5 m 
quadrat in the middle of each plot (Zhang and Fu, 2021; Tian and 
Fu, 2022). In each plot, five 3.8 cm diameter soil cores (0–10 cm 
and 10–20 cm) were collected from the four corners and the 
middle of each quadrat in cross diagonals after plant community 
investigation. We mixed and sieved the soil samples through a 
2-mm mesh to remove roots and stones. Some of the soil samples 
were promptly placed in a nitrogen canister and brought back to 
the laboratory to measure the soil bacterial community, and some 
of the soil samples retained freshness in the refrigerator to 
measure the soil physicochemical properties.

High-throughput sequencing procedures are described at 
length in the Supplementary material. Through analysis, there 
were 20,850 operational taxonomic units in the surface soil and 
19,624 operational taxonomic units in the subsurface soil of the 
soil bacterial community across the 50 samples.

Statistical analysis

We calculated the response ratio to assess the effect size of N 
addition for a specific variable (Fu and Shen, 2016; Fu and 
Shen, 2017).

	
R Ni

N
=

0 	
(1)

where Ni is the N addition rate, and N0 is the control treatment.
One-way ANOVA was used to measure the effects of N input 

on the soil properties, plant α-diversity, and species α-diversity of 
the soil bacterial community. The microeco package was used to 
obtain the α-diversity (OTUs, ACE, Chao1, Shannon, and 
Simpson) and β-diversity of the soil bacterial species (Yu et al., 
2019; Zong and Fu, 2021). The picante package was used to 
calculate soil bacterial phylogenetic α-diversity (PD, MPD, 
MNTD, NRI, and NTI) and β-diversity (Sun et al., 2021). The 
linear discriminant analysis (LDA) effect size (LEfSe) method in 
microeco package was used to recognize significant differences in 
soil bacteria, and then Duncan’s multiple comparison test was 
used to calculate the differential species of soil bacteria. 
RandomForest package was used to calculate the relative 
contribution to soil bacterial species and phylogenetic α-diversity 
of each concerned variable. We  calculated the correlations 
between species and phylogenetic α-diversity of the soil bacterial 
community and environmental characteristics. The microeco 
package was used to perform the Mantel test between species and 
the phylogenetic community composition of soil bacteria and 
environmental variables. The iCAMP package was used to 
calculate the community assembly processes of the soil bacterial 

community (Zhou and Ning, 2017; Han et al., 2022; Zhong and 
Fu, 2022). When the βNTI was < −2, the community turnover was 
Homogeneous Selection. When the βNTI was >2, the community 
turnover was Heterogeneous Selection. When the βNTI was 
between −2 and 2, and the RCBray was < −0.95, the community 
turnover was Homogenizing Dispersal. When the βNTI was 
between −2 and 2, and the RCBray was >0.95, the community 
turnover was Dispersal Limitation. When the βNTI was between 
−2 and 2, and the RCBray was between −0.95 and 0.95, the 
community turnover may be  weak selection, weak dispersal, 
diversification, and drift. The software used in this study was 
R4.0.2, SPSS 25, and Origin 2022.

Results

Variations in abiotic and biotic 
characteristics along the N input gradient

Nitrogen input significantly increased soil available nitrogen 
(NH4

+-N, NO3
−-N, AN:AP, and NH4

+-N:NO3
−-N) in both surface 

and subsurface soils (Supplementary Table S1). Compared to N0, 
the soil NH4

+-N contents of the surface and subsurface soils under 
N20 all increased by 16.42-and 6.57-fold, respectively. Compared 
to N0, the soil NO3

−-N contents of the surface and subsurface soils 
under N20 all increased by 19.27-and 12.67-fold, respectively. 
Compared to N0, the soil AN:AP of the surface and subsurface 
soils under N20 all increased by 22.39- and 8.24-fold, respectively. 
Soil NH4

+-N:NO3
−-N was also significantly changed by N input in 

both surface and subsurface soils. However, plant α-diversity, soil 
pH, SM, SOC, TN, TP, AP, and soil enzymes did not significantly 
change along the N input gradient (Supplementary Tables S1, S2).

Variations in soil bacterial species and 
phylogenetic α-diversity along the N 
input gradient and their relationships 
with abiotic and biotic characteristics

The effect size of soil bacterial species α-diversity showed 
no relationships with the nitrogen input rate in either the 
surface or subsurface soil (Supplementary Figure S1). The effect 
size of soil bacterial phylogenetic α-diversity, including MPD in 
surface soil and NRI in subsurface soil, increased with the 
nitrogen input rate (Figures 1A,B). However, the effect size of 
soil bacterial phylogenetic α-diversity, including PD, MNTD, 
NRI, and NTI in surface soil and PD, MPD, MNTD, and NTI in 
subsurface soil, showed no relationships with the nitrogen input 
rate (Supplementary Figure S2).

The relative contributions of environmental variables to 
the ROTUs variation in surface soil were listed in the following 
order: RTN, RTP, RC: N, RSM, etc., and they together explained 
69.41% of the ROTUs variation along the N input gradient 
(Supplementary Figure S3a). The relative contributions of 
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environmental variables to the RACE variation in surface soil 
were listed in the following order: RTN, RUA, RC: N, RSM, RCL, etc., 
and they together explained 72.8% of the RACE variation along 
the N input gradient (Supplementary Figure S3b). The relative 
contributions of environmental variables to the RChao1 
variation in surface soil were listed in the following order: 
RUA, RC: N, RTN, RC: P, etc., and they together explained 72.68% 
of the RChao1 variation along the N input gradient 
(Supplementary Figure S3c). The relative contributions of 
environmental variables to the RShannon variation in surface 
soil were listed in the following order: RSM, RSRplant, 
RSOC, RC: N, RUA, etc., and they together explained 81.14% of 
the RShannon variation along the N input gradient 
(Supplementary Figure S3d). The relative contributions of 
environmental variables to the RSimpson variation in surface 
soil were listed in the following order: RSM, RC: N, RC: P, RSRplant, 
RSC, RSOC, RALP, etc., and they together explained 84.59% of 
the RSimpson variation along the N input gradient 
(Supplementary Figure S3e).

The relative contributions of environmental variables to the 
ROTUs variation in subsurface soil were listed in the following 
order: RSM, RNO3--N, RShannonplant, RALP, etc., and they together 
explained 68.75% of the ROTUs variation along the N input gradient 
(Supplementary Figure S4a). The relative contributions of 
environmental variables to the RACE variation in subsurface soil 
were listed in the following order: RSM, RTP, RUA, RC: N, RTN, etc., and 
they together explained 66.73% of the RACE variation along the N 
input gradient (Supplementary Figure S4b). The relative 
contributions of environmental variables to the RChao1 variation in 
subsurface soil were listed in the following order: RUA, RTP, RSM, RC: 

N, RAP, RpH, RNH4 + -N, RNO3--N, etc., and they together explained 64.5% 
of the RChao1 variation along the N input gradient 
(Supplementary Figure S4c). The relative contributions of 
environmental variables to the RShannon variation in subsurface soil 
were listed in the following order: RCL, RC: N, RSM, RAP, RTP, etc., and 

they together explained 58.48% of the RShannon variation along the 
N input gradient (Supplementary Figure S4d). The relative 
contributions of environmental variables to the RSimpson variation 
in subsurface soil were listed in the following order: RNO3--N, RCT, 
RCL, etc., and they together explained 90.25% of the RSimpson 
variation along the N input gradient (Supplementary Figure S4e).

The relative contributions of environmental variables to the 
RMPD variation in surface soil were listed in the following order: 
RSM, RTP, RSC, etc., and they together explained 66% of the variation 
in the RMPD along the N input gradient (Figure 2A). The relative 
contributions of environmental variables to the RNRI variation in 
surface soil were listed in the following order: RSM, RTP, RTN, RSOC, 
Rpielouplant, RC: N, RNO3--N, RALP, RC: N, etc., and they together explained 
73.48% of the variation in the RNRI along the N input gradient 
(Supplementary Figure S5a). The relative contributions of 
environmental variables to the RPD variation in surface soil were 
listed in the following order: RTP, RSM, RTN, RC: N, etc., and they 
together explained 79.36% of the variation in the RPD along the N 
input gradient (Supplementary Figure S5b). The relative 
contributions of environmental variables to the RMNTD variation in 
surface soil were listed in the following order: RSM, RCL, 
RNH4 + -N:NO3--N, RCT, etc., and they together explained 73.26% of the 
variation in the RMNTD along the N input gradient 
(Supplementary Figure S5c). The relative contributions of 
environmental variables to the RNTI variation in surface soil were 
listed in the following order: RTN, RALP, RTP, RNH4 + -N, RSM, etc., and 
they together explained 88.17% of the variation in the RNTI along 
the N input gradient (Supplementary Figure S5d).

The relative contributions of environmental variables to the 
RMPD variation in subsurface soil were listed in the following order: 
RCL, RTP, RC: N, RAP, RCT, RNH4 + -N, etc., and they together explained 
65.36% of the variation in the RMPD along the N input gradient 
(Supplementary Figure S5e). The relative contributions of 
environmental variables to the RNRI variation in subsurface soil 
were listed in the following order: Rpielouplant, RSC, RALP, RNH4 + -N, RTP, 

A B

FIGURE 1

Relationships between nitrogen input rate and the effect size of nitrogen input on phylogenetic α-diversity of soil bacteria (A) MPD in surface soil 
and (B) NRI in subsurface soil in an alpine steppe.
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RNO3--N, etc., and they together explained 42.8% of the variation in 
the RNRI along the N input gradient (Figure  2B). The relative 
contributions of environmental variables to the RPD variation in 
subsurface soil were listed in the following order: RTP, RSM, RTN, 
RUA, RC: N, etc., and they together explained 68.08% of the variation 
in the RPD along the N input gradient (Supplementary Figure S5f). 
The relative contributions of environmental variables to the RMNTD 
variation in subsurface soil were listed in the following order: RCL, 
RC: N, RTP, RUA, etc., and they together explained 70.63% of the 
variation in the RMNTD along the N input gradient 
(Supplementary Figure S5g). The relative contributions of 
environmental variables to the RNTI variation in subsurface soil 
were listed in the following order: RUA, RSM, RTN, RALP, RCL, RC: N, 
etc., and they together explained 64.22% of the variation in the 
RNTI along the N input gradient (Supplementary Figure S5h).

Variations in soil bacterial species and 
phylogenetic community composition 
along the N input gradient and their 
relationships with abiotic and biotic 
characteristics

For the soil bacterial species community, soil bacterial species 
β-diversity had no relationships with nitrogen input dose in either 
surface or subsurface soil (Supplementary Figure S6). There were 
28 differential groups of soil bacterial communities in the surface 
soil, including 4 classes, 4 orders, 6 families, and 14 genus, and 

they displayed dissimilar variation tendencies with the N input 
gradient (Figure  3A; Supplementary Table S3). There were 26 
differential groups of soil bacterial communities in the subsurface 
soil, including 4 classes, 6 orders, 4 families, 11 genus, and 1 
species, and they displayed dissimilar variation tendencies with 
the N input gradient (Figure  3B; Supplementary Table S4). 
Duncan multiple comparison showed that c__Chthonomonadetes, 
c__Lineage_IIa, and c__Lineage_IIb under the control treatment 
were significantly higher than those under the N20 treatment, and 
c__S0134_terrestrial_group under the N20 treatment was 
significantly higher than that under the control treatment in 
surface soil (Supplementary Table S3). According to the results of 
the Mantel test, the soil bacterial species community composition 
was significantly correlated with SOC, TP, TN, C: N, and SC 
(p < 0.05) and marginally significantly correlated with C:P, and 
ALP in the surface soil (p < 0.1). The soil bacterial species 
community composition was significantly correlated with SM, TP, 
and TN (p < 0.05) and marginally significantly interrelated with 
SOC and SC in subsurface soil (Table 1, p < 0.1).

The soil bacterial phylogenetic β-diversity between the 
control and nitrogen addition treatments significantly 
increased with increasing nitrogen addition rates in both the 
surface and subsurface soils (Figure 4, p < 0.05). According to 
the results of the Mantel test, the soil bacterial phylogenetic 
community composition was significantly interrelated with 
TP, NH4

+-N:NO3
−-N, and SC (p < 0.05) and marginally 

significantly interrelated with pH, NO3
−-N, and C:P in the 

surface soil (p < 0.1). The soil bacterial phylogenetic 

A B

FIGURE 2

Relative contribution of observed soil and plant variables to the effect size of nitrogen input on (A) MPD in surface soil and (B) NRI in subsurface 
soil along the N input gradient in an alpine steppe. Rshannonplant: effect size of nitrogen input on Shannon index of plant community; Rsimpsonplant: effect 
size of nitrogen input on Simpson index of plant community; RSRplant: effect size of nitrogen input on species richness of plant community; Rpielouplant: 
effect size of nitrogen input on Pielou index of plant community; RSM: effect size of nitrogen input on soil moisture; RAP: effect size of nitrogen 
input on available phosphorus; RNH4 + -N: effect size of nitrogen input on ammonium nitrogen; RNO3--N: effect size of nitrogen input on nitrate 
nitrogen; RSOC: effect size of nitrogen input on soil organic carbon; RTP: effect size of nitrogen input on total phosphorus; RTN: effect size of 
nitrogen input on total nitrogen; RC: N: effect size of nitrogen input on ratio of carbon to nitrogen; RC:P: effect size of nitrogen input on ratio of 
carbon to phosphorus; RN:P: effect size of nitrogen input on ratio of nitrogen to phosphorus; RNH4 + -N:NO3--N: effect size of nitrogen input on ratio of 
ammonium nitrogen to nitrate nitrogen; RAN:AP: effect size of nitrogen input on ratio of available nitrogen to available phosphorus; RSC: effect size 
of nitrogen input on soil sucrase; RCL: effect size of nitrogen input on soil cellulase; RUA: effect size of nitrogen input on soil urease; RCT: effect size 
of nitrogen input on soil catalase; RALP: effect size of nitrogen input on soil alkaline phosphatase.
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A B

FIGURE 3

Soil bacterial community with linear discriminant analysis (LDA) scores >2 in (A) surface soil and (B) subsurface soil in an alpine steppe.
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community composition was significantly interrelated with 
NO3

−-N and AN:AP and marginally significantly correlated 
with NH4

+-N, CT, and ALP in the subsurface soil (Table 1, 
p < 0.1).

Response of the community assembly of 
the soil bacterial community to nitrogen 
input

Changes in the effect size of nitrogen input on “Heterogeneous 
Selection,” “Homogeneous Selection,” “Dispersal Limitation,” 
“Homogenizing Dispersal,” and “Drift and Others” in both surface 
and subsurface soil are shown in Figure  5 and 
Supplementary Figure S7. ‘Homogenizing Dispersal’ significantly 
decreased and “Drift and Others” marginally significantly 
increased with the nitrogen input rates in surface soil 
(Figures 5A,B), while others showed no relationships with the 
nitrogen input rates (Supplementary Figure S7).

Discussion

Variations in species and phylogenetic 
α-diversity of the soil bacterial 
community along the N input gradient

We found that the species α-diversity and phylogenetic 
α-diversity of the soil bacterial community had different responses 
to nitrogen input in the alpine steppe at the Brahmaputra site, 
which was likely a result of one or more of the following reasons. 
First, soil moisture is an important factor in determining the 
species and phylogenetic α-diversity of the soil bacterial 
community (Li et al., 2021; Liu et al., 2022). However, there were 
no significant changes in soil moisture along the nitrogen input 
gradient (Supplementary Table S1). Second, plant α-diversity can 
still affect soil bacterial richness and α-diversity (Bakker et al., 
2010; Zhang and Han, 2012; Ren et al., 2018). The response ratio 
of nitrogen input to the plant Pielou index increased with 
increasing nitrogen input dose (Supplementary Figure S8a), and 
had a significant positive correlation with phylogenetic α-diversity 
(Supplementary Table S5), but had no significant relationship with 
species α-diversity (Supplementary Table S6). Third, TP is also 
correlated with soil bacterial α-diversity (Feng et al., 2017; Zhang 
et al., 2017; Yang et al., 2020). The response ratio of nitrogen input 
to total phosphorus decreased with increasing nitrogen input dose 
(Supplementary Figure S8b), and had a significant negative 
correlation with phylogenetic and species α-diversity 
(Supplementary Tables S5, S6). Furthermore, the relative 
contribution of total phosphorus to phylogenetic α-diversity was 
higher than that to species α-diversity in this study. Fourth, the 
soil bacterial community correlated with soil enzyme activities 
(Li et  al., 2019b). The response ratio of nitrogen input to soil 
sucrase decreased with increasing nitrogen input dose 
(Supplementary Figure S8c), and had a significant negative 
correlation with phylogenetic and species α-diversity 
(Supplementary Tables S5, S6). In this study, soil sucrase had great 
importance on phylogenetic α-diversity rather than species 
α-diversity. Fifth, the relative contributions of other environmental 
factors to the species and phylogenetic α-diversity of the soil 
bacterial community in both the surface and subsurface soils were 
negligible. The different relative contributions of dominant factors 
to species and phylogenetic α-diversity may led to different  
responses.

Variations in species and phylogenetic 
community composition of soil bacteria 
along the N input gradient

In this study, we also found that the responses of phylogenetic 
β-diversity and species β-diversity to short-term nitrogen input 
were different in the alpine steppe at the Brahmaputra site. This 
phenomenon was likely caused by the following several reasons. 
First, the diversity in the different dimensions of the soil microbial 

TABLE 1  Mantel test between soil bacterial species and phylogenetic 
community composition and soil and plant variables based on the 
Bray–Curtis and βMNTD dissimilarity matrix.

Variables Species Phylogenetic

Surface Subsurface Surface Subsurface

Shannonplant −0.04 −0.12 −0.22 −0.17

Simpsonplant

SRplant

−0.07 −0.14 −0.16 −0.12

0.03 −0.03 −0.30 −0.23

Pielouplant −0.11 −0.14 −0.19 −0.11

pH −0.02 0.07 0.22+ 0.14

SM 0.09 0.41** 0.02 0.12

AP (mg kg−1) −0.20 0.07 −0.26 0.14

NH4
+-N −0.05 −0.03 0.11 0.19+

NO3
−-N −0.01 0.02 0.12+ 0.33**

SOC 0.39** 0.16+ 0.05 0.07

TP 0.42** 0.41** 0.37** 0.08

TN 0.45** 0.20* 0.05 0.10

C: N 0.26* 0.14 0.13 0.11

C:P 0.24+ 0.13 0.19+ 0.00

N:P 0.13 0.12 0.18 0.05

NH4
+-

N:NO3
−-N

−0.11 −0.07 0.30** 0.20

AN:AP −0.05 0.02 0.12 0.30*

SC (mg g−1 d−1) 0.47** 0.12+ 0.22* −0.01

CL (mg g−1 3 d−1) −0.16 −0.01 −0.15 0.08

UA (mg g−1 d−1) 0.11 0.13 0.12 −0.01

CT (ml g−1 

20 min−1)

0.12 −0.01 −0.10 0.15+

ALP (mg g−1 

2 h−1)

0.18+ 0.07 0.08 0.20+

+,* and ** indicated the correlations were significant at p < 0.1, p < 0.05 and p < 0.01, 
respectively. The bold values indicated significant correlations.
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community may be related to environmental factors in different 
ways (Zong and Fu, 2021; Zhong and Fu, 2022). In this study, soil 
NH4

+-N and NO3
−-N contents increased with increasing nitrogen 

input (Supplementary Table S1). Furthermore, the soil NH4
+-N 

and NO3
−-N contents were marginally significantly and 

significantly correlated with phylogenetic community 
composition, but had no correlation with species community 
composition (Table 1). Second, phylogenetic information is better 
than taxonomic information in identifying some ecological 
processes during community assembly (Zhou and Ning, 2017). 
That is, ecological processes are more closely linked to 
phylogenetic diversity than taxonomic diversity. Some previous 
studies have shown that the “Homogenizing Dispersal” process 
leads to more similarity in communities, while the “Drift” process 
results in relatively low similarity in communities (Zhou and 

Ning, 2017). In this study, the “Homogenizing Dispersal” process 
decreased and the “Drift” process increased with increasing 
nitrogen input (Figures  4A,B), thus leading to an increase in 
phylogenetic β-diversity with increasing nitrogen input. The 
different correlations of environmental factors and ecological 
processes with species and phylogenetic β-diversity perhaps 
resulted in different responses.

Conclusion

Based on a short-term (<1 year) field nitrogen input experiment 
in an alpine steppe at the source of Brahmaputra, we found that short-
term nitrogen input did not change the species diversity of soil 
bacteria, but greatly affected phylogenetic diversity. The increased 

A B

FIGURE 4

Change in the effect size of nitrogen input on soil bacterial phylogenetic βMNTD in surface soil (A) and subsurface soil (B) along the N input 
gradient in an alpine steppe.

A B

FIGURE 5

Change in the effect size of nitrogen input on (A) Homogenizing Dispersal, (B) Drift and Others in surface soil along the N input gradient in an 
alpine steppe.
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magnitude of soil bacterial phylogenetic α-diversity and β-diversity 
increased with increasing nitrogen input dose. The different responses 
of soil bacterial species and phylogenetic diversity to short-term 
nitrogen input were likely due to differences in their relative 
contributions to major factors and relationships with primary factors, 
in which ecological processes also play a role. This study proved that 
the responses of the soil bacterial phylogenetic community were more 
sensitive than those of the species community to short-term nitrogen 
input. It also highlighted the importance of taking into account the 
phylogenetic level when studying the response of short-term nitrogen 
input to the soil bacterial community. Given that grasslands on the 
Tibetan Plateau are receiving increased N input, it is critical to 
understand the response of soil bacterial diversity to N-enriched 
conditions. Considering that prolonged nitrogen deposition may 
have different and more profound effects on soil bacterial 
communities in different dimensions, future studies are needed.
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The alterations of plant composition and diversity pose a threat to the stability 

of the carbon pool in boreal peatland under climate change. We collected the 

samples of three plant functional types (deciduous shrubs, evergreen shrubs, 

and sedge) in seven permafrost peatlands of the Great Hing’an Mountains, 

China, and measured the properties of total carbon (TC), nitrogen (TN), and 

phosphorus (TP), their stoichiometric ratios (C:N, C:P, and N:P), and the stable 

isotope values (δ13C and δ15N) of six tissues (ranging from leaves to roots). For 

TC, TN, and TP, the contents had an average of 470.69 ± 1.56, 8.03 ± 0.23, and 

1.71 ± 0.61 mg·g−1, respectively. TC contents of sedge were lower than those 

of shrubs for the whole plant. The allocations of N and P to shrub leaves 

were higher than to stems and roots. There was a similar trend of TN and TP 

contents, and stoichiometric ratios from leaves to roots between deciduous 

shrubs and evergreen shrubs. Shrubs and sedge have similar C: N in leaves 

and fine roots, while leaves of sedge C:P and N:P ratios were higher than 

shrubs, mainly showed that sedge is N and P co-limitation and shrubs are 

N limitation. The values of δ13C and δ15N were significantly higher in leaves 

and roots of sedge than those of shrubs, which means shrubs have higher 

nutrient acquisition strategies. These results support the shrubs are expanding 

in the boreal peatland under climate warming through nutrient competition. 

TC contents of all deciduous shrubs and sedge tissues were positively linear 

correlated to MAT and the values of δ13C and δ15N in sedge had significant 

relationships with MAT and MAP. Our results imply warming can increase plant 

photosynthesis in boreal peatland, and sedge was more sensitive to climate 

change. These findings would be helpful to understanding the responses of 

different plant tissues to climate changes in permafrost peatland.
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boreal peatland, ecological stoichiometry, plant functional types, stable carbon 
isotopic, 15N natural abundance
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Introduction

The global peatland area only accounts for 3% of the land area 
(Yu et al., 2010), but with the highest carbon content among all 
terrestrial ecosystems (Dise, 2009). It was an important global 
carbon sink and played a key role in mitigating climate change 
(Gorham, 1991; Beaulne et al., 2021). Plants are an important part 
of peatland systems, which fix carbon through photosynthesis 
(Bubier et al., 1999). However, peatland plants have been great 
changes under climate change (Sun et al., 2010a; Bragazza et al., 
2013). Some studies find that shrubs have been expanded in the 
peatland with warming (Meier and Bowman, 2008; Lyons et al., 
2020), while other studies show that graminoids are more sensitive 
to climate change (Sun et  al., 2010b, 2011). These different 
feedbacks are dependent on vegetation types and research scales 
(Gao et  al., 2006). Nevertheless, more studies focus on 
aboveground plant dynamics, few studies investigate the changes 
in plants belowground under climate change (Lyons and Lindo, 
2020; Malhotra et al., 2020).

Plant functional types (PFTs) in peatland, which are deciduous 
shrubs (DS), evergreen shrubs (ES), and sedge, have different 
carbon cycle pathways and nutrient acquisition strategies (Aerts 
et al., 2009). Plant stoichiometric characteristics can reflect the 
utilization of nutrients among different plant species (Liu and Hu, 
2020). The higher C: N and C: P ratios can show the higher 
utilization efficiency of N and P by plants (Herbert et al., 2003; Xu 
et al., 2022); the lower C: N ratio can characterize that plants have 
a shorter life span (especially for roots Yu et al., 2022), higher 
growth rate (Gusewell and Koerselman, 2002; Liu and Hu, 2020), 
and a fast decomposition rate (Liu et al., 2022); the N:P ratio is 
closely related to nutrient availability, and can act as an indicator 
of types of nutrient limitation (Gusewell, 2004). However, it is still 
few studies that present stoichiometry extent ranging from leaves 
to roots in peatland PFTs. It is essential to understand the 
relationships between belowground changes and nutrient cycling.

The stable carbon and nitrogen isotopes in plant different 
tissues can provide information on plant response to present 
environmental conditions (Dawson et al., 2002). Climate warming 
and environmental change can influence the stable isotope 
abundance of plants. More 13C could be consumed with increasing 
temperature (Smith et al., 1973; Welker et al., 2003; Rao et al., 
2017) and humidity (Amesbury et al., 2015). On the one hand, 
higher temperature increases enzymatic activity in photosynthesis, 
thereby affecting carbon isotope fractionation (Farquhar et al., 
1989). On the other hand, the opening of plant stomata in a humid 
environment results in increased stomatal conductance (Smith 
et al., 1973), leading to a decreased CO2 concentration gradient 
between the inside and outside of plants (Su et al., 2000), which 
ultimately reduces δ13C. There was a study found that plant δ15N 
values have been negatively correlated with temperature, which 
thought that lower temperature enhanced the viscosity of soil 
solution, leading to water stress of plants, thus increasing the δ15N 
value of plants (Liu et al., 2018). There are some research indicates 
that carbon and nitrogen stable isotopes can also reflect limiting 

nutrients for plant growth (Piao et al., 2004; Clarkson et al., 2005) 
and the sources of nutrient elements to a certain extent (Welker 
et al., 2003; Hobbie et al., 2009). However, carbon and nitrogen 
isotopes just have been conducted in peatland plant leaves. The 
belowground biomass of plants was much higher than 
aboveground in boreal peatland (Wang et al., 2016). Therefore, the 
relative study of plant roots would be helpful to understand the 
responses of plants to climate change.

In this study, we collected samples of different plant tissues 
(i.e., leaves and roots of sedge, leaves, green stems, brown stems, 
fine roots, medium roots, and coarse roots of shrubs) in five 
species falling into three plant functional types, namely deciduous 
shrubs, evergreen shrubs, and sedge in seven typical permafrost 
peatlands, and analyzed the total carbon (TC), nitrogen (TN), and 
phosphorus (TP) contents, δ13C, and δ15N values. This study 
aimed to clarify the different contents of TC, TN, and TP, and 
carbon and nitrogen isotopes among three PFTs and tissues 
(leaves, stems, and roots), and to explore the relationships between 
these plant properties and environmental factors. As mentioned 
above, a lower C: N ratio can be used as an indicator of a higher 
plant growth rate, so we hypothesized that the C: N ratio would 
be  significantly negatively correlated with mean annual 
temperature (MAT). In addition, we hypothesized that the carbon 
and nitrogen isotopes of deciduous plants would be negatively 
correlated with MAT and mean annual precipitation (MAP).

Study area, materials, and 
methods

Study area and a description of plant 
species

The study area of the current study is in northern Great 
Hing’an Mountains, Northeast China (50°07′02″–53°33′42”N, 
121°10′53″–127°01′21″E) and represents a typical permafrost 
peatland. This area has an average altitude, mean annual 
temperature, and mean annual precipitation of 573 m, −3°C, and 
400 mm, respectively. The study area shows seasonal rainfall, with 
over 80% falling between June and August (Sun et  al., 2011). 
Shrubs constitute the dominant vegetation type in the study area. 
Deciduous shrubs mainly include Betula fruticosa, Vaccinium 
uliginosum, and Salix myrtilloides. Evergreen shrubs include 
Ledum palustre, Chamaedaphne calyculata, and Rhododendron 
lapponicum. Sedges include Carex globularis and Eriophorum 
vaginatum, and forbs include Saussurea amurensis and 
Polygonatum odoratum. Bryophytes mainly include Sphagnum 
palustre and Bryum argenteum. Therefore, the peatland plant 
community in the study area consists of a shrub-sedge-moss 
structure, with an obvious and simple vertical structure.

Seven typical permafrost peatlands were examined in the 
present study (Figure  1; from north to south: Beijicun (BJC), 
Tuqiang (TQ), Amuer (AME), Pangu (PG), Tahe (TH), Huzhong 
(HZ), and Xinlin (XL)). A handheld global positioning system 
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(GPS) was used to record the longitude, latitude, and altitude of 
each site. This study collected samples from common dominant 
plant species (i.e., C. globularis, B. fruticosa, V. uliginosum, 
L. palustre, and C. calyculata) in these sites.

Sampling and chemical analyses

During the sampling of sedge tissues, leaves and roots samples 
were collected, with three replicates of each sample taken from 
1 × 1 m plots and 21 plots in total. During the sampling of shrub 
tissues, samples of leaves, green stems, brown stems, fine roots 
(0–2 mm), medium roots (2–5 mm), and coarse roots (>5 mm) 
were collected in triplicate in the above 21 plots. Each final sample 
was expressed as the mean of the three replicates ± standard error 
(SE). Leaf and stem samples were placed into kraft paper bags, 
marked, and dried in an oven at 65°C to a constant weight. 
Impurities (roots of other plants and peat soil) were removed from 
roots samples, after which the samples were placed in bags and 
dried. A ball mill was used to fully crush plant samples to be tested. 
The present study implemented a dispersed sampling regime to 
avoid as far as possible plants affected by pests and diseases.

Properties of C, N, and P

The total carbon (TC) content of plants was determined by the 
combustion method. Here, glucose (400 mg C·g−1) was used as the 
standard, 15 ± 2 mg of each plant to be tested was extracted, and a 
total organic carbon analyzer (TOC-Lcph SSM-5000A, Shimadzu, 
Japan) was used to determine the TC content.

A continuous flow analyzer (Seal AA3, Seal, Germany) 
was used to determine total nitrogen (TN) and total 
phosphorus (TP) contents. A 100 mg subsample of each plant 
to be analyzed was placed into a 50-mL digestion tube, three 
blank controls were set, and a catalyst was added along with 
98% concentrated sulfuric acid. After 8 hours, the solution was 
boiled until achieving transparency and then allowed to cool 
to room temperature. Deionized water was then added to the 
sample to a volume of 50 ml to form the sample solution to 
be  tested. From the sample solution to be  tested, 2 ml was 
extracted and diluted five times using deionized water. 
Ammonium sulfate solution was then used as a standard to 
determine the sample N content. A sub-sample of the sample 
solution to be tested was mixed with 7.2 M sodium hydroxide 
at a ratio of 3:1, following which potassium dihydrogen 

FIGURE 1

Seven typical boreal peatland sites in the study area of the present study. MAT, mean annual temperature; MAP, mean annual precipitation; ALT, 
altitude. Sites: BJC, Beijicun; TQ, Tuqiang; AME, Amuer; PG, Pangu; TH, Tahe; HZ, Huzhong; XL, Xinlin. The same below.
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phosphate solution was used as the standard to determine the 
content of P.

Stable isotopes of 13C and 15N

A 100 mg subsample of the sample to be tested was extracted 
for the measurement of 13C: 12C and 15N: 14N ratios of CO2 and N2 
using an elemental analyzer gas stable isotope mass spectrometer 
(EA-IRMS, Thermo Fisher; Farquhar et al., 1989). Isotope ratios 
were converted to “δ” unit: δ (‰) = [(Rsample / Rstandard) − 1] × 1,000, 
where Rsample and Rstandard are the 13C: 12C or 15N: 14N molar 
abundance ratios of the sample and standard (PDB or atmospheric; 
Farquhar et al., 1982; Spasojevic and Weber, 2021).

Data analysis

One way analysis of variance (ANOVA) was used to test the 
differences in plant properties, stoichiometric ratios, and δ13C and 
δ15N among sites, PFTs, and tissues of plants. Pearson correlation 
analysis was used to analyze the correlation between C, N, and P 
contents, δ13C and δ15N, and environmental factors. The MAT and 
MAP data for each site were downloaded from the National 
Meteorological Science Data Center1. Dataanalysis and mapping 
tools used in the present study included ArcGIS 10.2, Excel 2010, 
Origin 2022, and SPSS 28.0.

All data at each site were expressed as the mean ± SE when 
analyzing the differences among sites, whereas the mean ± SE of 
all data of each category in each site was used when analyzing the 
differences among PFTs or tissues. Leaves and roots of sedge 
correspond to leaves and fine roots of shrubs, respectively, when 
the results were analyzed.

Results

Stoichiometry, δ13C and δ15N among all 
sites

The TC of boreal peatland plants in the Great Hing’an 
Mountains ranged from 381.28 to 547.40 mg·g−1, with an average 
of 470.69 ± 1.56 mg·g−1; TN ranged from 1.12 to 30.15 mg·g−1, with 
an average of 8.03 ± 0.23 mg·g−1; TP ranged from 0.36 to 
12.98 mg·g−1, with an average of 1.71 ± 0.61 mg·g−1; C: N ranged 
from 16.49 to 382.57, with an average of 79.41 ± 1.92; C: P ranged 
from 39.37 to 1323.04, with an average of 388.89 ± 9.84; N: P 
ranged from 0.56 to 33.82, with an average of 5.89 ± 0.17; the δ13C 
value ranged from −31.62 to −25.19‰, with an average of 
−29.16 ± 0.05‰, and the δ15N value ranged from −7.66 to 2.83‰, 
with an average of −4.39 ± 0.08‰.

1  http://www.nmic.cn/

There were differences in plant properties, stoichiometric 
ratios, and isotope values among the different permafrost 
peatlands (Table 1). The TC and TN contents of plants in XL and 
TH sites exceeded those of other sites, whereas plants in XL and 
BJC sites had the highest TP content. The highest C:N ratio was 
found in TQ, whereas the highest C:P and N:P ratios were found 
in plants in PG and TH. The highest δ13C value was found in BJC, 
whereas the δ15N value in TH was significantly higher than those 
of other sites (p < 0.05).

Plant properties and stoichiometric ratios 
among PFTs

Sedge showed the smallest TC content both in leaves and 
roots (p < 0.05; Figure  2A), its TN content in leaves was 
significantly lower than that of DS (p < 0.05), and similar to that of 
ES (Figure 2B). The TP content of sedge was significantly lower 
than that of shrubs in leaves (p < 0.05), but slightly higher than that 
of shrubs in roots (Figure 2C). The C:P and N:P ratios of sedge 
were significantly higher than that of shrubs in leaves (p < 0.05), 
but lower in roots (Figures 2E,F).

There was a similar change trend of different functional 
shrubs in properties and stoichiometric ratios among leaves, 
stems, and roots, but there were differences in quantity (Figure 2). 
The TC, TN, and TP contents and N: P ratio decreased from 
leaves to roots, except fine roots (Figures  2A–C,F). On the 
contrary, the C: N and C: P ratios of shrubs increased from leaves 
to roots, but appeared low values at fine roots, obviously 
(Figures 2D,E). In addition, the TC content of ES was significantly 
higher than that of DS, especially in leaves, except for green stems 
and fine roots (p > 0.05; Figure 2A). The TN content of DS was 
higher than that of ES from the whole plant (p < 0.05; Figure 2B). 
The C: N ratio of DS was lower than that of ES (p < 0.05), and the 
difference was larger at the roots (Figure 2D), indicating that 
deciduous shrubs had faster root growth. ES had a higher C: P 
ratio than DS in medium and coarse roots (p < 0.05; Figure 2E), 
while had a lower N: P ratio in green stems, brown stems, and fine 
roots (p < 0.05; Figure 2F).

δ13C and δ15N among PFTs

There were differences in δ13C and δ15N among different PFTs, 
especially the values of sedge were significantly higher than those 
of shrubs (p < 0.05; Figure 3).

The δ13C value of ES was lower than that of DS, except for 
coarse roots (Figure 3A). For sedge, the δ15N values in leaves were 
significantly higher than those of roots (p < 0.05), while the values 
of shrubs gradually increased from leaves to roots, with the 
largest value in fine roots (Figure 3B). The δ15N value of DS was 
higher than ES, but it decreased from fine roots to coarse roots, 
and the values were lower than that of ES in coarse roots 
eventually (Figure 3B).
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Relationships between values of 
properties, stoichiometric ratios, and 
isotopes and environmental factors

The TC contents from the whole plants of DS and sedge were 
significantly positively correlated with MAT (p < 0.01), but these 
contents of leaves, green stems, and coarse roots were significantly 
positively correlated with MAT in ES (p < 0.05; 
Supplementary Table S1). The TN contents of leaves, fine roots, 
and medium roots in DS, brown stems and fine roots in ES, and 
leaves in sedge were significantly positively correlated with MAT 

(p < 0.05). There were negative correlations between TP contents 
of fine roots in DS and roots in sedge and MAT (p < 0.05). The 
MAP also has an effect on the plant properties 
(Supplementary Table S2), especially the TC content of DS was 
significantly positively correlated with MAP (p < 0.05).

There were no significant relationships between MAT and 
MAP and δ13C values of all tissues for DS (p > 0.05). The δ13C 
values of leaves, green stems, and fine roots in ES were significantly 
more negative with increasing MAT (p < 0.05; Figure 4). There 
were significant correlations between the δ13C values in leaves of 
sedge and MAT, but not in roots (p < 0.05; Figures 4A,C). δ15N 

TABLE 1  Mean properties, stoichiometric ratios, and isotope values of plants at each site.

Sites TC/mg·g−1 TN/mg·g−1 TP/mg·g−1 C:N ratio C:P ratio N:P ratio δ13C/‰ δ15N/‰

BJC 455.14 ± 4.65d 7.47 ± 0.55abc 2.20 ± 0.20ab 75.58 ± 4.67bc 293.16 ± 21.52c 4.30 ± 0.33c −28.62 ± 0.15a −4.67 ± 0.22b

TQ 456.17 ± 4.39d 6.62 ± 0.48c 1.84 ± 0.14bc 94.01 ± 5.52a 360.75 ± 25.19bc 4.69 ± 0.37bc −29.35 ± 0.12c −4.46 ± 0.17b

AME 457.67 ± 3.71d 8.04 ± 0.53abc 1.64 ± 0.10c 79.03 ± 6.03bc 365.36 ± 24.29b 5.63 ± 0.34b −28.96 ± 0.13ab −4.50 ± 0.18b

PG 478.78 ± 2.89bc 8.64 ± 0.58ab 1.17 ± 0.08d 74.01 ± 4.75bc 496.80 ± 22.83a 8.42 ± 0.65a −29.52 ± 0.16c −4.54 ± 0.21b

TH 487.77 ± 2.67ab 9.25 ± 0.79a 1.15 ± 0.43d 69.90 ± 4.27c 488.14 ± 27.53a 7.77 ± 0.37a −29.39 ± 0.12c −3.12 ± 0.24a

HZ 468.79 ± 3.87c 7.02 ± 0.52bc 1.57 ± 0.08 cd 85.37 ± 4.76ab 341.13 ± 16.98bc 4.73 ± 0.36bc −28.89 ± 0.16ab −4.75 ± 0.29b

XL 491.57 ± 3.53a 9.19 ± 0.77a 2.32 ± 0.27a 74.36 ± 4.01bc 370.23 ± 29.56b 5.56 ± 0.35b −29.23 ± 0.11bc −4.39 ± 0.21b

Mean 470.69 ± 1.56 8.03 ± 0.23 1.71 ± 0.61 79.41 ± 1.92 388.89 ± 9.84 5.89 ± 0.17 −29.16 ± 0.05 −4.39 ± 0.08

Mean, mean value of each site. Different letters indicate significant differences between the same column, p < 0.05. Data displayed in the table are mean value ± standard error (SE) of all 
data (including leaves, stems, and roots) in each site.

A D

B E

C F

FIGURE 2

The TC (A), TN (B), and TP (C) content, C:N (D), C: P (E) and N: P (F) ratios among different plant functional types (PFTs) and tissues. Ds, deciduous 
shrubs; Es, evergreen shrubs; L, leaves; GS, green stems; BS, brown stems; FR, fine roots (0–2 mm); MR, medium roots (2–5 mm); CR, coarse roots 
(> 5 mm). Data shown are the mean value ± standard error (SE) of all same tissues within PFTs. The same below.
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A B

C D

FIGURE 4

Linear fitting between δ13C values and mean annual temperature (MAT). The relationship between δ13C values of leaves (A), green stems (B), fine 
roots (C), and medium roots (D) and MAT.

values of leaves and roots in sedge, green stems and brown stems 
in deciduous shrubs were significantly positively correlated with 
MAT (p < 0.05; Figures 5A-D). δ13C values of leaves in sedge and 

medium roots in evergreen shrubs were significantly negatively 
correlated with MAP (p < 0.05; Figures 6A,B). δ15N values of 
leaves and roots in sedge, green stems and brown stems in 
deciduous shrubs were significantly positively correlated with 
MAP (p < 0.05; Figures 6C-F).

Discussion

Properties and stoichiometric ratios in 
peatland plants

In this study, the TC contents of sedge tissues were lower than 
those of shrubs. A similar result was found in the ombrotrophic 
peatland of Switzerland (Gavazov et al., 2016). Shrubs have more 
lignin, which may result in higher TC content than sedge 
(Kastovska et al., 2018; Yu et al., 2022). All tissues of deciduous 
shrubs showed higher TN content and lower C: N ratio than 
evergreen shrubs, which means that deciduous shrubs have high 
resource acquisition strategies and growth rates (Liu and Hu, 
2020), especially for the roots. TP content was not changed greatly 
for whole plants between deciduous and evergreen shrubs, but the 
C:P ratio of evergreen shrubs was significantly higher than that of 
deciduous shrubs in the medium and coarse roots. This was also 
confirmed that deciduous roots grow faster. In our study, the TN, 

A

B

FIGURE 3

δ13C (A) and δ15N  (B) values among different plant functional types 
(PFTs) and tissues.
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and TP contents decreased from leaves to roots, except for fine 
roots. It means that the fine roots have a high metabolic rate, 
which needs higher N and P to maintain normal physiological 
activities (Yu et al., 2022). Fine roots are the main tissues that 
absorb mineral nutrients from soil, so the TN and TP contents are 
higher than those of coarse roots (Nadelhoffer, 2000; Xu et al., 
2012; Yu et al., 2022). Fine roots absorb nutrients from soil, then 
most nutrients are transported to aboveground tissues and 
accumulated in the stems and leaves (Piao et al., 2004; Wang and 
Moore, 2014). This causes higher TN and TP contents in leaves.

The plant TN contents of the study area were lower than those 
of plants in forest peatlands of the Great Hing’an Mountains (Liu 
and Hu, 2020), in marsh of Sanjiang Plain (Lou et al., 2012), and 
in wetlands of Europe (Gusewell and Koerselman, 2002). Nitrogen 
was in general the nutrient limiting the growth of peat plants in 
permafrost of the Great Hing’an Mountains (Liu et al., 2022), as 
shown by the plant stoichiometric ratios of peatlands in Canada 
(Wang and Moore, 2014). It is generally believed that an N: P 
ratio < 10 or > 20 represents N or P limitation respectively, whereas 
a ratio of between 10 and 20 represents co-limitation of N and P 
(Gusewell, 2004). Our study showed a mean N: P ratio for all 
plants and tissues was 5.86 (<10), representing a strong N 
limitation. Furthermore, the N: P ratio in leaves of sedge 
(11.61 ± 1.83) was much higher than that of deciduous and 

evergreen shrubs (8.50 ± 0.74 and 7.36 ± 0.55, respectively), 
indicating that the growth of sedge was limited by N and P, while 
shrubs were limited by N. Shrubs have been expended in boreal 
peatland under climate warming and permafrost degradation by 
increasing N availability (Bragazza et al., 2013; Lyons et al., 2020; 
McCabe, 2020; Song et al., 2021). Only N limitation of shrubs 
could be one of the reasons that climate change promotes shrub 
growth, while sedges would continue to be limited by P.

δ13C And δ15N in peatland plants

There was little difference in δ13C values among tissues but 
varies greatly among different PFTs in our study. The δ13C values 
of leaves and roots were the highest in sedge (p < 0.05), which 
might be due to the low content of lignin and lipid (Hobbie and 
Werner, 2004). The δ13C values of all shrubs tissues were lower 
than those of sedge tissues, especially for roots, which indicated 
that shrubs had higher internal water use efficiency and lower 
stomatal conductance (Brooks et al., 1997). In addition, the high 
nutrient contents in plants could also improve the photosynthetic 
capacity of plants (Li and Huang, 2009), thus making the δ13C 
value more negative. Those indicated that the nutrient flow in 
shrubs was faster, and could also support that shrubs in peatlands 

A B

C D

FIGURE 5

Linear fitting between δ15N value and mean annual temperature (MAT). The relationship between δ15N values of leaves (A), green stems (B), brown 
stems (C), and fine roots (D) and MAT.
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have higher nutrient acquisition strategies (Li, 2015). Furthermore, 
variations in the carbon isotope composition of CO2 available for 
photosynthesis may have an impact on this disparity between 
species (Galimov, 2000). Some studies have found that differences 
in growth morphology among species, such as plant stature and 
canopy density of vegetation, will cause changes in δ13C value 
(Brooks et al., 1997; Amesbury et al., 2015). We found that C: N 
ratios were negatively correlated with δ13C in deciduous leaves 
(p < 0.01; Supplementary Table S3), which may be explained by the 
hardly decomposable compounds (cellulose, etc.) in shrubs 
(Werth and Kuzyakov, 2010). There was also a significant positive 
correlation between δ13C and TN of deciduous leaves 
(Supplementary Table S3), which may be partly related to the 
photosynthetic process (Welker et  al., 2003; Moore and 
Bubier, 2020).

In our study, the δ15N values of sedge were significantly 
higher than those of shrubs (p < 0.05). The sedge has long roots 
which could absorb stable organic nitrogen (Makarov et al., 2014; 
Feng et al., 2016) or inorganic nitrogen in deep soil (Hobbie and 
Hobbie, 2006). This led to higher δ15N values for the whole plant 
in sedge. Furthermore, it may be that sedges use ammonium salts 
in a larger proportion than nitrate, which will also cause a slight 
enrichment of plant δ15N values (Welker et al., 2003). Shrub in 
peatland is the mycorrhizal plant. 15N could be consumed by 
mycorrhizal fungi during plant nitrogen transport and depleted 
by mycorrhizal fungi, resulting in lower 15N in the shrubs 
(Michelsen et al., 1998; Asada et al., 2005; Clarkson et al., 2005). 
Our results showed that δ15N values of fine roots were higher than 
the other tissues for shrubs. Mycelium is surrounded in the tips 
of fine roots with rich 15N (Michelsen et al., 1998; Welker et al., 
2003), which leads to high δ15N values in the roots (especially in 
fine roots) of shrubs. In deciduous brown stems, the δ15N was 
positively correlated with TN (p < 0.01), but negatively correlated 
with C: N ratio (p < 0.01; Supplementary Table S4). Skrzypek et al. 
(2008) showed a similar result, indicating that δ15N reflects the 
isotopic composition of nitrate assimilated from water. Gavazov 
et al. (2016) reported that the content of exchangeable nitrogen 
in soil can affect δ15N abundance. Future studies should combine 
soil properties and PFTs.

In brief, different PFTs and tissues had different ways of 
obtaining and using nutrients. For both δ13C and δ15N values, 
there was a clear change in the trend at the coarse roots (Figure 3), 
which may be due to root depth (Nadelhoffer et al., 1996; Kohzu 
et al., 2003) or other reasons. The belowground studies are still 
limited in peatland and relative studies would be helpful to assess 
the N cycling and C dynamics in boreal peatlands.

Response to the environment

Our study indicated that all tissues of deciduous shrubs and 
sedge showed positive linear correlations between TC contents and 
MAT (p < 0.01), whereas the TC contents of leaves, green stems, and 
coarse roots in evergreen shrubs were significantly positively 

correlated with MAT (p < 0.05). This means that warming can 
increase plant photosynthesis, thereby promoting plant growth (Wu 
et al., 2019; Zhang et al., 2019), especially for deciduous plants. In 
addition, we found that the TN content and N:P ratios of deciduous 
shrubs and sedge were more positively correlated with MAT than 
evergreen shrubs. This indicated that deciduous plants might 
become the dominant species of the community, fundamentally 
altering the peatland ecosystem function (Moore and Bubier, 2020), 
and even affecting the carbon pool balance of peatland. There was a 
negative correlation between C: N ratio and temperature in a 
warming experiment (Liu et al., 2022). But in our study, with the 
increase in temperature, the C:N ratio has a downward trend but has 
not reached a significant level, which was different from our first 
hypothesis. The plant growth in peatlands would be more complex 
under climate warming. The TC contents of all tissues in deciduous 
plants were also positively correlated with MAP (p < 0.01). While 
other properties and stoichiometric ratios did not respond as 
sensitively to MAP, it means precipitation mainly influenced the 
plant C fixation in the peatlands.

The δ13C of leaves and green stems in evergreen shrubs, and 
leaves in sedge showed a negative correlation with MAT in our 
study. One direct explanation for this observation was that plants 
close their stoma to avoid excessive evaporation due to a 
temperature rise, resulting in a decrease in δ13C (Rao et al., 2017). 
Another explanation was that temperature indirectly affects δ13C 
by using N (Welker et al., 2003). Previous studies had shown that 
the melting of permafrost would release a large amount of 
available nitrogen for plants and increased the nutrient circulation 
rate (Keuper et al., 2012). These changes could influence stomatal 
density and leaf thickness, thereby reducing 13C of plant tissue 
(Piao et al., 2004). Rao et al. (2017) showed that more negative 
13C values occurred in wetter environments, whereas some 
studies believed that there was no correlation between 13C and 
humidity (Skrzypek et al., 2007; Amesbury et al., 2015). The latter 
point was similar to our study, there was no significant correlation 
between δ13C of leaves in shrubs and MAP. It is probably because 
the permafrost peatland may have sufficient water conditions and 
shrubs have higher absorption capacity. MAP did not significantly 
influence the δ13C of aboveground tissues in shrubs.

Most previous studies focused on the influence of mycorrhizal 
types on δ15N values (Michelsen et al., 1998; Clarkson et al., 2005; 
Moore and Bubier, 2020), but only a few studies had shown the 
relationship between δ15N values and environmental factors. 
We found that δ15N of deciduous stems and sedge were significantly 
positively correlated with MAT, which was contrary to our second 
hypothesis. The activity of nitrifying bacteria increased with warming 
(Kang et al., 2011), and the higher temperature increased the net 
nitrification potential of soil or increased the soil nitrogen cycle, and 
finally lead to 15N enrichment in plants (Liu et al., 2007). In our study, 
the δ15N value of leaves and roots in sedge was positively correlated 
with MAP. Fewer ammonium ions (NH4

+) will be created in humid 
soil, and more dissolved organic nitrogen will be absorbed by the 
action of ectomycorrhiza, promoting 15N enrichment in plants (Kang 
et al., 2011).
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Conclusion

Climate warming has changed plant distribution and community 
structure, which will threaten the carbon pool balance of boreal 
peatland. We  explore the nutrient utilization of different plant 
functional types and allocation among different tissues (ranging from 
leaves to roots), and reveal the adaptive survival strategies of different 
functional plants in boreal peatland to the environment 
comprehensively. Compared with sedge, shrubs have higher TC 
contents, and shrubs have a large allocation of nutrients to leaves. 
Deciduous shrubs have high resource acquisition strategies and 
growth rates than evergreen shrubs, especially in roots. The growth 
of sedge is limited by N and P whereas shrubs are limited by N. And 
shrubs have been proven to have a higher nutrient acquisition strategy 
in our study, which also explains the shrub expansion of boreal 
peatland. The rising temperature can increase plant photosynthesis in 
boreal peatland, and sedge is more responsive to climate change. To 

better understand the effects of climate change on the carbon pool of 
boreal peatland, however, future research still needs to incorporate 
plant properties with litter, soil, and even surface water research.
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Litter decomposition is an important source of carbon accumulation in 

the permafrost peatlands. Climate warming has led to shrub expansions 

and accelerated litter mixing with soils and fluctuations in the water table. 

However, little is known about how changes in the position of the litter will 

affect litter decomposition under climate warming. To reveal the mechanisms 

of response of the location of litter in the soil and climate warming to litter 

decomposition in permafrost peatlands. Here, we  selected the evergreen 

shrub, Chamaedaphne calyculata, and the deciduous shrub, Vaccinium 

uliginosum, from the permafrost peatlands of the Greater Hing’an Mountains, 

China. The leaf litter was placed on the soil surface (no-mixing) and mixed 

with the soil (soil-litter mixing), and then it was incubated for 124 days at 15°C 

(control) and 20°C (warming). Our results showed that warming significantly 

increased the CO2 emission rates of C. calyculata and V. uliginosum by 19.9 

and 17.4%, respectively. When compared to no-mixing, the CO2 emission rates 

were reduced (not significantly) by 1.5 (C. calyculata) and increased 13.6% (V. 

uliginosum) with soil-litter mixing. Interestingly, soil-litter mixing suppressed 

the positive effect of warming on the CO2 emission rates relative to no-

mixing, and the suppressing effects in the V. uliginosum subplot were stronger 

than those in the C. calyculata subplot. Specifically, warming significantly 

increased the CO2 emissions of C. calyculata by 27.4% under no-mixing but 

the increase decreased to 13.1% under soil-litter mixing. Similarly, warming 

induced significant increases in the CO2 emissions of V. uliginosum, with 

an increase of 38.8% under no-mixing but non-significant increases (1.9%) 

were observed under soil-litter mixing. The combination of the enzyme 

activities of β-1,4-glucosidase, β-1,4-xylosidase and β-D-1,4-cellobiosidase 

and laccase and phenolics explained more than 60.0% of the variability in 

the CO2 emissions of C. calyculata and V. uliginosum, respectively. Our study 

highlights the importance of litter positions in mediating the responses of 

litter decomposition to climate warming and shrub expansions in the northern 

peatlands.
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Introduction

Around 400–500 Pg of C has been stored in the peatlands 
since the beginning of the Holocene (Yu et  al., 2010). The 
distribution of the peat soil organic carbon is uneven and 
widespread across the northern peatlands. This occurs mainly 
because organic matter decomposition is limited due to the low 
temperature in this ecosystem, resulting in an imbalance between 
plant production and organic matter decomposition (Freeman 
et al., 2001; Moore and Basiliko, 2006). The consequence is a large 
accumulation of peat, composed of dead plant litter (Clymo, 
1984). Thus, litter decomposition is one of the key factors affecting 
soil organic carbon storage in the northern peatlands (Strakova 
et al., 2012). Climate warming has been identified as an essential 
driver of litter decomposition. Warming accelerates changes in the 
community compositions (Zhang, Y. et al., 2022), such as vascular 
plant expansions (Luan et al., 2019), and the mixture of the soils 
and litter (Song et  al., 2017). However, there is very limited 
knowledge about the interactive effects of warming and changes 
in the plant community structure and litter positions on litter 
decomposition in the northern peatlands. Therefore, to accurately 
assess and predict the carbon balance of the boreal peatlands, it is 
crucial to re-examine litter decomposition and its response to 
climate warming.

The effect of climate warming on litter decomposition could 
be regulated by functional groups in the northern peatlands. It is 
commonly accepted that climate warming effectively increases 
microbial activities, and, thus, stimulates litter decomposition 
(Ferreira et al., 2015; Liu et al., 2017). In contrast, the neutral and 
negative effects of warming on litter decomposition have also been 
emphasized in the northern peatlands (Aerts, 2006; Boyero et al., 
2011; Butenschoen et al., 2011). These discrepancies suggest that 
climate warming alone is not enough to explain the complex 
variability in litter decomposition and, therefore, it might also 
be regulated by functional groups. With climate warming, there is 
growing evidence that the northern peatlands will experience 
greater vascular plant expansions (Elmendorf et al., 2012; Sistla 
et  al., 2013; Dieleman et  al., 2015). Additionally, due to the 
differences in the litter chemistries of vascular plants, it has been 
found that the decomposition rate of leaf litter from the deciduous 
shrub Betula nana is higher than that of the evergreen shrubs 
Vaccinium vitis-idaea and Rhododendron palustre (McLaren et al., 
2017). However, studies on the differences in the responses of the 
decomposition of different vascular plants to climate warming in 
the northern peatlands are still limited.

The uncertainties of the effects of warming on 
decomposition might also be attributed to the litter positions. 
Strong winds and fluctuations in the water table could lead to 
the topsoil mixing with the litter under climate warming 
(Hewins et al., 2017). Soil-litter mixing could influence litter 
decomposition through two different but equally important 
ways, including (1) acting as a microbial colonization vehicle 
on the surface of the litter and (2) insulating the litter from 
temperature or moisture, thus, extending the time window for 

microbially mediated decomposition opportunities (Throop 
and Archer, 2007). Recent incubation experiments (Gao et al., 
2022; Zhang, X. H. et al., 2022) and in situ litter decomposition 
in arid ecosystems (Siegenthaler et al., 2010; Corteselli et al., 
2017) have well documented the differences in the litter 
decomposition rates among litter positions. Nevertheless, 
current studies have mostly focused on the litter decomposition 
rates in the surface soils but have not considered soil-litter 
mixing. Considering the important role that soil-litter mixing 
plays in affecting the litter decomposition, lacking related 
studies of soil-litter mixing in the northern peatlands 
potentially amplifies the critical uncertainties regarding the 
response of CO2 emissions that are induced by litter 
decomposition due to climate warming.

Peatlands are widespread in the Greater Hing’an Mountains, 
which is experiencing rapid climate warming and, consequently, 
permafrost degradation, leading to shrub expansion and changes 
in the water table, which may induce changes in the litter position. 
Therefore, the boreal peatlands of the Greater Hing’an Mountains 
provide a rare opportunity to investigate the linkages between 
climate warming, species change, litter position, and litter 
decomposition. Here, we collected fresh litter from the evergreen 
shrub Chamaedaphne calyculata and the deciduous shrub 
Vaccinium uliginosum in the Greater Hing’an Mountains. The litter 
was located on the soil surface or mixed with the soil, and they 
were incubated at 15 and 20°C for a period of 124 days to evaluate 
the response of the CO2 emission rates to warming, the functional 
group, litter positions, and their interactions. Therefore, the aims 
of the study were (1) to estimate the impacts of warming on the 
CO2 emission rates of litter decomposition and differentiate 
whether the warming impacts varied due to the functional groups 
and litter positions; and (2) to identify the driving factors of the 
response of the CO2 emission rates from litter decomposition to 
the different treatments.

Materials and methods

Study region

Plant litter and soil samples were collected from a site in the 
Greater Hing’an Mountains permafrost peatlands in northeastern 
China (52.56 °N, 122.51 °E, 467 m a.s.l.). The region has a cool 
temperate continental monsoon climate. The mean annual 
temperature and precipitation at the study site over the last 
30 years were −3.9°C and 452 mm (Song et al., 2018), respectively. 
The vegetation of the study site is relatively simple, including the 
shrubs Betula fruticosa, C. calyculata, and V. uliginosum, 
Cyperaceae Eriophorum vaginatum, and bryophyte Sphagnum 
palustre (Zhang, X. H. et al., 2022). In this study, we selected the 
litter of the evergreen shrub C. calyculata and deciduous shrub 
V. uliginosum to study the effects of different temperatures and 
different locations on the early decomposition of peatland litter in 
permafrost regions.
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Sample collection and incubation

Six 20 × 20 m plots were randomly selected in the peatland. 
Within each sample plot, five peat cores (10 cm inner diameter) 
were randomly collected in the 0–10 cm soil layer in early 
September 2021. The soil samples were air-dried after removing 
the plant roots, and all the samples were mixed evenly and passed 
through a 2 mm sieve. The fresh litter was collected by gently 
shaking the shrubs. For each species, the plant litter that was 
sampled from the different plots was mixed well, oven-dried at 
65°C, and divided into two subsamples. One subsample was used 
for the incubation experiments, and the other subsample was oven 
dried to a constant weight at 65°C to determine the moisture 
content and milled to pass through a 0.15 mm sieve for chemical 
analysis (the C, N, P, and phenolic initial content) (Table 1).

The litter decomposition C emission rate was determined by a 
laboratory incubation experiment (Gao et al., 2022). For each litter 
treatment, a cylindrical culture bottle (12 cm in diameter and 16 cm 
in height) was filled with 80 g of dry soil at the bottom, and the dry 
soil was adjusted to 60.0% of the maximum water-holding capacity 
in the field with 0–10 cm of pore water from the peatlands. The 
location of the litter (5 g) in the soil was divided into two treatments: 
at the soil surface (no-mixing) and fully mixed with the soil (soil-
litter mixing). To prevent the litter from absorbing soil water, the 
litter was soaked with pore water in advance until it was saturated. 
Then, it was cultivated in the dark at 15°C (control) and 20°C 
(warming) for 124 days, which represents the average temperature 
of the growing season from May to September (13°C) and July 
(18°C) at the sampling sites, respectively. In total, there were 40 
microcosm samples (2 litter treatments × 2 incubation 
temperatures × 2 litter locations × 4 replicates). During the 
incubation period, to maintain a constant microcosm sample 
moisture, water supplementation was carried out by weighing the 
samples every 7 days. The frequency of the sampling was increased 
at the beginning of the incubation period because the high C content 
that was available at the beginning of the decomposition of the litter 
contributed to a high respiration rate for the microorganisms (Mao 
et al., 2018; Gao et al., 2022). Additionally, a gas-tight syringe was 
used to collect 30 ml of the sample gas on days 1, 2, 4, 7, 11, 17, 24, 

34, 44, 64, 84, 104, and 124 of the incubation. The bottles were closed 
tightly, the plastic cap was fitted with the pumping port for 24 h 
before pumping, and they were open for the rest of the incubation 
time. The analysis of the sample CO2 concentration in the syringes 
was conducted within 24 h using an Agilent 7820A gas 
chromatograph (Agilent Technologies, Carpinteria, CA, 
United States). The CO2 release rate was calculated as described by 
Robertson et al. (1999). After the incubation, the litter was collected 
and its C, N, P, and phenolic compound contents were measured.

Sample analysis

We used 5 g of fresh soil to determine the potential activity of 
four hydrolytic enzymes β-1,4-glucosidase (βG, EC 3.2.1.21), 
β-1,4-xylosidase (βX, EC 3.2.1.37), β-D-1,4-cellobiosidase (CBH, 
EC 3.2.1.91), and β-1,4-N-ace-tylglucosaminidase (NAG, EC 
3.2.1.14) and the oxidative enzyme laccase (EC 1.10.3.2). The 
enzymes, βG, βX, CBH, and NAG were assayed using 
4-methylumbelliferone (MUB)-β-D-glucoside, 4-MUB-β-D-
xyloside, 4-MUB-β-D-cellobioside, and 4-MUB-N-acetyl-β-D-
glucosaminide, respectively, as the specific substrates. The 
hydrolases were analyzed using a black 96-well microtiter plate. 
Briefly, under the different treatments, 5 g of soil was mixed with 
150 ml of 50 mM sodium acetate buffer (pH 5.5) in a high-speed 
stirrer for 10 min. Then, 4-MUB (10 mM) was used as a standard 
solution. Next, using an 8-channel electronic pipette, we added 
200 μl of the soil suspension and 50 μl of sodium acetate buffer 
(blank control), 200 μl of the soil suspension and 50 μl of the 
standard solution (quench standard), 200 μl of sodium acetate 
buffer and 50 μl of the standard solution (reference standard), 
200 μl of sodium acetate buffer and 50 μl of enzyme substrate 
(negative control), and 200 μl of the soil suspension and 50 μl of 
enzyme substrate (sample controls). After completion, the 
microplates were incubated in the dark at 25°C for 4 h. 
Subsequently, 10 μl of 0.5 mol L−1 NaOH solution was added to 
each well to stop the reaction. The fluorescence values of each well 
were measured using a Multi-Detection Microplate Reader 
(CYTATION 5, BioTek, United  States) with excitation and 
emission wavelengths of 365 mm and 450 mm, respectively. The 
activity of phenol oxidase was estimated using 2,2-azino-bis 
(3-ethylbenzthiazoline-6-sulfonic acid) as a substrate. 
Furthermore, estimation of the potential laccase activity for 
promoting polyphenol degradation was conducted on 96-well 
transparent microtiter plates. Each assay microplate also contained 
a sample well (50 μl of the substrate solution and 200 μl of the soil 
suspension), blank well (200 μl of the soil suspension and 50 μl of 
the sodium acetate buffer), and negative control (200 μl of sodium 
acetate buffer and 50 μl of the substrate solution). The plates were 
incubated at 20°C in darkness for at least 2 h (Rinkes et al., 2013). 
Also, the activity was quantified by measuring the absorbance at 
420 nm using a Multi-Detection Microplate Reader (BioTek; 
Eichlerova et al., 2012), and the enzyme activities were expressed 
in nmol h−1 g−1.

TABLE 1  The initial quality of the Chamaedaphne calyculata and 
Vaccinium uliginosum litter.

Parameter C. calyculata V. uliginosum

C content (mg g−1) 533.14 ± 1.16a 492.00 ± 1.75b

N content (mg g−1) 3.80 ± 0.15b 5.30 ± 0.16a

P content (mg g−1) 0.49 ± 0.01b 1.42 ± 0.02a

C/N ratio 140.21 ± 5.90a 92.88 ± 2.50b

C/P ratio 1076.57 ± 26.98a 344.29 ± 3.98b

N/P ratio 7.69 ± 0.46a 3.70 ± 0.05b

Phenolics content 

(mg g−1)

21.02 ± 1.49b 25.81 ± 0.53a

The numbers are the mean ± standard deviation (n = 4). The letters represent different 
means (p < 0.05).
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To measure the extractable phenolic content of each plant 
litter sample, the Folin–Ciocalteu method was used to determine 
the phenolic concentration (Bärlocher et al., 2020). We put 0.2 g 
of the litter into a 50 ml centrifuge tube, added 30 ml of 95% 
methanol solution, and sonicated it at 540 W and 40–50°C for 
30 min, three times. The extracts were combined, and they were 
centrifuged at 5000 r/min for 15 min, 0.2 ml of supernatant was 
transferred to a 10 ml centrifuge tube, 4.8 ml of deionized water 
was added and it was shaken well, 0.5 ml of Folin-Ciocalteau’s 
reagent and 1.5 ml of Na2CO3 were added, and the sample was 
mixed thoroughly and incubated at 30°C for 2 h. The same 
procedure was applied to 10 mg/ml of gallic acid standard to 
produce a standard curve. The absorbance values were measured 
at 760 nm.

The total carbon (TC) and nitrogen (TN) were measured on a 
TC-TN analyzer (Shimadzu, Tokyo, Japan). To determine the 
concentration of Phosphorus (TP), the litter samples were digested 
at 365°C in concentrated H2SO4 and an AA3 continuous flow 
autoanalyzer (Seal AA3 Analytical, Norderstedt, Germany) was used.

Statistical analysis

The effects of the experimental warming, different vegetation 
litter, different locations, and their interaction effects, were 
analyzed using a repeated measures analysis of variance and IBM 
SPSS Statistics 20, with the sampling date as a random effect. This 
was followed by Tukey’s comparison test, which was used to 
compare the difference in the means of the litter’s chemical 
properties. Additionally, a new method, relative weights, was used 
to quantify the relative contributions of the NAG, litter 
stoichiometry, phenolics, laccase, and carbon cycle enzymes to the 
CO2 emission rate. This approach approximates the average 
increase in R2 (coefficient of determination), which is obtained by 
adding a predictor variable to allthe possible submodels (LeBreton 
and Tonidandel, 2008), and it has been used in recent analyses 
(Chen et al., 2021). In this study, a principal component analysis 
(PCA) was used to reduce the number of variables that were tested 
(Cardenas et al., 2015). The PCA was performed on the βG, CBH, 
and βX enzyme activities and the litter C, N, P, C/N, C/P, and N/P, 
and their final scores were used as variables for the relative weight 
analysis of the carbon cycle enzymes and litter stoichiometry, 
respectively.

Results

Effects of warming and the litter 
positions on the CO2 emissions

The warming and litter positions and their interactions 
significantly affected the CO2 emission rates (p < 0.05; Figure 1; 
Table 2). Warming induced significant increases in the CO2 

emissions of C. calyculata and V. uliginosum, which were 19.9 
and 17.4% (p < 0.05), respectively, relative to the control 
treatment (Figure 1; p < 0.05). When compared to the soil-litter 
mixing treatment, the CO2 emission rates of C. calyculata and 
V. uliginosum were reduced (not significantly) by 1.5% 
(p > 0.05) and increased by 13.6% (p > 0.05), respectively 
(Figure 1). It was also observed that warming-induced positive 
effects on the CO2 emission rates were significantly negatively 
regulated by the litter positions of the observed species 
(Figure  1; Table  2; p < 0.05). The CO2 emission rate of 
C. calyculata under the warming treatment was significantly 
27.4 and 13.1% higher than that of the control in the no-mixing 
and soil-litter mixing treatments, respectively (p < 0.05; 
Figure 1). Then, in the no-mixing treatment, the CO2 emission 
rate of V. uliginosum under the warming treatment was, on 
average, 2.99 ± 0.16 C kg−1 h−1 mg higher than that of the control 
(p < 0.05) but this significant difference, which was induced by 
warming, disappeared in the soil-litter mixing treatment 
(p > 0.05; Figure 1). Overall, compared with no-mixing, soil-
litter mixing decreased the sensitivity of the litter CO2 emission 
rate to warming but the decreases for V. uliginosum were higher 
than those for C. calyculata.

Treatment effects on the control factors 
of the CO2 emission rate

Enzyme activities

Warming increased the enzyme activities of βG, βX, CBH, 
and NAG for C. calyculata by 69.1 (p < 0.05), 26.9 (p > 0.05), 
164.5 (p < 0.05), and 66.2% (p < 0.05) relative to the control but 
laccase decreased by 20.0% (p > 0.05; Figure 2). The responses 
of the enzyme activities to warming were regulated by the litter 
positions. In the no-mixing treatment, warming significantly 
increased the activities of βG and CBH for C. calyculata 
(p < 0.05; Figure 2). The increase in the βG and CBH activities 
due to warming under the soil-litter mixing treatment was less 
than that of the no-mixing treatment (Figure 2). In contrast to 
βG and CBH, which warmed slightly, and NAG which 
increased in the no-mixing treatment (p > 0.05), significant 
increases were observed in the soil-litter mixing treatment 
(p < 0.05; Figure 2). Additionally, the activities of laccase and 
βX for C. calyculata showed non-significant changes with 
warming under the no-mixing and soil-litter mixing treatments 
(p > 0.05; Figure 2).

The enzyme activities of βG, CBH, and NAG for 
V. uliginosum were, on average, 24.5 (p < 0.05), 57.9 (p < 0.05), 
and 16.3% (p > 0.05) lower, respectively, in the warmed treatment 
than in the control treatment but increases were observed for βX 
and laccase, which increased by 10.8 (p > 0.05) and 25.6%, 
respectively (p < 0.05; Figure 3). The sensitivity of the enzyme 
activities to warming varied with the litter positions. Warming 
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induced significant increases (and insignificant reductions) in 
laccase (βG and CBH) for V. uliginosum in the no-mixing 
treatment but this significant difference was not detected in the 
soil-litter mixing treatment (Figure 3; p > 0.05). Both NAG and 
βX showed insignificant (p > 0.05) changes in response to 
warming under either the no-mixing or soil-litter mixing 
treatments (Figure 3).

Chemical properties of the litter

Compared with the control treatment, warming decreased the 
C concentrations, C/N, C/P, N/P, and phenolics of C. calyculata by 
2.9 (p > 0.05), 16.6 (p > 0.05), 18.2 (p > 0.05), 1.0 (p > 0.05), and 
22.1% (p > 0.05), respectively, and increased the N and P 
concentrations by 10.8 (p > 0.05) and 11.9% (p > 0.05), respectively 
(Table 3). The warming effects on the chemical properties differed 
under the different litter positions. Warming significantly 
increased the N and P concentrations of C. calyculata (p < 0.05) 
and significantly decreased the C/N, C/P, and phenolics of 
C. calyculata in the no-mixing treatment (p < 0.05), whereas 
significant responses were not observed in the soil-litter mixing 
treatment (Table 3). Additionally, warming did not significantly 
alter the C concentrations of C. calyculata in the no-mixing 
treatment (p > 0.05) but significant decreases were found in the 
soil-litter mixing treatment (p < 0.05; Table 3). Also, N/P did not 
show significant changes in response to warming in comparison 

A B

C D

FIGURE 1

The dynamic CO2 emissions rate for the C. calyculata (A,B) and V. uliginosum (C,D) litter decomposition under warming and treatments with 
different positions. On each solid line, the shading around the points represents the mean ± standard deviation (n = 4 replicates). The panel inset 
shows the average CO2 emission rate throughout the incubation period, under the different treatments (the different letters in the insets represent 
statistical differences (p < 0.05) based on a Tukey’s multiple comparison test).

TABLE 2  A repeated measures analysis of variance shows the effects 
of climate warming and litter location and the interactions between 
them on the CO2 emission rates from the different plant litter  
(C. calyculata and V. uliginosum).

C. calyculata V. uliginosum

DF F-value P DF F-value P

Position 1 0.93 0.352 1 32.56 <0.001

Warming 1 134.44 <0.001 1 51.88 <0.001

Position × Warming 1 14.76 0.002 1 39.81 <0.001

DF, Degrees of freedom. Significant (p < 0.05) values are presented in bold.
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to the control under both the no-mixing and soil-litter mixing 
treatments (p > 0.05; Table 3).

The C concentrations, C/N, C/P, and phenolics of 
V. uliginosum were, on average, 5.1 (p > 0.05), 15.8 (p > 0.05), 9.0 
(p > 0.05), and 48.6% lower (p > 0.05), and the N concentrations, P 
concentrations, and N/P were 13.5 (p > 0.05), 5.2 (p > 0.05), and 
7.5% (p > 0.05) higher, respectively, in the warmed subplots than 
those in the control subplots (Table 3). Overall, the responses of 
the C and N concentrations and phenolics to warming varied with 
the litter positions. Additionally, warming did not induce 
significant changes in the P, C/P, and N/P values when compared 

to those of the control in both the no-mixing and soil-litter mixing 
treatments (p > 0.05), whereas warming significantly decreased 
C/N relative to that of the control under both litter positions 
(p < 0.05; Table 3).

Impacts of the enzyme activities and litter 
chemistries on the CO2 emission rate

We used a PCA and relative weight analysis to explore the 
correlation between the CO2 emission rate and soil enzymes and 

A B

C

E

D

FIGURE 2

The responses of the potential enzyme activities of C. calyculata to warming under the no-mixing and soil-litter mixing treatments. The enzymes 
are (A) β-glucosidase (βG), (B) Cellobiohydrolase (CBH), (C) β-xylosidase (βX), (D) N-acetyl-glucosaminidase (NAG), and (E) Laccase. The values are 
the mean ± standard deviation of each treatment (n = 4). The different letters indicate significant differences (p < 0.05) in the enzyme activities under 
the different treatments.
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litter chemistries. Our analyses showed that the enzyme activities 
of βG, βX, and CBH were positively and significantly correlated 
with the average rate of CO2 emission from C. calyculata but these 
significant correlations were not observed for the other variables 
(Figure 4). More than 60.0% of the variability in the CO2 emissions 
from C. calyculata can be explained by the enzyme activities of βG 
and CBH when using the relative weight analysis (Figure 4). In 
contrast to C. calyculata, laccase and the phenolic compounds 
exerted significant negative effects on the CO2 emission rate of 
V. uliginosum, and the remaining chemical indicators were not 

significant (Figure 4). The relative contributions of laccase and the 
phenolic compounds to the CO2 emissions of V. uliginosum were 
35.2 and 38.8%, respectively (Figure 4).

Discussion

It is commonly reported that litter decomposition responds to 
climate warming and its underlying mechanisms when litter is 
located on the soil surface (Hough et al., 2022; Yang et al., 2022; 

A B

C

E

D

FIGURE 3

The responses of the potential enzyme activities of V. uliginosum to warming under the no-mixing and soil-litter mixing treatments. The enzymes 
are (A) β-glucosidase (βG), (B) Cellobiohydrolase (CBH), (C) β-xylosidase (βX), (D) N-acetyl-glucosaminidase (NAG), and (E) Laccase. The values are 
the mean ± standard deviation of each treatment (n = 4). The different letters indicate significant differences (p < 0.05) in the enzyme activities under 
the different treatments.
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Zhang, X. H. et al., 2022). However, this is not always the case. The 
litter can be mixed into the soil due to wind and water movement 
with changes in the peat soil porosity under a warming climate 
(Kechavarzi et al., 2010; Lee et al., 2014). Studies have shown that 
the response of CO2 emissions to soil-litter mixing differs from 
no-mixing (Hewins et al., 2013; Erdenebileg et al., 2018). However, 
in the northern peatland ecosystem, these differences were 
previously unobserved. Our study found that warming and litter 
positions greatly altered the CO2 emission rates of C. calyculata 
and V. uliginosum. More importantly, soil-litter mixing 
significantly restrained the warming-induced positive effects on 
the CO2 emission rates of C. calyculata and V. uliginosum when 
compared to no-mixing. The observed negative effects of the litter 
positions of C. calyculata were stronger than those of 
V. uliginosum. These response processes are mainly attributed to 
the chemical properties of the litter and microcosm soil enzyme 
activities (Figure 5).

Evergreen shrub litter in response to 
warming and the litter positions

The variability in the CO2 emission rates of C. calyculata 
depended on the enzymatic activities. It has been commonly 
observed that warming significantly accelerates litter 
decomposition (Mao et al., 2018; Zhang et al., 2019) and increases 
CO2 release (Gao et al., 2022). Similarly, we found that the CO2 
emission rate of the evergreen shrub was significantly increased by 
warming under the same litter positions. Increases in the CO2 
emission rates in response to warming could be attributed to the 
increased microbial abundance and enzymatic activities of CBH 
and βG (Meyer et al., 2022). Warming can influence enzymatic 
activities in two different ways. First, higher temperatures can 
enhance soil microbial activity and biomass by accelerating the rate 
of microbial metabolism (Chen et al., 2015). Second, decreasing 
labile C with time at higher temperatures leads to increasing C 

A B

FIGURE 4

The relative weights of the effects of the soil enzyme activity and litter chemistry on the rate of CO2 emissions from the C. calyculata (A) and V. 
uliginosum (B) litter under the different treatments. A principal component analysis (PCA) was used, resulting in five explanatory variables: the litter 
stoichiometry, soil carbon cycle enzymes, soil nitrogen cycle enzymes, laccase, and phenolics. The percentages show the relative weight of these 
variables, and coef refers to the standardized regression coefficient. The p-values represent the effects of the explanatory variables on the CO2 
emission rates.

TABLE 3  The effects of warming and the litter positions on the TC, TN, TP, and phenolics contents of the C. calyculata and V. uliginosum litter.

TC (mg g−1) TN (mg g−1) TP (mg g−1) C/N ratio C/P ratio N/P ratio Phenolics (mg g−1)

C. calyculata No-

mixing

Control 523.50 ± 1.66a 6.82 ± 0.60c 0.63 ± 0.04c 77.12 ± 7.04a 832.30 ± 58.90a 10.90 ± 1.73b 6.27 ± 0.45a
Warming 515.67 ± 6.58a 8.36 ± 0.71b 0.81 ± 0.02b 62.05 ± 6.15b 633.56 ± 18.25b 10.26 ± 0.82b 4.71 ± 0.13b

Soil-litter 

mixing
Control 482.47 ± 2.28b 15.35 ± 0.39a 1.15 ± 0.06a 31.43 ± 0.89c 418.71 ± 23.52c 13.31 ± 0.39a 2.20 ± 0.17c

Warming 460.42 ± 4.35c 16.22 ± 0.58a 1.18 ± 0.03a 28.40 ± 0.99c 388.62 ± 14.34c 13.69 ± 0.71a 1.88 ± 0.17c

V. uliginosum No-

mixing

Control 501.08 ± 7.79a 8.93 ± 0.67c 1.04 ± 0.02b 56.30 ± 3.82a 478.19 ± 7.83a 8.51 ± 0.49b 9.21 ± 0.70a

Warming 463.67 ± 7.25b 9.76 ± 0.37c 1.05 ± 0.04b 47.50 ± 1.61b 439.44 ± 16.89ab 9.25 ± 0.23b 4.02 ± 0.59b

Soil-litter 

mixing

Control 464.52 ± 2.75b 15.85 ± 0.67b 1.15 ± 0.07ab 29.34 ± 1.38c 404.10 ± 24.95bc 13.80 ± 1.25a 1.91 ± 0.15c

Warming 451.80 ± 14.66b 18.36 ± 0.51a 1.26 ± 0.14a 24.60 ± 0.57d 363.06 ± 52.72c 14.75 ± 2.08a 1.68 ± 0.15c

The TC, TN, and TP are the contents of the total carbon, total nitrogen, and total phosphorus, respectively. The values in the column with different superscripted letters indicate that 
significant differences exist among the litter species at p < 0.05.
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limitations for the microorganisms, resulting in the production of 
more C-acquiring enzymes at later stages of initiation.

When compared to the no-mixing treatment, soil-litter 
mixing significantly decreased the sensitivity of the CO2 
emission rate of C. calyculata’s litter to warming. This negative 
effect could be because of decreased enzymatic activities driven 
by the litter water content under soil-litter mixing (Zhao et al., 
2021). Our study showed that warming significantly reduced the 
moisture content of the litter by 28.3% when compared to that 
of the control in the no-mixing treatment but no significant 
changes were observed in the soil-litter mixing treatment 
(Figure 6). This could lead to decreases in the sensitivity of βG 
and CBH to warming with soil-litter mixing relative to 
no-mixing, supporting the findings of previous studies. 
Microorganisms in relatively dry litter need to excrete more 
enzymes to obtain sufficient resources to compensate for the 
moisture-limiting effects of warming (Allison et  al., 2010). 
Furthermore, water limitations can increase the fungal biomass 
and, in turn, exert strong impacts on enzyme activities, especially 
in terms of degrading more complex polymers (e.g., cellulose; 
Schneider et al., 2012). Thus, when compared to no-mixing, soil-
litter mixing decreased the response of βG and CBH to warming, 
and, thus, the sensitivity of the rates of the CO2 emissions to 
warming under no-mixing was higher than that under soil-
litter mixing.

Deciduous shrub litter in response to 
warming and the litter positions

The response of the litter decomposition of V. uliginosum 
to warming was attributable to changes in the soluble 
phenolic compounds. In the peatlands, the concept of 
“enzyme latch” is believed to be the main constraint of carbon 
decomposition. The lack of oxygen in water-saturated peat 
inhibits phenol oxidase activity, and, thus, leads to the 
accumulation of soluble phenolic compounds in the peatland, 
which, in turn, interact with proteins and inhibit microbial 
activity (Freeman et al., 2001, 2004). In this study, the relative 
weight was used to determine that the soluble phenolic 
compounds play an important role in driving changes in the 
CO2 emission rate. Further, a significant negative correlation 
was found between the phenolic compound concentrations 
and CO2 emission rates, which is consistent with the findings 
of Fenner and Freeman (2011) in peatland ecosystems. The 
results show that warming significantly reduces the phenolic 
concentration of V. uliginosum’s litter, resulting in higher 
CO2 emissions.

The response of V. uliginosum’s litter decomposition to 
warming varied with the litter positions. Under the no-mixing 
treatment, warming significantly decreased the CO2 emissions 
rate by 38.8% but an insignificant decrease of 1.9% was observed 

FIGURE 5

A mechanism framework for the response of leaf litter decomposition to warming at different positions. The two plants in the left half of the figure 
represent plants C. calyculata and V. uliginosum. The two red dashed boxes, from left to right, represent litter mixed with soil (Soil-litter mixing) 
and litter on the soil surface (No-mixing), respectively. The bar graphs in the right half of the figure shows the average CO2 emission rate 
throughout the incubation period, under the different treatments (the different letters in the insets represent statistical differences (p < 0.05) based 
on a Tukey’s multiple comparison test).
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under-litter mixing. Laccase and the phenolic compounds were 
important factors influencing the decomposition of 
V. uliginosum’s litter (Zhao et al., 2019; Fenner and Freeman, 
2020). The oxidase activities are limited by oxygen under soil-
litter mixing (Ellis et al., 2009), partly counteracting the positive 
response of laccase activity to warming. Thus, compared with 
no-mixing, warming did not significantly increase laccase 
activities under the soil-litter mixing treatment, in turn, leading 
to a stronger response of the phenolic compounds to warming in 
the no-mixing treatment than that in the soil-litter 
mixing treatment.

Differences in the CO2 emission rates 
between the species

Litter quality is considered to be an important factor that 
directly affects the decomposition rate at the regional and global 
scales (Aerts, 1997). It is commonly accepted that litter with 
high N concentrations and low C/N is easily decomposed 
(Hong et al., 2021). The tissue N content is a major factor that 
controls the rate of litter decomposition on a global scale, and 
the rate of decay of the soil organic matter is usually positively 
correlated with the effectiveness of N (Zhang et  al., 2008). 

Decomposers tend to increase following relatively strict 
stoichiometric requirements (Cleveland and Liptzin, 2007), and 
higher litter quality (low C/N) will support a higher total 
microbial biomass and, correspondingly, have more bacteria 
(Bray et  al., 2012). In high N litter, more resources may 
be allocated to C-acquiring enzymes such as cellulases, resulting 
in higher C decomposition rates in low C/N litter (Tan et al., 
2020). In this study, we  found that the deciduous shrub of 
V. uliginosum had higher N content and lower C/N than those 
of the evergreen shrub C. calyculata. These differences resulted 
in the CO2 emission rate of V. uliginosum being significantly 
higher than that of C. calyculata. Similarly, the observations of 
the decomposition of two dominant plants in a typical alpine 
tundra ecosystem showed that low N content and high C/N 
resulted in lower decomposition rates and soil respiration 
(Zhang, Y. J. et al., 2022).

Conclusion

Based on a 124-day incubation experiment, this study 
focused on the differences in the response of evergreen and 
deciduous shrub litter to warming, litter positions, and their 
interactions. Warming and litter positions significantly altered 

FIGURE 6

The moisture content of C. calyculata (square) and V. uliginosum (circle) litter at the end of the incubation. The letters represent significant 
differences among the four treatments (Bonferroni multiple comparison tests, p < 0.05). The error bars indicate the standard deviation.
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the CO2 emission rates of C. calyculata and V. uliginosum. More 
importantly, soil-litter mixing significantly restrained the 
warming-induced positive effects on the CO2 emission rates of 
C. calyculata and V. uliginosum when compared to no-mixing. 
The observed negative effects of C. calyculata were stronger than 
those of V. uliginosum. Exploring different plant leaf litter in 
peatland ecosystems in response to warming and decomposition 
positions may help broaden our understanding of the 
contribution of peatland ecosystems to terrestrial C sinks. There 
is also a need to expand this work from the laboratory to the 
field to confirm these laboratory-based findings in 
future research.
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The Tibetan Plateau (TP), known as the third pole, is the highest plateau in the world.

It has numerous wetlands, which are important ecological security barriers and plays

an important role in mitigating global climate change. This paper employed breaks

for additive seasonal and trend (BFAST) algorithm for the mutation detection of

the monthly normalized difference vegetation index (NDVI) in wetlands. In addition,

correlation analysis and residual analysis were used to study the response of climate

change and human activities to NDVI of alpine wetland vegetation in the TP during

2000–2015. The results indicate that the NDVI showed a weak upward trend of

0.009/10a (P < 0.05) with the climate presenting a trend of dry heat development.

The NDVI of the growing season was greatly affected by temperature factors with

the highest correlation coefficient of 0.686 (P < 0.01). The temperature in the month

before and solar radiation in the 3 months before also presented a time lag effect on

NDVI, and their correlation coefficients were 0.574 (P < 0.05) and 0.636 (P < 0.05),

respectively. Additionally, human activities may have a positive impact on the wetland

after 2008. This study explored, for the first time, the NDVI variations of the dynamic

wetland and their correlations with temperature, precipitation and solar radiation.

KEYWORDS

NDVI, climate change, human activities, the Tibetan Plateau, BFAST, correlation analysis

1. Introduction

With the process of global warming, ecosystems are affected by more and more natural
and human factors. Studies have shown that climate variation can change vegetation coverage
(Timoney et al., 2019; Wen et al., 2019; Rezaei and Gurdak, 2020; Goodwin et al., 2021). The
Tibetan Plateau (TP) is an eco-sensitive area to climate change (Wei and Wu, 2021). Wetlands
provide immense storage of carbon that, if released with climate shifts, could accelerate those
changes (Mitsch et al., 2009). Climate change threatens terrestrial water storage and Himalayan
plant species over the TP (Salick et al., 2014; Li et al., 2022). As the third pole, the TP has the
largest wetland area in China, which may significantly affect the TP’s vegetation (Yuan et al.,
2014; Wang et al., 2020). The threat of climate change is considered to be a major factor that
can affect the function and biogeochemistry of wetlands (Salimi et al., 2021). In the case of
the Alpine wetland, it is vulnerable to low temperatures, strong evapotranspiration, large direct
radiation and special ecological environments (including glaciers, frozen soils, deserts, meadows,
etc.) (Kraaijenbrink et al., 2017; Dakhil et al., 2019; Wei and Wu, 2021).
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Although the response of vegetation to climate change has
become a hot topic of the research of the TP, most of them focus on
grassland or forest ecosystems (Ding et al., 2013; Yi et al., 2014; Sun
et al., 2016; Wang et al., 2016; Dakhil et al., 2019; Xiong et al., 2019).
Therefore, in the context of climate variation, clarifying the response
of wetland vegetation to climatic change in the TP is crucial.

For the study of wetland vegetation on the TP, Shen et al. (2022)
(Kun et al., 2020) found that vegetation growth was influenced by
temperature and precipitation, but the limitation is that the wetland
extent in their research was fixed. A study (Xue et al., 2018) revealed
that the wetlands on the TP have started to deteriorate. About 6.4%
of their area has been lost from the 1970s to 2010s. In fact, wetland
space is dynamic and changing. With this in mind, we discussed the
vegetation cover status of the changing wetlands year by year.

For meteorological research, we not only discussed temperature
and precipitation like others (Wang et al., 2011; Guo et al., 2014;
Jiang et al., 2017; Shen et al., 2022), but also added solar radiation.
The TP has abundant solar energy resources because of its high
elevation (Wang and Qiu, 2009). Solar radiation plays a critical
role in hydrological cycling, vegetation growth, climate, weather
change, and so on (Yaghoubi and Sabzevari, 1996; Zhou et al.,
2010; Yue and Huang, 2011; Colak et al., 2013). What’s more,
scholars have studied the time-lag effect of climate (Bao et al.,
2014; Diao et al., 2021; Zuo et al., 2021). Richard and Poccard
(1998) and Zhe and Zhang (2021) used correlation coefficients to
investigate the relationship between climate and the Normalized
Difference Vegetation Index (NDVI), attesting a time response of
the current and previous months. Guo et al. (2014) also found
the time-lag effect of NDVI response to climate change, while
the study area was in the semiarid region of the TP. Currently,
the time-lag effects are still poorly understood in alpine wetland
vegetation.

The alpine wetland vegetation is facing more severe and variable
climatic conditions as well as complex ecosystems. In this study,
monthly NDVI data and various meteorological data from 2000 to
2015 were used to analyze the vegetation greenness of the wetlands
in the TP for a long time series by the breaks for additive seasonal
and trend (BFAST) model and other methods. The main objective
of our investigation has been to reveal the tipping points (Lenton,
2013) of wetland greenness and climate in the new century, and
to explain the extent of climate change and human activities on
alpine vegetation. In addition, the time-lag effects of alpine vegetation
on climate variables can be further discussed by investigating the
temporal pattern in NDVI of the vegetation growing season. This
research is expected to provide scientific reference for vegetation
protection, ecological management and rational development in this
area under the background of climate change.

2. Materials and methods

2.1. Study area

The Tibetan Plateau (26◦ 00′ 12′′ N∼39◦ 46′ 50′′ N, 73◦ 18′ 52′′

E∼104◦ 46′ 59′′ E) is located in the southwest of China (Figure 1),
about 2,945 km long from east to west and 1,532 km long from north
to south (Chen et al., 2021). Due to its high elevation, this region
has quite cold winters, mild summers and large diurnal temperature
variations (Xiong et al., 2019) and the solar radiation of the TP is

relatively high (Zhou et al., 2010). The annual average temperature
is approximately between −5 and 8◦C (Xin et al., 2008; Wang and
Han, 2012). The inter-annual variation in temperature on the TP is
small but the diurnal variation is large (Kirillin et al., 2021; Zhang
et al., 2021). Known as the water towers of Asia (Yao et al., 2022),
however, most of the TP is an arid and semi-arid region with not
much precipitation (Zhang et al., 2000). The annual precipitation on
the TP is about 400 mm, and there are significant seasonal differences
in precipitation (Wang and Han, 2012; Wang et al., 2021). Spring
and winter are the driest seasons on the annual scale. The main
land use type in the area is grassland, followed by forest (Tang et al.,
2018).

2.2. Data

Land use data (Xu et al., 2021) were obtained through Google
Earth Engine (GEE) platform with a spatial resolution of 30 m. The
User‘s Accuracy (UA) of wetland for this data set is higher, with UA of
71.06%, compared with datasets like Globeland30, FROM-GLC, and
GLC-FCS30 (UA of 52.23, 29.25, and 47.17%, respectively). What’s
more, the kappa coefficient for Asian reached 0.72 and the UA for
the land use type of wetland reached 76.09%. In this paper, we yearly
extracted the wetland and water body data from 2000 to 2015 as a
mask for analyzing NDVI changes.

The vegetation index can reflect the vegetation cover, among
which, NDVI is the best indicator to reflect the vegetation growth
condition and vegetation cover. In this paper, the continuous time
series SPOT/VEGETATION NDVI satellite remote sensing data were
used to synthesize the 10 days NDVI data into monthly data by using
the maximum-value composition (MVC) (Holben, 1986) technique,
and was free downloaded from the Resource and Environment
Data Cloud Platform, Chinese Academy of Sciences1 with a 1 km
resolution from 2000 to 2015 (Xu, 2018). In order to avoid the
interference of non-vegetation information on the alpine wetland
vegetation NDVI with reference (Yu et al., 2012; Ding et al., 2013;
Kun et al., 2020) to the previous vegetation NDVI thresholds on
the TP, the data in this research must meet certain requirements
as follows: (1) the average value of NDVI in April-September shall
be more than 0.10; (2) the value of NDVI shall exceed than 0;
(3) the average value of NDVI in winter shall be less than 0.4; (4)
June to October was selected as the length of growth season (LOG)
for analyzing whether there is a hysteresis response of NDVI to
climate.

The meteorological data used were monthly precipitation (Peng,
2020), temperature (Peng, 2019), and solar radiation (Feng and
Wang, 2020) data from 2000 to 2015 from the National Tibetan
Plateau/Third Pole Environment Data Center.2 The spatial resolution
of precipitation data and average temperature data is 1 km, and the
resolution of solar radiation data is 10 km. For further comparing
the impacts of seasonal climate factors on NDVI, we calculated
the average values of climate factors during spring (March, April,
and May), summer (June, July, and August), autumn (September,
October, and November), and winter (December, January, and
February).

1 http://www.resdc.cn

2 http://data.tpdc.ac.cn/zh-hans/
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FIGURE 1

Location of the study area.

2.3. Methodology

2.3.1. Mutation detection
For this study, the BFAST algorithm was used to analyze the

abrupt change characteristics of vegetation greenness in alpine
wetlands between 2000 and 2015. BFAST was first proposed in 2010
to make vegetation disturbance identification well in remote sensing
data identification (Verbesselt et al., 2010b), and now the algorithm is
used in several fields (Wang et al., 2014; Fang et al., 2018; Gholamnia
et al., 2019), including climate analysis, hydrological analysis, and
economic analysis. In this study, the BFAST package in R statistical
software is used to obtain the tipping points of monthly NDVI of
wetlands on the TP from 2000 to 2015, which can provide an analysis
of the effect of climate anomalies on vegetation greenness and also
help to research whether there is a lag period in the effect of climate on
vegetation greenness. Formula is as follows (Verbesselt et al., 2010a):

Yt = Tt + St + et (t = 1, ..., n) (1)

where Yt is the observed data at time t; Tt is the fitted trend
component; Stis the fitted seasonal component; et is the remainder
component; n is the total number of observed data. The BFAST
procedures (Watts and Laffan, 2014) use a parameter known as h
to determine the maximum number of breaks in the data set. This
parameter can help in detecting trend changes. Following their work
and the recommendations by Verbesselt et al. (2010b) and Fang et al.
(2018), we hypothesized that the minimum interval between adjacent
abrupt changes was approximately 2 years within a 16-year time series

(2000–2015) in this study, therefore, h = 0.13 was used. Besides, the
“harmonic” seasonal model was chosen for natural vegetation, while
the “dummy” model is often used for cropland (Verbesselt et al.,
2010a).

What’s more, based on the correlation between climate and
NDVI, we used the Mann–Kendall mutation test (Kendall, 1938;
Shadmani et al., 2012) to calculate the tipping points in meteorology
and verify the wetland vegetation changes in response to climate
change.

2.3.2. Correlation analysis
Pearson’s correlation coefficients were calculated for examining

the relationship between NDVI (during vegetation growing season,
from June to October) and precipitation, average temperature, solar
radiation in the current month, the first month before, the first
2 months before and the first 3 months before. This research used
this common method of testing correlation to analyze the time lag
effect of vegetation response to climate. The calculation steps are as
follows (Xiong et al., 2019):

r =
cov(x, y)√

cov(x, x)cov(y, y)
(2)

where r is the linear correlation coefficient; cov is the covariance;
x is the NDVI value; y is the precipitation (mm), temperature (◦C),
or solar radiation (W/m2). The value of r ranges from −1 to l, and
the larger the absolute value, the higher the degree of correlation.
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If r < 0, it indicates that the index promotes NDVI; otherwise,
it inhibits NDVI.

2.3.3. Residual analysis
One of the most important factors that can affect the vegetation

of a region is climate change. The residual analysis method can
also separate the effects of human activities from those caused by
environmental changes (Evans and Geerken, 2004). The predicted
value of NDVI is fitted by meteorological factors, which is the amount
of climate change impact. The difference between the calculated value
and the true value of NDVI can be considered as the influence of
human factors. This method is called residual analysis and has been
widely used (Herrmann et al., 2005; Higginbottom and Symeonakis,
2014; Fernández-Giménez et al., 2017; Jiang et al., 2017; Chu et al.,
2019). It can be presented using the following equation:

ε = NDVIreal−NDVIpre (3)

where ε is the NDVI residual; NDVIreal is the true value of NDVI;
NDVIpre is the predicted value of NDVI. If ε > 0, it indicates that
human activities have a positive impact; If ε < 0, it indicates human
activities produce negative effects; if ε = 0, indicating that the
impact of human activities is relatively weak. If the residuals trend is
significant, the NDVI variations can be explained by human activities
(Jiang et al., 2017; Chu et al., 2019).

3. Results

3.1. Analysis of vegetation greenness
changes in alpine wetlands

As shown in Figure 2, the NDVI of wetland vegetation in the TP
was relatively small and changed gently until May, generally between
0.1 and 0.2. After May, the surface vegetation in the region increased
rapidly, reaching a maximum in July and August. Then, it gradually
decreased and dropped below 0.2. It can be seen that the growing
season of wetland vegetation in the TP was more consistent with
the description of vegetation in this region starting to germinate and
grow in May and dying off by mid-late October in other article (Ding
et al., 2013), indicating that the NDVI reflection of plant growth
is consistent with other observations. Comparing Figures 2A, B
the month-by-month trend of NDVI was approximately the same,
but during the vegetation growing season, the values of NDVI
in the wetland were significantly higher than the overall regional
NDVI values. This may be due to the fact that a large area of
the TP is covered with grassland vegetation, and wetlands have
relatively sufficient water compared to arid grassland ecosystems,
which promotes the growth of vegetation in wetland (Piao et al.,
2007).

For interannual variability, the study found that the area of
wetlands was constantly undergoing changes, from 1,069.16 in 2000
to 1,100.49 km2 in 2015, increasing year by year. Not only the increase
in wetland area, but also the increase of NDVI within the wetland
area. The monthly NDVI values of wetlands in the TP from 2000 to
2015 were examined according to the BFAST model method, and in
the overall time series analysis, the NDVI values showed an overall
increasing trend. The trend was detected in the trend term, in which
a tipping point was observed between 2013 and 2014 (Figure 3).
Original time series (Yt) and seasonal component (St) showed cyclic

regular changes, indicating that vegetation is suitable for long-term
monitoring and research. The dashed line in Tt represents the times
of abrupt change in NDVI in the trend components. There was one
break, which was in 2013 with the largest magnitude (−0.013). Time
of the biggest change detected in the trend component was 165th
data, corresponding to September in 2013, and the broad time range
was from February 2013 to January 2014.

It can be seen from Figure 4 that the annual mean NDVI of alpine
wetland vegetation also showed a weak upward trend of 0.009/10a
(P < 0.05). The mean NDVI in spring, summer and autumn also
increased, on the contrary, the mean NDVI in winter showed a
downward trend. This is also consistent with the NDVI change of
the entire TP (Sun and Qin, 2016). The mean NDVI in autumn and
winter varied greatly with R squared values of 0.01573 and 0.07625,
respectively, and p values of 0.6435 and 0.3005, respectively. The
mean NDVI values in spring (P < 0.01) were smaller than those
in summer (P < 0.01), implying that the response of vegetation to
climate may not be as pronounced. Summer is in the vegetation
growing season, therefore, the reliability of this paper in studying
the relationship between climatic factors and NDVI by using the
vegetation growing season is further verified.

3.2. Analysis of climate change
characteristics

There is no doubt that the climate in the TP has changed under
the condition of global warming. The interannual and seasonal trends
of temperature, precipitation and solar radiation in the wetlands of
the TP from 2000 to 2015 are shown in Figure 5, and Table 1 shows
the statistical interannual and seasonal climate tendency rates of these
meteorological elements.

The annual mean temperature of the wetlands was similar to the
spring and autumn mean temperatures (all of them were around
0◦C), displaying an increasing trend with a climatic tendency rate
of 0.04, 0.27, and 0.13◦C/10a, respectively. In contrast, the mean
temperature in summer and winter showed a decreasing trend
with a faster decrease in winter (−0.52◦C/10a). In general, the
warming in spring and autumn contributed more to the annual mean
temperature change, giving a slightly increasing trend.

Precipitation was less in 2002, 2006, and 2015, not exceeding
130 mm, with more pronounced fluctuations. In general, it
represented a decreasing trend with a climatic tendency rate
of about −1.83 mm/10a. Except for summer, seasonal changes
in precipitation could be seen as an overall decreasing trend,
only with slightly different magnitudes, with the fastest decrease
in spring (−1.67 mm/10a) and the slowest decrease in autumn
(−0.14 mm/10a). Rainfall in winter was scarce, with a multi-
year average of 4.75 mm, and also showed a decreasing trend
(−0.3 mm/10a). Summer showed a slightly increasing trend with
a climatic tendency rate of 0.27 mm/10a. Although precipitation
in summer was an increasing trend, the increase was small and
much less than the decrease in precipitation in other seasons. It
is worth mentioning that the variation in precipitation was greater
than the variation in temperature in each season, which may be
due to changes in the monsoon system in East Asia (Wang et al.,
2011).

Solar radiation displayed an increasing trend with a climatic
tendency rate of about 2.27 W/m2/10a. Unlike the seasonal overall
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FIGURE 2

The multi-yearly seasonal variation for (A) averaged normalized difference vegetation index (NDVI) of wetland and (B) averaged NDVI in the TP.

FIGURE 3

Breaks for additive seasonal and trend (BFAST) breakdown of normalized difference vegetation index (NDVI) time series for the 2000–2015 period for
alpine wetland vegetation in TP.

decreasing trend in precipitation, the seasonal differences in solar
radiation were more pronounced. There was a decreasing trend in
autumn (−0.68 W/m2/10a) and winter (−0.99 W/m2/10a). Solar
radiation exceeded 250 W/m2 in both spring (1.51 W/m2/10a) and
summer (2.42 W/m2/10a), and contributed more to the annual solar
radiation variation.

In summary, the trends of the three meteorological elements
show that climate change in the alpine wetlands of the TP had a
tendency to develop toward dryness and heat.

3.3. Correlation analysis of NDVI and
climatic factors

There is a correlation between climate and NDVI, which may
be due to a certain degree of lag of vegetation growth on climate
environment. For example, in case of heavy snowfall in winter or
extreme drought in summer, the climate change in 1 month might
affect the vegetation growth in the next month. The study found that
the monthly average temperature, precipitation, and solar radiation
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FIGURE 4

The change trend of normalized difference vegetation index (NDVI) of alpine wetland vegetation from 2000 to 2015.

of the wetlands in the TP from 2000 to 2015 were correlated with the
monthly NDVI, and the results are shown in Table 2.

As seen in Table 2, the NDVI of alpine wetland vegetation in the
TP was more influenced by the temperature factor, with the highest
correlation coefficient of 0.686 (P < 0.01). The temperature of the
current month and the temperature of the previous month were both
strongly correlated with the NDVI of the growing season month. For
correlation coefficients ranging from 0.6 to 0.8, it indicated that the
recent temperature factor of the vegetation growing season positively
influenced the NDVI. And from Figure 6, we can get that the value
of the real NDVI was higher than the value of linear regression when
the temperature of the month before the growing season is higher
than 10◦C or lower than 8◦C.

In contrast to the temperature factor which was greatly affected
by the current month, the effect of solar radiation on vegetation was
greater as time goes forward. The effect of solar radiation on NDVI
was greater in the third month ahead than in the other times, reaching
0.636 (P < 0.01), which was a positive correlation (Figure 6C). The
effect of solar radiation on NDVI was weaker or even uncorrelated at
other times.

Precipitation in the month prior to the growing season had a
greater effect on NDVI than precipitation in the current month, but
the influence was not as strong as temperature and solar radiation,
reaching only 0.574 (P < 0.01), which is a moderate correlation. This
is consistent with Wang et al.’s (2011) study, where the correlation
of mean temperature influenced the variation of NDVI on a long
time scale. It can be seen from the relationship between NDVI in
the growing season and the precipitation of the previous month
(Figure 6B) that the higher the precipitation, the better the vegetation
growth.

The relationship between precipitation, temperature, solar
radiation factors, and wetland NDVI on the TP shows that all three
climatic factors have a positive effect on NDVI, and there is a
degree of lag between vegetation growth and changes in the climatic
environment. The tipping points in vegetation NDVI between 2013
and 2014 may be due to abnormal weather in the first few months of
the vegetation growing season.

3.4. Analysis of the impact of human
activities on NDVI

Residual analysis calculated the trend of human activities by
the difference between the real NDVI and the regression-predicted
NDVI. Figure 7 plots the distribution of the residuals sorted by time.
The statistical results demonstrate that there is an unclear positive
trend. Before 2008, the residuals were mostly negative, indicating
that human activities might have a negative impact on vegetation.
Conversely, human activities gradually had a positive impact on
vegetation after this period, but this impact was relatively minor. In
general, the anthropogenic influence showed a continuing positive
trend, while the wetland vegetation on the TP might still be mainly
influenced by climate.

4. Discussion

4.1. Responses of vegetation to climate

It was found that the annual mean NDVI increased from 2000
to 2015, and the mean NDVI in spring, summer and autumn
also showed an increasing trend (Figure 4). The annual average
temperature increased, precipitation decreased, and solar radiation
increased (Table 1). Based on the analysis, the ecological environment
of the TP developed toward a favorable direction under the positive
impact of climate change, which is in accordance with the previous
study (Wang and Han, 2012).

Surprisingly, we found that various scholars had different
findings about the trend of precipitation on the TP. Some scholars
found that the average annual precipitation had a decreasing trend
(Wang and Han, 2012; Zhang et al., 2016; Tang et al., 2018; Zhe
and Zhang, 2021) while others believed that the TP was showing
warm and humid development (Sun and Qin, 2016; Shen et al.,
2022). There may be three possible reasons for this phenomenon:
(1) Spatial differences. The whole TP was warm and humid overall
(Sun and Qin, 2016), but there were rainfall differences in different
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FIGURE 5

The change trend of (A) temperature, (B) precipitation, and (C) solar radiation from 2000 to 2015.

regions. (2) Temporal differences. Some scholars revealed a decline
in precipitation by 2008 (Wang and Han, 2012; Zhang et al., 2016),
while others found an increase by 2020 (Shen et al., 2022). (3)
Vegetation species differences. Different types of vegetation may
produce different sensitivities to climatic change. For example,
from 2000 to 2017, the growing season precipitation of herbaceous
marshes and seasonal brackish marshes on the TP showed an overall
upward trend, while marshy meadows and inland salt marshes had a

downward trend (Kun et al., 2020). Therefore, the present study area
is the wetland area of the TP with a trend of dry heat development
from 2000 to 2015.

Mutations may be associated with phenology, long term changes
and a “remainder” component related to irregular short-term
variations or noise (e.g., clouds or atmospheric scatter) (Lambert
et al., 2015). The annual as well as the spring, the summer average
NDVI reached the highest value within 16 years in 2013 (Figure 4).
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TABLE 1 The climate tendency rate statistical results of climate factor from 2000 to 2015.

Time scale Temperature Precipitation Solar radiation

Linear equation R Linear equation R Linear equation R

Spring y = 0.027×x− 52.94 0.28 y =−0.167×x +362.2 0.30 y = 0.151×x− 42.12 0.19

Summer y =−0.005×x + 20.79 0.06 y = 0.027×x + 22.58 0.02 y = 0.242×x− 220.9 0.17

Autumn y = 0.013×x− 24.97 0.14 y =−0.014×x + 57.08 0.02 y =−0.068×x + 327.6 0.10

Winter y =−0.052×x + 95.10 0.40 y =−0.030×x + 64.72 0.16 y =−0.099×x + 350.3 0.15

Year y = 0.004×x− 8.011 0.07 y =−0.183×x + 506.6 0.10 y = 0.227×x + 414.8 0.10

TABLE 2 Lag analysis of climate factors in different months on normalized difference vegetation index (NDVI).

Correlation coefficient

Current month The month before Two months before Three months before

Temperature 0.686** 0.610** 0.274* 0.246

Precipitation 0.326** 0.574** 0.306* 0.003

Solar radiation 0.138 −0.054 0.286* 0.636**

Significant at **P < 0.01 and *P < 0.05 levels.

FIGURE 6

Relationship between the growing season normalized difference vegetation index (NDVI) of wetlands and climate in the TP from 2000 to 2015: (A)
normalized difference vegetation index (NDVI) and temperature (the current month); (B) NDVI and precipitation (the month before); (C) NDVI and solar
radiation (the 3 months before).

FIGURE 7

The temporal trend of unstandardized residuals.

The tipping point of NDVI was at this time. In 2013, the temperature
was at a high value at the corresponding time and the vegetation
growth was good due to the positive correlation between temperature
and vegetation growth. The precipitation in spring was also at a

high value, providing a good base for vegetation growth. The average
monthly solar radiation in spring reached the second highest value
within 15 years (264.77 W/m2) and the highest value in summer
(279.34 W/m2). Adequate light ensured lush vegetation growth. In
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FIGURE 8

Mann–Kendall statistic curve of climate in vegetation growing season: (A) temperature (the current month); (B) precipitation (the month before);
(C) solar radiation (the 3 months before).

the following 2 years, the precipitation and temperature decreased to
a certain extent (Figures 5A,B), which may also lead to the vegetation
growth being worse than that in 2013. Therefore, in BFAST detection,
NDVI after 2013 has a downward trend.

The results of Mann–Kendall mutation test (Figure 8) showed
that the changes in vegetation were approximately in line with
the changes in meteorology. All three meteorological statistics had
changes in 2013 (abrupt changes occurred when the UF and UB
curves intersected). Among them, temperature and precipitation
showed an increasing trend after a period of stability, with a trend of
change after 2013, which was able to verify the abrupt change point of
vegetation in 2013. For solar radiation, the UF and UB curves clearly
intersected after 2013. Thus, the vegetation growth status changed
equally when meteorological changes occurred, further proving that
vegetation responds to climate.

4.2. Effect on vegetation greenness

The time lag effects of the vegetation responses to climates
(Table 2) show significantly different lag effects of vegetation

responses to different climatic factors. Consequently, there was a
significant correlation (P < 0.01) between the temperature and the
growing season NDVI of the wetland. The inapparent time lag effect
of air temperature may be due to a fact: it is a natural law that air
temperature varies seasonally. During the plant growing season, air
temperature is a key trigger for certain vegetation growth periods,
and vegetation follows the change of air temperature into different
growth periods (Duo et al., 2017). Thus, there is an inconspicuous
time lag effect of air temperature on plant growth at the monthly
scale. At the same time, we found that NDVI of wetland on the
TP was more sensitive to temperature, which is consistent with the
findings of Shen et al. (2014), Sun and Qin (2016), and Wang et al.
(2020). Without water shortage, the temperature was the primary
factor limiting vegetation growth, and the influence of precipitation
on vegetation growth was less important.

Precipitation and solar radiation have a time-lag effect on NDVI.
The time lag of the vegetation responses to precipitation in wetlands
is approximately 1 month. In line with the findings of Zhe and
Zhang (2021), NDVI values were most correlated with the cumulative
climate values of the current and previous months. The difference
is that we found that the precipitation of the previous month has a
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higher correlation with NDVI. For solar radiation, the more forward
the time is, the higher the correlation is. The time lag to solar
radiation is 3 months which matches the observed in earlier studies
(Wu et al., 2015). Possibly because the solar radiation in spring and
summer is relatively consistent, so compared with other regions,
vegetation on the TP is exposed to sufficient solar radiation earlier
for photosynthesis.

The NDVI of wetland vegetation on the TP shows an overall
upward trend, indicating that the vegetation is growing more
luxuriantly. The major climate-driven factors for vegetation growth
are diverse and are closely related to vegetation characteristics and
climatic conditions. For the wetland areas of the Tibetan Plateau,
the temperature is the primary factor that drives vegetation growth.
Within a certain temperature range, the higher the temperature,
the better the vegetation growth condition. Higher temperatures
and more rain can promote photosynthesis, maintaining the role of
wetlands as carbon sinks (Salimi et al., 2021). It should be noted
that enhanced evapotranspiration and permafrost degradation might
create an imbalance in soil temperature, moisture, and nutrients,
limiting the growth of alpine vegetation (Yi et al., 2014; Wang et al.,
2016).

Meanwhile, The result of NDVI residual (Figure 7) indicates that
human activities have little positive impact. This study confirms that
the TP is relatively undisturbed by human activities (Li et al., 2022).
Wetlands were degraded and reduced in size from 1967 to 2004
(Zhang et al., 2011), however, they have since grown in size, which
may be caused by human activities. In terms of vegetation growth, we
believe that it is mainly affected by climate.

Overall, this study provides a theoretical basis for revealing the
time-lag effects of alpine wetland vegetation responses to climate, and
the results hold significant value for the climate-based prediction of
variations in vegetation growth in the future.

4.3. Limitations and future work

The current study in this paper may have certain uncertainties
and shortcomings. Firstly, the remote sensing data used in this study
may be affected by clouds, atmosphere, solar altitude angle, and other
factors, so the uncertainty of the data itself may affect the research
results of this paper. Secondly, the climate of the TP is complex. It
is a debatable issue whether the wetlands on the TP are developing
warm and humid or dry and hot. Our next plan anticipates expanding
the study time to discuss climate change over a longer time scale.
In addition, wetland vegetation species are diverse and the growth
periods are not identical, and the meteorological effects on different
wetland vegetation need to be further revealed. In order to more
accurately reveal wetland vegetation changes and their mechanisms
on the TP, future studies need to be further supported by more precise
data and research methods.

5. Conclusion

Taking alpine wetlands in the TP as an example, this research
used mutation detection, correlation analysis and residual analysis to
study the relationship between climate change, human activities and
vegetation. The conclusion are divided into four specific sections.

(1) The NDVI of wetlands on the TP showed a slight upward
trend from 2000 to 2015, indicating an increase in vegetation
greenness. The abrupt change in NDVI occurred between 2013
and 2014, and the NDVI values increased before the abrupt
change and decreased after the abrupt change.

(2) Temperature (0.04◦C/10a) and solar radiation (2.27 W/m2/10a)
increased and precipitation (−1.83 mm/10a) decreased, which
means the wetlands of the TP showed a trend of dry-heating.
Climate change varies widely from season to season.

(3) NDVI of alpine wetland vegetation on the TP was strongly
influenced by temperature factors. Precipitation in the first
month before and solar radiation in the 3 months before were
higher correlated with the NDVI of the vegetation growing
season, reflecting the time-lag effect.

(4) NDVI residual values were both positive and negative, with an
overall slight upward trend with time. Human activities may
have little positive impact on wetland vegetation in the TP.
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Context: Climate change and human activities have significant impacts on 

the Qinghai–Tibetan Plateau; the alpine ecosystem in this region has been 

degraded. A decline in forage yield reduces the livestock carrying capacity, but 

an unmitigated increase may lead to overfeeding and damage to vegetation. 

These changes have eventually led to grassland degradation and a series of 

ecological problems. Therefore, it is essential to examine bioclimatic factors 

that affect forage growth in grasslands.

Objective: To identify bioclimatic factors associated with forage growth and 

coverage in the Qinghai–Tibetan Plateau.

Methods: We examined how forage growth and coverage are affected by 35 

bioclimatic indicators published in a global database (CMCC-BioClimInd).

Results and conclusions: We comprehensively considered the relationship between 

35 indicators and forage yield and coverage and found that the combination of 

temperature and precipitation indicators had a very high correlation with yield and 

coverage. When we evaluated the relationship between each index and forage 

yield, forage yield was found to be  significantly correlated with 16 bioclimatic 

indices. Forage yield was positively correlated with yearly positive precipitation 

(R2 = 0.49, p < 0.05), annual precipitation (R2 = 0.48, p < 0.05), and precipitation of driest 

quarter (R2 = 0.47, p < 0.05), and negatively correlated with temperature seasonality 

(R2 = 0.52, p < 0.05), precipitation seasonality (R2 = 0.39, p < 0.05), and simplified 

continentality index (R2 = 0.48). Forage coverage was significantly correlated with 

15 bioclimatic indicators. It showed positive correlations with precipitation of driest 

quarter (R2 = 0.36, p < 0.05), precipitation of driest month (R2 = 0.33, p < 0.05), and 

annual precipitation (R2 = 0.31, p < 0.05), and negative correlations with temperature 

seasonality (R2 = 0.415, p < 0.05), annual temperature range, precipitation seasonality, 

and simplified continentality index (R2 = 0.37, p < 0.05).

Significance: We identified bioclimatic indicators that affect forage growth 

in the northeastern Qinghai–Tibetan Plateau, and explored the physiological 

and ecological mechanisms underlying forage growth. Our results provide a 

scientific basis for future forage management, early determination of livestock 

carrying capacity, rational management of animal husbandry practices, and 

ecological protection and restoration efforts.

KEYWORDS

Qinghai–Tibetan plateau, Forage, output, coverage, bioclimatic index

TYPE  Methods
PUBLISHED  26 January 2023
DOI  10.3389/fevo.2022.1076005

OPEN ACCESS

EDITED BY

Zhongqing Yan,  
Chinese Academy of Forestry, China

REVIEWED BY

Zhenming Zhang,  
Beijing Forestry University,  
China
Ji-Zhong Wan,  
Qinghai University, China

*CORRESPONDENCE

Wenmei Ma  
 maxiaolu0607@126.com

SPECIALTY SECTION

This article was submitted to  
Population, Community, and  
Ecosystem Dynamics, a section of the 
journal Frontiers in Ecology and Evolution

RECEIVED 21 October 2022
ACCEPTED 06 December 2022
PUBLISHED 26 January 2023

CITATION

Wang L, Ma W, Zhou D, Chen Q, Liu L and 
Li L (2023) Bioclimatic drivers of forage 
growth and cover in alpine rangelands.
Front. Ecol. Evol. 10:1076005.
doi: 10.3389/fevo.2022.1076005

COPYRIGHT

© 2023 Wang, Ma, Zhou, Chen, Liu and Li. 
This is an open-access article distributed 
under the terms of the Creative Commons 
Attribution License (CC BY). The use, 
distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

53

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.1076005%EF%BB%BF&domain=pdf&date_stamp=2023-01-26
https://www.frontiersin.org/articles/10.3389/fevo.2022.1076005/full
https://www.frontiersin.org/articles/10.3389/fevo.2022.1076005/full
https://www.frontiersin.org/articles/10.3389/fevo.2022.1076005/full
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.1076005
mailto:maxiaolu0607@126.com
https://doi.org/10.3389/fevo.2022.1076005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Wang et al.� 10.3389/fevo.2022.1076005

Frontiers in Ecology and Evolution 02 frontiersin.org

1. Introduction

Rangelands account for more than 30% of global land area 
and provide biodiversity and wildlife habitats as well as a broad 
range of ecosystem services, including production of food and 
forage material and protection of soil and water resources 
(Parton et al., 2012; Schohr, 2014; Liu et al., 2021). However, 
climate change has had a considerable impact on global water 
and heat resources, resulting in significant changes in forage 
yield and coverage (Walther et al., 2002; Parmesan, 2006; Chen 
et  al., 2011). Growing-season precipitation is generally 
recognized as the primary factor driving annual grassland 
forage production (Le Houérou, 1984). Accordingly, several 
studies have developed regression models linking precipitation 
and temperature to peak annual forage production (Murphy, 
1970; Pitt and Heady, 1978; Chaplin-Kramer and George, 
2013). These studies have reported a positive relationship 
between peak forage production, precipitation, and air 
temperature (Liu et  al., 2021). A recent study on the link 
between microclimate and forage growth found that wetter 
topographic locations were more productive in a dry year 
(water limitation), whereas warmer topographic locations were 
more productive in a wet year (energy limitation; Devine et al., 
2019). Guo et  al. (2010) found that the combination of 
precipitation and temperature was the main factor affecting 
forage yield. Li (2014) showed that the forage growth period 
was accompanied by a prominent discrepancy between heat 
and water conditions; low levels of precipitation and higher 
temperatures led to higher levels of evapotranspiration, 
resulting in low forage yield.

The Qinghai–Tibetan Plateau has a unique climate, 
hydrological features, and soil development background, and 
hosts a typical alpine ecosystem. Alpine ecosystems are fragile 
and exhibit complex and sensitive responses to global climate 
change (Yao et al., 2017). Climate change directly affects the 
spatiotemporal patterns of environmental factors, such as light, 
temperature, and water, all of which are highly predictive of 
forage yield and coverage (Qin et al., 2014). Under conditions of 
relatively stable forage distribution and crop rotation, warmer 
temperatures may cause early flowering, change crop phenology, 
shorten the maturity, and growth periods of crops, affect the 
accumulation of dry matter, and reduce crop yield (Zhang, 
2016). Climate change affects forage yields in alpine ecosystems, 
forcing farmers and herders to change crop planting structures, 
grazing intensity, and rotational grazing modes (Ding et  al., 
2013). As alpine ecosystems are more sensitive to global climate 
change than other ecosystems (Grabherr et  al., 1994), it is 
important to identify the main climatic factors that affect 
alpine pastures.

The Qinghai Province is a typical alpine pasture region in 
China. Grasslands account for 47% of the land area in this region 
and are mainly concentrated in the southern region of the 
Qinghai Plateau, Qilian Mountains, and mountains on the 
southeast edge of the Qaidam Basin. There has been little 

research regarding the impact of climatic factors on forage in the 
northeastern Qinghai–Tibetan Plateau (Wang et al., 2013; Shen 
et al., 2015). Current research on the impact of climate on forage 
yield, coverage, and height mainly focuses on using annual or 
seasonal indices such as precipitation or temperature. These 
indices are used to express the characteristics of climate, examine 
its variations, and predict future changes in climate and its 
effects on forage yield. However, recent research suggests that it 
is important to utilize additional bioclimatic indicators with 
clearer ecological significance, such as factors related to seasonal 
precipitation in the wettest and coldest seasons. Utilizing more 
comprehensive climatic indicators that integrate hydrothermal 
conditions can improve our understanding of the relationship 
between forage availability and climate. Vegetation-climate 
relationships determined using simple climatic indices have 
some significance; however, it is important to comprehensively 
evaluate the responses of vegetation to climatic and other 
environmental factors (Ni, 1998).

With increasing availability of climate information, several 
global datasets of bioclimatic indicators have become popular 
scientific references. These include WorldClim (Hijmans et al., 
2010; Fick and Hijmans, 2017), CHELSA (Karger et al., 2017), 
CliMond (Kriticos et al., 2012, 2014), EcoClimate (Matheus and 
Lima-Ribeiro, 2015), ENVIREM (Title and Bemmels, 2018), and 
MERRAclim (Vega et  al., 2018). Among these datasets, 
WorldClim was the most frequently cited. The recently updated 
version 2.1 (January, 2020) provides 19 bioclimatic indicators. 
Recently, Noce et al. (2020) presented CMCC-BioClimInd, a 
global gridded dataset that provides 35 bioclimatic indicators 
(Noce et al., 2020; including 16 indicators added on the basis of 
the WorldClim dataset).

In the present study, we used 35 bioclimatic indicators to 
investigate how bioclimatic factors affect forage output and 
cover. We screened out the bioclimatic indicators that have 
significant impacts on forage grass growth, clarified how these 
indicators affected growth, and accounted for the vacancy by 
only including precipitation and temperature in the forage 
grass growth analysis in the northeastern Qinghai–Tibetan 
Plateau. In addition, we clarified the ecological significance of 
the latest bioclimatic indicators for forage grass growth in the 
northeast of the Qinghai–Tibetan plateau. Our results are 
useful for future forage management, early determination of 
livestock carrying capacity, rational arrangement of animal 
husbandry, and implementation of ecological protection and 
restoration actions.

2. Materials and methods

2.1. Study area

The study area was located in Qinghai Province, China 
(Figure 1), which occupies the northeast region of the Qinghai–
Tibetan Plateau (geographical location 31°9′–39°9’ N and 
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89°35′–103°04′ E). The total land area is 7.2 × 105 km2, and most 
of the area lies at an elevation of 3,000–5,000 m above sea level. 
The higher elevations lie to the west and northwest, and the 
lower elevations lie in the east and center of the region. Qinghai 
Province is connected to Gansu Province in the north and east, 
and lies adjacent to the Xinjiang Uygur Autonomous Region in 
the northwest, Tibet Autonomous Region in the south and 
southwest, and Sichuan Province in the southeast. The plateau 
has a continental climate characterized by low temperatures, 
large temperature differences between day and night, low levels 
of concentrated precipitation, high numbers of sunshine hours, 
and strong solar radiation.

The natural grassland in the northeastern region of the 
Qinghai–Tibetan Plateau covers a large land area, has a wide 
distribution, exhibits significant differences in natural 
conditions, and hosts rich and diverse grassland types. These 
include mountain dry grasslands, alpine dry grasslands, 
mountain meadows, alpine meadows, mountains, plains, 
deserts, alpine deserts, humid swamp meadows, moist shrubs, 
and sparse forests. Alpine meadows and alpine grasslands 
account for 44.2224 million mu, which is 80.88% of the total 
grassland area in the province.

2.2. Bioclimatic indices

The complete CMCC-BioClimInd dataset is available from 
PANGAEA.1 It consists of 805 files in NetCDF4 format with a 
0.5 × 0.5°grid resolution and global coverage (except 
Antarctica) (Noce et al., 2020). We used the spatial analysis 
function in ArcGIS 10.2 to extract the simulated values of 35 
bioclimatic indicators from 20 stations in the northeast region 
of the Qinghai–Tibetan Plateau (Table 1). Based on these data, 
we calculated the average values for each station; we propose 
that the bioclimate index data are based on the fitted value of 
climate data from historical periods. In future work, we will use 
the definitions and calculation methods to calculate the 
bioclimatic indicators with the measured meteorological data. 
Grass growth is affected by a variety of bioclimatic indicators; 
a single indicator cannot describe the overall situation. First, 
we  defined the contribution percentage of each indicator 
through principal component analysis. It can be  seen from 
Table 1 that the contribution of the first principal component 

1  https://doi.org/10.1594/PANGAEA.904278

FIGURE 1

Geographical location and distribution of 20 ecological stations in the northeast region of the Qinghai–Tibetan Plateau.
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(F1) is 58.45%, and factors such as mean temperature of the 
cold quarter (Bio11) and annual mean temperature (Bio1) also 
play a major role, mainly reflecting the role of heat on pasture 
growth. The second principal component (F2) mainly reflects 
the effect of the combination of precipitation and temperature, 
such as the Ellenberg quotien (Bio20) and Omboremic index 
(Bio23), on forage growth. The load values of Bio20 and Bio23 
were 0.907 and − 0.943, respectively, including 29% of the 
contribution percentage.

2.3. Forage output and coverage

Forage data and basic meteorological variables were 
obtained from the ecological meteorological station built by the 
Qinghai Meteorological Bureau in 2002, which has recorded 
observations since 2003 with high-level management. Most 
grasslands in the study area are alpine meadows. The grasslands 
around Tianjun, Tongde, Tuole, and Tuotuohe stations are 
alpine grasslands, and those around Gangcha and Xinghai 
stations are temperate grasslands. Representative vegetation, 
terrain, soil types, and microclimatic factors were considered 
when selecting study sites for measuring forage cover. The 
observation sites covered an area of no more than 10 × 10 km2 
and were located on pastures with flat terrain, no more than 
20 km away from the meteorological station. The sites were 
enclosed by a net fence and surrounded by pile driving (height, 
50 cm above the ground; the top  10 cm was painted red). A 
50 × 50 m2 area in the observation field was surrounded by a 
1.5-m-tall fence, and the local maximum forage yield was 
measured through continuous monitoring. During the forage 
growth period, foraging by herd animals is prohibited in this 
area. The parameters measured included forage growth period, 
yield, height, and coverage. Data collected between 2003 and 
2019 were used in this study. Observations were recorded in 
strict accordance with the guidelines for agrometeorological 
observations, and data were recorded continuously.

TABLE 1  Principal component analysis of 35 bioclimatic indexes.

Code Full name F1 F2

Bio1 Annual mean temperature 0.937 0.347

Bio2 Mean diurnal range 0.496 −0.275

Bio3 Isothermalit 0.621 −0.577

Bio4 Temperature seasonality −0.723 0.59

Bio5 Max temperature of warmest 

month

0.662 0.712

Bio6 Min temperature of coldest 

month

0.837 0.374

Bio7 Temperature annual range −0.245 0.529

Bio8 Mean temperature of wettest 

quarter

0.808 0.578

Bio9 Mean temperature of driest 

quarter

0.971 0.176

Bio10 Mean temperature of warmest 

quarter

0.809 0.579

Bio11 Mean temperature of coldest 

quarter

0.984 0.141

Bio12 Annual precipitation 0.764 −0.621

Bio13 Precipitation of wettest month 0.718 −0.652

Bio14 Precipitation of driest month 0.485 −0.738

Bio15 Precipitation seasonality −0.799 0.332

Bio16 Precipitation of wettest quarter 0.75 −0.636

Bio17 Precipitation of driest quarter 0.644 −0.714

Bio18 Precipitation of warmest quarter 0.763 −0.616

Bio19 Precipitation of coldest quarter 0.619 −0.705

Bio20 Ellenberg quotient −0.24 0.907

Bio21 Yearly positive temperature 0.827 0.531

Bio22 Sum of annual temperature 0.937 0.346

Bio23 Ombrotermic index −0.135 −0.943

Bio24 Yearly positive precipitation 0.856 −0.482

Bio25 Modified Kira coldness index 0.961 0.265

Bio26 Modified Kira warmth index 0.574 0.16

Bio27 Simplified continentality index −0.721 0.616

Bio28 Mean temperature of warmest 

month

0.771 0.627

Bio29 Mean temperature of coldest 

month

0.988 0.092

Bio30 Mean temperature of driest month 0.919 0.275

Bio31 Mean temperature of wettest 

month

0.767 0.63

Bio32 Modified Thermicity index 0.857 0.499

Bio33 Ombrothermic index of summer 

and the previous month

0.758 −0.62

(Continued)

TABLE 1  (Continued)

Bio34 Potential Evapotranspiration 

Hargreaves

0.948 0.28

Bio35 Potential Evapotranspiration 

Thornthwaite

0.858 0.482

Proper 

value/%

20.45 10.42

Variance 

contribution 

rate/%

58.45 29.77

Cumulative 

contribution 

rate%

58.45 88.22
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2.4. Data analysis

To extract the simulated values of the 35 bioclimatic indicators, 
we used the spatial analysis function in ArcGIS 10.2. We then used 
simple regression models and Pearson’s correlation analyses to 
explore the relationships between forage output and bioclimatic 
indices. Finally, we selected the indicators that were significantly 
related to forage yield and coverage (p < 0.05) for analysis, which was 
performed using SigmaPlot 12.5 (Systat Software, United States) 
and SPSS (version 22, IBM Corp., United States).

3. Results

3.1. Relationship between forage output 
and bioclimatic indices

First, we analyzed the correlation between the three principal 
components and forage yield from an overall perspective. The 
correlations between principal components 1 and 3 and forage 
yield were not significant (p > 0.05). As shown in Figure 2, there 
was a strong positive correlation between forage yield and 
principal component 2, the combined indicators of precipitation 
and temperature (R2 = 0.40; p < 0.001).

We analyzed the correlation between forage yield and 35 
bioclimatic indicators (Figure 3) and found significant correlations 
between forage yield and 16 bioclimatic indicators. Bio3 
(isothermality), Bio9 (mean temperature of the driest quarter), 
Bio11 (mean temperature of the cold quarter), Bio12 (annual 

precipitation), Bio13 (precipitation in the wettest month), Bio14 
(precipitation in the driest month), Bio16 (precipitation in the 
wettest quarter), Bio17 (precipitation in the driest quarter), Bio18 
(precipitation in the winter quarter), Bio19 (precipitation in the cold 
quarter), Bio24 (annual positive precipitation), Bio29 (mean 
temperature of the coldest month), and Bio33 (ombrothermic 
indices of summer and the previous month) were positively 
correlated with forage yield, with correlation coefficients (R2) 
ranging from 0.23 0.49 (Figure 2). The magnitude of the correlation 
was in the following order: Bio24, Bio12, Bio17, Bio16, Bio33, 
Bio13, Bio18, Bio14, Bio19, Bio11, Bio3, and Bio9. The forage yield 
was most highly correlated with Bio24 (R2 = 0.49), Bio12 (R2 = 0.48), 
and Bio17 (R2 = 0.47). Yield was negatively correlated with Bio4 
(temperature seasonality), Bio15 (precipitation seasonality), and 
Bio27 (simplified continuity index), with R2 values of 0.39–0.52. The 
forage yield was most strongly negatively correlated with Bio4 
(R2 = 0.52), followed by Bio27 (R2 = 0.48).

3.1. Relationship between forage cover 
and bioclimatic indices

First, we  conducted a correlation analysis of the three 
principal components and grass coverage from an overall 
perspective. The correlation between principal components 1 and 
3 and grass coverage was not significant (p > 0.05). As shown in 
Figure 4, there was a strong positive correlation between grass 
coverage and principal component 2, the combined index of 
precipitation and temperature (R2 = 0.30, p < 0.001).

FIGURE 2

Relationships between forage output and Principal component 2.
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FIGURE 3

Relationships between forage output and 16 bioclimatic indices.

We analyzed the correlation between forage cover and 35 
bioclimatic indicators (Figure 5) and found that coverage was 
significantly correlated with 15 bioclimatic indicators. Bio11 
(mean temperature of the cold quarter), Bio12 (annual 
precipitation), Bio13 (precipitation in the wettest month), Bio14 
(precipitation in the driest month), Bio16 (precipitation in the 
wettest quarter), Bio17 (precipitation in the driest quarter), Bio18 
(precipitation in the winter quarter), Bio19 (precipitation in the 
cold quarter), Bio24 (annual positive precipitation), Bio29 (mean 
temperature of the cold month), and Bio33 (ombrothermic index 
of summer and previous month) were positively correlated with 
forage output, with R2 values between 0.20 and 0.36. The 
magnitude of the correlation was in the following order: Bio17, 
Bio14, Bio12, Bio24, Bio18, Bio16, Bio19, Bio33, Bio13, Bio29, 
and Bio11. Forage cover was most highly correlated with Bio17 
(R2 = 0.36), Bio14 (R2 = 0.33), and Bio12 (R2 = 0.31). Coverage was 
negatively correlated with Bio4 (temperature seasonality), Bio7 
(annual temperature range), Bio15 (precipitation seasonality), 
and Bio27 (simplified continuity index), with R2 values of 0.25–
0.415. The coverage showed the highest correlation with Bio4 
(R2 = 0.415), followed by Bio27 (R2 = 0.37).

4. Discussion

4.1. Relationship between forage output 
and bioclimatic indices

We found that forage yield was significantly correlated with 16 
bioclimatic indicators, and had the strongest correlations with 
Bio24, Bio12, and Bio17. Thus, forage yield is closely associated 
with annual precipitation, followed by temperature. This is 
consistent with the findings of previous studies (Bai et al., 2008). 
However, unlike previous studies, we performed a more detailed 
analysis and found that forage yield was more closely related to 
annual positive precipitation than to annual precipitation. Annual 
positive precipitation reflects the summed long-term averages of 
total precipitation (cumulative daily precipitation) for months 
with long-term average daily temperatures (Tg) exceeding 0°C 
(Rivas-Martínez et  al., 2011); therefore, annual positive 
precipitation incorporates temperature data to some extent. The 
growth potential of plants is highest when favorable precipitation 
and temperature conditions coincide (Liu et al., 2021), and this 
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may explain why forage yield was more closely related to positive 
annual precipitation in this study.

Our results also revealed a strong correlation between forage 
yield and precipitation during the driest season. During the driest 
seasons in the study region, autumn and winter, soil movement, and 
snow formation caused by precipitation increase the soil water 
content, which is conducive to plant re-emergence in spring and 
growth in summer (Nandintsetseg and Shinoda, 2011; Richardson 
et al., 2013). Schenk and Jackson (2010) analyzed plant root systems 
on a global scale and found that higher precipitation in winter led 
to deeper plant roots. This improves the water absorption capacity 
of roots, allowing them to meet the transpiration needs of plants.

In the present study, forage yield was negatively correlated 
with Bio4 (temperature seasonality), Bio15 (precipitation 
seasonality), and Bio27 (simplified continuity index). The high 
values of Bio4 and Bio27 indicated a large range of temperature 
variations in this region. The northeast region of the Qinghai–
Tibetan Plateau is an arid area; some studies have shown that 
under drought conditions, exposure to intense cold and heat can 
aggravate water stress in plants, which depletes the available 
energy reserves required for rooting, transpiration, and defense 
responses (Harper et  al., 2009). The precipitation seasonality 
index, which reflects the degree of change in precipitation over a 
given period, was negatively correlated with forage yield, 
indicating that greater degrees of change in precipitation were 
associated with lower forage yields. This is consistent with the 
findings of previous studies that showed that low but continuous 

precipitation is favorable for forage growth, while uneven 
precipitation is unfavorable (Liu et  al., 2021). Under global 
change, the frequency of observed and predicted extreme weather 
events (temperature and precipitation) increases. Extreme 
temperature and extreme precipitation can indicate an increase 
in the temperature seasonal, precipitation seasonal, and simplified 
continuity indices. The results of this study showed that higher 
indicator values are associated with greater adverse impacts on 
pasture growth. In future pasture management, we  can take 
preventive measures using extreme predictions.

According to the relationship between bioclimatic indicators 
and forage yield, we  suggest that during the drought period, 
artificial rainfall and other methods should be used to supplement 
water availability, taking temperature into account, to achieve 
matching between precipitation and temperature and increase the 
forage yield. In addition, cold- and drought-resistant and high-yield 
grass species should be selected to improve grass yield and achieve 
a balance between grass and livestock; this would promote 
modernization of animal husbandry and achieve sustainable 
grassland ecological protection.

4.2. Relationship between forage cover 
and bioclimatic indices

Forage coverage was significantly correlated with 15 
bioclimatic indicators and was most highly correlated with 

FIGURE 4

Relationships between forage cover and Principal component 2.
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FIGURE 5

Relationship between forage coverage and 15 bioclimatic indices.

Bio17 (precipitation in the driest quarter), Bio14 (precipitation 
in the driest month), and Bio12 (annual precipitation). Forage 
coverage reflects the proportion of the study area covered by 
vertically projected vegetation and is the most direct 

representation of biomass (Wang, 2020). Several studies have 
reported a positive correlation between annual precipitation 
and aboveground biomass (Ma et al., 2008; Hu, 2010; Guo et al., 
2012). In this study, forage cover was closely related to 
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precipitation of driest month and driest quarter. This may 
be  because precipitation during these seasons increases soil 
water content, which promotes plant growth in spring and 
summer (Nandintsetseg and Shinoda, 2011; Richardson et al., 
2013). Moreover, adequate water storage before germination is 
beneficial for early forage growth and can increase the surface 
area of roots and leaves. When external temperatures become 
more favorable in later growth stages, plants with larger leaves, 
and roots can capture solar radiation and soil water more 
effectively (Becchetti et  al., 2016). Good growth and 
development during the early stages also increase grass 
coverage, which may promote the infiltration of rainfall into the 
soil and increase soil water storage for subsequent use. 
We found a relatively weak correlation between forage cover 
and indicators of adequate precipitation (precipitation during 
the wettest season and wettest month).

Forage coverage was negatively correlated with Bio4, Bio7, 
Bio15, and Bio27. The magnitude of the correlation was highest 
for Bio4, followed by Bio27, which is consistent with the results 
for forage yield. This is likely because the seasonal index of 
temperature, annual range of temperature, and simplified 
continental index indicate the degree of change in temperature. 
Higher indices represent greater changes in temperature. When 
the severity of temperature change exceeds the adaptability of 
plants to new environmental conditions, the internal balance and 
stability of plants may decline, leading to serious, and irreparable 
damage (Siegmund et al., 2016).

The seasonal precipitation index reflects the change in 
precipitation within a given period. This index was negatively 
correlated with forage cover, indicating that a greater degree of 
change in precipitation is associated with lower forage cover. 
Duncan and Woodmansee (1975) showed that low but 
continuous precipitation occurs throughout the growing season 
and is conducive to forage growth (Duncan and Woodmansee, 
1975). Liu et al. (2021) showed that in dry years, uniform rainfall 
promotes forage growth. In contrast, when the soil moisture is 
sufficient (as in wet years), areas with uniform precipitation are 
less favorable to forage growth than those with variable 
precipitation (Liu et al., 2021). These reports confirm the findings 
of the present study. The northeast region of the Qinghai–Tibetan 
Plateau experiences low precipitation; our results indicate that 
low levels of continuous precipitation promote forage growth, 
whereas uneven distribution of precipitation reduces 
forage growth.

Based on the relationship between bioclimatic indicators and 
coverage, we suggest increasing the diversity of pastures. Pasture 
diversity increases coverage and prevents soil erosion. When 
encountering extreme precipitation, the soil maintains its water 
storage capacity; however, herbage maintains diversity. Under 
certain conditions, the relationship between temperature and 
water can be adjusted to achieve the maximum growth rate and 
increase coverage through adaptation to the local environment. 
According to the prediction of extreme weather conditions, 
we also suggest changing the community structure of pastures. 

Some studies have found that extreme drought significantly 
inhibits the growth of perennial plants, but promotes the growth 
of annual plants.

5. Conclusion

We comprehensively considered the relationship between 
35 bioclimatic indicators and forage yield and coverage, and 
found that the combination of temperature and precipitation 
indicators had a very high correlation with yield and coverage. 
Forage yield was significantly correlated with 16 bioclimatic 
indices; yearly positive precipitation, annual precipitation, and 
precipitation in the driest quarter showed the highest positive 
correlations with forage yield. Temperature seasonality, 
precipitation seasonality, and the simplified continentality index 
were negatively correlated with forage yield; temperature 
seasonality had the greatest negative correlation. Forage cover 
was correlated with 15 bioclimatic indicators, including positive 
correlations with precipitation in the driest quarter, 
precipitation in the driest month, and annual precipitation, and 
negative correlations with temperature seasonality, temperature 
annual range, precipitation seasonality, and the simplified 
continentality index. Temperature seasonality had the highest 
negative correlation with forage cover, followed by the simplified 
continentality index. These results reflect the complex responses 
of forage growth to multiple climatic and environmental factors. 
By establishing the relationships between 35 bioclimatic 
indicators and forage yield and coverage, this study screened the 
bioclimatic indicators that are important for forage growth in 
the northeast region of the Qinghai–Tibetan Plateau. We discuss 
the physiological and ecological mechanisms underlying the 
response of forage growth to the latest bioclimatic indicators. In 
future studies, we  will build a bioclimatic index system 
specifically for forage growth, detail the associated principles 
and calculation methods, and establish a climate model for 
pasture growth in the northeast region of the Qinghai–Tibetan 
Plateau. This will provide a scientific basis for the early 
determination of livestock carrying capacity and reasonable 
animal husbandry. These results may contribute to the 
ecological protection and restoration of this region.
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Human activities dominant the 
distribution of Kobresia pygmaea 
community in alpine meadow 
grassland in the east source region 
of Yellow River, China
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Kobresia pygmaea is the endemic and one of the most important species in the 
alpine meadow in the Qinghai-Tibet Plateau. It is the key stage in the management of 
degraded grassland, and irreversible degradation will take place after the degradation 
succession phases of the Kobresia pygmaea community. However, knowledge 
about the spatial distribution and driving factors were still unknown. In this study, the 
potential distribution of the Kobresia pygmaea community was determined using the 
BIOMOD niche model. Combine with the reality distribution based on remote sensing 
classification, the driving factors of climate and human activities were identified. The 
findings revealed that: (1) among all environmental factors, the maximum radiation, 
monthly temperature difference, driest period precipitation were the main climate 
influencing factors for the Kobresia pygmaea community distribution, and random 
forest model achieved the highest prediction accuracy and best stability of any niche 
model. (2) The potential distribution area of Kobresia pygmaea community was 
653.25 km2 (account for 3.28% of the study area), and mostly located in northern 
and central of Zeku County, northeast of Henan County, and northeast, central, and 
eastern parts of Maqu County. (3) Climate factors driven 21.12% of Kobresia pygmaea 
community reality distribution, while human activities driven for 79.98%. Our results 
revealed that human activities dominant the reality distribution of Kobresia pygmaea 
community in alpine meadow grassland in the east source region of Yellow River, 
China.

KEYWORDS

Kobresia pygmaea community, BIOMOD, potential distribution, alpine meadow, driving 
factors

1. Introduction

Kobresia pygmaea is an endemic and one of the most prominent plants on the Qinghai-Tibet 
Plateau’s (QTP) alpine meadow (Zhang and Noltie, 2010; Miehe et al., 2011). Since the 1980s, alpine 
meadow grassland has degraded to varying degrees owing to the cumulative impacts of climate 
change and human activity, particularly in the Yellow River’s source region (Wang et al., 2015). This 
might limit the sustainable growth of animal husbandry and endanger local ecological security (Liu 
et al., 2018). The degradation succession phases of the alpine meadow grassland community are (I) 
Stipa silena + Festuca ovina + Kobresia humilis, (II) Kobresia humilis, (III) Kobresia pygmaea, and (IV) 
black soil type. The Kobresia pygmaea community, in particular, is a critical stage in the management 
of degraded grassland (Cao and Long, 2009). The original community structure may be swiftly 
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restored in the first two stages by removing any disruption or artificial 
measures (Lin, 2017). Generally, the Kobresia pygmaea community 
builds almost closed, non-specific, golf-course like the lawn with a felty 
root mat (Miehe et al., 2019). This characteristic of mat is benefit for 
against external disturbance, increasing nutrient storage and grassland 
productivity (Miehe et al., 2008). However, with the fragmentation of 
Kobresia pygmaea community turf, the water budget, carbon cycle, and 
soil nutrition have been significantly lost (Miehe et al., 2019). Further 
degradation of the Kobresia pygmaea community will result in 
permanent degradation till the severest stage of black soil type (Li et al., 
2013). Hence, mapping the existing distribution and driving factors of 
Kobresia pygmaea meadow, are crucial for taking mitigation and 
adaptation measures.

Currently, however, the majority of Kobresia pygmaea community 
researches are conducted at the plot scale using manipulative studies 
(Ma et  al., 2017; Li et  al., 2018). The geographical distribution and 
driving factors in the QTP are largely unknown (Zhang and Noltie, 
2010; Miehe et al., 2011, 2019). With the development of remote sensing 
classification methods, satellite images and machine learning were 
successfully applied at the community level (Chen et al., 2018; Su et al., 
2020; Wen et al., 2010). Meng et al. (2021) mapped the Kobresia pygmaea 
community through the random forest (RF) method based on the 
combination of remote sensing, texture and topographic indices (Meng 
et al., 2021). However, the driving factors of climate and human activities 
for its reality distribution are not distinguished. Similar to the Residuals-
Trend model (Wessels et al., 2004, 2007), the potential distribution of 
vegetation community is only controlled by climate factors. Thus, the 
human-induced vegetation variation could be detected after removing 
the climate factors (Li et al., 2018).

The niche model is also known as the species distribution model or 
the habitat model. The model associates species with information on 
environmental factors and geographical attributes of sites where the 
species was present or absent (Elith and Leathwick, 2009). These models 
can be  used to forecast or better understand species distribution 
(Halvorsen, 2012; Xu et al., 2015; Petitpierre et al., 2017; Citores et al., 
2020). In the last 20 to 30 years, niche models have grown fast due to the 
development of empirical models based on statistics or theoretical 
derivation. There are now about 20 species distribution models in use 
(Zhu et al., 2013; Xu et al., 2015). Most specialized models are supported 
by software, such as GARP and Maxent (Stockwell and Peters, 1999; 
Phillips et  al., 2006). Furthermore, various multi-model integrated 
systems, such as openModeller, BIOMOD, dismo, and others, have been 
created in recent years (Thuiller et al., 2009; Muoz et al., 2011). The 
advancement considerably encourages the use of this model in ecology 
and geography. BIOMOD (BIOdiversity MODeling) has been merged 
with hundreds of empirical statistical models, including the maximum 
entropy model (ME), generalized linear model (GLM), and generalized 
additive model (GAM), and its influence on species niche prediction has 
been successfully studied (Thuiller et al., 2009).

To evaluate the species’ prospective range, a large number of 
observation samples of fundamental niche are required (Li and Guo, 
2013). With the advancement of airborne remote sensing technology in 
recent years, unmanned aerial vehicle (UAV) technology has provided 
a novel and practical method for grassland resource monitoring. This 
approach compensates for the shortcomings of satellite remote sensing 
and other traditional monitoring techniques (Yi, 2017). UAVs have been 
widely used in the treatment and analysis of vegetation coverage, 
patches, gravel, pika holes, and grassland plant species and communities 
in a large area of the QTP due to their advantages of efficient mobility, 

ease of operation, and high photo resolution (Yi et al., 2016; Meng et al., 
2018; Sun et al., 2018). At the same time, Yi (2017) created a series of 
UAV aerial photography systems based on the climatic and environment 
features of the QTP. The repeated observation of a large number of 
working sites may be accomplished, providing assistance for the Kobresia 
pygmaea community’s field observation in the research region.

In this study, a UAV is utilized to observe the Kobresia pygmaea 
community, and a portion of alpine meadow in the Yellow River’s source 
region is employed to conduct the following investigations: (1) The main 
climate driving factors and potential distribution of Kobresia pygmaea 
community; (2) Identify the driving factors of climate and human 
activities for Kobresia pygmaea community reality distribution.

2. Data and methods

2.1. Study area

The research area is located on the eastern side of the QTP, east of 
the Yellow River’s source region, and includes Zeku County and Henan 
County in Qinghai Province, as well as Maqu County in Gansu Province 
(Figure 1). It is one of the most significant animal husbandry bases in 
the QTP, as well as an important water supply conservation region in 
China. The coordinates are 33°03′35°33’ N, 100°33′102°33′ E, with 
elevations ranging from 2,871 to 4,850 m. The average annual 
precipitation is 400 ~ 600 mm, the average annual temperature is 
−2.4°C ~ 2.1°C, and it belongs to the continental plateau temperate 
monsoon. The major grassland type in this area is alpine meadow, which 
accounts for 79.67% of the total study area, followed by mountain 
meadow, marsh meadow, and alpine grassland, which account for 13.22, 
1.78, and 1.69%, respectively (Figure 2). The main grassland vegetation 
is Poaceae community and kobresia humilis community in the study 
area, with the dominant species Elymus nutans, Stipa silena, Festuca 

FIGURE 1

Location of study area.
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ovina, and Kobresia humilis. The Kobresia pygmaea is the dominant 
species in Kobresia pygmaea community, with a lower species richness 
than other vegetation communities in alpine meadow grassland. Weeds 
are the dominant species in the black soil type vegetation community. 
Grassland plants have a relatively short growing season, lasting just 
around 150 days from May to September. Grazing is the most common 
technique of grassland usage, while yak and sheep are the most 
common animals.

2.2. Materials and methods

2.2.1. Field observation and preprocess of aerial 
photos

The field observations of the Kobresia pygmaea community in this 
study were obtained from photographs collected by UAVs (Phantom 3 
professional and Mavic 2 zoom Quad-Rotor intelligent UAVs). The 
observation sites were selected based on grassland growth state and 
spatial representativeness, and the flight path was developed with four 
paths in each site. One Grid flight mode and three Belt types are 
included (Figure 3A). The flight paths of UAVs were designed using 
FragMAP (Yi et  al., 2016). A Phantom 3 professional was used to 
perform the Grid mode (within the 200 m × 200 m area) at a height of 
20 m (red dot in Figures 3A,B), and a Mavic 2 zoom was used to perform 
the Belt mode (within the 40 m × 40 m area) at a height of 2 m (yellow 
dot in Figures 3A,C). Sixteen grassland images were then shot vertically 
downhill in each mode; the photograph resolution of Grid and Belt is 
1 cm and 0.09 cm, respectively, and their coverage is 26 m × 35 m and 
3.43 m × 2.57 m.

The photographs were verified individually and assigned to the 
presence or absence of Kobresia pygmaea community sites based on the 
primary species of grass flora, grassland coverage, textural aspects of 
plant development, and plateau pika activity (Figure 4). In comparison 
to other grass communities, the Kobresia pygmaea community displays 
distinct morphological and textural features, including closed and 
monospecific structures (Figure  4A), polygonal crack patterns 
(Figure 4B), and a felty root mat (Figure 4C; Cao and Long, 2009). 
Furthermore, when cracking and collapse intensified, pika and noxious 
plants proliferate. From 2015 to 2019, 751 sample plots were observed 
in the pinnacle of grassland expansion (Figure  1). All observation 
locations were labeled as having or not having a Kobresia pygmaea 
community, which was subsequently utilized in the BIOMOD 
prediction input.

2.2.2. Acquisition and processing of remote 
sensing and environmental data

The MOD13Q1 NDVI remote sensing data utilized in this 
investigation was obtained from the National Aeronautics and Space 
Administration in the United States (USGS). The total number of photos 
downloaded was 23, the spatial resolution is 250 m, and the orbit 
number is H26V05. The primary preprocessing steps are: (1) picture 
projection was changed using MODIS Projection Tool (MRT) and 
defined as WGS1984; (2) resampling of the image resolution into 250 m 
in ArcMap and defined projection as Albers; (3) cell statistics tool was 
used to determine the maximum, minimum, average, and variation 
range of NDVI in 2019. Climate, soil, and terrain are the three most 
critical environmental factors. Climate data were obtained from the 
Institute of Tibetan Plateau, Chinese Academy of Sciences (Yang et al., 
2010; Chen et  al., 2011). These datasets include yearly average 
temperatures, precipitation, and humidity, as well as seasonal indices 
such as wettest season, driest season, hottest season, and coldest season, 
with a total of 33 grid layers. The soil dataset was obtained from the cold 
and dry regions science data center, Northwest institute of ecological 
environment and resources, Chinese Academy of Science.1 Including the 
sand and clay concentrations of the surface soil (0–30 cm; represented 
as clay1 and sand1) and the bottom soil (30–60 cm; represented as clay2 
and sand2); The DEM data used in this study were 90 m shuttle radar 
topography mission (SRTM) images (version V004) in Geo-TIFF 
format2 resampled to 250 m. Based on the DEM, the slope, topographic 
position index (TPI), and aspect were determined. All of the above 
environmental parameters were evenly projected as Albers with a spatial 
resolution of 250 m and utilized as input to BIOMOD.

2.3. Biodiversity modeling niche model 
simulation

2.3.1. Biodiversity modeling contrustion
In this study, BIOMOD2 was utilized to simulate the possible 

distribution of the Kobresia pygmaea community, which was then used 
to reflect the prospective dispersion of the community (Thuiller et al., 
2009). There are 10 niche models available, including the generalized 
linear model (GLM), generalized enhanced regression model (GBM), 

1  http://westdc.Westgis.ac.cn/data/

2  http://srtm.csi.cgiar.org/

FIGURE 2

Grassland types of study area.
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generalized additive model (GAM), classification tree analysis (CAT), 
artificial neural network (ANN), surface range envelope (SRE), flexible 
discriminant analysis (FDA), multiple Adaptive regression Splines 
(MARS), random forest (RF), and maximum entropy model (MaxEnt). 
The presence and absence of Kobresia pygmaea community data, as well 
as the corresponding environmental parameters, are fed into the niche 
model, and the output is the likelihood of Kobresia pygmaea community 
presence in space. To limit the impact of information redundancy on 
niche model performance, the “Importance index” and cumulative 
contribution were utilized to select the primary impacting elements. To 
examine the importance of each environmental factor, the leave-one-out 
cross-validation (LOOCV) approach (Meng et al., 2020) was utilized. 
The correlation coefficient (CV) between the predicted results based on 
variables of total environment factors and one deleted environment 
factor was determined for each occasion. The Importance values are 

then derived by subtracting 1 from this correlation coefficient. The 
Importance Index formula is as follows:

	
Importance cor pred ref,pred shuffled= − ( )1 _ _

�
(1)

where all gathered environmental factors are defined as the reference 
dataset, and elements deleted from all are defined as the shuffled dataset. 
Prediction results based on all environmental factors are represented by 
pred ref., whereas prediction results based on factors removed from all 
are represented by pred shuffled. The results are used to compute the 
correlation (cor). Then, using equation (2), the primary influencing 
elements were chosen based on the cumulative contribution (more than 
85%), determined according to Importance value from high to low. The 
contribution formula is:

A

B

C

FIGURE 3

Strategy of field observation and data collection, (A) is the strategy of observation sites, (B) and (C) are Phantom 3 professional and Mavic 2 zoom Quad-
Rotor intelligent UAVs.

FIGURE 4

Aerial photographs of Kobresia pygmaea community, (A) the patch characteristics of Kobresia pygmaea community observed at height of 20 m, (B) the 
phenomenon of cracking and collapse in Kobresia pygmaea community observed at height of 2 m, and (C) the felty root mat of Kobresia pygmaea 
community observed at height of 2 m with double wide-angle zoom lenses.
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Importance  represent total 

of all factors Importance value.

2.3.2. The accuracy evaluation of niche model
True skill statistics (TSS) and AUC [area under the operating 

characteristic curve (ROC)] were employed in this study to assess the 
accuracy of niche model prediction. The TSS considers the likelihood of 
success of the random conjecture by taking omission average error into 
account. TSS has a value between 0 and 1, and the closer the number is 
to 1, the better the model’s performance. The ROC curve is a composite 
indicator that measures the sensitivity and specificity of continuous 
variables, with each point on the curve representing the sensitivity to 
signal stimuli. AUC values vary from 0.5 to 1. The closer to one, the 
better the model forecast; conversely, the closer to 0.5, the closer the 
model prediction is to a random guess.

	 TSS Sensitivity Specificity TRP FRP= + − = −1 � (3)

where TPR represent true positive rate, FPR represent false positive rate.

2.4. The driving factors of Kobresia pygmaea 
community

In this study, the reality distribution of Kobresia pygmaea 
community was obtained from remote sensing classification, produced 
by Meng et al. (2021) at the same space and time range (Meng et al., 
2021). We predicted these potential distribution by transforming the 
probabilities of presence into binary data (suitable/unsuitable; Liu et al., 
2013; Ma et al., 2021). The potential distribution of Kobresia pygmaea 
community was calculated by the optimal niche model (region with 
existence probability higher than 50%). The spatial overlay analysis was 
used to distinguish the driving factors of Kobresia pygmaea community 
distribution in ArcMap 10.2 software. For example, the overlap between 
potential and reality distribution is believed to be driven by climate 
factors, otherwise, driven by human activities.

3. Results

3.1. Spatial heterogeneity of observed 
Kobresia pygmaea community

The spatial distribution of observation sites for Kobresia pygmaea 
community presence/absence was shown in Figure 5. Maqu County has 
the largest percentage of Kobresia pygmaea community presence sites 
among the 751 observed sites, with 68 observed sites accounting for 
19.82% of total observed sites. Zeku and Henan County come next, with 
37 and 22 presence observation sites, respectively, accounting for 16.74 
and 11.76% of total observed sites. Overall, the number of Kobresia 
pygmaea community presence sites among all observed sites is limited, 
representing only 16.91% of total observed sites.

3.2. Model construction and accuracy 
evaluation

Table 1 showed the Importance and Contribution value results based 
on LOOCV and 9 specialized models (except for GAM, test run failed). 
The maximum radiation, monthly temperature range, precipitation in the 
driest period, warmest season radiation, precipitation in the driest season, 
maximum NDVI in the growing season, and annual mean radiation all had 
higher Importance values than others, with values more than 0.20. 
Furthermore, the maximal radiation had the greatest Importance, with a 
value of 0.30. Temperature seasonality, average humidity, maximum 
humidity, humidity in the wettest, driest, warmest and coolest season had 
a poor influence on the Kobresia pygmaea community, with Importance 
values close to zero. There are 22 environmental factors with a cumulative 
contribution of more than 85% (Table 1).

Table 2 displays the TSS and AUC of nine models obtained by taking 
the average of multiple runs. Among all models, the RF model had the 
best predictive performance, with an average TSS and AUC of 0.74 and 
0.92, respectively. Because the model’s SD and CV values for TSS and 
AUC are minimal (TSS, 0.09 and 0.12; AUC, 0.03 and 0.03), it had 
excellent prediction accuracy and stability. The GBM model came in 
second place, with average TSS and AUC values of 0.72 and 0.90, 
respectively. SD and CV of TSS are 0.08 and 0.12, respectively, whereas 
the SD and CV of the AUC are 0.03 and 0.04, respectively. The SRE and 
MAENT models performed poorly in terms of accuracy and stability, 
with average TSS of 0.25 and 0.29, and AUC of 0.63 and 0.68, 
respectively. The models’ prediction results were closest to random 
(AUC = 0.5). As a result, it could be stated that the prediction accuracy 

FIGURE 5

Distribution of presence probability of Kobresia pygmaea community.
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of these two models for the presence of the Kobresia pygmaea population 
in the studied region is poor.

3.3. The presence probability of Kobresia 
pygmaea community in the study area

The RF model with the best accuracy in numerous runs (TSS and 
AUC are 0.86 and 0.97, respectively) was selected to estimate the possible 
geographical distribution of the Kobresia pygmaea community in the 
research region, based on the results of the niche model accuracy 
evaluation in 2.3. The results revealed that the probability of Kobresia 
pygmaea community existence in most of the research region is less than 
10% (accounting for 72.45% of the whole study area). The probability 
range of 10% ~ 50% accounted for 24.28% of the whole study area. Only 
3.07% of the total research area had a probability of more than 50%, 
whereas 0.75% had a probability greater than 80%. The regions with a high 
probability of Kobresia pygmaea community existence are mostly located 
in Zeku County’s northern and central regions, Henan County’s northeast, 
and Maqu County’s northeast, central, and eastern parts (Figure 5).

3.4. Driving factors of Kobresia pygmaea 
community

According to the reality distribution of Kobresia pygmaea 
community acquired by remote sensing classification (Meng et  al., 
2021), the driving force of climate and human activities was identified. 
As Figure  6 shows, The potential distribution of Kobresia pygmaea 

community was mainly located in the north and around the county 
urban area of Zeku County (around the town of Zequ and Qiakeri), with 
an area of 262.44 km2 (2.78% of Zeku County); the northeast of Henan 
County (east of county urban area and towns of Tuoyema), with an area 
of 62 km2 (0.95% Henan County); the part of county urban area, towns 
of Awancang, and east of Manrima in Maqu County, with an area of 
328.81 km2 (8.33% of Maqu County). As a whole, the potential 
distribution of Kobresia pygmaea community reached 653.25 km2, and 
accounted for 3.28% of the study area.

The results of driving factors were shown in Figure 6. The region 
where the Kobresia pygmaea community potential distribution and reality 
distribution overlapped, was located in the north and around the county 
urban area in Zeku County, east of county urban area in Henna, and the 
part of county urban area, towns of Awancang in Maqu. The area of 
overlapping region was 302.94 km2 (1.52% of the study area), accounting 
for 45.55% of potential distribution and 21.12% of reality distribution. In 
other words, about 21.12% of Kobresia pygmaea community was derived 
by climate factors, and human activities are the main factor leading to the 
formation of Kobresia pygmaea community in the study area.

4. Discussion

4.1. The influencing factors on the 
distribution of Kobresia pygmaea 
community

In general, grassland Kobresia pygmaea communities could be found in 
the northwest of the QTP at altitudes ranging from 4,400–4,800 m. The 

TABLE 1  Influencing factors for Kobresia pygmaea community.

No. Environmental factors Important value Cumulative contribution (%)

1 Maximum radiation 0.3004 6.61

2 Monthly temperature range 0.2726 12.61

3 Precipitation in the driest period 0.2616 18.37

4 Warmest season radiation 0.2329 23.50

5 Precipitation in the driest season 0.2304 28.57

6 Maximum NDVI in growth season 0.2151 33.30

7 Annual mean radiation 0.2010 37.72

8 Annual precipitation 0.1831 41.75

9 Average of driest season 0.1810 45.74

10 Precipitation in the wettest period 0.1782 49.66

11 Annual temperature range 0.1733 53.47

12 Minimum temperature 0.1718 57.25

13 Precipitation in the coldest season 0.1673 60.94

14 Minimum NDVI in growth season 0.1579 64.41

15 Precipitation in the warmest season 0.1488 67.69

16 Mean NDVI in growth season 0.1453 70.88

17 Range of NDVI in growth season 0.1375 73.91

18 Precipitation in the wettest season 0.1270 76.70

19 Average of warmest season 0.1141 79.22

20 Average of wettest season 0.1108 81.65

21 Wettest season radiation 0.1057 83.98

22 Elevation 0.1042 86.27
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primary limiting factors for their growth are precipitation and nutrition (the 
soil quality is poor, and the annual precipitation is less than 450 mm with 
frequent seasonal drought; Li J. M. et al., 2016; Li R. et al., 2016). During the 
long process of natural selection, the Kobresia pygmaea community formed 
a compact and well-developed root system that not only protects soils from 
grazer trampling but also helps to cope with nutrient limitations by enabling 
medium-term nutrient storage and increasing productivity and competitive 
ability of roots against leaching and other losses (Miehe et al., 2019). Aside 
from climatic conditions, human activities have an impact on the Kobresia 
pygmaea community. Although the intensity of human activity on the 

Tibetan Plateau is low, the growth during the last two decades has been 
significantly greater than in other parts of the world (Li et al., 2017, 2018). 
Since 1960, with the shift of management strategies such as pastures, 
destocking, sedentarization, privatization, and fencing, overgrazing has 
been the key factor influencing the spatial distribution of the Kobresia 
pygmaea community (Gao and Li, 2016; Qiu, 2016). Overgrazing is another 
major cause of grassland deterioration in the QTP (Bai et al., 2002; Zhou 
et al., 2005; Li et al., 2010; Wang et al., 2012; Zhang et al., 2015).

In this study, precipitation in the driest period was discovered to 
be critically important in the east of the Yellow River’s source region, in 
addition to the hottest season, the yearly average and maximum 
radiation, and the monthly temperature range (Table  1, with 
Importance values greater than 0.20). The growth season for alpine 
grassland in the Yellow River’s source region is from May to September, 
with rain and high-temperature dominating (Meng et  al., 2018). 
Extreme weather conditions (such as drought and high temperatures) 
hinder plant development during this time period (Miehe and Miehe, 
2005). However, the distinctive structure of the Kobresia pygmaea 
community root may successfully withstand these occurrences (Li 
J. M. et al., 2016; Li R. et al., 2016; Miehe et al., 2019), which is also 
consistent with the results of environmental variables in our study.

The mean elevation of eastern edge of this study area is lower than 
4,000 m, and mean annual precipitation is ≥450 mm. Poaceae 
community (Elymus nutans + Stipa silena + Festuca ovina) is widely 
distributed, overgrazing is the main inducing factor for grassland 
vegetation community variation (Zhou et al., 2005; Cao and Long, 
2009; Miehe et al., 2019). Our result showed that the area of Kobresia 
pygmaea community potential distribution was 302.94 km2, 
accounting for 21.12% of reality distribution in study area. Results of 
this study have shown that nearly 80% of the reality Kobresia pygmaea 
community is without climate driving (Figure 6). In other words, 
we demonstrate that the existence of Kobresia pygmaea community is 
mainly generated by human activities (for example, grazing) in the 
east source region of Yellow River. The Kobresia pygmaea community 
is the key stage in the management of degraded grassland. Further 
degradation of Kobresia pygmaea community will cause irreversible 
degradation (Cao and Long, 2009; Li et al., 2013). Our study might 
offer a scientific foundation for managing alpine meadow erosion in 
the Yellow River’s source region.

4.2. Limitation for optimal niche model

Ten niche models were evaluated and examined in this study for 
their application to predict the spatial distribution of the Kobresia 

TABLE 2  Performance of each niche model.

Index Model

GLM GBM CTA ANN SRE FDA MARS RF MAXENT

TSS Mean 0.62 0.72 0.47 0.39 0.25 0.65 0.63 0.74 0.29

SD 0.09 0.08 0.14 0.15 0.08 0.22 0.07 0.09 0.05

CV 0.15 0.12 0.30 0.38 0.32 0.33 0.11 0.12 0.19

AUC Mean 0.86 0.90 0.75 0.72 0.63 0.87 0.86 0.92 0.68

SD 0.05 0.03 0.08 0.23 0.04 0.28 0.04 0.03 0.04

CV 0.06 0.04 0.11 0.32 0.06 0.32 0.05 0.03 0.07

GLM is the generalized linear model, GBM is the generalized enhanced regression model, GAM is the generalized additive model, CAT is the classification tree analysis, ANN is the artificial neural network, 
SRE is the surface range envelope, FDA is the flexible discriminant analysis, MARS is the multiple Adaptive regression Splines, RF is the random forest and MaxEnt is the maximum entropy model, TSS is the 
true skill statistics, AUC is the area under the operating characteristic curve, SD depicts standard deviation, and CV depicts coefficient of variation. Bold values means the best accuracy.

FIGURE 6

Reality and potential spatial distribution of Kobresia pygmaea 
community.
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pygmaea community. GLM, GBM, GAM, CTA, MARS, MaxEnt, SRE, 
and FDA were statistically or rules-based models, whereas ANN and RF 
were machine-learning algorithm-based models (Breiman, 1996; 
Phillips et al., 2006; Zhu et al., 2013). In this study, the RF model had 
superior prediction accuracy (with TSS and AUC of 0.74 and 0.92) and 
stability (CV of TSS and AUC of 0.12 and 0.03). There are, however, 
inevitable variables that impact model accuracy. Firstly, as compared to 
other models, the RF model is data-driven, which can automatically 
obtain and understand data, and has a flexible methodology. Expectedly, 
as the size of the input data set grows, so the model’s estimation will 
be  improved correspondingly (Han, 2001; He, 2008; Verrelst et  al., 
2015). It is made up of a big sample decision tree that is developed using 
high-dimensional data and has a high tolerance for data inaccuracy 
(Breiman, 1996, 2001). However, training an RF model with a limited 
sample size is complex, as it needs a substantial amount of tagged data 
and ground observed data (Verrelst et  al., 2015; Ali et  al., 2016). 
Furthermore, this type of model contains numerous elements, some of 
which (such as the climate) have high spatial quantization errors. As a 
result, the model continues to have some limits and uncertainties 
(Lehnert et al., 2015; Gao et al., 2013; Meng et al., 2020).

4.3. Unmanned aerial vehicle technology 
enables large-scale monitoring on the 
Kobresia pygmaea community

Kobresia pygmaea community distribution has received increasing 
attention in recent years as a key species of alpine meadow grassland 
on the QTP. However, its geographical distribution on the plateau is 
unknown (Zhang and Noltie, 2010; Miehe et al., 2011), and only a few 
scattered investigations at the sample plot level have been conducted 
(Dickore, 1995; Zhang and Noltie, 2010; Cao and Long, 2009). A large 
number of observation sites should be supplied before predicting the 
possible geographical distribution of the Kobresia pygmaea community 
(Li and Guo, 2013). However, utilizing the standard artificial 
observation approach makes large-scale observation impossible 
(Miehe et al., 2019).

In this work, the UAV aerial photography system FragMap was 
employed to acquire grass community observations, resulting in large-
scale, fixed point, and repetitive observation of the Kobresia pygmaea 
community (Yi, 2017; Meng et al., 2018). The images taken by the UAV’s 
Grid and Belt modes have a high resolution (1 cm and 0.09 cm for Grid 
and Belt mode, respectively) and a vast spatial representative range (1 
photograph can represent a traditional observation site). And the 
resolution is sufficient to discern the Kobresia pygmaea community in 
the alpine meadow (Figure 4; Sun et al., 2018).

As a result, it is a remarkable novelty for this study to successfully 
employ a UAV aerial photography system to acquire observation sites 
for the existence or absence of the Kobresia pygmaea community in the 
Yellow River’s source region. On the one hand, it saves a significant 
amount of people and material resources as well as economic input; on 
the other hand, it improves observation efficiency and enables large-
scale fixed repetitive observation (Yi et  al., 2016). However, the 
vegetation pieces and grassland communities were acquired by visual 
interpretation, and it requires good knowledge of plant taxonomy and 
time-consuming. Hence, the automatic identification of vegetation 
pieces and grassland communities based on aerial photographs and the 
deep-learning algorithm requires further exploration (Lv et al., 2022).

5. Conclusion

The forecast accuracy of 10 niche models was assessed in 
BIOMOD based on UAV observations of the Kobresia pygmaea 
community and its associated environmental parameters in the 
eastern section of the Yellow River’s Source basin. The preliminary 
distribution of the Kobresia pygmaea community was predicted, and 
the following findings were reached: (1) Six of the 44 tested 
environmental factors (maximum radiation, monthly temperature 
difference, precipitation in the driest period, radiation in the 
warmest season, precipitation in the driest season, and annual 
average radiation) have high Importance values (>0.20), and there 
are 22 influencing factors in the study area with a cumulative 
contribution of more than 85%. (2) The RF model had the highest 
accuracy and stability in predicting the spatial distribution of the 
Kobresia pygmaea community, with TSS, AUC of 0.74 and 0.92, 
respectively; (3) the regions with a probability of Kobresia pygmaea 
community presence greater than 50% are primarily located in 
northern and central areas of Zeku County, northeastern and central 
areas of Henan County, and northeast, central, and eastern areas of 
Maqu County; (4) About 21.12% of Kobresia pygmaea community 
was derived by climate factors, and nearly 80% was derived by 
human activities. Human activities are the main factor leading to the 
formation of Kobresia pygmaea community in the east source region 
of Yellow River.
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Methane uptake responses to 
heavy rainfalls co-regulated by 
seasonal timing and plant 
composition in a semiarid 
grassland
Zhenzhen Zheng 1, Fuqi Wen 1, Congjia Li 1, Shuntian Guan 1, 
Yunqi Xiong 1, Yuan Liu 1, Ruyan Qian 1, Mengbo Lv 1, Shaorui Xu 1, 
Xiaoyong Cui 1, Yanfen Wang 2,3, Yanbin Hao 1,2 and Linfeng Li 3*
1 College of Life Sciences, University of Chinese Academy of Sciences, Beijing, China, 2 Beijing Yanshan 
Earth Critical Zone National Research Station, University of Chinese Academy of Sciences, Beijing, 
China, 3 College of Resources and Environment, University of Chinese Academy of Sciences, Beijing, 
China

Heavy rainfalls caused by global warming are increasing widespread in the future. 
As the second greenhouse gas, the biological processes of methane (CH4) uptake 
would be  strongly affected by heavy rainfalls. However, how seasonal timing 
and plant composition affect CH4 uptake in response to heavy rainfalls is largely 
unknown. Here, we conducted a manipulative experiment to explore the effects 
of heavy rainfall imposed on middle and late growing season stage on CH4 uptake 
of constructed steppe communities including graminoid, shrub and their mixture 
in Inner Mongolia, China. The results of mixed effect model showed that both 
heavy rainfalls decreased CH4 uptake. Nevertheless, the effect magnitude and 
the pathways were varied with seasonal timing. Relatively, the late heavy rainfall 
had larger negative effects. Structural equation model suggested that late heavy 
rainfall decreased CH4 uptake through decreased diffusivity, pmoA abundance, 
and NH4

+-N content, as products of high soil water content (SWC). However, 
middle heavy rainfall decreased CH4 uptake only by increasing SWC. Additionally, 
aboveground biomass (AGB) had negative effects on CH4 uptake under both 
heavy rainfalls. Additionally, plant composition not only affected CH4 uptake but 
also regulated CH4 uptake in response to heavy rainfalls. Late heavy rainfall had 
less negative effect on CH4 uptake in graminoid community than in other two 
communities, in coincidence with less reduction in NH4

+-N content and less 
increase in SWC and AGB. In contrast, we did not observe obvious difference in 
effects of middle heavy rainfall on CH4 uptake across three communities. Our 
findings demonstrated that magnitude and pathways of heavy rainfall effects on 
CH4 uptake were strongly co-regulated by seasonal timing and plant composition.

KEYWORDS

CH4, climate extremes, greenhouse gasses, methanotrophs, community composition, 
precipitation
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Introduction

Methane (CH4) is a powerful greenhouse gas and strongly 
contributes to global warming and resultant changes in precipitation, 
as the global warming potential is 28–36 times than that of carbon 
dioxide (CO2) at 100-y timescale (Jiang et al., 2012; Fischer and Knutti, 
2016; Otto et al., 2018; IPCC, 2021). Aerobic soils are important CH4 
sink, in which 9–47 Tg CH4 year−1 from the atmosphere was oxidated 
by methanotroph through methane monooxygenase (MMO) (Elango 
et al., 1997; Fest et al., 2015; Yue et al., 2019, 2022). The subunit genes 
of MMOs, specifically pmoA, are used as biomarker genes for the 
presence and abundance of bacterial methanotrophs (Fest et al., 2015; 
Tentori and Richardson, 2020). Therefore, understanding effects of 
changes in precipitation on CH4 uptake in drylands and underlying 
microbial mechanisms have great implications for prediction of future 
carbon cycling and its feedback to climate changes.

It has been confirmed that precipitation changes are expected to 
significantly influence the intensity of CH4 sinks (Aronson et al., 2019; 
Martins et al., 2021). For example, increased precipitation by 30% 
significantly increased CH4 uptake in temperate deserts (Yue et al., 
2019). In contrast, CH4 uptake was decreased and unchanged by 
increased precipitation in alpine meadows and in degraded steppe 
grasslands, respectively (Chen W. W. et al., 2013; Wu et al., 2020). 
Meta-analysis studies suggested that increased precipitation can 
decrease CH4 uptake in terrestrial ecosystems at the global scale (Chen 
H. et al., 2013; Yan et al., 2018). Although these results highlighted the 
important role of increased precipitation in regulating CH4 uptake in 
aerobic soils, to date, there is great uncertainty about the effects of 
extreme precipitation with several days (e.g., heavy rainfall events), 
rather than chronic increases in precipitation at seasonal timescale, on 
CH4 uptake.

Effects of chronic increases in precipitation and heavy rainfall on 
CH4 uptake may be largely different. Soil moisture controlled CH4 
uptake through affecting the methanotroph community and altering 
air-soil diffusion (Wei et al., 2015). A bell-shaped relationship was 
observed between soil moisture and CH4 uptake with CH4 uptake 
reached the peak at intermediate soil moisture (Dijkstra et al., 2013; 
Li et al., 2016; Zhang et al., 2021). Above the optimum soil moisture, 
soil moisture would limit oxygen (O2) diffusion in soils and depress 
the activity of methanotroph communities, inhibiting CH4 uptake 
(Curry, 2007; Liptzin et al., 2011; Zhuang et al., 2013). Hence, slight 
increases in precipitation may promote methanotroph community 
and thereby increase CH4 uptake while heavy rainfall caused 
saturation soil moisture and thereby would reduce CH4 uptake. 
Additionally, CH4 uptake is sensitive to soil ammonium (NH4 +-N) 
and nitrate (NO3

−-N). NH4 +-N had an inhibiting effect on CH4 uptake 
mainly through replacing CH4 to be  oxidized by methanotroph 
(Schnell and King, 1994; Yue et  al., 2022), while NO3

−-N had an 
inhibiting effect on CH4 uptake through changing methanotroph 
activity and composition or enhancing soil oxidation potential and 
environment (Le Mer and Roger, 2001; Yue et al., 2022). Increased 
precipitation is likely to enhance soil inorganic nitrogen by 
accelerating mineralization (Cabrera and Kissel, 1988; Bai et al., 2012). 
In contrast, soil inorganic nitrogen may decline through leaching and 
runoff under heavy rainfalls (Borken and Matzner, 2009; Cregger 
et al., 2014). Thus, slight increases in precipitation and heavy rainfall 
are likely to induce opposite impacts on CH4 uptake through the 
pathway of NH4 +-N and NO3

−-N content.

Furthermore, seasonal timing and plant composition potentially 
modulate CH4 uptake in response to heavy rainfalls. Previous studies 
suggested that seasonal timing strongly regulates effects of heavy 
rainfall on multiple ecosystem attributes such as soil water, carbon, 
and nitrogen availability, as well as plant biomass and phenology (Li 
et al., 2019; Post and Knapp, 2020; Li et al., 2022). Therefore, we except 
that impacts of heavy rainfall on CH4 uptake may be also regulated by 
seasonal timing. Indeed, Zhao et al. (2017) found that CH4 uptake was 
reduced by 62% and 45% during the period of middle and late heavy 
rainfall, respectively. Besides, there were significant differences in the 
composition and abundance of methanogens in soil with different 
plant species, resulting in different potential of CH4 uptake (Dai et al., 
2015). For example, CH4 uptake capacity was stronger in soil of oat 
than that in native vegetation (Hüppi et al., 2022). Moreover, plant 
communities with higher-diversity were less negatively affected by 
floods and mature plants can withstand flooding better than seedlings 
(Gattringer et al., 2017; Wright et al., 2017). Although several studies 
had reported that plant community composition and seasonal timing 
could moderate heavy rainfall effects on CH4 uptake capacity (Liebner 
et al., 2015; Tong et al., 2017; Zhao et al., 2017; Yue et al., 2022), it is 
unknown the interactions on CH4 uptake in the face of heavy rainfall.

To explore the individual and especially interactive effects of 
heavy rainfall timing and species composition on CH4 uptake in 
response to heavy rainfall, we conducted a field experiment in which 
heavy rainfall occurring in middle and late growing season were 
imposed on plots with three experimental plant communities of 
graminoids, shrubs and their combination, respectively. 
We hypothesized that: (1) Heavy rainfalls would suppress CH4 uptake 
due to reduced diffusivity and methanotrophs activity, regardless of 
seasonal timing, (2) Heavy rainfall occurring in middle growing 
season with high air temperatures may cause less saturated soil 
conditions, thus CH4 uptake is likely to be less decreased by middle 
heavy rainfall than late heavy rainfall, and (3) Plant community 
composition would adjust CH4 uptake in response to heavy rainfalls 
though soil moisture, inorganic content, aboveground biomass and 
methanotrophs activities.

Materials and methods

Study site

We carried out the study at the Research Station of Animal 
Ecology (44°18′ N, 116°45′ E 1079 m.a.s.l) in a semiarid grassland of 
Inner Mongolia Autonomous Region, China. The study site has a 
temperate continental semi-arid climate, of which the mean annual 
precipitation (1953 to 2017) is 281 mm and the mean annual 
temperature is 2.5°C. The plant species in the study region is mainly 
dominated by xeric rhizomatous grasses, needle grasses and perennial 
forbs such as Leymus chinensis, Stipa grandis and Medicago falcata. 
The soil type in this experimental region is classified as chestnut soil 
consisting of 60% sand, 18% clay and 17% silt.

Experiment design

The experiment was began in 2012. In this study, we reported the 
data measured in 2021. According to the statistical analysis of 
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∼60-year (1953–2012) historical meteorological data provided by The 
Xilin Gol League Meteorological Administration, the longest 
continuous rainfall period of daily precipitation (≥ 3 mm) was 20 days 
during the growing season. The total effective precipitation was 
calculated over all 20 days periods, which was 250 mm. Thus, heavy 
rainfall was defined as 250 mm rainfall over 20 d in this study (12.5 mm 
d−1) (Hao et  al., 2017). We  used a two-way split-plot experiment 
design to study the effect of heavy rainfall on CH4 uptake joint control 
of seasonal timing and plant composition. The main treatment had 9 
plots and each main plot was made up of 3 sub-plots, thus there were 
total 27 sub-plots in heavy rainfall treatments experiment 
(Supplementary Figure S1). Specifically, three heavy rainfall 
treatments were set up in the main plots with three replicates: ambient 
control, mid-stage heavy rainfall (HR-mid, 15 July-5 August) and late-
stage heavy rainfall (HR-late, 15 August-5 September), respectively. 
Three plant community compositions were set up in the sub-plots: 
graminoid (Leymus chinensis and Stipa grandis), shrub (Caragana 
microphylla and Artemisia frigida) and their mixture. Plant seeds of 
dominant local species were cultivated at the start of the study in early 
May 2012. The total coverage of graminoids, shrub and mixture 
community were 70, 80, and 75%, respectively.

Twenty-seven 2 m × 2 m sub-plots were established with 1-m 
intervals between sub-plots. The ambient control sub-plots remained 
uncovered year-round. Heavy rainfall treatment sub-plots were 
covered with 27  m2 rainout shelters (4.5 m × 6 m, height 3 m) to 
prevent natural rainfall and greenhouse effect during the treatment 
periods. The rainout shelters were made of transparent polyester fiber 
material to ensure no significant shading. Non-target plant seedlings 
in each subplot were weekly removed to maintain fixed plant 
community composition during the entire growing season.

CH4 flux and soil water content 
measurements

Soil water content (SWC) and CH4 fluxes were measured three 
times monthly during the growing season in 2021. Time domain 
reflectometry (TDR 300 Soil Moisture Meter) with 20 cm probe was 
used to record SWC. CH4 fluxes were measured by laser-based fast 
greenhouse gas analyzer with an in-house closed chamber. The data 
collection frequency of 1 Hz was utilized to measure CH4 fluxes (Kang 
et al., 2018). The volume of cube chamber is 1.25 × 105 cm3, which was 
equipped with two electric fans in the center of the chamber ceiling to 
mix air concentration. Laser-based fast greenhouse gas analyzer has 
two 20-m rubber internal pipes, which were used to connect with the 
closed chamber through two 2-cm diameter holes on top of the 
chamber. Two pipes were used to transport gas from the greenhouse 
gas analyzer to the chamber and return from the chamber to the 
analyzer. Each subplot had a stainless frame (length × width × 
height = 50 cm × 50 cm × 10 cm) with 2 cm wide water groove. Each 
frame was installed and inserted 7 cm deep in soil and retained 3 cm 
above ground. Enough water should be put into the grooves of frames 
to guarantee gas tightness before mounting the chamber on the frame. 
Gas sampling area in each sub-plot was measured between 9:00 am 
and 10:00 am local time. In each sampling area, the gas in chamber 
was measured for 10 min, and the chamber should be opened for 
2 min before the next measurement. We calculated CH4 flux from the 
linear slope.

	
Fc dc

dt
M
V

P
P

T
T

H= × × × ×
0 0

0

where F is the CH4 flux rate [mg/(m2·h)]; dc dt/ is the cumulative 
growth rate of CH4; M and P represent the molar mass of CH4 (g/mol) 
and the air pressure (Pa), respectively; V0 and P0 represent the standard 
molar volume (22.41 m3/mol) and standard air pressure (101,325 Pa), 
respectively; T and T0 represent the absolute temperature inside the 
chamber (oK) and absolute temperature (oK), respectively; and H is 
the effective height of the chamber (m).

Above-ground biomass measurement

Harvest method was used to measure above-ground biomass 
(AGB). We  harvested all aboveground living plant tissues in a 
50 cm × 50 cm quadrat of each sub-plot on September 21st, 2021. All 
plant tissues of each quadrat were put in the oven and dried at 65°C 
until they had constant weight.

Soil property measurement

Three soil cores were taken in 20 cm deep in each plot using an 
auger (2.5 cm in diameter) on September 21st, 2021. Roots and stones 
of soil were removed from three core sets and homogenized by 2 mm 
sieves. The extract was a mixture solution of 10 g fresh soil sample and 
40 ml 0.5 M K2SO4 solution, which were shaken for 30 min in shaker. 
After mixing well, NH4 +-N and NO3

−-N concentration of soil sample 
were detected by a continuous flow automatic ion analyzer (SEAL 
Analytical GmbH, Norderstedt, Germany) (Wachendorf et al., 2008).

DNA extraction and qPCR

DNA were extracted from fresh soil of 0.5 g by Power Soil DNA 
Isolation Kit (MOBIO Laboratories, United States) according to the 
specification information. DNA quality of soil was assessed by 
NanoDrop 2000 UV–Vis spectrophotometer (Thermo Scientific, 
Wilmington, Delaware, USA). The methanotrophic pmoA gene 
abundance was determined by quantitative polymerase chain 
reaction (qPCR) using Eppendorf Masterpiece realplex sequence 
detection system (Applied Biosystems 7500/7600). Standard curves 
were created with plasmid DNA in ten-fold serial dilutions. The 
primer sets were used for pmoA: 5′-GGNGACTGGGACTTCTGG-3′ 
and 5′-CCGGMGCAACGTCYTTACC-3′. The 20 μL qPCR 
reaction consisted of 1 μL DNA template, 0.2 μL of front and back 
primer, 10.4 μL mixture solution of ROX and Takara SYBR®Premix 
Ex Taq ™ (Perfect RealTime) and 8.4 μL sterile water. After the 
reaction solution has been thoroughly mixed, the hole in the 
96-well plate was filled with 20 μL qPCR reaction solution. 
Additionally, the contamination was detected by adding 19 μL 
qPCR reaction solution into the hole of 96-well plate without DNA 
template during the experiment. The sequential reaction conditions 
for the pmoA gene were set as: an initial denaturation at 95°C for 
30 s, followed by 40 cycles at 95°C for 30 s, 60°C for 45 s, and 68°C 
for 45 s, with a final extension at 80°C for 30 s.
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Statistical analyses

We conducted Duncan’s multiple comparison to test 
differences of heavy rainfall with seasonal timing, plant 
composition and their interaction effects on variables including 
CH4 uptake, soil water content, aboveground biomass, pmoA 
abundance, NH4

+-N and NO3
−-N content. Mixed-effects models 

were conducted using the NLME package in R v.3.4.4 (R Core 
Team, 2018) to compare the effects of middle and late growing 
season heavy rainfall, plant composition, and the interaction 
effects of plant composition and heavy rainfall on the above 
variables, respectively. Structural equation model (SEM) analyzes 
were performed using the piecewise SEM package to explore 
direct and indirect impacts of heavy rainfall on CH4 uptake 
(Domeignoz-Horta et al., 2020). The most variation can explain 
by this model, including low Akaike Information Criterion (AIC), 
a nonsignificant Chi-squared test (p > 0.05) and high Comparative 
Fit Index (CFI > 0.9).

Result

Seasonal dynamics and response of soil 
moisture content to heavy rainfalls

Total growing season precipitation (GSP) of control, HR-mid 
and HR-late were 351 mm, 513.16 mm, and 559.02 mm, 
respectively. Regardless of seasonal timing, SWC was significantly 
increased by heavy rainfalls in all three communities (p = 0.01 and 
<0.0001 for HR-mid and HR-late, respectively; Figure  1 and 
Table 1). Overall, SWC in HR-late seems slightly higher than that 
in HR-mid (Figures  1E,F; Supplementary Figure S2). Plant 
community composition had no significant effects on SWC 
(p = 0.54 for composition, Table  1). However, the SWC in 
graminoid community was slightly less increased by heavy 
rainfalls compared with shrub and mixture communities 
(Supplementary Figure S2).

Response of CH4 uptake to heavy rainfalls

Over the growing season, averaged CH4 uptake significantly 
decreased by HR-mid (p = 0.03) and HR-late (p < 0.0001) in all three 
communities (Figures 2E,F). The reductions were mainly occurred 
during the period of the heavy rainfalls. Relatively, HR-late had 
larger negatively effects on CH4 uptake than HR-mid. There were 
significant differences of CH4 uptake among three communities 
with the least CH4 uptake in shrub community (p < 0.0001, Table 1; 
Supplementary Figure S3). HR-late effects on CH4 uptake depended 
on plant composition (p = 0.03 for HR-late × Composition), with 
the least decreased CH4 uptake in graminoid community than that 
in other two communities. There was also a marginally significant 
interaction between HR-mid × Composition (p = 0.08) on CH4 
uptake, but the effects of HR-mid on CH4 uptake were similar across 
three communities. Collectively, negative effects of heavy rainfalls 
on CH4 uptake modulated by seasonal timing and plant 
community composition.

Response of pmoA abundance, AGB, 
NH4

+-N and NO3
−-N to heavy rainfalls

Similarly, heavy rainfalls effects on soil inorganic N content and 
pmoA abundance were changed with seasonal timing and plant 
community composition. Both two heavy rainfalls significantly 
declined pmoA abundance for three communities but the effects were 
larger in mixture community than in other two communities (p = 0.01 
and 0.0001 for HR-mid × Composition and HR-late × Composition) 
(Figure 3A; Table 1). Regardless of plant composition, HR-mid and 
HR-late unchanged and significantly increased AGB, respectively 
(Figure 3B; Table 1), NH4

+-N was significantly increased by HR-mid 
but significantly declined by HR-late in three communities 
(Figure  3C). Similarly, HR-mid significantly increased NO3

−-N 
content (Figure  3D; Table  1), mainly in graminoid and mixture 
communities. In contrast, HR-late had little effects on NO3

−-N content.

The influence of abiotic and biotic factors 
on CH4 uptake

Structural equation model showed that SWC had directly negative 
impacts on CH4 uptake and pmoA abundance under two heavy 
rainfalls. Additionally, CH4 uptake negatively correlated with AGB 
under two heavy rainfalls. However, CH4 uptake positively correlated 
with pmoA abundance in HR-late but not in HR-mid. SWC had 
significantly positive impact on NH4

+ under HR-mid, while opposite 
impact between SWC and NH4

+ was found in HR-late. Moreover, 
NH4

+ positively correlated with pmoA abundance only in HR-late. 
NO3

− had no significant relationships with CH4 uptake (Figure 4). In 
short, heavy rainfalls with different seasonal timing decreased CH4 
uptake through different pathways.

Discussion

Understanding extreme precipitation scenario on CH4 uptake has 
important implications for predicting future global climate changes 
and terrestrial C cycling. To explore how seasonal timing and plant 
composition affected CH4 uptake in response to heavy rainfalls, 
we conducted a manipulative experiment in a semiarid grassland of 
Inner Mongolia, China. In this study, we identified CH4 uptake in 
response to heavy rainfall are regulated by independent and especially 
interactive effects of heavy rainfall timing and plant composition. Our 
results demonstrate that seasonal timing strongly controls size and 
pathway of negative effects of heavy rainfall on CH4 uptake and 
importantly the regulating effects of plant composition on CH4 uptake 
response to heavy rainfall via soil water content, pmoA abundance, 
NH4

+-N content and AGB.

Heavy rainfalls decrease CH4 uptake

CH4 uptake was significantly decreased by heavy rainfalls, 
regardless of seasonal timing and plant community composition in 
our study (Figure 2). Previous study showed that soil moisture and 
CH4 uptake had a hump-shaped relationship, where the optimum 
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moisture is 10 % -12 % for highest CH4 uptake in a semiarid and arid 
soils (Dijkstra et al., 2011; Li et al., 2016; Yue et al., 2022). Moderate 
soil moisture could significantly promote CH4 uptake, which could 
be significantly inhibited by too- low or too- high soil moisture (Van 
den Pol-van Dasselaar et al., 1998; Dijkstra et al., 2011). In our study, 

SWC were above 12% in all treatments throughout the growing 
season. High soil moisture induced by heavy rainfalls would cause 
anaerobic soil conditions, low soil oxygen (O2) concentrations and 
CH4 diffusion (Figure 1). Additionally, pmoA abundance decreased in 
both two heavy rainfalls (Figure 3A). Taken together, these results 

A

B

C

FIGURE 1

Seasonal dynamic and mean of soil water content under heavy rainfall treatments in graminoid (A,D), shrub (B,E), and graminoid +shrub (C,F) plots. 
Different letters above bars in d, e and f indicate significant difference among treatments at p ≤ 0.05. The orange and blue shaded regions in a–c 
indicate the periods of the HR-mid (heavy rain imposed in middle of the growing season, orange line) and HR-late (heavy rainfall imposed late in the 
growing season, blue line) treatments, respectively. Error bars show one standard error of the mean.

TABLE 1  p-Value from mixed-effect model analyzes of HR-mid and HR-late, community composition and their interactions on soil water content 
(SWC), aboveground biomass (AGB), CH4 uptake, abundance of pmoA, and content of NH4

+-N and NO3
−-N.

Fixed effect DF SWC AGB CH4 
uptake

pmoA NH4
+-N NO3

−-N

Num Den

HR-mid 1 24 0.01 0.44 0.04 <0.0001 <0.0001 0.04

HR-late 1 24 <0.0001 0.05 <0.0001 <0.0001 0.004 0.77

Composition 2 24 0.27 <0.0001 <0.0001 0.001 0.03 0.21

HR-mid × Composition 2 24 0.85 0.85 0.08 0.01 0.22 0.10

HR-late × Composition 2 24 0.49 0.95 0.03 0.0001 0.58 0.96

p-Values in bold are statistically significant to an alpha value of 0.05.
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suggested that experimental heavy rainfalls continuously decreased 
CH4 diffusivity and O2 availability and thus inhibited the activity of 
methanotrophs, supporting our first hypothesis. As a result, SWC 
showed negatively relationship with CH4 uptake under two heavy 
rainfalls in our study (Figure 4).

Magnitude and pathways of heavy rainfall 
effects on CH4 uptake depend on seasonal 
timing

Although two heavy rainfalls had negative effects on CH4 uptake, 
the effect magnitude varied with seasonal timing. Consistent with the 
second hypothesis, CH4 uptake is less decreased by HR-mid than 
HR-late in all three communities (Figure 2). This may be because 
HR-mid received less precipitation than HR-late (513.16 mm vs. 
559.02 mm, Figure 1). In addition, higher air temperatures during the 
period of HR-mid would induce larger evapotranspiration. As a result, 

HR-mid caused less saturated soil conditions than HR-mid, which was 
reflected by slightly lower SWC in HR-mid than in HR-late 
(Figure 1F). As discussed above, SWC had negative impacts on CH4 
uptake in our study. Thus, lower SWC and corresponding less 
saturated soil conditions under HR-mid induced less reduction in 
CH4 uptake.

Structural equation model showed that SWC and resultant 
anaerobic conditions were main controller of CH4 uptake (Wei et al., 
2015; Zhou et al., 2021). AGB also had direct negative effects on CH4 
uptake under both heavy rainfalls (Figure  4B). Previous studies 
showed similar trends that increased AGB may contribute to 
increasing soil water-holding capacity, maintaining high soil moisture 
and inhibiting soil substrate availability. As a result, methanotrophs 
activities and CH4 oxidation in soil were inhibited (Robson et al., 
2007; Zhang et al., 2012; Tang et al., 2018). Besides, high SWC directly 
and indirectly inhibited pmoA abundance through decreasing NH4

+-N 
content, ultimately, suppressing CH4 uptake in HR-late. CH4 was 
oxidated by methanotroph, thus, it is not surprising that low pmoA 

A

B

C

FIGURE 2

Seasonal dynamic and mean of CH4 uptake under heavy rainfall treatments in graminoid (A,D), shrub (B,E), and graminoid +shrub (C,F) plots. Different 
letters above bars in d, e and f indicate significant difference among treatments at p ≤ 0.05. The orange and blue shaded regions in a–c indicate the 
periods of the HR-mid (heavy rain imposed in middle of the growing season, orange line) and HR-late (heavy rainfall imposed late in the growing 
season, blue line) treatments, respectively. Error bars show one standard error of the mean.
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abundance would limit CH4 uptake (Degelmann et al., 2010; Zhang 
et al., 2019; Kaupper et al., 2021;). Previous studies have found that the 
process of methanotrophs using CH4 as both an energy and carbon 
source generally requires soil NH4

+-N as N source (Rigler and 
Zechmeister-Boltenstern, 1999; Schimel and Weintraub, 2003; 
Bürgmann, 2011), resulting in decreased soil NH4

+-N content can 
inhibit methanotrophs activities and pmoA abundance (Le Mer and 
Roger, 2001; Xu and Inubushi, 2007; Yue et al., 2016, 2022). However, 
some findings of other studies suggest that decreased NH4

+-N 
availability in soils can promote CH4 oxidation as higher NH4

+-N can 
replace CH4 to be oxidized by methanotroph (Song et al., 2020; Yue 
et  al., 2022). Therefore, the net effects of NH4

+-N on CH4 uptake 
depend on the relative size of the two processes. Nevertheless, the 
mechanism was not suitable for HR-mid. Similar to HR-late, HR-mid 
declined pmoA abundance, however, it had no significant correlation 
with CH4 uptake. This may be because increased NH4

+-N content 
under HR-mid leaded to the oxidation of NH4

+-N instead of CH4 by 
methanotrophs, thus resulting in the most decreased CH4 uptake in 
mixture community, although the largest reduction of pmoA 

abundance were found in graminoid community. As NO3
−-N content 

was little impacted by heavy rainfalls, it had no effects on CH4 uptake 
in this study. Our results are consistent with the finding that soil 
NO3

−-N concentrations and CH4 uptake had no correlation in a 
subtropical plantation forest ecosystem (Wang et al., 2014). Taken 
together, our study proved that the pathways underlying CH4 uptake 
in response to heavy rainfall depend on seasonal timing.

Plant composition regulates responses of 
CH4 uptake to heavy rainfalls

Multiple lines of evidence proved that plant composition is a 
controlling factor in regulation of soil CH4 oxidation. CH4 uptake 
would increase with enhanced plant diversity as high plant biodiversity 
promoted microbial activities (Altor and Mitsch, 2006; Bouchard 
et al., 2007; Schultz et al., 2011; Hassan et al., 2019). Niklaus et al. 
(2016) showed that the presence of legume plants inhibited soil CH4 
oxidation capacity due to decline in plant N acquisition. Likewise, CH4 

A B

C D

FIGURE 3

Responses of pmoA abundance (A), above-ground biomass (AGB) (B), NH4
+-N (C) and NO3

−-N (D) to heavy rainfall treatments in three plant 
communities. Different letters above bars indicate significant difference among treatments at p ≤ 0.05.
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uptake had significant differences among three communities, where 
CH4 uptake was less in shrub community than in graminoid and 
mixture communities in our study (Supplementary Figure S3; 
Table  1). It may be  because shrubs had harmful effects on 
methanotrophs activities and CH4 uptake through the chemistry of 
root exudates and N competition among plants and microbes (Zak 
et al., 2003; Hassan et al., 2019).

Importantly, plant composition regulated CH4 uptake to heavy 
rainfalls, reflected by significant interactions between plant 
composition and heavy rainfalls (Table 1). Negative effects of HR-late 
on CH4 uptake was the least in graminoid community than in other 
two communities. The potential explanation may be that HR-late had 
larger positive effects on SWC and AGB and larger negative effects on 
pmoA abundance and NH4

+-N content in shrub and mixture 
communities (Figures 1F, 3A), although the interactions were only 
significant on SWC and pmoA abundance. This finding supports the 
third hypothesis that plant composition would regulate CH4 uptake in 
response to heavy rainfalls though soil moisture, inorganic content, 
aboveground biomass and methanotrophs activities. Although 
previous studies proved that plant communities with higher-diversity 
are less negatively affected by floods (Gattringer et al., 2017; Wright 
et al., 2017), the least increase in SWC, AGB and the least decrease 
NH4

+-N content were observed in graminoid community under 
HR-late. Previous studies have reported that precipitation infiltration 
and evaporation rate vary with plant species composition. Evaporation 
and transpiration can remove water from shallow soil layers after 
rainfall and thus decrease soil moisture (Coughenour, 1984; Weltzin 
et al., 2003; Springer et al., 2006; MacIvor and Lundholm, 2011; Moore 
et al., 2022). Graminoids are shallower rooting with deeper and faster 
infiltration and faster evaporation rate, leading to lower soil moisture 
and the duration of soil saturation in graminoid community (Springer 

et al., 2006). Therefore, HR-late had the least negative effect on CH4 
uptake in graminoid community under HR-late. Overall, SWC, pmoA 
abundance and NH4

+-N content had the least reduction in graminoid, 
leading to the least decreased CH4 uptake in HR-late. However, 
HR-mid had similar negative effects on CH4 uptake across three 
communities although the interaction between HR-mid and plant 
composition on CH4 uptake was statistically significant (p = 0.08). 
Therefore, we  concluded that CH4 uptake in response to climate 
extremes jointly controlled by interaction of seasonal timing and 
plant composition.

Conclusion

Our results highlight the vital role of seasonal timing and plant 
composition in regulating heavy rainfall effects on CH4 uptake. 
Specifically, although both heavy rainfalls reduced CH4 sink, late 
heavy rainfall had larger negative effects than middle heavy rainfall. 
This is because decreased NH4

+-N induced by late heavy rainfall had 
negative effects on pomA abundance and further suppressing CH4 
sink, in addition to directly negative effects of high soil moisture 
induced by heavy rainfall. Besides, shrub community had lower CH4 
uptake than graminoid and mixture communities. Moreover, late 
heavy rainfall had the least negative effects on CH4 uptake in 
graminoid communities than in other two communities, indicating 
that climate extremes-driven shifts in dominant species would in turn 
alter ecosystem feedbacks. Therefore, to improve prediction accuracy 
of terrestrial ecosystems feedbacks to climate changes, we encourage 
future studies to further quantify the interactive effects between 
seasonal timing and plant on regulating carbon cycling in response to 
climate extremes.

A B

FIGURE 4

Structural equation models analysis of the direct and indirect effects of soil, microbe and plant variables on CH4 uptakes under HR-mid (A) and HR-late 
(B) treatment. SWC: soil water content; AGB: aboveground, biomass; NH4

+ and NO3
−: soil ammonium and nitrate content. Solid and dashed lines 

indicate significant (p ≤ 0.05) and nonsignificant (p > 0.05) relationships, respectively. Width of the line is proportional to the strength of path coefficients 
expressed by the numbers adjacent on lines. r2 values denote the proportion of variance explained for each variable.
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The demand for accurate estimation of aboveground biomass (AGB) at high 
spatial resolution is increasing in grassland-related research and management, 
especially for those regions with complex topography and fragmented landscapes, 
where grass and shrub are interspersed. In this study, based on 519 field AGB 
observations, integrating Synthetic Aperture Radar (SAR; Sentinel-1) and high-
resolution (Sentinel-2) remote sensing images, environmental and topographical 
data, we estimated the AGB of mountain grassland in Southwest China (Yunnan 
Province and Guizhou Province) by using remote sensing algorithms ranging from 
traditional regression to cutting edge machine learning (ML) and deep learning 
(DL) models. Four models (i.e., multiple stepwise regression (MSR), random 
forest (RF), support vector machine (SVM) and convolutional neural network 
(CNN)) were developed and compared for AGB simulation purposes. The results 
indicated that the RF model performed the best among the four models (testing 
dataset: decision co-efficient (R2) was 0.80 for shrubland and 0.75 for grassland, 
respectively). Among all input variables in the RF model, the vegetation indices 
played the most important role in grassland AGB estimation, with 6 vegetation 
indices (EVI, EVI2, NDVI, NIRv, MSR and DVI) in the top 10 of input variables. For 
shrubland, however, topographical factors (elevation, 12.7% IncMSE (increase in 
mean squared error)) and SAR data (VH band, 11.3% IncMSE) were the variables 
which contributed the most in the AGB estimation model. By comparing the input 
variables to the RF model, we found that integrating SAR data has the potential to 
improve grassland AGB estimation, especially for shrubland (26.7% improvement 
in the estimation of shrubland AGB). Regional grassland AGB estimation showed 
a lower mean AGB in Yunnan Province (443.6 g/m2) than that in Guizhou Province 
(687.6 g/m2) in 2021. Moreover, the correlation between five consecutive years 
(2018–2022) of AGB data and climatic factors calculated by partial correlation 
analysis showed that regional AGB was positively related with mean annual 
precipitation in more than 70% of the grassland and 60% of the shrubland area, 
respectively. Also, we found a positive relationship with mean annual temperature 
in 62.8% of the grassland and 55.6% of the shrubland area, respectively. This 
study demonstrated that integrating SAR into grassland AGB estimation led to a 
remote sensing estimation model that greatly improved the accuracy of modeled 
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mountain grassland AGB in southwest China, where the grassland consists of a 
complex mix of grass and shrubs.

KEYWORDS

aboveground biomass, grassland, shrubland, machine learning, SAR, climate

1. Introduction

Grassland is one of the most widely distributed terrestrial 
ecosystems, accounting for more than 40% of the world’s land surface 
(Scurlock and Hall, 2002). It plays an important role in providing 
human livelihood through the livestock production of grazing animals 
and additional ecosystem services such as regulating the terrestrial 
carbon cycling, maintaining biodiversity and preventing soil erosion 
(Flombaum and Sala, 2007; Wang et al., 2010; Niu et al., 2014; Mu 
et al., 2016). Grassland aboveground biomass (AGB) is one of the key 
indicators for evaluating in grassland growth status, utilization, and 
related environment assessment (Ali et  al., 2016). Therefore, the 
accurate and timely estimation of grassland AGB is crucial for research 
and optimizing management.

Traditional surveys of grassland AGB is directly measured by 
harvesting the aboveground materials, drying, and weighing in 
laboratories, which has high estimation accuracy but is limited to 
small areas due to its time-consuming nature and the labor involved 
(Sinha et al., 2015). With continuous launches of advanced satellites, 
leading to images with various spatial extent and temporal scales, 
coupled with the development of computing technology, remote 
sensing has become an efficient and low-cost approach which is widely 
applied in grassland monitoring at regional levels or global scales (Jin 
et al., 2014; Quan et al., 2017; Yang et al., 2018). The main principle of 
remote sensing based AGB estimation is to model the relationship 
between remote sensing parameters and field AGB observations, and 
subsequently apply the model to extrapolate AGB estimates to a 
regional scale. More specifically, there are three main categories of 
remote sensing-based grassland AGB estimation models or methods: 
empirical relationships with VIs, machine learning (ML) models and 
process-based model.

Establishing relationships between VIs and recorded AGB is the 
most common and direct approach for regional grassland AGB 
assessment. Many studies have reported that there is a strong 
correlation between the VIs, including normalized difference 
vegetation index (NDVI; Wei et al., 2021), enhanced vegetation index 
(EVI; Ge et al., 2018), soil adjusted vegetation index (SAVI; Ren et al., 
2018), ratio vegetation index (RVI; Guerschman et  al., 2009) and 
biomass in varies satellite images. However, VIs are subjected to the 
influence of environmental condition and the capability of 
characterizing vegetation status in certain circumstance, which can 
introduce errors and uncertainties into AGB estimation (Ali et al., 
2016). In recent years, efforts have been made to improve the 
estimation accuracy by constructing estimation model with multiple 
VIs or introducing specific VIs transformation to enhance the 
sensitivity of VIs to AGB or decrease the influences by environmental 
factors such as soil and other background factors (Li et  al., 2013, 
2016). ML methods, the non-parametric models constructed by both 
remote sensing images and environment data, are to find solutions 

that optimize performance metrics for a certain parameter from 
multiple sources based on a “learning process” (Jordan and Mitchell, 
2015). These methods can integrate multiple factors, learn from 
complicated nonlinear data, and provide better simulations than 
empirical regression models (Powell et  al., 2010). Moreover, ML 
models could provide accurate estimations of nonlinear relationship 
from various data, which help increase understanding of the driving 
forces in the ecosystem research (Ramoelo et al., 2015). Over the last 
decades, AGB assessment methods have been developed ranging from 
traditional multiple linear regression (MLR) to ML models such as 
support vector machine (SVM), random forests (RF) and artificial 
neural network (ANN). Nowadays, ML models have been widely 
applied in remote sensing grassland AGB estimation (Morais et al., 
2021). A recent literature review on ML methods used for grassland 
AGB estimation pointed out that the RF model was the most 
frequently used algorithm, followed by partial least squares regression 
(PLSR), but there was no significant difference between the accuracy 
of ML models (Morais et al., 2021). Various conclusions have been 
reported in ML model comparison studies, for examples, Zeng et al. 
(2019, 2021) used four ML model in grassland AGB simulations and 
found that the RF model performed the best, explaining 86% of the 
observed data variation on the Tibetan Plateau, while Zhang et al. 
(2018) reported ANN was better in a sawgrass marsh AGB prediction. 
In addition, considering there is no evidence that the performance of 
the ML algorithms themselves has been improving over time, and 
since the training process and the equations of the ML models cannot 
be observed, the applicability of ML models still needs to be analyzed 
to select suitable models in specific studies (Ali et al., 2016; Yang et al., 
2018). Besides the above mentioned classical ML models, the use of 
deep learning, an advanced ML technique which can automatically 
extract high dimensional ‘hidden’ features through a deeper neural 
network with hierarchical structure, has increased in recent years 
(LeCun et  al., 2015). Convolutional neural network (CNN) is 
considered as the most representative among them, which has been 
widely used in image classification (Wang et al., 2021). CNN model 
usually includes input layer, convolutional layer, pooling layer, fully 
connected layer and output layer. Unlike image classification, the last 
layer of CNN model for regression prediction accumulates the 
previous layer directly without adding soft-max function. However, 
AGB estimation usually lacks enough samples for CNN model 
training, and thus the potential of using CNN for AGB estimation is 
not well established yet (Dong et al., 2020).

Besides the ML algorithms selection, input variables are another 
relevant factor affecting grassland AGB estimation accuracy. 
Independent variables (or explanatory variables) such as 
meteorological, topographical, and geographic variables are the most 
common environmental variables, while the abundance of VIs 
provided by optical remote sensors are the main remote sensing input 
parameters. However, the use of optical data for estimating grassland 
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AGB has several limitations including that the acquisition of high 
quality images is restricted by weather conditions, spectral information 
and VIs saturation occurring in dense vegetation areas, while it also 
lacks the ability to provide vegetation structure information (Lu, 
2007). Synthetic aperture radar (SAR) sensors can penetrate through 
clouds without illumination conditions limitations, and the SAR 
system can provide valuable information about vegetation structure 
though a series of algorithms (Barrett et  al., 2014). Therefore, 
integration of optical and SAR data could overcome several limitations 
and thus could improve the performance of grassland AGB 
estimations (Naidoo et al., 2019). The potential of this integration has 
been proven in a grazed grassland (Wang et al., 2019), and thus it is 
worth to apply the concept in a more complex vegetation, such as 
shrubby grassland.

Located at the intersection of South and East Asia, the Yunnan-
Guizhou plateau including Yunnan and Guizhou provinces is the 
dominant feature of Southwest China. Influenced by South and East 
Asian Monsoons and complex topography, the vegetation of Yunnan-
Guizhou plateau is highly varied, ranging from subtropical forest to 
open grasslands (Chu et al., 2021). The plateau is the main distribution 
area of China’s thermal shrub grassland, which consists of patches of 
grass hills, grass slopes, scrub grassland, dry savanna, and alpine 
meadows, which all are relevant for developing animal husbandry 
(Shen et al., 2016). However, grassland ecosystems in Southwest China 
are relatively understudied in the earth observation field. There is still 
a knowledge gap with respect to the estimation of regional 
aboveground biomass for grassland with complex topography and 
high small-scale heterogeneity.

In this study, our primary objectives were to (1) develop and 
compare the capability of four models including a traditional 
regression model [i.e., multiple stepwise regression (MSR)], two 
classical ML models (i.e., RF, SVM) and a deep learning model (i.e., 
CNN) in grassland AGB estimation in Southwest China. (2) explore 
the potential of integrating SAR (Sentinel-1) and high resolution 
optical remote sensing (Sentinel-2) with gridded environmental and 
topographic data to develop regional grassland AGB estimation model 
to derive the spatial patterns of AGB for the Southwest China 
grassland of 2021, and (3) analyze the spatial and temporal variation 
of grassland AGB in Southwest China and its response to climatic 
factors, by mapping the grassland AGB from 2018 to 2022.

2. Materials and methods

2.1. Study area

The study area includes Yunnan and Guizhou provinces (21°8′–
29°15′N, 97°31′–109°35′E), in which the Yunnan-Guizhou plateau is 
located (Figure 1). These two provinces cover about 570,000 km2 with 
a large elevational span, ranging from less than 100 m to over 
6,000 m a.s.l., with much of the region being mountainous or dotted 
with karst landscapes. The climate belongs to highland monsoon 
climate, with small annual but large daily temperature differences, and 
abundant radiation and rainfall. The mean annual temperature in the 
study area is 24°C, and the mean annual precipitation is approximately 
1,100 mm, with around 80% concentrated in summer and autumn 
based on the data from 22 meteorological stations over the past 
20 years. A highly variable climate and edaphic space provides suitable 

light, soil and climate for diverse vegetation development and creates 
a rich diversity of biological resources. Grassland and shrubland are 
important vegetation types in the region accounting for over 14% of 
the area, with about 40% of Southern China’s grassland area is located 
in Yunnan based on data derived from a national grassland survey 
(Wu et al., 2017). The mainly grassland types include alpine meadows, 
temperate grassland, and mountain grassland, while warm shrubland, 
dry and hot sparse tree shrubland and thermal shrubland are the main 
shrubland types. Grassland and shrubland are distributed over almost 
the entire area except for the southwestern part of the study area, but 
the complex topographic conditions of the area determine the 
fragmented distribution of grassland and shrubland.

2.2. Data acquisition

2.2.1. Field data
Field data surveys were conducted during the growing season of 

2021. In order to match the ground samples with the satellite data, 
we regularly set five sample plots of 1 m × 1 m at each sample points 
for grassland and set one sample plots of 5 m × 5 m for shrubland with 
an interval distance of over 1 km between the plots so as to assure the 
representativeness of the samples. AGB of grassland and shrubland 
were acquired by harvesting all aboveground portions of vegetation 
within the sample plots, and weighing dried biomass. Moreover, the 
geographic coordinate pairs of each sample plot were also accurately 
recorded by a Trimble GeoXH 3,000 handheld GPS with decimeter-
level position accuracy for acquiring the corresponding features of 
satellite data. A total of 519 samples including 298 samples for pure 
grassland and 221 samples for shrubland were collected across the 
study area, covering cover all the typical types of the grassland and 
shrubland (Figure 1).

2.2.2. Remote sensing data
Sentinel-2 (S2) images covering the study area were acquired and 

processed through Google Earth Engine (https://code.earthengine.
google.com/, GEE). In order to maintain consistency with ground 
measured data, all available imageries of S2A in the July and August, 
2021 were collected, as well as supplemental images in May, June, 
September, and October whenever the region was not covered by 
clouds. Sentinel-2 covers 13 spectral bands from visible and near-
infrared to short-wave infrared with a revisit period of 5 days and a 
spatial resolution from 10 to 60 m. It also contains three bands in the 
red-edge range, which is effective for monitoring vegetation 
information. We  obtained the reflectance of 11 raw bands and 
calculated 11 vegetation indices based on the 11 bands as the 
input variables.

Sentinel-1 (S1) consists of two satellites, A and B, carrying a 
C-band synthetic aperture radar (SAR) that provides continuous 
imagery during day, night, and all types of weather. The polarization 
mode of S1 includes the single polarization mode (HH or VV) and the 
dual polarization mode (HH + HV or VV + VH). VH and VV are 
commonly used for the estimation of vertical parameters. Moreover, 
to match with the data from field measurements, we used data of S1 
with 10 m spatial resolution in early August for AGB estimation.

Topography factors were obtained from digital elevation model 
(DEM) data with 12.5 m spatial resolution, which is the elevation 
data collected by ALOS (Advanced Land Observing Satellite) 
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phased array type L-band synthetic aperture radar (PALSAR). 
ALOS DEM elevation data has a horizontal and vertical accuracy 
of 12.5 m, which can be downloaded on https://search.asf.alaska.
edu/. Based on the elevation data, slope and aspect were calculated 
for each pixel.

Environmental data was collected from three sources: the derived 
products of MODIS (MOD11A2.006) provides the terra land surface 
temperature with 1 km spatial resolution; A downscaled precipitation 
product with 1 km spatial resolution developed by Elnashar et  al. 
(2020) was used to extract the annual mean precipitation; Water Vapor 
Pressure (Water VP) was from S2.

Landcover types data was obtained from the latest ChinaCover 
dataset with 10 m spatial resolution (provided by the State Key 
Laboratory of Remote Sensing Science, Aerospace Information 
Research Institute, Chinese Academy of Sciences, China. The data was 
updated in 2020, but not released yet; Wu et al., 2017), from which 
we  extracted the grassland and shrubland to represent the great 
definition of grassland in this study.

2.3. Feature selection

Five types of features were used as input variables for machine 
learning models for the estimation of shrubland and grassland AGB 
(Table 1), including remote sensing spectral bands (Blue, Green, Red, 
Edge 1, Edge 2, Edge 3, Near Infrared (NIR), Edge 4, Water vapor, 
short-wave infrared 1 (SWIR 1) and SWIR 2) and VIs calculated by 
spectral bands (SR, NDVI, MSR, DVI, SAVI, EVI, NIRv, kNDVI, 
EVI2, GCC, and Clred Edge) from Sentinel-2, C-band SAR (VV and 

VH) from Sentinel-1; three topography factors (elevation, aspect and 
slope) from ALOS, and three environmental factors [Water VP, annual 
mean precipitation (Precipitation) and land surface temperature 
(LST)] from MODIS and downscaling algorithms. All the features 
corresponding to each sample points were extracted and then used in 
the model training and validation combined with ground measured 
AGB of grassland and shrubland.

2.4. Grassland aboveground biomass 
estimation models

Four models for predicting the aboveground biomass are used in 
our study: multiple stepwise regression (MSR), random forest (RF), 
support vector machine (SVM), and convolutional neural 
network (CNN).

MSR is a statistical analysis method used to determine the 
quantitative relationship of interdependence between two or more 
variables. It understands and interprets the relationships between 
AGB and the features from satellite data intuitively, and is sensitive to 
the abnormal values as well (Wu et al., 2016).

RF is a compositional supervised learning method that can 
be considered as an extension of decision trees. The RF regression 
model builds multiple unrelated decision trees by randomly 
drawing the input features to obtain prediction in a parallel 
manner. It is the most-used method for grassland AGB prediction 
(Wang et al., 2019; Zeng et al., 2019). Each decision tree yields a 
prediction result from the extracted samples and features, and the 
regression prediction result of the whole forest is obtained by 

FIGURE 1

The location of the study area and the distribution of shrubland and grassland, as well as field data sample points.
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combining the results of all trees and taking the average, to reduce 
the risk of overfitting. A Bayesian optimization procedure is 
applied to determine the number of trees and the number of 
selected predictors for each tree.

SVM maps input features to a high-dimensional space through 
functions and uses kernel functions to effectively overcome the 
dimensional catastrophe caused by mapping. It is based on the 

principle of finding a regression plane such that all the data of a set are 
closest to that plane. The method is suitable for small-sample, 
nonlinear prediction problems and has good generalization ability 
(Zhang et al., 2015).

CNN is a deep learning method that deduces features of the 
next layer by using convolution kernel with shared weights, which 
greatly reduces the number of parameters that need to be trained. 

TABLE 1  Features from remote sensing data as inputs of machine learning models for aboveground biomass estimation of grassland and shrubland.

Type Name Equation or description Source

Spectral band Blue Central band:497 nm Sentinel-2

Green Central band:560 nm Sentinel-2

Red Central band:665 nm Sentinel-2

Edge 1 Central band:704 nm Sentinel-2

Edge 2 Central band:740 nm Sentinel-2

Edge 3 Central band:783 nm Sentinel-2

NIR Central band:835 nm Sentinel-2

Edge 4 Central band:865 nm Sentinel-2

Water vapor Central band:945 nm Sentinel-2

SWIR 1 Central band:1614 nm Sentinel-2

SWIR 2 Central band:2202 nm Sentinel-2

C-band SAR VH Dual-band cross-polarization, vertical transmit/horizontal receive Sentinel-1

VV Single co-polarization, vertical transmit/vertical receive Sentinel-1

Topography factor Aspect The direction in which the slope is projected on a horizontal plane ALOS

Elevation The vertical distance above sea level ALOS

Slope The ratio of the vertical height to the horizontal distance ALOS

Vegetation index SR /NIR red Sentinel-2

NDVI ( ) ( )− +/NIR Red NIR Red Sentinel-2

MSR −
+

/

/

1
1

NIR Red
NIR Red

Sentinel-2

DVI −NIR red Sentinel-2

SAVI ( ) ( ) ( )+ ∗ − + +/1 L NIR red NIR Red L Sentinel-2

EVI ( ) ( )∗ − + ∗ − ∗ +. / .2 5 NIR Red NIR 6 Red 7 5 Blue 1 Sentinel-2

NIRv ∗NDVI NIR Sentinel-2

kNDVI 2NDVItanh
Sentinel-2

EVI2 ( ) ( )∗ − + ∗ +. / .2 5 NIR Red NIR 2 4 Red 1 Sentinel-2

GCC ( )+ +/G reen Red G reen Blue Sentinel-2

Clred Edge / 1NIR Edge Sentinel-2

Environmental factor Water VP Water Vapor Pressure. Sentinel-2

Precipitation Annual mean precipitation Downscaled product

LST Land surface temperature MOD11A2

All features are at 10 m spatial resolution, except the Edge 1–4, SWIR 1, 2 (20 m), Water vapor (60 m), elevation and derived aspect and slope (12.5 m) and LST and Precipitation are at 1 km 
spatial resolution.
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Based on the AGB of samples and their corresponding remote 
sensing features, we built a simplified CNN model and added a 
one-dimensional convolution layer. The input shape was defined 
by our independent variables. We added flatten and dense layers 
and optimized them using the Adam algorithm. ReLU (Krizhevsky 
et al., 2017) and root mean square error (RMSE) were used as the 
activation and function.

The workflow to establish the best AGB estimation model in 
this study is shown in Figure 2. Specifically, firstly, considering 
grassland is a mix grassy vegetation and shrubs in the study area, 
we  developed and compared the performance of four models 
(MSR, RF, SVM and CNN) in two scenarios: directly modelling 
AGB of grassland and shrubland together, or modelling them 
separately. Secondly, we tested the best feature selection for AGB 
estimation, especially the potential application of Sentinel-1 SAR 
data. Moreover, a timeseries of grassland AGB was calculated to 
analyze how climatic factors impact grassland AGB variation in 
Southwest China.

2.5. Prediction accuracy

The field sample plots were divided into two subsets with 
approximately three-fourths of the plots used for model training (N is 
214 and 158 in grassland and shrubland, respectively) and the others 
used for model validation (N = 84  in grassland and N = 63  in 
shrubland). In this study, the coefficient of determination (R2), root 

mean square error (RMSE) and mean absolute percentage error 
(MAPE) were calculated for evaluating the performance of prediction 
models. In addition, the 1:1 line was used to measure how far the 
ground-measured AGB values deviated from the predicted AGB 
values. A detailed description of the assessment indicators is shown 
as follows:
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where n is the number of sample plots, yi  and yi  are the field 
measured and predicted AGB of plots i. yi  is the mean measured 
AGB of all plots.

FIGURE 2

The technical flowchart of grassland AGB estimation in this study.
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2.6. Partial correlation analysis

Partial correlation analysis is a process of eliminating the effect 
of the third variable when two variables are simultaneously 
correlated with the third variable and only analyzing the linear 
correlation between the two variables, which is commonly applied 
to assess the influences of climate change to the variation of 
grassland AGB (Guo et al., 2021; Xu et al., 2022). We applied it to 
determine the respective effects of temperature and precipitation 
on the differences of AGB distribution, with the indicator 
calculated as follows:

	
( )

−
=

− −2 21 1

xy xz yz
xy z

xz yz

r r r
r

r r
	

(4)

where ( )xy zr  is the partial correlation coefficient between variable x 
and variable y after excluding the influence of variable z. rxy , ryz  and 
rxz  represent the Pearson correlation coefficients between each pair 
of AGB, temperature and precipitation, respectively, which is 
calculated as follows:
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where xi  and yi  are the value of variable x and y in the year i; x  
and y  represent the mean value of variable x and y from 2018 
to 2022;

Additionally, a t-test is applied to test the significance of the partial 
correlation coefficient at a significance level of 0.05.

3. Results

3.1. The differences of ground survey of 
grassland and shrubland AGB

Overall, the biomass of shrubland was about 3 times higher 
than that of grassland, but the variation was large. According to 
ground sample plots, the measured AGB of shrubland had a wider 
range (from 648.9 to 3742.9 g/m2), with a mean AGB of 1829.2 g/
m2, while the grassland AGB ranged from 202.4 to 1289.6 g/m2 
with an average of 672.5 g/m2 (Table 2). Meanwhile, the AGB of 
shrubland also showed a larger standard deviation (751 g/m2) than 

that in grassland (265.8 g/m2), but their coefficient of variation 
(CV) was similar; 41 and 40% in shrubland and grassland, 
respectively. The high STD and CV were indicative of the high 
spatial heterogeneity in the study area.

3.2. Performance of grassland AGB 
estimation models

The four grassland AGB estimation models (MSR, RF, SVM and 
CNN) showed comparable results in the two modelling scenarios 
(Scenario 1: modelling all samples of grassland and shrubland together 
or Scenario 2: separately modelling them; Figure 3). We chose best 
model and better modelling scenarios through the following steps. (1) 
In general, the performance of CNN (testing R2 ranging from 0.7 to 
0.82) and RF (testing R2 ranging from 0.64 to 0.8) models were 
significantly better than MSR (testing R2 ranging from 0.33 to 0.42) 
and SVM (testing R2 ranging from 0.45 to 0.64). (2) As compared to 
Scenario 1 (R2 was 0.7 and 0.64 for CNN and RF, respectively), both 
CNN (R2 was 0.72 and 0.82 for grassland and shrubland, respectively) 
and RF (R2 was 0.75 and 0.8 for grassland and shrubland, respectively) 
algorithms performed better in Scenario 2. (3) Since the R2 were very 
close for CNN and RF in Scenario 2, the comparisons of RMSE 
suggested that RF (131.2 and 267.8 g/m2 for grassland and shrubland, 
respectively) was superior over CNN (152.4 and 315.4 g/m2 for 
grassland and shrubland, respectively), reducing RMSE 14 and 15% 
for modeling AGB of grassland and shrubs, respectively. In summary, 
separately modelling grassland and shrubland by RF model was the 
best approach for AGB estimations in this study.

Since the RF was the most suitable model in this study, the 
importance of input variables for RF was calculated (Figure 4). Some 
differences between grassland and shrubland for the top  10 most 
important factors were found. Compared with shrubland, the VIs 
were more important for monitoring grassland AGB using RF. There 
were 6 indices (EVI, EVI2, NDVI, NIRv, MSR, and DVI) in the top 10 
factors, with EVI being the most important factor for predicting 
grassland AGB. Short-wavelength infrared bands (SWIR1 and 
SWIR2) were more important than the visible and near-infrared 
bands. Furthermore, Water VP and LST were also important in RF 
model for estimating grassland AGB. For shrubland, elevation was the 
most important biogeographical parameter affecting AGB (12.7% 
IncMSE), while VH was the least important variable (11.3% IncMSE), 
which was not reflected in the estimate of grassland AGB. The 
important VIs in shrubland were GCC, SR, DVI, EVI2, kNDVI, which 
was distinct from grassland. Additionally, Edge 3 was the most 
important spectral band for shrubland AGB estimation.

TABLE 2  The statistical descriptions of the measured AGB for the training set, validation set and all data of grassland and shrubland.

Types Datasets Number Max (g/m2) Min (g/m2) Mean (g/m2) STD (g/m2) CV (%)

Shrubland Training 158 3742.9 650.9 1879.43 774.87 41

Validation 63 3186.86 648.9 1703.14 677.08 40

All 221 3742.9 648.9 1829.17 751.03 41

Grassland Training 214 1289.63 202.35 681.88 278.77 40

Validation 84 1269.3 217.00 663.27 252.96 38

All 298 1289.63 202.35 672.50 265.80 40

Max, Min, Mean, STD, and CV represent the maximum, minimum, mean, standard deviation and coefficient of variation for AGB of different datasets.
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3.3. Selection of input variables

High resolution optical images (Sentinel-2), SAR images 
(Sentinel-1), environmental and topographic data were major features 
to predict AGB of grassland by using the ML model. Since the RF 
model was superior among all eight ML models, the testing of the best 
combinations of input variables was carried out for regional AGB 
estimation. As shown in Table 3, all feature groups correlated strongly 
with validation AGB of grassland and shrubland, with R2 ranging from 
0.60 to 0.75 and 0.54 to 0.8 for grassland and shrubland, respectively. 
Although it was obvious that the AGB model performed the best when 

all features were used as input variables, with the addition of SAR data 
into the AGB model of shrubland leading to the greatest improvement, 
increasing the accuracy expressed by the value of R2 from 0.57 to 0.68, 
while RMSE decreased from 454.1 to 332.7 g/m2.

Other than the remote sensing images of the Sentinel series, 
we  also explored effects of spatial resolution variation on AGB 
estimation accuracy. MODIS data with 250 m resolution was used to 
instead of Sentinel without any other modifications to the RF model. 
This resulted in R2 values sustainably decreasing from 0.75 to 0.47 and 
0.8 to 0.53 for grassland and shrubland, respectively (Figure  5; 
Table  3), demonstrating that the remote sensing source with 
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FIGURE 3

Scatter plot between measured and predicted AGB using the various prediction models in two modelling scenarios [Scenario 1: modelling all samples 
of grassland and shrubland together (A–D); Scenario 2: separately modelling grassland (E–H) and shrubland (I–L)].
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better-detailed imaging was much more suitable for AGB estimation 
in this mountain grassland.

3.4. Spatial distribution of grassland and 
shrubland AGB

The AGB of grassland and shrubland across our study area in 2021 
was predicted by best by the RF model (Figure 6). AGB of grassland 
and shrubland showed a similar spatial distribution with lower values 
distributed in the northwest and higher AGB in the central region, 
especially in the west of Guizhou province. The predicted mean 
grassland AGB was 596.1 g/m2 (STD was 209.5 g/m2) and most AGB 
values were concentrated in the ranges between 400 g/m2 and 900 g/
m2 (as shown by the pixel frequency in the figure), which covered over 
half of the grassland area. The mean AGB was lower in Yunnan 
province (mean ± STD = 443.6 g/m2  ± 224.8 g/m2) than in Guizhou 
province (mean ± STD = 687.6 g/m2 ± 258.5 g/m2). The shrubland had 

higher mean AGB (1728.3 g/m2) and STD (470.8 g/m2) than grassland. 
The range of the predicted AGB for shrubland was 107.3–3473.6 g/m2 
with over 70% of the shrubland area having AGB between 900 and 
2,100 g/m2. The mean shrubland AGB in Guizhou province 
(mean ± STD = 1244.2 ± 466.8 g/m2) was also higher than that in 
Yunnan province (mean ± STD = 2303.9 ± 502.7 g/m2).

We further analyzed the influences of topography (elevation and 
slope) on the spatial patter of AGB in the southwest mountainous area 
(Figure  7). The mean AGB of grassland and shrubland tended to 
decrease with increasing elevation. However, a lower mean AGB was 
found in the grassland elevation below 1,000 m, which might 
be affected by human activities like grazing and mowing. There were 
different influences of slope for the distribution of grassland and 
shrubland AGB. Slope barely affected the distribution of grassland 
AGB and the mean AGB was almost uniform (714.5 g/m2 in the slope 
range of 30–35 degrees and 850.7 g/m2 in the slope range of 20–25 
degrees) across all ranges. By comparison, mean AGB of shrubland 
was highest in the flat area (2768.6 g/m2 in the slope less than 5 degree) 
and tended to decrease as the slope gets steeper (1755.9 g/m2 in the 
slope more than 35 degree).

3.5. Effects of precipitation and 
temperature on spatial AGB distribution

Precipitation and temperature are the most important climate 
factors affecting grassland growth. By using the RF model, 
we estimated AGB for five consecutive years (2018–2022) and then 
applied partial correlation analysis to calculate spatial correlations of 
AGB with mean annual temperature (MAT) and mean annual 
precipitation (MAP) in grassland and shrubland of this area. The 
results suggested a large spatial distribution variation regarding the 
influence of climatic factors on AGB (Figure 8). Generally, the positive 
relationship between AGB and MAP existed in a large proportion 
(70.3%) of the grassland, and 62.8% of which showed positive response 
to MAT (Table 4). In terms of spatial distribution, grasslands with 
significant positive correlation between two climate factors (MAP and 
MAT) and AGB were mainly concentrated in the central part of the 
study area (the boundary region of these two provinces), which 
accounted for over 29.4 and 29.5% area, respectively. Opposite effects 
of MAT and MAP on AGB were detected mainly in the southern and 
western regions. For shrubland, AGB showed a positive or significant 
positive correlation with MAP and MAT across 60.1 and 55.6% of the 
shrubland area, respectively, mainly in the central region.

Moreover, we calculated the AGB responses to climatic factors 
along the temperature and precipitation gradient along 2°C (MAT) 
and 200 mm (MAP) steps. The results shown in Figure 9 indicated that 
there was a parabolical correlation between MAT and AGB of both 
grassland and shrubland (R2 = 0.86, p < 0.05 and R2 = 0.97, p < 0.05 for 
grassland and shrubland, respectively). More specifically, AGB of 
grassland and shrubland showed significant increasing trends below 
19 and 18°C, respectively, (purple line in Figure 8A,C), and gradually 
decreased when temperature above 19 and 24°C, respectively (green 
line). Meanwhile, generally positive linear correlations between MAP 
and AGB of grassland and shrubland were observed (R2 = 0.55, p < 0.05 
and R2 = 0.57, p < 0.05 for grassland and shrubland, respectively); 
however, turning points were observed in the relationships. Below 
MAP of 1,300 and 1,200 mm for grassland and shrubland, respectively, 

FIGURE 4

Importance (increase in mean squared error, %IncMSE) of input 
variables for random forest model in AGB estimation for grassland 
and shrubland.

TABLE 3  Performance of various feature groups for AGB estimation using 
random forest.

Feature 
groups

Shrubland Grassland

R2 RMSE 
(g/m2)

MAPE 
(%)

R2 RMSE 
(g/m2)

MAPE 
(%)

Optical bands 0.54 469.3 18.7 0.60 170.4 22.5

Optical bands 

and VIs

0.57 454.1 17.0 0.67 156.2 19.4

All bands and 

VIs

0.68 332.7 13.3 0.70 148.7 16.9

All bands, VIs 

and DEM

0.77 273.4 10.9 0.72 138.3 13.1

All bands, VIs, 

DEM and 

environmental

0.80 267.8 10.2 0.75 131.2 11.3

Optical Bands represents the bands reflectance of Sentinel-2; VIs represents the vegetation 
indices calculated based on Sentinel-2; All Bands are the group of Optical Bands and 
Sentinel-1 bands; DEM is a topography factor including aspect, elevation and slope; 
Environmental includes the environmental factors Water VP, Precipitation and LST.
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AGB significantly increased with MAP; when MAP was above these 
values, AGB exhibited slightly decreasing trends with precipitation 
(Figures 8B,D).

4. Discussion

4.1. Model performances and variables 
selection

Numerous studies have demonstrated that ML models are a 
reliable tool in grassland AGB prediction due to their powerful 
interpretation ability and high efficiency (Zhang et al., 2015; Cheng 
et al., 2022). However, few studies have been conducted in mountain 
grassland due to its complex vegetation structure and topography 
(Cheng et al., 2022). In this study, four models were developed and 
tested for grassland AGB estimation on the Yunnan-Guizhou 
plateau. We found that due to the high landscape heterogeneity in 
this mountain grassland, separately modelling the pure grassland 
and shrubland yielded the best results. Among all AGB estimation 
algorithms, the ML and DL models had better accuracy than the 
traditional regression model. In this study, RF and CNN both 
produced encouraging results for grassland (R2 was 0.75 and 0.7 for 
RF and CNN, respectively) and shrubland (R2 was 0.8 and 0.82 for 
RF and CNN, respectively; Figure 3), with RF and its lower RMSE 
than CNN (14 and 15% lower in grassland and shrubland, 
respectively) achieving the best performance in grassland AGB 
estimation in Southwest China overall. These results were consistent 
with previous studies, suggesting that ML models, which have the 
advantage of accurately estimating complex non-linear relationship 
across variables, were more effective in dealing with multiple factors 
than ordinary regression models (Idowu et  al., 2016; Lyu et  al., 
2021). Among ML models, some case studies have indicated that RF 
model performed better than other ML models in AGB estimation 
of grassland. Wang et  al. (2017) simulated grassland AGB in a 
semiarid grassland and found that the RF model had a higher 
accuracy as compared to SVM model. Tang et al. (2021) also showed 
the RF model was superior to SVM, PLSR and back-propagation 
artificial neural network (BP-ANN) in AGB monitoring of the 
headwater of the Yellow River grasslands. Some recent comparison 
studies on AGB estimation performance of DL and ML models 
suggested CNN algorithm was found to perform better than classical 
ML models (i.e., RF, SVM), due to CNN was more sensitive to 

FIGURE 5

Scatter plot between measured and predicted AGB for grassland and shrubland using the RF based on the MODIS data with 250 m spatial resolution.

A

B

FIGURE 6

Spatial distribution of AGB of grassland (A) and shrubland (B) in 
Yunnan and Guizhou provinces in 2021.
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changes in features (Du et  al., 2021; Zhang et  al., 2022). While 
another case study showed RF would obtain slightly better accuracy 
than CNN if the data was elaborately designed (Dong et al., 2020). 
In our study, attribute to the designed modelling strategy and RF 

model’s strong robust to noise and outliers of heterogeneous 
ecosystems (Anaya et al., 2009; Xu et al., 2019), RF was found to 
be  the most suitable model in AGB estimation of the mountain 
grassland in Southwest China.

A B

FIGURE 7

The variation of grassland and shrubland AGB along the elevation (A) and slope (B).

A B

C D

FIGURE 8

Partial correlation between grassland AGB and mean annual temperature (A), grassland AGB and mean annual precipitation (B), shrubland AGB and 
mean annual temperature (C), shrubland AGB and mean annual precipitation (D) at the significance level of 0.05 from 2018 to 2022.
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Varies environmental factors affecting grassland growth 
including climate, soil and topography are common input variables 
to ML models in grassland related studies (Meng et al., 2020; Wang 
et  al., 2022). However, most of these studies used only a single 
remote sensing data source. Since SAR has advantages in obtaining 
vegetation structure information, we introduced Sentinel-1 SAR 
images in our study area, where the grassland is highly mixed with 
shrubs. In this study, VIs played a more important role in pure 
grassland estimation, and the EVI and SWIR contributed the most 
among VIs in the RF model (Figure 4). Some previous research 
suggested that although EVI did not inevitably outperform NDVI 
in grassland mapping and AGB estimation, EVI was still an 
improvement with regards to obtaining more reasonable values in 
different vegetation density situation (Liu et al., 2014), and SWIR 
was the most relevant index for grassland extraction in mountain 
grassland (Cheng et al., 2022). In contrast, elevation and backscatter 

values from vertical and horizontal (VH) polarization were the two 
most important input variables for the shrubland AGB estimation 
model, which suggested shrubland biomass was greatly influenced 
by topography and vegetation structure in Southwest China. Some 
studies also reported that VH polarization data from Sentinel-1 
SAR image had a higher accuracy than VV polarization data in 
biomass estimation (Liu et al., 2019). Moreover, the AGB estimation 
accuracy (R2) of shrubland significantly improved from 0.57 to 0.68 
while reducing RMSE by 26.7% when Sentinel-1 SAR was 
introduced to the RF model. However, recent case studies have 
reported conflicting outcomes regarding the performance of 
combining SAR in grassland AGB estimation. For example, Wang 
et al. (2019) indicated that the integration of Sentinel-1, Landsat 8, 
and Sentinel-2 improved the estimation of AGB by more than 30% 
compared to using only Sentinel-1 in a native pasture of Oklahoma, 
USA; However, study by Chiarito et al. (2021) showed there was 

TABLE 4  Statistics of area percentage with different Influence of climate factors on AGB for grassland and shrubland: different relationships in different 
areas.

Area percentage (%) Grassland AGB and 
MAT

Grassland AGB and 
MAP

Shrubland AGB and 
MAT

Shrubland AGB and 
MAP

Significant negative 16.5 11.8 15.3 15.5

Negative 20.7 17.9 29.1 24.4

Positive 33.3 40.9 37.0 36.8

Significant positive 29.5 29.4 18.6 23.3

A B

C D

FIGURE 9

Relationship of average AGB of grassland (A and B) and shrubland (C and D) with MAT (2°C) and MAP (200 mm) gradients data from 2018 to 2022.
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only a slight improvement when Sentinel-1 SAR was included in 
alpine meadows in Italy. Finally, While Raab et  al. (2020) even 
reported no positive effect on the model performance by combining 
Sentinel-1 and Sentinel-2 data in semi-natural grasslands of 
Germany. Nevertheless, our research demonstrated the potential of 
combining SAR and high-resolution optical data to provide 
accurate AGB estimation in shrubs mixed mountain grassland.

4.2. Response of grassland AGB to climatic 
variables

Climate factors including precipitation and temperature are main 
drivers of biophysical processes and growth in grassland ecosystems. 
There is a strong positive linear relationship between AGB and MAP 
based on long-term observations in almost all grassland ecosystems 
(Bai et al., 2004; Knapp et al., 2017). However, increasing studies have 
suggested that the response of AGB to MAP would saturate under 
extreme wet conditions and the AGB-MAP linear relationship would 
be modified (Wilcox et al., 2016; Flombaum et al., 2017). For example, 
Hao et  al. (2017) presented that AGB did not show a significant 
increase when growing season precipitation increased to extremely 
high values based on near 40 years long-term inventory data in a 
semiarid grassland. In this study, a general positive linear correlation 
between MAP and AGB was found for both grassland and shrubland. 
However, when MAP exceeded 1,300 and 1,200 mm for grassland and 
shrubland, respectively, AGB showed a slight decreasing trend rather 
than increasing further with MAP. Zeng et  al. (2019) reported a 
similar relationship between MAP and AGB on the Tibetan Plateau. 
The spatial distribution of the MAP-AGB relationship indicated that 
the AGB of grassland (70%) and shrubs (60%) responded generally 
positively to MAP. Shrubland were less sensitive to climate factors 
than grassland, as evidenced by the lower proportion of areas where 
significant responses were found. According to a recent field study in 
central Yunnan province, MAP and MAT did not directly affect 
shrubland biomass and the ratio of root and shoot, but changed the 
relationship between the stoichiometric characteristics and 
environmental factors (Guo et al., 2022).

Clear parabolical correlations between AGB and MAT were 
observed for both grassland and shrubland. The turning point of 
grassland AGB along the temperature gradient was around 19°C, 
while shrubland AGB would gradually decrease when temperatures 
exceeded 24°C, which confirmed that shrubland were more tolerant 
to higher temperatures than grassland. Around 63% of grassland and 
56% of shrubland showed a positive correlation with MAT, which for 
both was lower than the area positively correlated with MAP. This 
suggests that MAP played a more positive role for grass and shrub 
growth than MAT. Since extreme temperatures are occurring more 
frequently in this region under climate change (Yan et  al., 2021), 
increasing drought risks to be  amplified by heatwaves and thus 
threaten ecosystem functioning and human welfare.

4.3. Limitations and future optimization

Our study demonstrated that the integration of SAR and high-
resolution optical remote sensing data into the random forest model 
can yield better performance in mountain grassland AGB estimation 

in Southwest China. The combination of multi-source remote sensing 
data provided an opportunity to monitor AGB from a multi-
dimensional perspective. Additional satellite data, such as satellite-
based hyperspectral and LiDAR data from multi-platforms, can further 
improve the correct inclusion of vegetation biochemical and structural 
features, which would lead to further increases in accuracy of grassland 
AGB estimation in the future. Furthermore, soil percentage in each 
pixel due to land fragmentation should also be noted, as this causes the 
uncertainty of the band reflectance and vegetation indices. The use of 
multi-temporal data could be considered as an approach by acquiring 
the soil information in the pre-growing season and eliminating or 
reducing its effects based on pixel unmixing (Li et  al., 2016). 
Additionally, Sentinel series images were fully available in our study 
area after 2018, and the 5 years of data were able to use in this study is 
still too short for thorough climate related analyses, and may thus 
introduce some uncertainty. In fact, the spatial resolution of climate 
data is relatively coarse (1 km) and it is worth considering the fusion of 
high precision data (Sentinel) and long time series data such as MODIS 
data to produce long time series AGB spatial distribution dataset with 
high precision for a more accurate analysis of the influence of climate 
variables on AGB in the past time. This could enable refined 
management and sustainable development strategies for grassland.

5. Conclusion

AGB is one of the key indicators for grassland ecosystem 
research and management. In this study, we  constructed and 
compared four remote sensing estimation model including a 
traditional regression model (multiple stepwise regression, MSR), 
two classical machine learning models (random forest, RF and 
supporting vector machine, SVM) and a deep learning model 
(convolutional neural network, CNN) to estimate grassland AGB in 
Yunnan and Guizhou Provinces, Southwest China. Our study 
suggests that separately modelling AGB of pure grassland and 
shrubland achieved better results than modelling them together. 
Among all test models, the RF model with input variables from field 
survey, high-resolution optical data (Sentinel-2), SAR data 
(Sentinel-1), environmental data and topographic data led to the 
best performance for AGB estimation of both grassland and 
shrubland. Among all input variables in the RF model, the vegetation 
indices (i.e., EVI, EVI2, and NDVI) were the most important for 
grassland AGB estimation, while topographical factor (i.e., elevation) 
and SAR data (i.e., VH band) contributed the most to the shrubland 
AGB estimation model. We also demonstrated that integrating the 
SAR data into input variables had great potential to improve the 
accuracy of AGB estimation, especially for shrubland, improving 
AGB estimation by 21%. Regional grassland AGB mapping showed 
high spatial heterogeneity, with lower values distributed in the 
Northwest and higher AGB in the central region. The mean AGB of 
grassland was lower in Yunnan Province (443.6 g/m2) than that in 
Guizhou Province (687.6 g/m2) in 2021. The climatic effects on AGB 
variation showed that there was a positive linear correlation with 
MAP, but a parabolical correlation with MAT for both grassland and 
shrubland AGB based on the estimation of grassland AGB in 
Southwest China from 2018 to 2022. This study provides an effective 
and accurate method to estimate mountain grassland AGB and 
offers a new insight to better understanding spatial variation in 
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grassland AGB and its response to climatic factors in 
Southwest China.
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Effects of warming and isolation 
from precipitation on the soil 
carbon, nitrogen, and phosphorus, 
and their stoichiometries in an 
alpine meadow in the Qinghai–
Tibet Plateau: A greenhouse 
warming study
Yongpeng Tong 1, Yanjun Long 2 and Zhen’an Yang 1*
1 College of Science, Shihezi University, Shihezi, Xinjiang, China, 2 College of Life Science, China West 
Normal University, Nanchong, Sichuan, China

Introduction: In the Qinghai–Tibet Plateau (QTP), alpine meadows are among 
the most noticeable reflection of global climate change. However, effects of 
global warming on soils hosting alpine meadows in the QTP, such as reduced 
moisture because of low precipitation, remain unclear.

Methods: Here, the soil moisture content (SMC), pH, dissolved organic carbon 
(DOC), ammonium nitrogen (NH4

+–N), nitrate nitrogen (NO3
−–N) and available 

phosphorus (AP) contents in the QTP were analyzed. The changes in and 
stoichiometries of total carbon, nitrogen, and phosphorus (TC, TN, and TP), 
microbial biomass carbon, nitrogen, and phosphorus (MBC, MBN, and MBP), 
β-1,4-glucosidase (BG), β-1,4-N-acetylglucoaminosidase (NAG), leucine 
aminopeptidase (LAP), and acid phosphatase (ACP) in the 0–30 cm layer of soils 
associated with warming in a greenhouse in the QTP from 2015 to 2020 were 
characterized.

Results: We found that warming in the greenhouse significantly decreased the 
SMC, NO3

−–N, MBC, MBN, MBP, BG, LAP, ACP, and enzymatic C:N ratio. The 
warming increased the DOC, NH4

+–N, AP, MBC:MBN, and enzymatic N:P ratios 
noticeably. The pH, TC, TN, TP, C:N, C:P, N:P, MBC:MBP, MBN:MBP, and enzymatic 
C:P ratios were minimally affected.

Conclusion: The results showed that warming and isolation from precipitation 
promoted mineralization of N and P in the soil but did not significantly alter the 
cycling of elements in soils in an alpine meadow.
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ecological stoichiometric characteristics, extracellular enzyme activities, warming, 
isolation from precipitation, soil moisture content
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1. Introduction

Worldwide, warming and precipitation variability is the most 
important manifestation of global climate change (Zhang W. X. et al., 
2021), and these events will become more frequent in the future 
(IPCC, 2021). According to climate models, the global average 
temperature of the atmosphere will increase by 2–5°C relative to the 
pre-industrial revolution level before the end of the 21st century 
(Wieder et  al., 2013; Meng et  al., 2020). Temperature is a major 
driver of biogeochemical processes and thus warming alters the 
cycling of carbon (C), nitrogen (N), and phosphorus (P) in terrestrial 
ecosystems (Zhou et al., 2013a,b). Global warming increases the 
release of C from plants (leaves and roots) during photosynthesis 
(Zhao et al., 2016; Wang et al., 2021), the decomposition of soil 
organic C, and the flux of C from soils because of the enhanced 
activation of these processes (Fang et  al., 2015). To improve the 
prediction of consequences linked to global warming, numerous 
simulation studies have been conducted (Fu et al., 2012; Wang et al., 
2014; Meng et  al., 2020). However, these studies have produced 
conflicting result. For example, the responses of microbial 
communities in soils to global warming differ according to the 
duration of experiments. Short-term (<3 years) warming studies 
show no significant impact on the microbial biomass in soils, 
whereas, warming that exceeds 3 years either increased or decreased 
the microbial biomass (Fu et al., 2012). Moreover, numerous studies 
have demonstrated that global warming is worsening phenomena 
such as droughts (Hu et  al., 2020) because high temperatures 
stimulate evaporation and plant transpiration and increase soil water 
loss (Harte et al., 1995; Wan et al., 2002). Additionally, these studies 
commonly focused on one factor (Hu et al., 2020), such as warming 
(Fu et al., 2012; Wang et al., 2014; Meng et al., 2020), precipitation 
variability (Hu et al., 2020), and N deposition (Yang et al., 2021). 
Therefore, studies to evaluate the response of terrestrial ecosystems 
(grassland, forest, cropland) to climate change based on multiple 
components (Zhou et al., 2013a), such as vegetation and soil, as well 
as their interrelationships, are needed.

Soil is a crucial component of terrestrial ecosystems. It is the 
primary source of nutrients and water for plant growth, and thus, 
regulates the proliferation of plants (Yang et al., 2018; Tan et al., 2021). 
In soils, C, N, and P affect the metabolism and growth of plants, and 
therefore, a better understanding of relationships and the dynamics 
between elements can improve the management of terrestrial 
ecosystems (Tan et al., 2021). In addition to its utility for predicting 
the retention of nutrients and biomass production at varying scales 
(subcellular to ecosystem scales), the ecological stoichiometric 
approach enables the exploration of material circulation, energy 
balance, and the relationship between vegetation and the environment 
in terrestrial ecosystems (Sinsabaugh et al., 2009; Li et al., 2013; Yang 
et al., 2018). Thus, the ecological stoichiometric was used to reveal 
climate change (e.g., warming and precipitation variability) in the 
turnover of soil elements is very credible.

In soils, microorganisms cause decay of organic matter (Zhou 
et al., 2013a), maintain the balance between C, N, and P in terrestrial 
ecosystems (Gong et  al., 2019), and ensure the availability of 
nutrients to plant through the provision of extracellular enzymes 
(Zhou et  al., 2013a; Zhu et  al., 2020). Therefore, the microbial 
biomass and elemental composition of secreted enzymes can 
be severely affected by the C:N:P ratio of the soil (Zhou et al., 2013a; 

Gong et al., 2019; Zhu et al., 2020). For, example, strong correlations 
were reported between the soil C:N and C:P ratios in high 
mountains, low mountains, and lowlands (Li et al., 2012; Gong et al., 
2019). However, according to other studies, the stoichiometry of 
elements in soils and microbial biomass exhibit a weak or no 
correlation (Ehlers et  al., 2010). In these studies, the ratios of 
elements in the microbial biomass were considered homeostatic and 
independent of the soil environment (Li et  al., 2012). The 
relationships between elements in biomass and soils remain unclear. 
Therefore, to improve adaptation to climate change, further studies 
elucidating relationships between the stoichiometry of elements in 
soils and microbial biomass are needed.

The Qinghai–Tibet Plateau (QTP) is an area extremely sensitive 
to global climate change, and its ecosystems are quite fragile (Wang 
et al., 2014; Yang et al., 2018, 2021; Zhu et al., 2020). In particular, 
the average temperature rise in the region is ~40% higher than the 
global average (Luo et  al., 2009; Zi et  al., 2018). Therefore, it 
represents an ideal region for characterization of the response of 
terrestrial ecosystems to global climate change, such as warming 
(Luo et al., 2009; Fu et al., 2012; Zhao et al., 2016; Zi et al., 2018), 
warming and N fertilization (Zhao et  al., 2014), increasing 
precipitation and warming (Niu et al., 2010). In addition, annual 
precipitation in the central part of the QTP exhibits an increasing 
trend, whereas a decreasing trend is displayed outside the region 
(Yang et al., 2011). Considering that vegetation covers more than 
40% of the QTP, many studies on effects of global warming and other 
factor on plants and soils have been conducted in the region (Luo 
et al., 2009; Niu et al., 2010; Fu et al., 2012; Zhao et al., 2014, 2016; 
Zi et al., 2018). For example, warming can alter species of plant 
communities because of the enhanced availability of nutrients to 
competitive species, thereby inhibiting the growth of less competitive 
species (Zhao et al., 2016). Therefore, the growth and production of 
plants can be changed because of variations in the growing season 
and phenology of plants (Zi et al., 2018). Nevertheless, few studies 
on interactions between climatic factors and soils in alpine steppe 
ecosystems are available. Altitude, soil temperature and C/N ratio 
have the greatest impact on the diversity and composition of soil 
microbial communities in alpine ecosystems. Altitude is the most 
important environmental factor. It can not only adjust the availability 
of microclimate and nutrients, but also affect microbial communities 
by adjusting geographical distance (Cui et al., 2019). Due to the steep 
environmental gradient, different climatic zones may occur over a 
very short geographical distance. Therefore, we also need to carry 
out long-term multi-gradient warming research to explore the 
adaptation of the QTP to climate change.

Thus, here, a greenhouse experiment was conducted in an alpine 
meadow in the northeastern margin of the QTP, China. The 
hypothesis was that isolation from precipitation and warming can 
significantly alter the cycling of elements in soils in an alpine 
meadow. This study had three objectives: (1) determine if ecological 
stoichiometric characteristics, such as extracellular enzyme 
activities, were significantly altered, (2) determine changes in the 
cycling of elements in the soils, and (3) highlight mechanisms of the 
alterations caused by warming and decreased precipitation. 
We  studied the relationship between soil physical and chemical 
properties and soil EEAs, which may provide insights on the 
mechanism of the interaction between climate factors and soil in 
alpine grassland ecosystem.
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2. Materials and methods

2.1. Site description

The alpine meadow that was studied is in Hongyuan County, 
Sichuan Province, in the northeastern margin of the QTP, China 
(32°58′N, 102°37′E, 3475 m a.s.l.). The area is characterized by a cold 
plateau climate, with a mean annual temperature of 1.57°C and mean 
annual precipitation (1961–2015) of 752.21 mm (data from Chinese 
Meteorological Data Service Centre, http://data.cma.cn//). The coldest 
and hottest months are January and July, with mean temperatures of 
−9.66 and 11.12°C (Yang et al., 2021).

Soil in the study area is typical of an alpine meadow according to 
the soil classification standard of China. The meadow that was studied 
has served as a winter pasture (November–May) for yaks since 1996, 
and thus, it was fenced in July 2013. Vegetation in the region is 
dominated by the following species: Elymus nutans Griseb., 
Deschampisa caespitosa (L.) Beauv., Koeleria litwinowii Dom., Kobresia 
setchwanensis Hand.-Mazz., Festaca ovina L., Saussurea nigrescens 
Maxim., Trollius farreri stapf, Anemone rivularis Buch.-Ham. ex 
DC. var. flore-minore Maxim., and Astragalus polycladus Bur. et 
Franch (Yang et al., 2021).

2.2. Experimental design and sampling

One greenhouse (27 × 7.2 × 3.5 m) that was constructed in 
September 2015 was unperturbed prior to sampling. Temperature data 
loggers (WatchDog B101) were installed inside and outside the 
greenhouse on April 19, 2020, to collect data that were utilized for 
analyzing effects of warming. A data logger (A1) was installed at a 
height of 1.5 m in the center of the greenhouse to measure the air 
temperature, while another (A2) was buried at a depth of 10 cm at the 
same location as A1 to collect temperature data in the soil. Two data 
loggers (A3 and A4) were installed similar to A1 and A2, ~10 m from 
the edge of the greenhouse, to measure the air and soil temperature 
outside. The data loggers were retrieved and taken to the laboratory 
on May 11, 2021, and the collected data were downloaded.

In July 2020 (~5 years following the commencement of the 
greenhouse experiment), five 1 × 1 m quadrats (W, warming) along the 
principal axis of the greenhouse that were ~3 m apart were selected for 
sampling. In addition, five 1 m × 1 m quadrats (CK) ~10 m from the 
edges of the greenhouse were sampled. In each quadrant, the soil 
surface was cleaned and five cores (evenly distributed along a 
diagonal) were collected from the 0–30 cm (0–10, 10–20, and 
20–30 cm intervals) layer using an auger (4 cm in diameter), and these 
were used for determination of properties of the soils.

2.3. Laboratory analysis

2.3.1. Sample preparation
Soil samples from each quadrant were mixed to produce a 

composite, which was sieved through a 2-mm mesh. Part of the sieved 
sample was used subsequently to determine the soil moisture content 
(SMC), pH, dissolved organic carbon (DOC), ammonium nitrogen 
(NH4

+–N), nitrate nitrogen (NO3
−–N), microbial biomass carbon 

(MBC), microbial biomass nitrogen (MBN), microbial biomass 

phosphorus (MBP), β-1,4-glucosidase (BG), β-1,4-N-
acetylglucoaminosidase (NAG), leucine aminopeptidase (LAP), and 
acid phosphatase (ACP) contents. Another portion was air-dried, and 
a split was ground to <0.25 mm in diameter and used to determine the 
concentration of available phosphorus (AP), whereas another split was 
ground to <0.15 mm and utilized to measure the concentrations of TC, 
TN, and TP.

2.3.2. Determination of soil properties
Approximately 5 g of fresh soil was used to determine the pH of 

each sample using an acidimeter (PHS-3C, Shengke, China) following 
extraction for 30 min (200 r min−1) with distilled water (m:v = 1:5) at 
the ambient temperature. Relatedly, ~10 g of fresh soil was used to 
measure the SMC of each sample by drying to a constant weight at 
105°C (Jiao et al., 2020). Further, another 5 g of fresh soil was extracted 
with 2 M KCl (m:v = 1:10) and filtered through a 0.45 μm filter 
membrane, and the DOC was determined from this sample using an 
automated total organic C analyzer (Shimadzu, TOC-Vwp, Japan; 
Zhang et  al., 2018). A continuous flow analytical system (Auto 
Analyzer Bran + Luebbe, Germany) was used to determine the 
concentrations of NH4

+–N and NO3
−–N in the samples following the 

extraction of ~5 g of fresh soil with 2 M KCL (m:v = 1:10) on a shaker 
(200 r min−1) at the ambient temperature for l h. The concentrations 
of AP in the soil samples were determined using a spectrophotometer 
(Shimadzu, UV2450, Japan) at 880 nm after extraction with 0.2 M 
NaHCO3 (m:v = 1:10) on a shaker (200 r min−1) at the ambient 
temperature for l h, whereas those of TC and TN were measured using 
an elemental analyzer (Elementar Vario MACRO, Elementar, 
Germany). The concentration of TP was determined colorimetrically 
using a spectrophotometer (Shimadzu, UV2450, Japan) at 880 nm 
after the digestion of each sample with H2SO4 and H2O2 followed by 
H2SO4 and HClO4 (Yang et al., 2018). The stoichiometric ratios of C, 
N, and P are based on the mass of each element.

2.3.3. Measurement of the soil microbial biomass
The concentrations of MBC, MBN, and MBP were determined 

based on the chloroform-fumigation extraction method. 
Approximately 10 g of fresh soil was fumigated with chloroform in the 
dark for 24 h (fumigated soil), while another 10 g was cultivated 
without chloroform in the dark for 24 h (nonfumigated soil). 
Subsequently, ~5 g each of fumigated and nonfumigated soil samples 
were extracted using 0.5 M K2SO4 (m:v = 1:5) on a shaker at the 
ambient temperature for l h (200 r min−1). The concentrations of MBC 
and MBN were then determined correspondingly using an automated 
total organic C analyzer (Shimadzu, TOC-Vwp, Japan) and an auto 
analyzer (Bran + Luebbe, Germany). The other 5 g each of fumigated 
and nonfumigated soil samples were extracted using 0.5 M NaHCO3 
(m:v = 1:10, pH = 8.5) on a shaker at the ambient temperature for 
30 min (200 r min−1). The concentration of MBP in each soil sample 
was then determined using a spectrophotometer (Shimadzu, UV2450, 
Japan) at 880 nm. The soil microbial biomass element (MBE) was 
determined using the following expression:

	
MBE CF CUF K= −( ) / 	

(1)

where CF is the concentration of an element in the fumigated soil, 
CUF is the concentration of an element in the nonfumigated soil, and 
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K is the correction factor. In the present study, the K values that were 
used for calculation of the MBC, MBN, and MBP were 0.45, 0.54, and 
0.4, respectively (Zederer et al., 2017). The stoichiometric ratios of the 
MBC, MBN, and MBP are expressed based on the mass of 
each element.

2.3.4. Measurement of extracellular enzyme 
activities

A slightly modified 4-methyl-umbelliferyl substrate conjugate was 
used to determine extracellular enzyme activities (EEAs) (Saiya-Corka 
et al., 2002). Approximately 1 g of fresh soil (diameter < 0.15 mm) was 
mixed with 125 ml of an acetate buffer (50 mM, pH = 5.0) on a shaker 
(200 r min−1) at room temperature for 20 min to produce soil 
suspensions. Black 96-well microplates were then divided into six 
parts and eight replicate wells for each part. These included the 
following: sample assay (SA), sample control (SC), quench control 
(QC), reference standard (RS), negative control (NC), and blank (B) 
wells. First, 200 μL of the buffer was added to each of the B, RS, and 
NC wells. Second, 50 μL of the buffer was added into each of the B and 
SC wells to eliminate the natural fluorescence interference of the 
buffer and soil in the well plate. Third, 200 μL of the soil suspension 
was added to each of the SC, SA, and QC wells, and then 50 μL of a 
10-μM MUB solution was poured into each of the RS and QC wells. 
Finally, 50 μL of a 200-μM MUB-linked substrate was added to each 
of the NC and SA wells, and the time was noted. The microplates were 
covered and incubated in the dark at 25°C for 4 h, and 10 μL of 1.0 M 
NaOH was added to each well to stop the reaction. The fluorescence 
intensities of samples were then measured at excitation wavelength of 
365 nm and 450 nm emission filters. The substrates for the BG, NAG, 
LAP, and ACP were 4-methylumbelliferyl-β-D-glucopyranoside, 
4-Methylumbelliferyl, N-acetyl-β-D-glucosaminide, L-Leucine-7-
amino-4-methylcoumarin hydrochloride, and 4-Methylumbelliferyl 
phosphate, respectively. The EEAs were calculated according to the 
method described in a previous study (DeForest, 2009) and expressed 
in mmol h−1 g−1. The C:N, C:P, and N:P ratios of extracellular enzymes 
were correspondingly expressed as Ln(BG):Ln(LAP + NAG), 
Ln(BG):LN(ACP), and Ln(LAP + NAG):Ln(ACP) (Zhu et al., 2020).

2.4. Data analysis

The Statgraphics3.0 software (STN, St Louis, MO, United States) 
was used to perform all statistical analyses. The two-way ANOVA was 
used for data analysis following normality testing. The treatment (CK 
and W) and soil depth (0–10, 10–20, and 20–30 cm) served as 
independent variables. The Tukey-HSD was used to correct p-values 
associated with the multi-comparisons, and the difference between 
means was considered significant if the p-value of the ANOVA F-test 
was ≤0.05. All data are expressed as the mean ± the standard 
error (SE).

3. Results

3.1. Microclimate analysis

The results show that compared with the control, the greenhouse 
increased the air and soil temperatures by average values of 8.32 and 

7.52°C, respectively (Figure 1; Supplementary Table S1, p < 0.001) 
between April 20, 2020 and October 10, 2021.

3.2. Variations in soil properties and the 
concentrations of carbon, nitrogen, and 
phosphorus

Compared with the control, the greenhouse significantly 
decreased the SMC (Figure  2A, p < 0.001) and concentration of 
NO3

−–N (Figure 2E, p < 0.001) in the soil. In contrast, the greenhouse 
increased the concentrations of DOC (Figure 2C, p < 0.001), NH4

+–N 
(Figure  2D, p < 0.001), and AP (Figure  2D, p < 0.001) in the soil. 
Interestingly, the greenhouse minimally affected the pH (Figure 2B, 
p = 0.410), and concentrations of TC (Figure  3A, p = 0.827), TN 
(Figure  3B, p = 0.713), and TP (Figure  3C, p = 0.860) in the soil. 
Moreover, the C:N (Figure 3D, p = 0.615), C:P (Figure 3E, p = 0.781), 
and N:P (Figure  3F, p = 0.605) ratios for samples from inside and 
outside the greenhouse were comparable.

3.3. Variations in soil microbial biomass and 
enzymes

The concentrations of MBC (Figure 4A, p < 0.001), MBN (Figure 4B, 
p < 0.001), and MBP (Figure  4C, p < 0.001), and activities of BG 
(Figure 5C, p < 0.001), LAP (Figure 5C, p < 0.001), NAG (Figure 5C, 
p = 0.001), and ACP (Figure 5D, p < 0.001), as well as the enzymatic C:N 
ratio (Figure  5E, p < 0.001) for samples from the greenhouse were 
considerably lower than those for samples from outside. In contrast, 
compared with control samples, the greenhouse increased the MBC: 
MBN (Figure 4D, p < 0.001) and enzymatic N:P (Figure 5G, p < 0.001) 
ratios. Notably, the MBC:MBP (Figure  4E, p = 0.267), MBN:MBP 
(Figure 4F, p = 0.159), and enzymatic C:P (Figure 5F, p = 0.064) ratios for 
soils inside and outside the greenhouse were comparable.

4. Discussion

4.1. Variations in soil properties

According to previous studies, warming can increase evaporation 
from soils and transpiration of plants, and these processes decrease 
the availability of water, and thus, the SMC (Zhou et al., 2013a,b). In 
the present study, the SMC was significantly decreased (Figure 2A) 
compared with the control. However, in addition to the warming, the 
greenhouse shielded the soil from precipitation during the period 
from September 2015 to July 2021 (prior to sampling). Therefore, the 
SMC was dependent on soil osmosis and capillary pore conditions in 
the greenhouse (Xiao et al., 2011), and the weakened soil capillary 
action caused by the increased evaporation exacerbated the decrease 
in the SMC (Wu et al., 2019).

In a previous study, warming was reported to exert no significant 
effect on the pH of soils in alpine meadows in the QTP (Zheng et al., 
2012), and results in the present study are consistent with this 
observation (Figure 2B). However, the 5 years duration of warming 
was probably short to significantly influence the soil pH. According 
to another study on alpine meadows, warming starts to considerably 
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impact the soil pH after at least 20 years (Zhang X. et  al., 2021). 
Considering that fungi are tolerant to low pH conditions and high 
pH conditions are favorable for the growth of bacteria (Zhang et al., 
2016). Therefore, the slight increase of the soil pH in the greenhouse 
(Figure 2B) probably increased the population of bacteria. However, 

a high MBC:MBN ratio (Figure 4D) is attributed to an increase in 
fungi (Yang et al., 2018), and thus, the impact of a high pH in the 
present study appears inconsistent with previous observations. 
Therefore, the effect of warming in alpine meadows on the soil pH 
requires further investigation.

A

B

FIGURE 1

The mean temperature of air (A) and 10 cm soil (B) under control and warming during 20/4/2020–10/5/2021.

A B C

D E F

FIGURE 2

The SMC (soil moisture content) (A), pH (B), DOC (dissolved organic carbon) (C), NH4
+-N (ammonium nitrogen) (D), NO3

−-N (nitrate nitrogen) (E) and 
AP (available phosphorus) (F) of soil under control and warming. p-value of the ANOVA of treatments (control and warming, N), soil depths (0–10, 
10–20 and 20–30 cm, D) and interactive of treatments and soil depths (N*D) is indicated: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not significant.
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A B C

D E F

FIGURE 3

The concentration of total carbon (A), total nitrogen (B), total phosphorus (C), and the ratio of C:N (D), C:P (E) and N:P (F) of soil under control and 
warming. p-value of the ANOVA of treatments (control and warming, N), soil depths (0–10, 10–20 and 20–30 cm, D) and interactive of treatments and 
soil depths (N*D) is indicated: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not significant.

A B C

D E F

FIGURE 4

The microbial biomass carbon (A), microbial biomass nitrogen (B), microbial biomass phosphorus (C), and their stoichiometric ratios (D–F) of soil 
under control and warming. p-value of the ANOVA of treatments (control and warming, N), soil depths (0–10, 10–20 and 20–30 cm, D) and interactive 
of treatments and soil depths (N*D) is indicated: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not significant.
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The soil DOC exerts an important influence on the biochemical 
cycle. According to a previous study, warming significantly increased 
the DOC concentration in soil solutions (Luo et al., 2009), and this 
observation is consistent with results in the present study (Figure 2C). 
Warming enhances biological activity, including the decomposition of 
organic matter in soils (Luo et al., 2009). Moreover, warming and 
drying promote the production of dissolved organic matter (Luo et al., 
2009). The decrease of soil moisture enhances the release of soil 
organic matter from roots (Kuzyakov and Domanski, 2000), and the 
amount of soil leached impacts the concentration of DOC (Zhang 
Q. Y. et al., 2019; Zhang S. S. et al., 2019). Owing to the lower leaching 

associated with drying, the released DOC was low, and thus, the soil 
DOC increased (Figure 2C).

The results in the present study reveal that warming and drying 
significantly increase the concentration of NH4

+–N (Figure 2D) and 
decrease the concentration of NO3

−–N (Figure  2E) in soils. These 
results show that even though the N mineralization rate increased, the 
nitrification rate in the soil decreased. In all ecosystems, a decrease in 
the availability of water limits the growth of plants (Hartmann et al., 
2013; Schaeffer et al., 2017). This in turn reduces the production of 
roots and litter, which are the principal sources of N for plant growth 
(Hartmann et al., 2013; Schaeffer et al., 2017). According to previous 

A E

B F

C

D

G

FIGURE 5

The activity of BG (β-1,4-glucosidase) (A), LAP (leucine aminopeptidase) (B), NAG (β-1,4-N-acetylglucoaminosidase) (C) and ACP (acid phosphatase) 
(D) and the stoichiometric ratios of C-, N- and P-degrading enzymes (E–G) of soil under control and warming. p-value of the ANOVA of treatments 
(control and warming, N), soil depths (0–10, 10–20 and 20–30 cm, D) and interactive of treatments and soil depths (N*D) is indicated: *p ≤ 0.05;  
**p ≤ 0.01; ***P ≤ 0.001; ns, not significant.
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studies, the accumulation of NH4
+–N begins during a drought period, 

and the rate is higher than that of NO3
−–N because of the lower 

nitrification in dry soils (Manzoni et  al., 2014). Cells from dead 
microorganisms promote mineralization of N by drought-surviving 
microorganisms (Schaeffer et  al., 2017), and this increased the 
concentration of NH4

+–N in the soil (Figure  2D). In contrast, the 
concentration of NO3

−–N in the soil decreased (Figure 2E). This is 
attributed to the low microbial activity in the soil that is associated with 
the loss of soil moisture (Figure  2A), which inhibited nitrification 
(Khan et al., 2016). Moreover, the N uptake preference of plants will 
also change at different growth stages (Cui et al., 2017). At the same 
time, a large amount of nitrate absorbed by plants may be assimilated 
into ammonium roots and amino acids in roots, resulting in the 
reduction of NO3

−–N content (Liu et al., 2017). Alternatively, 16S rRNA 
gene abundance data suggest that the nitrifying activity of bacteria and 
archaea in the soil decreased under drought conditions, and the 
reduced nitrification rate accounts for the low NO3−–N concentration 
(Hartmann et al., 2013; Figure 2E). While, low MBN (Figure 4B), and 
high MBC/MBN ratio (Figure 4D) reflect a decrease in nitrifiers in the 
greenhouse soil (Khan et al., 2016). Therefore, as the SMC decreased 
(Figure 2A), the NO3

−-N concentration also decreased (Figure 3E). 
Concurrently, the increasing temperature and decreasing water content 
promoted mineralization of organophosphorus in the soil (Zuccarini 
et al., 2020). The associated improved availability of P in the soil is 
manifested by the elevated concentration of AP (Figure 3F).

4.2. Variations in soil carbon, nitrogen, and 
phosphorus, and their stoichiometries

Warming alters the activities of enzymes in soils, and this 
subsequently affects the cycling of C and N (Gong et al., 2015). In the 
present study, the concentrations of TC (Figure 3A), TN (Figure 3B), 
and TP (Figure 3C) and the C:N (Figure 3D), C:P (Figure 3E), and N:P 
(Figure  3F) ratios of the soil were high. These results suggest that 
changes in the DOC, NH4

+–N, NO3
−–N, and AP were probably 

insufficient to alter the stability of their coupled relationships. This 
implies that the warming and isolation from precipitation in the present 
study minimally altered the cycling of C, N, and P in the alpine meadow.

In terrestrial ecosystems, the soil is an important pool for C and 
N, and their inputs (plant photosynthesis) and outputs (microbial 
decomposition, N absorption, and inter-cycling) control the balance 
of these elements (Tang et al., 2021). In the warming experiment, the 
net primary production and plant C absorption as total primary 
production increased (Deng et al., 2021; Tang et al., 2021). However, 
the increase was offset by the rise in C emissions to the atmosphere, 
and thus, no significant change occurred in the TC content of the soil 
(Figure 4A). Alternatively, the effect of warming on the soil respiration 
continued to decline, and thus, no significant change was observed as 
the duration of warming increased (Frey et al., 2008). This indirectly 
demonstrates that soil carbon minimally changed, and this was likely 
because the effect of decreased precipitation and warming in the 
meadow attained a stable state.

Relatedly, the net N mineralization rate increased because of the 
warming, whereas the soil TN was unaffected, and this is probably 
linked to the limited microbial carbon source (Tang et al., 2021). Even 
though the decomposition of organic matter can alter the soil TP, this 
change is limited, because it largely depends on the weathering of rocks 

(Yang et al., 2015; Jiao et al., 2016). Therefore, in the present study, the 
concentration of TP in the soil was unaffected by warming (Figure 4C). 
Moreover, the C:N:P stoichiometric ratio of soil directly influences the 
genetic resistance of the microbial population (Luo et al., 2020). In the 
present study, the C:N (Figure  4D), C:P (Figure  4E), and N:P 
(Figure 4F) ratios exhibited no significant change, and this is possibly 
because the microbial community can maintain a stoichiometric 
steady-state as an adaptation to changes in the status of nutrients.

4.3. Variation in soil microbial biomass

Microbes can decrease the production of enzymes, for example, 
by limiting substrates and other resources, including water 
(Nannipieri et  al., 2012; Stark et  al., 2014). This observation is 
consistent with results obtained in the present study (Figures 4A–C). 
The microbial biomass in soil is closely correlated to the type of 
vegetation (Baldrian et  al., 2008). Deep-rooted species, such as 
grasses, can increase the storage of carbon via inputs of root 
material, microbial processing, and matrix stabilization, whereas 
forbs are associated with the opposite (Liu et al., 2018). In fact, if 
the proportion of grass decreases while that of forbs increases 
(unpublished data), soil root exudates and the MBC decrease 
(Figure 4A). In addition, bacteria need more N for assimilation 
than fungi (Högberg et al., 2007), and an increase in temperature is 
favorable for fungi in the soil microbial community (Zhao et al., 
2014). This is consistent with the decrease in MBN that was 
obtained in the present study (Figure 4B). The increase in fungi 
explains the high MBC:MBN ratio (Figure 4D), considering that the 
C:N ratio of fungi (4.5–15) is significantly higher than that of 
bacteria (3–5) (Yang et al., 2018). The warming also increased the 
availability of N, which limited the phosphorus from 
microorganisms, which explains the decline in the concentration of 
MBP (Gong et al., 2019). In the present study, the MBC:MBN ratio 
(Figure  4D) in the soil increased, whereas the MBC:MBP 
(Figure  4E) and MBN:MBP (Figure  4F) ratios exhibited minor 
changes under the warming and decreased precipitation conditions. 
These changes mainly depended on the sampling period, and the 
level is the main factor that affects both the MBN and MBP 
concentrations (Li et al., 2016).

According to a previous simulation study, warming significantly 
increased the availability of nutrients, but the soil microbial biomass 
was essentially unchanged. These observations suggest that 
microorganisms in the soil did not directly benefit from higher 
availability of nutrients (Xu et al., 2010). While, in this study, warming 
and isolation from precipitation in the greenhouse significantly 
increased the concentrations of DOC (Figure  2C), NH4

+–N 
(Figure 2D) and AP (Figure 2F), whereas the concentrations of MBC 
(Figure 4A), MBN (Figure 4B), and MBP (Figure 4C) decreased. These 
results also suggest that microorganisms in the soil failed to benefit 
directly from the higher availability of nutrients under the 
warming conditions.

4.4. Variations in activities of soil enzymes

The effects of warming on soil EEA that have been reported in 
previous studies vary (Zhou et al., 2013a; Wang et al., 2014). However, 
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in this study, the BG (Figure  5A), LAP (Figure  5B), and ACP 
(Figure 5D) significantly decreased, whereas the NAG (Figure 5C) 
slightly decreased (mean = 15.32% for the 0–30 cm soil layer). In 
general, warming can enhance the efficiency of extracellular enzymes, 
thereby decreasing the production of such enzymes by microbes 
involved in the cycling of C and nutrients (Zhou et al., 2013a). This 
observation is supported by the strong positive correlations between 
the soil EEA and MBC (r = 0.693–0.809, p < 0.01), MBN (r = 0.717–
0.907, p < 0.01), and MBP (r = 0.785–0.911, p < 0.01) 
(Supplementary Table S2). In addition, the strong positive correlation 
between the soil EEA and SWC (r = 0.439–0.869, p < 0.01; 
Supplementary Table S2) indicates that the soil EEA mainly depends 
on the soil moisture (Carlyle et  al., 2011; Zhou et  al., 2013a). 
Excluding the BG, the hydraulic isolation in soils caused by drought 
exerts direct physiological and indirect (reduction of substrate 
diffusion) pressures on the microbial community (Schaeffer et al., 
2017). These pressures decrease microbial activities, and thus, 
accelerate the decomposition of organic carbon in soil, thereby 
decreasing the soil SOC (Schindlbacher et al., 2011; Schaeffer et al., 
2017). The BG is closely related to the decomposition of cellulose, and 
its activity was also decreased by the warming (Zhou et al., 2013a; 
Figure 5A). The significant decrease in the N-acquisition enzyme 
LAP (Figure 5B) and slight decrease in the NAG (Figure 5C) under 
the warming conditions in this work may be  linked to decreased 
oxidation of NH4

+–N and an increase in the concentration of NH4
+–N 

(Hartmann et al., 2013).
Therefore, the synthesis of N-acquisition enzymes (NAG and 

LAP) appears to be closely related to the fungal biomass, whereas 
some C-acquisition enzymes (e.g., BG) are more associated with 
bacteria (Fanin et  al., 2016). Therefore, the decrease in the 
enzymatic C:N ratio (Figure 5E) was likely caused by an increase in 
fungi/bacteria in the microbial community owing to the warming. 
In the present study, the decrease in the enzymatic C:N ratio 
(Figure 5E) is primarily associated with the decrease in the BG 
(Figure 5A), which is more than those of the total LAP (Figure 5B) 
and NAG (Figure 5C). This is because the temperature sensitivities 
of N-acquisition enzymes are lower than those of C-acquisition 
enzymes (Steinweg et  al., 2013). Therefore, the N-acquisition 

enzymes slightly decreased in response to the N limitation under 
warming conditions (Steinweg et al., 2013). However, considering 
that the activities of the BG and ACP decreased comparably, the 
enzymatic C:P ratio exhibits no significant change (Figure 5F). This 
is probably because the soil microbial community can attain a 
stoichiometric homeostasis in response to changes in the status of 
nutrients. To reach the elemental homeostasis, microorganisms can 
alternatingly adjust their production of extracellular enzymes by 
maximizing the mobilization of substrates that are rich in limiting 
elements (Mooshammer et al., 2014).

A field experiment in a temperate grassland region revealed 
significant differences in the response of soil EEA at different depths 
to climate change (Zhou et al., 2013a). In particular, changes in the 
0–10 and 10–20 cm soil layers were mainly driven by the pH, NH4

+–N, 
and NO3

−–N, and NH4
+–N, and the microbial biomass, respectively 

(Zhou et al., 2013a). However, results obtained in this study (Figure 5) 
differed from those of this previous study (Zhou et al., 2013a). The 
differences are mainly attributed to direct effects of warming on the 
soil temperature and SWC, instead of changes in the quantity of 
organic matter and the quality of nutrients in the soil (Sardans et al., 
2008). Therefore, the SMC and activities of extracellular enzymes 
decrease as the depth of the soil layer increases (Figure  5A). 
Meanwhile, the strong positive correlations between the WSC and 
MBC (r = 0.537, p < 0.01), MBN (r = 0.801, p < 0.01), MBP (r = 0.681, 
p < 0.01), BG (r = 0.869, p < 0.01), LAP (r = 0.628, p < 0.01), NAG 
(r = 0.439, p < 0.01), and ACP (r = 0.845, p < 0.01; 
Supplementary Table S2) in this study are probably because of the 
isolation of soil in the greenhouse from precipitation for ~5 years, and 
thus, the soil in the greenhouse was severely short of water. 
Alternatively, the EEA data in the present study may be controlled 
primarily by the WSC in the 0–30 cm soil layer.

4.5. Effects of warming and isolation from 
precipitation on the availability of nitrogen

In alpine meadows, soil N is usually limited (Yang et al., 2021), 
and this can be accentuated as other components change because of 
warming and isolation from precipitation (Figure  6). First, the 
decrease in the concentration of NO3

−–N surpassed the increase in the 
concentration of NH4

+–N (Figures  2D,E). This was because the 
mineralization of N was promoted (Schaeffer et al., 2017), nitrification 
of N was inhibited (Hartmann et al., 2013; Khan et al., 2016), and a 
large amount of N absorbed by plants (Liu et al., 2017). Alternatively, 
the concentration of available N decreased (Supplementary Table S2). 
Second, the concentrations of MBC, MBN, and MBP significantly 
decreased because of the warming and drought, and the decrease in 
the concentration of MBN was higher than that of the MBC 
(Figures 3A–C), and thus, the MBC:MBN ratio increased (Figure 3E), 
which indicates a severe MBN deficiency. This may be because that 
soil microorganisms failed to benefit directly from the higher 
availability of nutrients under the warming conditions. Third, with the 
help of decreasing oxidation of NH4

+–N and an increasing in the 
concentration of NH4

+–N (Hartmann et al., 2013) under the warming 
conditions, the activity of the LAP (Figure 5B) and NAG (Figure 5C) 
were all decreased in response to the warming and isolation from 
precipitation. In conclusion, warming and isolation from precipitation 
enhance the limitation of N in alpine meadows.

FIGURE 6

The conceptual map of warming and drought affecting the alpine 
meadow on the QTP.
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4.6. Limitations

There were some limitations in this work. Firstly, the greenhouse 
increases the soil temperature, which is likely to be  the realistic 
impact of future climate change (Carlyle et al., 2011). However, the 
atmospheric temperature was increased by 8.32°C in the greenhouse 
in this work (Figure 1A), which is higher than the predicted increase 
relative to the pre-industrial revolution level before the end of the 
21st century (Wieder et al., 2013; Meng et al., 2020). Secondly, the 
high temperature can stimulate evaporation and plant transpiration 
and increase soil water loss (Harte et al., 1995; Wan et al., 2002) but 
the soil water loss caused by global warming is not as same as the 
isolation from precipitation studies in this work, and the SMC was 
dependent on soil osmosis and capillary pore conditions in the 
greenhouse (Xiao et  al., 2011). Therefore, we  are still far from 
explaining the impact of global climate change on the soil of the 
QTP. Additionally, warming and precipitation variability will 
become more frequent in the future (IPCC, 2021). Therefore, to 
consider the change of water grid under the influence of climate 
warming and drought in many aspects, it is necessary to carry out 
long-term continuous monitoring.

5. Conclusion

In the present study, a greenhouse experiment was conducted in 
an alpine meadow in the QTP to simulate the response of soils in the 
area to global warming. Data were generated for the SWC, pH, and 
changes in the DOC, NH4

+–N, NO3
−–N, and AP concentrations, as 

well as the stoichiometries of TC, TN, TP, MBC, MBN, MBP, BG, 
NAG, LAP, and ACP using samples that were collected from the 
0–30 cm soil layer, over a duration of ~5 years (2015–2020). Evidently, 
the greenhouse warming significantly decreased the SMC, NO3

−–N, 
MBC, MBN, MBP, BG, LAP, ACP, and enzymatic C:N ratio. 
Conversely, it considerably increased the DOC, NH4

+–N, AP, 
MBC:MBN, and enzymatic N:P ratio. Interestingly, it minimally 
affected the soil pH, TC, TN, TP, C:N, C:P, N:P, MBC:MBP, 
MBN:MBP, and enzymatic C:P ratios. These results indicated that 
warming and isolation from precipitation promoted the 
mineralization of N and P in the soils. However, microorganisms in 
the soils minimally benefited directly from the higher availability of 
nutrients associated with the warming and isolation from 
precipitation. The warming and isolation from precipitation also 
significantly altered the microbial biomass, EEA, and their 
stoichiometric ratios, but the concentrations of C, N, and P in the 
soils exhibited limited changes. Therefore, to adequately understand 
the response of terrestrial ecosystems to the cycling of C and N under 

warming conditions, continuous monitoring over an extended 
duration is required.
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Temperate urban wetland 
plankton community stability 
driven by environmental variables, 
biodiversity, and resource use 
efficiency: A case of Hulanhe 
Wetland
Tao Tao 1†, Hao Wang 1†, Xinyuan Na 1, Yan Liu 1,2, Nannan Zhang 3, 
Xinxin Lu 1,2* and Yawen Fan 1,2*
1 College of Life Sciences and Technology, Harbin Normal University, Harbin, China, 2 Key Laboratory of 
Biodiversity of Aquatic Organisms, Harbin Normal University, Harbin, China, 3 Modern Educational 
Technology and Experiment Center, Harbin Normal University, Harbin, China

In this study, we explored the driving factors behind plankton community structure. 
Due to the rapid development of cities, the occupation and development of 
wetland resources have increased lately, making the urban wetland ecosystems 
unstable and degrading the ecological functions gradually. Understanding the 
driving factors behind plankton community structure has certain theoretical and 
guiding significance for the protection, sustainable development, and ecological 
restoration of aquatic biodiversity in urban wetland ecosystems. We  set up  12 
sampling points in the Hulanhe Wetland, with the continuous monitoring of 
plankton from April to August and October 2021. The eco-environmental factors, 
plankton community structure, biodiversity index, resource use efficiency (RUE), 
and Bray–Curtis community turnover value were analyzed. A total of 209 species 
of 91 genera, 42 families, 11 classes, 22 orders of phytoplankton, and 90 species 
of four classes of zooplankton were identified. The community structure was 
mainly composed of Bacillariophyta, Chlorophyta, Cyanophyta, Protozoa, and 
Rotifera. To explore the correlation between phytoplankton and zooplankton, a 
correlation study was performed. We found a stable feeding preference between 
phytoplankton and zooplankton. The key influencing factors were identified 
by ordinary least squares regression, and the main driving factors of plankton 
community structure were discussed. The results showed that the stability of the 
Increased biodiversity and resource utilization efficiency have led to more stable 
plankton communities. This stability pattern is also strongly affected by water 
temperature, pH and total nitrogen in the external environment. This study will 
be helpful in the restoration of damaged wetlands, which would be beneficial for 
the protection of urban wetland ecosystems.

KEYWORDS

Hulanhe Wetland, plankton, grazing, community stability, resource use efficiency, 
diversity indicators
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1. Introduction

Plankton is an important part of the aquatic ecosystem 
(MacArthur, 1955; Liu et  al., 2021). It has a short life cycle and 
responds quickly to anthropogenic effects and natural changes. They 
are also considered good biological indicators for assessing wetland 
ecological health (Seilheimer et al., 2009; Easson and Lopez, 2019; 
Jonkers et al., 2019; Liu et al., 2021). Therefore, studying the plankton 
community structure is beneficial for wetland ecological 
environmental protection.

Community stability refers to the ability of a community to 
maintain its original structural and functional state, resist disturbance, 
or return to its original state after disturbance (Holling, 1973; Boucot, 
1985; Sennhauser, 1991). It is an important manifestation of ecosystem 
function (Tilman, 1999; Pennekamp et  al., 2018). Community 
structure is affected by the combined effects of biotic and abiotic 
factors, such as resource use efficiency (RUE) (Tian et  al., 2017), 
biodiversity (Zhang H. et al., 2016), and water environmental factors 
(Schaum et al., 2016; Tian et al., 2016; Amorim and Moura, 2021). In 
the same natural aquatic ecosystem, different habitats often cause 
differences in plankton community structure partly due to different 
nutrient concentrations (Zheng et al., 2020). The application of RUE 
can eliminate community differences caused by different nutrient 
concentrations; therefore, it is widely used in the study of plankton 
community structure. Anthropogenic disturbance can destroy 
ecosystem function and brings challenges to ecological restoration. 
The correlation between RUE and community stability depends on the 
degree of disturbance to the ecosystem. In other words, with the 
aggravation of human disturbance, such as water pollution and fishery, 
RUE will decrease with the decrease in plankton species abundance 
(Norberg et  al., 2001; Filstrup et  al., 2014). In recent years, the 
correlation between plankton diversity and community stability has 
become one of the ecological hotspots in conservation biology. 
Communities with more species or complex interspecies associations 
are more stable than single-species communities (Mougi, 2022). 
Communities with high biodiversity have less competition among 
species, which makes the community more stable and the ecological 
function guarantee insure higher (MacArthur, 1955; Elton, 2020). In 
addition, prior studies have shown that total phosphorus (TP), total 
nitrogen (TN), water temperature (WT), and dissolved oxygen (DO) 
have also been confirmed to relate to plankton community stability 
(Tian et al., 2016; He et al., 2021).

Global climate changes and anthropogenic activities lead to a 
rapid decrease in urban wetland areas and threaten the habitat 
integrity and stability of the urban wetland ecosystems (Matchett 
and Fleskes, 2017; Zhang et  al., 2020). The overall ecological 
condition of urban wetlands has shown a declining pattern over 
the years (Hui et  al., 2011). The Hulanhe Wetland Reserve is 
located on the north bank of Songhua River, Heilongjiang 
Province. It is the largest natural urban wetland in China (Xing, 
2016). The community structure of diverse animals (Gao et al., 
2015), diverse plants (Cheng, 2013), hydrozoan (Liu, 2012), and 
phytoplankton in the Hulanhe Wetland and surrounding waters 
has received much attention(Hui et al., 2011; Lu et al., 2014; Jia 
et  al., 2021). To date, most research on the water ecology of 
the  Hulanhe Wetland has mainly focused on the effects of 
plankton,  plant community composition, abundance changes, 
and  environmental factors (Hui et  al., 2011; Lu et  al., 2014; 

Jia et al., 2021). However, the research on the stability of plankton 
community is still insufficient.

Our study focused on the Hulanhe Wetland Reserve and the 
Hulan River, a tributary of the Songhua River that flows through the 
wetland, in 2021. We aimed to describe the plankton community 
structures and the correlations between them in the Hulanhe Wetland, 
to screen and identify the main factors driving plankton community 
structure, and to provide a theoretical basis for the protection of 
wetland biodiversity in the Hulanhe Estuary for the restoration of the 
damaged wetland ecosystems. Therefore, we put forward the following 
hypotheses: (1) there was a specific corresponding tendency to a 
predatory relationship between phytoplankton and zooplankton in the 
Hulanhe Wetland and (2) the stability of the plankton community in 
the Hulanhe Wetland is driven and regulated by both biotic and 
abiotic factors. The validation of these hypotheses would provide a 
theoretical basis for the water environment management of the 
Hulanhe Wetland from the perspective of plankton stability, which is 
beneficial for local water quality management and makes specific 
contributions to the further research and development of the 
restoration of other damaged wetland ecosystems.

2. Materials and methods

2.1. Research area, sampling point layout, 
and sampling time

The Hulan River, a tributary of the Songhua River, is located in the 
central part of Heilongjiang Province, between N 45°09′-46°10′, E 
126°76′-127°31′. The reserve extends in the east–west belt along the 
north bank of the Songhua River. The length of the reserve is 63.5 km 
from east to west, 21.3 km from north to south, and 179.5 km in 
circumference. According to the habitat characteristics of the Hulanhe 
Wetland, it is divided into 12 sampling points: water inlet areas (S1, 
S2, S3, and S12), water outlet areas (S9, S10, and S11), wetland 
protection areas (S4, S5, S6, S7, and S8), an area affected by agriculture 
(S2), and an area affected by fisheries (S10) (Figure 1). In this study, 
phytoplankton and zooplankton specimens were collected in spring 
(April, May), summer (June, July, August), and autumn (October) in 
2021, and the physicochemical indicators of the water body were 
analyzed. The longitude and latitude data of the sampling points were 
collected via GPS, and ArcGIS 10.2 (ESRI, Redlands, CA, 
United States) was used to draw the sampling points map.

2.2. Environmental data collection and 
sampling

2.2.1. Environmental variables
At each sampling site, surface water samples (0–0.5 m) were 

collected in triplicate for physicochemical analyses. The collection of 
water quality samples and plankton samples from the Hulanhe 
Wetland was carried out simultaneously. The WT, pH, conductivity 
(Cond.), DO, and turbidity (Tur) were measured with a multi-
parameter water quality analyzer (YSI ProPlus, YSI, United States). TP, 
TN, chemical oxygen demand (CODMn), and biochemical oxygen 
demand (BOD5) were the environmental factors analyzed in the 
laboratory within 24 h of sampling (GB 3838–2002).
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2.2.2. Plankton sampling
Plankton samples and water samples were collected simultaneously 

in the Hulanhe Wetland. Phytoplankton (5 L) and zooplankton (5 L) 
samples were collected at 1 m depth from each sampling site. 
Phytoplankton samples were stored in acidified Lugol’s solution, and 
zooplankton samples were stored in formaldehyde (4%). All samples 
were stored for 24 h before analysis and concentrated to 50 mL (Zhang 
and Hang, 1991).

Phytoplankton and protozoa were examined at ×400 
magnification (×10 eyepiece and ×40 objective) using an Olympus 
microscope (Optec B302, Chongqing, China) with a 0.1 mL 
plankton counting chamber. Rotifera, cladocera, and copepods 
were examined at ×200 magnification (×10 eyepiece and ×20 
objective) using an Olympus microscope with a 1 mL plankton 
counting chamber. Majority of the phytoplankton samples were 
identified at the species level, and their abundance was expressed 
as cells L−1 (Zhang and Hang, 1991).

Enumerating plankton cells, usually requires settling of 
samples in order to concentrate the cells (Claessens and Prast, 
2007). Precipitation and concentration are carried out in a 
cylindrical funnel. Fix the funnel on a shelf and place it on a 
stable table. The water sample was poured into the funnel, and 
the plankton was naturally precipitated for 60 h. The supernatant 
was sucked with a siphon and the sample was concentrated to 
50 mL (Zhang and Hang, 1991).

The publications ‘Freshwater algae in China: systems, classification 
and ecology’ (Hu and Wei, 2006), ‘Freshwater Microorganisms and 
Benthic Animals Atlas’ (Zhou and Chen, 2011), ‘China Freshwater 
Rotifer’ (Wang, 1961), the Rotifer World Catalog1, International 
Commission on Zoological Nomenclature2, and ‘Chinese Fauna 
Freshwater Cladocera’ (Board, 1979) were used to identify the 
plankton organisms.

2.3. Statistical analysis

The dominant species of plankton were determined based on the 
dominance value Y for each species, and plankton diversity was 
represented by the Shannon–Wiener (H′) (Magnussen and Boyle, 
1995), Margalef (H) (Margalef, 1969), Pielou evenness (J) (Pielou, 
1966), and Simpson indices(D) (Simpson, 1949), as follows:

	
Y n

N
fi
i= 






×

1  http://www.rotifera.hausdernatur.at/

2  http://iczn.org/lan/rotifer

FIGURE 1

Sampling site map of Hulanhe in Harbin, Heilongjiang Province.
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Shannon–Wiener index:
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Margalef index:

	
H S N= −( )1 / ln

Pielou evenness index:
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Simpson index:
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=
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where ni and N  are the number of individuals of species i  and 
the total number of individuals of all species within a given area 
in the whole year, respectively; Pi  is the relative proportion of 
species i , which is calculated by n Ni / ; S  is the number of 
species within a given sample; and fi is the occurrence 
frequency of species i , which is calculated by the ratio of the 
number of samples with species i  to the total number of samples 
within the given area in the whole year. If the dominance value 
Y  of a species was greater than 0.02, it was considered  
dominant.

2.4. Plankton RUE

In this experiment, the mass per unit volume was used to 
represent the biomass of plankton, and the calculation formula was: 
biomass = density×volume×abundance×10−6. It is assumed that the 
density of plankton is 1 g/L, the volume unit is μm3, the abundance 
unit is cells/L, and the biomass unit is μg/L.

RUE represents the amount of standing stock biomass per 
unit resource. We evaluated the RUE of phytoplankton (RUEpp) 
and zooplankton (RUEzp) communities, which quantifies the 
ratio of realized to potential productivity. RUEpp was calculated 
as phytoplankton biomass per unit TP (Davidson and Howarth, 
2007; Filstrup et al., 2014). RUEzp was calculated as zooplankton 
biomass per unit of phytoplankton biomass. As we were interested 
in calculating community biomass per unit resource directly 
available to each trophic level, RUEzp was calculated in relation 
to phytoplankton biomass, whereas RUEpp was calculated in 
relation to TP (Filstrup et al., 2014).

	
RUE

BIO Phyto
TPpp =
( )

	
RUE

Bio Zoo
Bio Phytozp =

( )
( )

Here, BIO Phyto( )  is phytoplankton biomass; BIO Zoo( )  is 
zooplankton biomass; and TP  is total phosphorus.

Plankton community turnover was determined by Bray–Curtis 
dissimilarity index between the two samples; the smaller the 
community turnover, the stronger the community stability (Jeppesen 
et al., 2011; Filstrup et al., 2014). Bray–Curtis dissimilarity index was 
calculated as:

	

BC
y y

y y
i
n

i i

i
n

i i
=

−

+
=

=

∑
∑

1 1 2

1 1 2

Here, BC is the Bray–Curtis dissimilarity index between samples 
1 and 2; yi1  and yi2  are the biomasses of plankton species i  in the 
two samples, respectively; and n  is the total number of plankton 
species in both the samples.

2.5. Data analysis

Analysis of variance (ANOVA) and Post-hoc test were 
conducted to evaluate differences in environmental data and was 
performed using SPSS 22.0 for Windows. Pearson correlation 
coefficient between community stability and RUE, biodiversity, 
and water environment factors were determined using SPSS 22.0 
for Windows. Then, Origin 2022 was used for ordinary least 
squares regression analysis. The ‘vegan’, ‘ggpubr’, ‘ggplot2’, and 
‘corrplot’ packages in R 4.0.3 were used for the difference tests 
and heat maps.

3. Results

3.1. Physicochemical characteristics of 
water samples

There were significant differences in WT (ANOVA, 
p < 0.001), pH (ANOVA, p < 0.001) and TN (ANOVA, p < 0.001) 
(Tables 1, 2). The variation range of WT was 8.10–27.80°C and 
an average of 18.07°C. The variation pattern of Tur, DO, and 
BOD5 was to increase gradually with the change of season, with 
a variation range of 1.70–186.80 NTU (Tur), 4.47–14.11 mg/L 
(DO), and 0.05–10.04 mg/L (BOD5), The mean values were 54.65 
NTU (Tur), 9.96 mg/L (DO), and 5.53 mg/L (BOD5). TN 
decreased gradually with the change of spring, summer, and 
autumn, with a variation range of 0.15–0.78 mg/L and an average 
of 0.46 mg/L. The pH, CODMn, TP, and Cond. values were the 
greatest in summer, followed by in spring, and the lowest in 
autumn, ranging from 6.47–9.06 (pH), 2.47–15.80 mg/L 
(CODMn), 0.03–1.03 mg/L (TP), and 160.90–1123.00 μS/cm 
(Cond.), with an average of 7.72 (pH), 6.46 mg/L (CODMn), 
0.30 mg/L (TP), and 359.03 μS/cm (Cond.).
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3.2. Plankton community structure

3.2.1. Composition of plankton community
The species composition and dominant species of the plankton 

community in the Hulanhe Wetland are shown in Figures 2, 3 and 
Tables 3, 4. The identified phytoplankton in the Hulanhe Wetland 
belonged to eight phyla, 11 classes, 22 orders, 42 families, 91 genera, 
and 209 species. Among them, Bacillariophyta had the most number 
of species (74 species), followed by Chlorophycophyta (73 species), 
Cyanophyta (32 species), Euglenophyta (16 species), Pyrrophyta (6 
species), Cryptophyta (4 species), Chrysophyta (3 species), and 
Xanthophyta (1 species), respectively.

A total of four categories and 90 species of zooplankton were 
identified in the Hulanhe Wetland, including 43 species of rotifers, 36 
species of protozoa, 5 species of copepods, and 6 species of 
cladocerans. There were 18 dominant species of zooplankton. The 
dominant species of zooplankton in spring and summer were mainly 
protozoa and rotifers. The dominant species in autumn were less, 
mainly copepods. Figure 3 shows the spatio-temporal distribution of 
plankton species in the Hulanhe Wetland. In terms of time 
distribution, the number of phytoplankton species was in the order of 
summer>autumn>spring and the number of zooplankton species was 
in the order of summer>spring>autumn.

There were 39 dominant species of phytoplankton, with a 
significant seasonal distribution. In spring, the dominant species were 
mainly Bacillariophyta and Cryptophyta, such as Cyclotella 
meneghiniana and Chroomonas acuta. The dominant species in 
summer were Chlorophyta, Cyanophyta, and Chrysophyta, among 
which Ankistrodesmus angustus, Arthrospira platensis, and Dinobryon 
cylindricum were the most dominant. Bacillariophyta and some 
cyanobacteria were the dominant species in autumn, and Cyclotella 
meneghiniana and Chroomonas acuta were the dominant species in 

spring. The spatial distribution also had certain differences. The 
proportions of the dominant species (cyanobacteria) in the water 
outlet areas were higher than those in the water inlet areas, while the 
proportions of other categories were lower than those in the water 
inlet areas. The dominant species in the wetland protection area were 
evenly distributed and much higher than those in the water inlet and 
outlet areas. Melosira granulata had the highest dominance in the 
Hulanhe Wetland. There were eight dominant species of protozoa, 
among which Strombidium viride had the highest dominance in 
spring, while Difflugia acuminate had absolute dominance in summer. 
There were seven dominant species of rotifers, Polyarthra euryptera in 
spring and Polyarthra euryptera and Keratella valga in summer. There 
were three dominant species of copepods. Nauplius was mainly 
dominant in summer, and the dominance of Neutrodiaptomus 
incongruens was the highest in autumn. Cladocera was the least 
dominant with only one species. From the perspective of spatial 
variation, the dominant species in the water inlet areas were mainly 
rotifers (such as Anuiaeopsis fissa and Polyarthra euryptera), while that 
at the water outlet areas were protozoa (such as Difflugia acuminate). 
The dominant species in the wetland reserve were generally higher 
than those in the water inlet and outlet areas. Rotifers, protozoa, 
copepods, and cladocera were mainly distributed, among which 
Neutrodiaptomus incongruens and Polyarthra euryptera had the 
highest dominance in the entire region.

3.2.2. Plankton abundance
The variation range of phytoplankton abundance in the three 

seasons in 2021 was 0.53–16.61 × 106 cells/L. The average 
abundance of phytoplankton in the time scale was in the order 
summer>autumn>spring, and the variation range was 0.99–
16.61 × 106 cells/L (summer), 0.85–14.96 × 106 cells/L (autumn), 
and 0.53–13.55 × 106 cells/L (spring) (Figure 4A). The zooplankton 

TABLE 1  Environmental characteristics of the Hulanhe Wetland.

Mental 
variables

Unit Spring Summer Autumn ANOVA

Eta-Squared p-value q-value

Tur. NTU 49.90 ± 71.90 51.45 ± 94.25 53.30 ± 51.45 0.051 0.186 0.233

pH – 7.94 ± 7.76 8.02 ± 7.89 6.64 ± 6.58 0.552 0.001** 0.001

WT °C 16.30 ± 16.75 21.95 ± 21.65 9.05 ± 10.30 0.463 0.001** 0.001

DO mg/L 9.37 ± 9.29 9.46 ± 12.44 12.21 ± 11.77 0.081 0.059 0.132

BOD5 mg/L 4.26 ± 5.05 5.17 ± 8.76 7.60 ± 7.19 0.068 0.096 0.144

TN mg/L 0.51 ± 0.59 0.45 ± 0.42 0.42 ± 0.47 0.004 0.884 0.884

TP mg/L 0.17 ± 0.26 0.30 ± 0.53 0.25 ± 0.42 0.179 0.001** 0.004

CODMn mg/L 6.17 ± 6.20 6.45 ± 9.51 4.82 ± 7.61 0.021 0.502 0.565

Cond. μS/cm 310.75 ± 597.90 323.85 ± 641.95 241.15 ± 380.65 0.075 0.073 0.132

** Represents p < 0.01 (extremely significant correlation).

TABLE 2  Post-hoc test of environmental characteristics in Hulanhe Wetland.

Spring × Summer Summer × Autumn Spring × Autumn

WT 0.929 0.001** 0.001**

pH 0.382 0.001** 0.001**

TP 0.001** 0.211 0.451

** Represents p < 0.01 (extremely significant correlation).
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community structure also showed temporal distribution 
differences, and the community abundance was mainly dominated 
by protozoa and rotifers. The abundance of zooplankton in the 
three seasons in 2021 was in the range 0.15–8.60 × 104 cells/L, and 
the abundance of zooplankton species was in the order 
summer>autumn>spring, with a range of 0.20–8.60 × 104 cells/L 
(summer), 0.15–3.25 × 104 cells/L (autumn), and 0.20–4.08 × 104 
cells/L (spring) (Figure 4C).

The variation in phytoplankton abundance on a spatial scale 
was in the order wetland protection area > water inlet area > water 
outlet area > agriculture-affected area > fisheries-affected area. 
The wetland protection area had the highest abundance, with a 
range of 0.53–15.75 × 106 cells/L; the abundance in the water 
inlet area was the second, with a range of 0.85–8.67 × 106 cells/L; 
the abundance of the water outlet area ranged from 1.92–
9.43 × 106 cells/L; the abundance was the lowest in the 
agriculture-affected area and fisheries-affected area, with a 
variation range of 0.05–4.28 × 106 cells/L and 0.22–5.61 × 106 
cells/L, respectively (Figure 4B). The overall spatial variation of 
zooplankton was in the order wetland protection area > water 

inlet area > water outlet area > agriculture-affected 
area > fisheries-affected area. The wetland protection area had 
the highest abundance, with a range of 2.25–8.60 × 104 cells/L; 
the abundance in the water inlet area was second, with a range 
of 0.20–7.25 × 104 cells/L; the variation ranges were 0.20–
2.25 × 104 cells/L, 0.35–3.00 × 104 cells/L, and 0.20–0.95 × 104 
cells/L for water outlet area, agriculture-affected area, and 
fisheries-affected area, respectively (Figure 4D).

3.2.3. Correlation between phytoplankton and 
zooplankton

Predation and competition are the main driving forces for 
regulating the structure of plankton communities in freshwater 
ecosystems. Plankton can be classified into phytoplankton and 
zooplankton according to the trophic relationship (Bottom-up/
Top-down effect) of the food web, and there is a long-term 
predation and predation relationship between them. In this study, 
the correlations between phytoplankton (eight phyla) and 
zooplankton (four categories) were analyzed by correlation 
heatmap (Figure 5). As shown in the diagram, rotifers showed a 

A B

FIGURE 2

Schematic diagram of plankton species distribution in Hulanhe Wetland. (A) Phytoplankton. (B) Zooplankton.

A B

FIGURE 3

Schematic diagram of plankton species distribution in Hulanhe Wetland. (A) Phytoplankton. (B) Zooplankton.
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significant correlation between Chlorophyta and Cryptophyta 
(p < 0.01); there was a significant correlation between Protozoa 
and Bacillariophyta (p < 0.05). However, compared with 
Chlorophyta, Cyanophyta was not significantly correlated with 

zooplankton although it was the dominant phylum. It may 
be  because Cyanophyta clusters often have gum sheaths and 
cyanobacterial toxins, resulting in discomfort and rarely preyed 
by zooplankton.

TABLE 3  Dominant species of phytoplankton in Hulanhe Wetland.

Dominant species Season Area

Spring Summer Autumn Wetland Water 
inlet

Water 
outlet

Phytoplankton Bacillariophyta Cyclotella meneghiniana 0.257 0.130 0.051 0.143 0.128 0.113

Melosira granulata 0.195 – 0.421 0.476 – –

Melosira varians 0.165 – 0.101 0.101 – 0.165

Asterionella formosa 0.121 – – 0.096 – –

Ulnaria ulna 0.082 0.194 0.285 0.206 0.022 0.241

Nitzschia palea 0.054 0.052 0.069 0.053 0.046 0.091

Navicula radiosa 0.052 – – 0.034 0.069 –

Aulacoseira pusilla 0.048 0.079 0.057 0.056 0.072 0.062

Ulnaria acus 0.037 – – 0.037 – –

Melosira granulata var. angustissima 0.033 0.085 0.203 0.186 0.128 0.119

Chlorophycophyta Ankistrodesmus falcatus – 0.158 – 0.158 – –

Tetraëdron minimum – 0.084 – 0.084 – –

Scenedesmus quadricauda – 0.082 0.069 – 0.076 –

Crucigenia tetrapedia – 0.026 – – – 0.026

Chlamydomonas globosa 0.099 0.069 0.057 0.196 0.080 0.134

Ankistrodesmus angustus 0.076 0.269 0.120 0.180 0.152 0.022

Scenedesmus dimorphus 0.056 0.101 0.164 0.133 0.056 –

Schroederia setigera 0.049 0.039 – 0.044 – –

Chodatella quadriseta 0.024 – – 0.024 – –

Cyanophyta Arthrospira platensis – 0.389 0.068 0.319 – –

Anabaenopsis circularis – 0.156 0.032 0.156 – –

Merismopedia minima – 0.088 – 0.088 – –

Chroococcus minor – 0.069 – – – 0.069

Anabaena azotica – 0.066 0.078 0.110 – 0.022

Merismopedia convoluta – 0.054 – 0.054 – –

Oscillatoria chlorina 0.082 0.146 0.027 0.098 – –

Anabaena circinalis 0.042 0.156 – 0.099 – –

Pseudanabaena limnetica 0.022 0.100 0.215 0.127 – –

Euglenophyta Strombomonas fluviatilis – 0.025 – – 0.027 0.022

Trachelomonas planctonica 0.040 0.071 0.038 0.119 0.047 –

Euglena geniculata 0.036 – – – 0.036 –

Euglena viridis 0.026 0.044 0.137 0.139 0.036 –

Pyrrophyta Peridinium umbonatum – 0.094 – – 0.094 –

Gymnodinium aeruginosum – 0.027 – – 0.027 –

Chrysophyta Dinobryon cylindricum 0.123 0.251 0.196 0.215 0.132 –

Cryptophyta Chroomonas acuta 0.251 0.028 – 0.202 0.099 0.144

Cryptomonas erosa 0.109 – – 0.109 – –

Cryptomonas ovata 0.048 0.062 0.044 0.053 0.063 0.040

“–” means not involved; “Wetland” is wetland protection areas (S4–S8); “Water inlet” is water inlet areas (S1–S3, S12); “Water outlet” is water outlet areas (S9–S11).
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3.3. Factors affecting plankton community 
stability

3.3.1. Resource utilization and plankton 
community stability

As shown in Figures 6A,B the utilization rate of phytoplankton 
resources (RUEpp) and zooplankton resources (RUEzp) in the Hulanhe 
Wetland showed that they were much larger in summer than those in 
autumn and spring. As shown in Figures 6C,D, both RUEpp and RUEzp 
showed that they much larger in the wetland protected areas (S4–S8) 
than those in other regional samples, while RUEpp and RUEzp, in the 
agriculture-affected area (S2) and fisheries-affected area (S10) were 
the lowest. The community turnover (BC) of the plankton community 
showed an opposite trend to the community stability. The larger the 
BC, the easier the community to produce species turnover (that is, the 
worse the community stability). The ordinary least squares regression 
curve between plankton community stability and RUE in Hulanhe 
Wetland is shown in Figure 6E. There was a significant correlation 
between stability and RUE (p < 0.01), indicating that plankton 
communities with high resource utilization often have higher stability.

3.3.2. Species diversity and plankton community 
stability

As shown in Figure  7, the Margalef diversity (H), Pielou 
evenness (J), Shannon-Wiener diversity (H′), and Simpson 
ecological dominance indices (D) of plankton in the Hulanhe 

Wetland in three seasons were calculated. The variation ranges 
were 1.36–3.89 (H), 0.39–0.81 (J), 1.43–3.54 (H′), and 0.43–0.88 
(D). The diversity of plankton communities was generally higher 
in summer than that in spring and autumn. The diversity of 
sampling sites (S4–S8) in wetland reserves was higher than that in 
other sites, and the areas affected by agriculture and fishery (S2, 
S10) were generally lower than other sites. The linear relationship 
between plankton community stability and species diversity is 
shown in Figure 8. BC had a significant positive correlation with 
H and J, and there was no significant linear relationship with H′ 
and D. This shows that with the increase in species diversity and 
evenness, the community structure of plankton in the Hulanhe 
Wetland tended to be stable.

3.3.3. Environmental factors and plankton 
community stability

The ordinary least squares equation of the stability of the 
plankton community and environmental factors in the Hulanhe 
Wetland is shown in Figures 9, 10. There was a significant negative 
correlation between the stability of the phytoplankton community 
and WT and pH (p < 0.01), and there was a significant negative 
correlation between the stability of the zooplankton community 
and WT, pH, and TN (p < 0.01). There was no significant linear 
relationship between other environmental factors, indicating that 
only some water environmental factors can increase the stability of 
the plankton community.

TABLE 4  Dominant species of zooplankton in Hulanhe Wetland.

Dominant 
species

Season Area

Spring Summer Autumn Wetland Water 
inlet

Water 
outlet

Zooplankton Protozoa Centropyxis aculeata – 0.136 – 0.132 – 0.094

Tintinnidium 

fluviatile

– 0.036 – 0.032 – –

Strombidium virid 0.258 0.09 0.099 0.177 0.056 0.081

Difflugia urceolata 0.097 0.025 – 0.097 – 0.025

Vorticella micostoma 0.072 – – 0.072 – –

Arcella rotundata 0.045 – – 0.045 – –

Difflugia acuminate 0.031 0.454 – 0.025 – 0.246

Tintinnopsis wangi 0.025 0.174 – 0.168 0.026 –

Rotifera Lecane signifera – – – – – –

Anuiaeopsis fissa – 0.074 – 0.072 0.066 –

Polyarthra trigla – 0.053 – 0.049 0.027 –

Brachionus angularis – 0.039 – 0.039 0.021 –

Trichocerca cylindrica – 0.036 – 0.034 – –

Polyarthra euryptera 0.073 0.335 – 0.213 0.054 –

Keratella valga 0.046 0.086 – 0.066 – 0.023

Copepoda Neutrodiaptomus 

incongruens

– – 0.208 0.294 – 0.089

Nauplius – 0.132 – 0.126 0.047 –

Cladocera Moina rectirostris – – 0.032 0.028 0.024 –

“–” means not involved; “Wetland” is wetland protection areas (S4–S8); “Water inlet” is water inlet areas (S1–S3, S12); “Water outlet” is water outlet areas (S9–S11).
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4. Discussion

4.1. Plankton community structure

4.1.1. Spatio-temporal distribution characteristics 
of plankton community

During the study period, the plankton community structure in the 
Hulanhe Wetland showed some heterogeneity at the spatial and temporal 
scales (Tables 2, 3 and Figures 3, 4). The Hulanhe Wetland was affected by 
the temperate monsoon climate, and the physicochemical factors of the 
waterbody changed between seasons. In particular, the change in WT can 
directly affect the community composition and succession direction of 
phytoplankton in the Hulanhe Wetland. In spring and autumn, when the 
Hulanhe Wetland was just released or was about to enter the frozen 
period, the WT was low, and the dominant species of phytoplankton were 
mostly cold-tolerant Bacillariophyta, such as Melosira varians, Cyclotella 
meneghiniana. However, after entering summer, the WT and light 
intensity increased rapidly, and cyanobacteria and Chlorophycophyta that 
prefer warm water began to multiply and gradually occupy a dominant 
position (Zhu et al., 2022), such as Arthrospira platensis, Anabaenopsis 
circularis, and Ankistrodesmus falcatus. The results of this experiment are 
similar to the results of phytoplankton community characteristics and 
succession rules of Hui et al. (2011), Lu et al. (2014), and Jia et al. (2021) 

in 2013, 2018 and 2019, respectively. WT is an important environmental 
factor affecting the phytoplankton community, which further indicates 
that the composition and succession direction of phytoplankton 

A B

C D

FIGURE 4

Schematic diagram of plankton abundance in Hulanhe Wetland. (A) Temporal distribution of phytoplankton abundance. (B) Spatial distribution map of 
phytoplankton abundance. (C) Time distribution map of zooplankton abundance. (D) Spatial distribution of zooplankton abundance.

FIGURE 5

Heat map of correlation between phytoplankton and zooplankton in 
Hulanhe Wetland. **represents extremely significant correlation 
between groups (p<0.01); *Significant correlation between 
representative groups (p<0.05).
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community in the Hulanhe Wetland were relatively stable in the past 
10 years.

From the perspective of the zooplankton community structure, 
high similarity in species composition for three seasons in 2021 and 
the temporal variation was not obvious. The proportion of species and 
abundance of small zooplankton (protozoa, rotifers) was higher than 
that of large zooplankton (cladocerans, copepods). The community 
structure of zooplankton showed a trend of miniaturization, such as 
Centorpyxis aculeata, Tintinnidium fluviatile, and Polyarthra trigla, 
which was similar to the results of other wetland studies on the 
distribution of zooplankton (Chen et al., 2014; An et al., 2017; Wang 
et al., 2017). The reason may be that protozoa and rotifers have small 
size, short cycle, and rapid development (Arndt, 1993; Li et al., 2017). 
They can quickly adapt to changes in hydrological conditions and 
physicochemical environment in the water body; therefore, they often 
occupy a dominant position in wetland habitats. This result is 
consistent with the research results of Zhang et al. (2018) showing a 
trend of miniaturization of zooplankton community structure.

Anthropogenic activities and urban sewage are the reasons behind 
the nutrient content of the Hulan River being at a relatively high-level 
(Xing, 2016), and wetlands can restore the water quality of polluted 
rivers (Zheng et al., 2014). As the largest urban wetland in China, 
Hulanhe Wetland has achieved great results in ecological restoration 
in recent years. From the spatial scale analysis, phytoplankton and 
zooplankton species abundance changes are consistent. The species 
number and average abundance of plankton in the Hulanhe Wetland 
protection area were much larger than those in the Hulanhe Wetland 
water outlet and inlet areas, which may be because the wetland had 
the function of purifying water and depositing nutrients, and the slow 

water flow rate in the wetland caused the deposition of nutrients 
(Kobayashi et al., 2014), which was also conducive to the growth and 
reproduction of plankton, such as Cyclotella meneghiniana, Arthrospira 
platensis, and Tintinnidium fluviatile. Compared with the area outside 
the wetland, the species number and abundance of plankton in the 
water inlet area were larger than those in the water outlet area. The 
richness and abundance of plankton in the water inlet area were 
higher than those in the water outlet area. Water outlet area through 
the wetland sediment filtration and biological filtration effect resulted 
in reduced nutrients (Aziz and Van Cappellen, 2021). The richness 
and abundance of plankton in the water outlet area decreased with the 
decrease in nutrients. Most of the plankton were Anabaena circinalis, 
Ankistrodesmus angustus, and Polyarthra euryptera, indicating that the 
Hulanhe Wetland had a certain effect of nutrient salt deposition. This 
led to certain spatial differences in plankton communities.

The composition of the plankton community is a strong indicator 
of the water environment (Jagadeesan et al., 2019). As one of the key 
wetlands in Harbin, the Hulanhe Wetland has achieved great results 
in ecological restoration in recent years. During the investigation 
period, the dominant species of plankton communities in the Hulanhe 
Wetland in the three seasons were mainly pollution-indicator 
organism species of clean water and oligo-sewage bodies. 
Zooplankton, such as Polyarthra euryptera (Chen et  al., 2011), 
Strombidium virid (Ju et al., 2017), and Difflugia acuminate (Ju et al., 
2017) were dominant. Phytoplankton, such as Asterionella formosa 
(Shan et  al., 2022), Dinobryon cylindricum (Zhang and Li, 2016), 
Ulnaria ulna (Zhu et al., 2017), and Navicula radiosa (Zhang N. et al., 
2016), which prefer clean water, also appeared as dominant 
communities, which are highly similar to the results of plankton 

A

C D E

B

FIGURE 6

Relationship between the utilization rate of plankton community resources and community turnover in Hulanhe Wetland. (A) Average RUEpp in 
different seasons. (B) Average RUEzp in different seasons. (C) Radar map of sample points of RUEpp. (D) Radar map of RUEzp. (E) Ordinary least 
regression curve between RUE and community turnover.
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surveys in the Macquarie wetland (Chaparro et al., 2018), which is 
also a temperate area and has been ecologically restored. The results 
show that in recent years, with the restoration of the Hulanhe Wetland, 
the ecological function gradually improved, the water quality was 
cleaner, and the damage to water ecosystem health was reduced to a 
controllable range (Hui et al., 2011).

4.1.2. Correlation between phytoplankton and 
zooplankton

Phytoplankton and zooplankton are important components of the 
food web in aquatic ecosystems, and there is a very close competition 
between them and the relationship between predation and predation 
(Mcqueen et  al., 1989). Some studies have confirmed that the 
predatory grazing behavior of zooplankton is the main reason for the 
change in the phytoplankton communities (Mcqueen et al., 1989; 
Vanni and Temte, 1990; Figure 5).

In this study, protozoa and diatoms showed a significant 
correlation. Protozoa are eukaryotic unicellular animals that belong 
to heterotrophic organisms and are preyed by large zooplankton (such 
as copepods and cladocerans) (Burns and Schallenberg, 2001; Turner 
et al., 2001). Protozoa constitute a complete food chain by preying on 
diatoms (Min et al., 2019). Many experiments have shown that (Liu 
and Dagg, 2003; Stelfox-Widdicombe et al., 2004; Kim et al., 2007; Hu 
et al., 2015) large zooplankton cannot directly ingest diatoms, probably 
because of the shell of diatoms or because diatoms release harmful 
substances (such as unsaturated aldehydes) when they reach a certain 

high concentration to inhibit the growth and reproduction of large 
zooplankton. Therefore, large zooplankton will directly choose to feed 
on protozoa and then transfer the primary productivity of diatom 
sources upwards in the food chain, thus playing a role in the 
transmission of diatoms in the food chain.

During the study period, rotifers had a strong correlation with 
Chlorophycophyta, Euglenophyta, and cryptophytes. Rotifer is a small 
filter-feeding zooplankton. The efficiency of filtering phytoplankton is 
determined by the size of the phytoplankton. The palatable food range 
of most filter-feeding rotifers is between 1 and 15 μm (Zhang and 
Hang, 1991). Chlorophyta and some Cryptophyta (such as 
Chroomonas acuta), as the dominant species in the Hulanhe Wetland, 
have a fast reproduction rate and a palatable volume. They mostly exist 
in the filter-feeding range of Rotifers and are easy for rotifers to prey 
on. Some previous studies have shown that cryptophytes are often 
used as high-quality bait for zooplankton because of their cell wall 
digestibility, non-toxicity and suitable biochemical composition 
(Porter, 1973). Chlorophycophyta and cryptophytes can be successfully 
ingested by rotifers and can meet the corresponding nutritional needs; 
therefore, rotifers tend to prey on Chlorophyta and Cryptophyta 
(Wang et al., 2012). The predation of rotifers on green algae is also one 
of the reasons that affect the phytoplankton community structure, 
with Chlorophycophyta as the main dominant species (Yang, l., 2012).

Cyanophyta, Bacillariophyta, and Chlorophyta were the dominant 
species of phytoplankton in the Hulanhe Wetland, but there was no 
significant correlation between Cyanophyta and zooplankton. The 

A B

C D

FIGURE 7

Species diversity index of plankton at various site of Hulanhe Wetland in different seasons. (A) Margalef diversity index. (B) Pielou evenness index. 
(C) Shannon-Wienner index. (D) Simpson’s index.
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reason may be  that zooplankton does not prefer ingesting 
cyanobacteria. Studies have shown that cyanobacteria do not have 
zooplankton palatability, and the lack of highly unsaturated fatty acids 
has a negative impact on the growth rate of zooplankton (Juliana et al., 
2016); simultaneously, the life form of cyanobacteria is mostly 
gathered into filaments or surrounded by gelatinous sheaths, which 
are too large and not easy to be fed (Tan and Ransangan, 2017); some 
species of zooplankton may also be sensitive to toxins produced by 
cyanobacteria (De Silva and Jang, 2017).

In conclusion, we found that the abundance of phytoplankton in 
water was closely related to the growth and reproduction of 
zooplankton. Phytoplankton is an important food source for 
zooplankton. High-density phytoplankton ensures the supply of 
zooplankton food and promotes the reproduction and growth of 
zooplankton. However, the feeding of zooplankton on phytoplankton 
is also selective. Zooplankton is more inclined to be easily ingested and 
palatable than phytoplankton, such as Chlorophyta and Cryptophyta.

4.2. Driving factors of plankton stability

4.2.1. RUE
RUE can reflect the nutrient cycle and transfer process of the 

ecosystem (He et al., 2021). Communities with high abundance of 

plankton often have higher RUE, and species in high-abundance 
communities have a high occupancy rate of trophic niches, increasing 
the overall RUE (Tian, 2017). In this study, the spatio-temporal 
differences in RUE and plankton abundance showed the same pattern 
(Figures 6A,B). The WT of the Hulanhe Wetland increased gradually 
with the increase of months, which was conducive to the growth and 
reproduction of plankton. Summer was the season with the most 
plankton species. At the same time, studies have shown that 
communities with diatoms, Chlorophycophyta, and protozoa as 
dominant species can use resources more efficiently (Tillmanns, 2006; 
Filstrup et al., 2014). Cyanobacteria, Chlorophycophyta, and Protozoa 
were the dominant phyla of plankton in the Hulanhe Wetland in 
summer. They have a wide ecological range and strong adaptability to 
the environment, which improves the RUE of plankton in summer; 
therefore, the RUE in summer was much greater than that in 
other seasons.

Some studies have found that the increase in biodiversity will 
increase RUE and community stability (Filstrup et al., 2014; Zhang 
et al., 2021), which is similar to the results of this study (Figure 6E). 
This study found that the gradually abundant plankton species 
community can use resources more effectively in the ecosystem, and 
the species community with high diversity has a large number of 
species and uniform distribution, which makes the community more 
stable. The abundance and diversity of plankton in the Hulanhe 

A B

C D

FIGURE 8

Relationship between biodiversity index and community turnover of phytoplankton community in Hulanhe Wetland. (A) Ordinary least squares 
regression curve between Margelef diversity index and community turnover. (B) Pielou evenness index. (C) Shannon-Wiener index. (D) Simpson’s index.
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Wetland showed the same pattern (Figures  4, 7). The level of 
biodiversity increased with the increase in abundance, which 
enhanced the niche complementarity of plankton in the aquatic 
ecosystem to a certain extent. The ecological complementarity effect 
will cause overproduction (Hillebrand et  al., 2008), which will 
promote the utilization efficiency of ecosystem resources.

High concentrations of nutrients are also one of the reasons for 
the correlation between RUE and the stability of plankton 
communities (Zhang et al., 2021). Higher concentrations of nutrients 
can promote the rapid growth and reproduction of plankton. The 
wetland ecosystem deposits nutrients and purifies water, which is one 
of the reasons for the high abundance of plankton in the Hulanhe 
Wetland protection area. Therefore, the RUE in the reserve was much 
higher than that in other areas (Figures 6C,D). In this study, the RUE 
in the agriculture-affected area (S2) and fisheries-affected area (S10) 
was the lowest of all samples (Figures 6C,D). The long-term effects of 
field herbicides on macrophytes may result in delayed, indirect 
responses to zooplankton and phytoplankton communities, and 
pollution may result in single species and a low abundance of plankton 
(Relyea, 2005). Due to the obvious agricultural disturbance, the RUE 
of the agriculture-affected area (S2) of the Hulan River inlet was low, 
indicating that anthropogenic disturbance destroyed the ecological 
function systems, resulting in low resource utilization (Wang et al., 

2019). S10 was an area greatly affected by the fishery. The disturbance 
caused by the fishing process inhibited the growth of plankton. At the 
same time, the fish school carries out a large number of downward 
effect control on plankton, resulting in low species number and 
abundance (Shen and Wang, 1991), which leads to a low 
RUE. Therefore, to maintain the stability and sustainability of the 
regional ecological security pattern, the regional ecological function 
system affected by anthropogenic disturbance needs 
further restoration.

4.2.2. Species diversity
Species diversity is an important measure of community stability. 

There is a certain coupling relationship between plankton species 
diversity and community stability (Tilman, 1999). Exploring the 
correlation between plankton diversity and community stability is of 
great significance for explaining plankton community structure and 
diversity. In aquatic ecosystems, the increase in plankton species 
diversity makes the community more stable (Ptacnik et al., 2007), 
which is the same as the results of this study (Figure 8A).

In this study, with the increase in plankton community diversity, 
the community became more stable. It is speculated that the food 
chain and food web of communities with high diversity tend to 
be more complex, and there are more ways for energy flow within the 
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FIGURE 9

Relationship between Environmental Factors and Community Turnover of Phytoplankton Community in Hulanhe Wetland. (A) Water temperature and 
community turnover. (B) pH. (C) Turbidity. (D) Total nitrogen. (E) Total phosphorus. (F) Permanganate index. (G) Dissolved oxygen. (H) Bio-chemical 
oxygen demand. (I) Conductivity.
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FIGURE 10

Relationship between Environmental Factors and Community Turnover of Zooplankton Community in Hulanhe Wetland. (A) Water temperature and 
community turnover. (B) pH. (C) Total nitrogen. (D) Turbidity. (E) Total phosphorus. (F) Permanganate index. (G) Dissolved oxygen. (H) Bio-chemical 
oxygen demand. (I) Conductivity.

community. If a certain way is blocked by interference, there may 
be other routes to compensate (Cao and Zhan, 2015). Therefore, a 
community with high diversity has less fluctuation among species, 
which makes the community more stable. A structurally stable 
plankton community has a strong feedback system, which can buffer 
environmental changes or fluctuations in the population from within 
the community and is less susceptible to external disturbances 
(MacArthur, 1955; Cao and Zhan, 2015).

The evenness index reflects the uniformity of the individual 
number distribution of each species. The higher the evenness, the 
more uniform the species distribution. This study showed high 
Pielou evenness, which implies high community stability 
(Figure 8B). Many studies have shown that the higher the species’ 
evenness, the stronger the ecosystem function conversion, making 
the plankton community more stable (Wittebolle et  al., 2009; 
Allan et al., 2011; Filstrup et al., 2014). The results of this study 
also reached the same conclusion. The community with high 
plankton evenness had a more uniform distribution of species 
resources, and the anti-interference ability of the community also 
increased, which is conducive for the better adaptation of the 
plankton community to the aquatic ecological environment (Tian, 
2017; Zheng, 2019).

4.2.3. Environmental factors
Through ordinary least squares analysis, it was found that the 

physical and chemical environmental factors of the waterbody 
had a certain driving effect on the stability of the phytoplankton 
community, and the environmental factors affecting 
phytoplankton and zooplankton were similar. WT (p < 0.01, 
p < 0.01) and pH (p < 0.01, p < 0.01) were both the driving factors 
of phytoplankton and zooplankton community stability, while 
TN (p < 0.01) was only the driving factor of zooplankton 
community stability.

Plankton community stability will increase with the increase of 
WT (Figures 9A, 10A). WT can affect the metabolic intensity, growth 
and development, and reproduction cycle of plankton, and then affect 
its abundance and biomass changes and the distribution of community 
structure, and ultimately affect the material circulation and energy 
flow of the ecosystem. The average temperature of the Hulanhe 
Wetland in summer is 22.0°C, while cyanobacteria, Chlorophycophyta, 
and rotifers are more suitable for growing in warm water. The average 
temperature in spring and autumn is slightly lower than 16.3°C and 
9.1°C, which is more suitable for the growth and reproduction of 
diatoms, Chrysophyta, and Protozoa, and is more dominant in the 
plankton community. In addition, the predation rate of zooplankton 
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is similar to the growth rate of zooplankton, which increases the 
grazing frequency and achieves rapid reproduction of zooplankton as 
the water temperature increases (Pulsifer and Laws, 2021). This 
further proves that the stability of plankton community will be more 
stable with the increase of WT.

pH is an important water environmental factor driving the 
stability of phytoplankton and zooplankton communities. The results 
showed that there was a significant negative correlation between pH 
and the turnover of zooplankton and phytoplankton communities 
(Figures 9B, 10B). Phytoplankton communities were more stable in 
alkaline water. The pH affects the absorption of nutrients by affecting 
the activity of some enzymes in plankton cells or transmembrane 
proton gradient. In the season with high WT, the dissolved CO2 in 
water decreases, increasing the pH value, and the Hulanhe Wetland is 
weakly alkaline (7.51 ± 0.38), which promotes the growth and 
reproduction of plankton, thus affecting its community structure 
(Zhang et  al., 2021). The alkaline environment is conducive to 
phytoplankton absorbing CO2 for photosynthesis. In alkaline water, 
phytoplankton has high primary productivity, which ensures the food 
source of zooplankton. The abundance of zooplankton also increases, 
and the phytoplankton community gradually stabilizes (Jakobsen 
et al., 2015).

TN is an essential element for the synthesis and energy transfer 
of aquatic organisms and also an important nutrient source for 
zooplankton. The variation in TN concentration can affect the food 
source of zooplankton and the dynamic pattern of community 
(Shen et  al., 2021). TN indirectly affects the composition of 
zooplankton by affecting the community structure of 
phytoplankton (Guo et al., 2017). At the same time, changes in the 
ratio of nitrogen to phosphorus in the water affects the competition 
between zooplankton with different growth characteristics and the 
change in population structure (Yang et  al., 2021). During the 
study period, the average nitrogen-phosphorus ratio of the 
Hulanhe Wetland was 1.52 (N/p < 16:1), which was a nitrogen 
limitation. The average TN of the Hulanhe Wetland in spring, 
summer, and autumn was at a relatively high level (0.46 mg/L). 
High concentrations of TN made the zooplankton community 
more stable (Figure 10C). Bhavya et al. (2020)have shown that the 
total uptake of nitrogen by phytoplankton is in the range of 10.24–
59.36% and 30.21–68.55%. Therefore, high concentration of TN 
promotes the reproduction of phytoplankton (Liu et  al., 2022). 
Phytoplankton photosynthesis in water not only provides sufficient 
food for zooplankton but also creates an oxygen-rich environment 
for zooplankton, which makes zooplankton species more abundant 
and increases community stability.

Overall, the stability of the plankton community is a very complex 
problem. The stability of the plankton community is not only affected 
by the single factor of community structure characteristics but also has 
a certain correlation with RUE, biodiversity, and water 
environment factors.

For future studies, we  suggest observing the effects of 
microorganisms on plankton (Pearce and Butler, 2002; Rana et al., 
2021), the predation of plankton by fish (Villéger et al., 2019; Xia et al., 
2020), and the variation in plankton stability under special conditions 
(e.g., heavy rain, freezing, and advection; Manna et al., 2019; Liu et al., 
2021; Lu et al., 2022), which will help to improve our mechanistic 
understanding of the maintenance and stability of plankton 
community structure.

5. Conclusion

Specific predation relationship was observed between 
phytoplankton and zooplankton in the Hulanhe Wetland. Protozoa 
tend to prey on diatoms, rotifers prefer to ingest Chlorophycophyta 
and cryptophytes, but cyanobacteria are rarely preyed on by 
zooplankton because of their own cyanobacterial toxins and 
mismatched caliber. The stability of plankton community in the 
Hulanhe Wetland is controlled by biotic and abiotic factors. The 
stability of the plankton community had a significant linear 
relationship with the Margalef diversity index, Pielou evenness index, 
and RUE. The key factors affecting phytoplankton community stability 
in the Hulanhe Wetland were WT and pH, while zooplankton 
community stability was mainly driven by WT, pH, and TN.
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Quantitative assessment of the impacts of climate change and human activities

on marsh wetland is essential for the sustainable development of marsh wetland

ecosystem. This study takes the marsh wetland in the Yellow River source region

(YRSR) as the research object, using the method of residual analysis, the potential

net primary productivity (NPPp) of marsh wetland vegetation in the YRSR between

2000 and 2020 was stimulated using the Zhou Guangsheng model, and the

actual primary productivity (NPPa) of marsh wetland vegetation was download

from MOD17A3HGF product, and the difference between them was employed to

calculate the NPP affected by human activities, the relative contribution of climate

change and human activities to the change of NPPa of marsh wetland vegetation

was quantitatively evaluated. The results revealed that between 2000 and 2020,

NPPa of marsh wetland vegetation increased in the YRSR by 95.76%, amongwhich

climate-dominated and human-dominated NPP change occupied by 66.29% and

29.47% of study areas, respectively. The Zoige Plateau in the southeast accounted

for the majority of the 4.24% decline in the NPPa of the marsh wetland vegetation,

almost all of which were affected by human activities. It is found that the warming

and humidifying of climate, as well as human protective construction activities,

are the important reasons for the increase of NPPa of marsh wetland vegetation

in the YRSR. Although climate change remains an important cause of the increase

in NPPa of marsh wetland vegetation, the contribution of human activities to the

increase in NPPa of marsh wetland vegetation is increasing.
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marsh wetland, climate variation, human activities, quantitative assessment, vegetation
NPP
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1. Introduction

Typical alpine marsh wetland with the highest altitude in the
world are distributed in the YRSR (Xue et al., 2018; Hou et al., 2020;
Wang et al., 2020). These wetlands perform a variety of ecological
functions, including carbon fixation and oxygen release, water
conservation, climate regulation, and biodiversity maintenance
(Yan et al., 2017); they have a significant impact on the sustainable
development of society, economy, ecology, and water resources
in the whole Yellow River basin (Dong et al., 2020; Qiu et al.,
2021). However, the ecological environment in this region is fragile
and sensitive to climate change (Tang and Lin, 2021). Since 1950,
the Qinghai-Tibet Plateau has experienced significantly warming,
which has led to the accelerated degradation of permafrost, reduced
solid water reserves, and increased precipitation (Zhao et al.,
2020; Zhang Q. et al., 2022), which makes the stability of the
marsh wetland ecosystem in the YRSR worse; simultaneously,
human activities, such as overgrazing, expansion of construction
land, and peat mining have intensified (Liu et al., 2019; Pan
et al., 2020); the marsh wetland in the YRSR have been degraded
to varying degrees, with serious landscape fragmentation and
decreased species diversity, posing a serious threat to the aquatic
ecological function, frozen soil, and ecological environment in this
area (Xiang et al., 2009; Li et al., 2018). With the strengthening
of ecological environment protection and the regulation of
relevant policies, the Chinese government has implemented a
series of ecological protection and restoration projects since 2000,
including turning grazing land back to green and establishing the
Sanjiangyuan National Ecological Protection Area, especially the
construction of the Yellow River Source National Park, which has
improved the ecological environment in the YRSR (Du et al., 2015;
Shao et al., 2017; Ma et al., 2022). However, the exact mechanism of
the change in marsh wetland in the YRSR is still unknown because
of the mutual interference and interaction between climate change
and human activities. Therefore, it is necessary to quantitatively
analyze the underlying mechanisms of marsh wetland change in
the YRSR, quantify the relative contributions of climate change and
human activities to marsh wetland change, and further guide the
scientific protection and sustainable development of marsh wetland
in the YRSR.

Net primary productivity, a crucial representation of ecosystem
functioning, is the difference between the total quantity of organic
matter that vegetation accumulates through photosynthesis over
time and the cumulative respiration per unit of time (Yan, 2022).
The NPP of vegetation also reveals obvious variability owing to the
influence of climate change and human activities (Cloern et al.,
2021). Numerous studies have estimated the difference between
NPPp and NPPa of vegetation to represent the influence of human
activities on vegetation change (NPPh), quantitatively evaluated
the relative contributions of climate change and human activities
to various changes in land cover (Yin et al., 2020). For instance,
Xie et al. (2022) explained the relative contribution of climate
change and human activities to desertification reversal in Mu Us
Sandy Land in northern China by employing meteorological data
and MODIS NPP products whose results revealed that human
activities were the leading factors of desertification reversal in
different periods; Zhang F. et al. (2022) quantitatively assessed
the relative contributions of climate change and human activities

to grassland NPP based on the changes of grassland NPP in the
YRSR, and revealed that the contribution of human activities to
the restoration of grassland is increasing; Li et al. (2021) examined
the relative effects of climate change and human activities on
the productivity of various vegetation in Northeast China, and
found that human activities resulted in 53.84% reduced NPP in
deciduous coniferous forests. Although there are lots of studies
have quantified the impacts of climate change and human activities
on vegetation changes on the Tibetan Plateau, most of them focus
on grassland or forest ecosystems (Shen et al., 2022; Wang Y. F.
et al., 2022). Until recently, the research on wetland ecosystems is
scarce (Mao et al., 2014; Yan et al., 2022). The marsh ecosystem
has unique environmental conditions, which may lead to obvious
differences in the response of marsh wetland vegetation to climate
change and human activities compared with other ecosystems
(Shen et al., 2022). Climate change and human activities, as well as
the degradation of marsh wetland habitat quality and the changes
in marsh wetland plant communities, exhibit significant effects
on the NPP of marsh wetland vegetation; therefore, the relative
effects of climate change and human activities on marsh wetland
vegetation could be quantitatively assessed by quantifying NPP of
marsh wetland vegetation (Mao et al., 2014). It is crucial for the
protection and management of alpine marsh wetland and even for
global marsh changes.

In this process, the key to quantifying the NPP of marsh
wetland vegetation is the accurate estimation of NPPp. NPPp
reflects the effects of light, temperature, and water on the
productivity of vegetation. NPPp is generally estimated by
employing a climate-driven model. One of the reasonable models
to estimate the global distribution of vegetation NPPp is the Miami
model, which is a fitting model based on the correlation between
measured data at stations and annual precipitation and annual
average temperature (Lieth, 1975). However, vegetation NPPp is
influenced by other climatic variables in addition to temperature
and precipitation, Therefore, based on Miami model, Thornth-
waite Memorial model considers actual evapotranspiration, while
Chikugo model considers plant physiology and ecology, and uses
parameters such as net radiation and radiation dryness, which is a
semi-empirical and semi-theoretical NPP estimation model (Wang
J. Y. et al., 2015). However, the climate-related models such as
Miami model and Thornthwaite Memorial model were originally
established by statistical regression between climate conditions and
measured NPP, and the model parameters may need to be adjusted
when applied to specific areas (Sun et al., 2017). Zhou Guangsheng
model is based on the water utilization efficiency of vegetation
which is determined by the ratio of the carbon dioxide flux equation
(equivalent to NPP) to the water vapor flux equation (equivalent
to evapotranspiration) on the surface of vegetation. According to
the precipitation in China and the net radiation data obtained
from the physical process of the influence of energy and water on
evaporation, a regional evapotranspiration model corresponding to
the energy balance equation and water balance equation has been
derived, and a net primary productivity model of natural vegetation
based on plant physiological and ecological characteristics has been
established, which could help better represent the characteristics of
vegetation in China (Zhou and Zhang, 1996; Chen et al., 2015).

Therefore, this study uses the marsh wetland in the YRSR
as the research object, the NPPp of marsh wetland vegetation in
the YRSR between 2000 and 2020 was stimulated using the Zhou
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Guangsheng model, and the NPPa of marsh wetland vegetation
was download from MOD17A3HGF product, and to estimate the
NPPh of marsh wetland vegetation by the difference between
NPPp and NPPa. The main purpose of this study is to: (1)
estimate and analyze the temporal and spatial distribution trends
of NPPp, NPPa, and NPPh of marsh wetland vegetation in the
YRSR between 2000 and 2020; (2) discuss the response of NPP of
marsh wetland vegetation to climate change and human activities
based on the temporal and spatial changes of climate factors and
human factors of marsh wetland in the YRSR between 2000 and
2020; and (3) evaluate quantitatively the relative contribution of
climate change and human activities to NPP change of marsh
wetland vegetation in the YRSR between 2000 and 2020. The results
of this research could serve as a theoretical and methodological
foundation for the formulation of wetland management policies
in this region and have various implications for further guiding
the scientific protection and sustainable development of wetland
resources in the YRSR.

2. Materials and methods

2.1. Study area

The YRSR is located on the eastern edge of the Qinghai-
Tibet Plateau, which is defined as the basin above the Tangnaihai
Hydrological Station. It comprises a total area of 12.21 km2

(95.9◦E∼103.4◦E, 32.2◦N∼36.1◦N) (Figure 1), accounting for
16.29% of the Yellow River basin area (Tang and Lin, 2021; Mo
et al., 2022). According to the Köppen climate classification, the
YRSR has a subarctic climate that is influenced by the monsoon
and tundra climate with extreme seasonal precipitation, strong
evaporation, and strong solar radiation. The YRSR is rainy,
accompanied by short-term strong convection between July and
September every year during the summer season, which is affected
by the southwest monsoon in South Asia and Southeast Asia, and
gradually becomes dry and cold between October and December
during the winter season which is affected by the cold and high
pressure of the Qinghai-Tibet Plateau (Yuan et al., 2020). The YRSR
possesses complex landforms and diverse landscapes. The terrain
is typically high in the central and western regions and low in the
northeast and southeast, with an altitude drop of approximately
3800 m and an average altitude of over 4000 m. The western part
is separated from the Jinsha River by the Bayan Har Mountains,
while the northern part is the Animaqing Mountain, covered with
glacier snow the majority of the year. Wetland is one of the primary
ecosystems in the YRSR, including river, lake, marsh, and artificial
wetland, in which the marsh wetland accounts for 82.36% of the
total wetland area in the YRSR. The vegetation dominated by
herbaceous marsh vegetation and aquatic vegetation, and the main
species of marsh plants are Carex pseudosupina, Poa attenuata, and
Kobresia tibetica, etc. (Liu et al., 2021).

2.2. Data

The data employed in this study include marsh wetland
distribution data, NPPa remote sensing data, and temperature

and precipitation data. The marsh distribution data is the 2015
China marsh wetland spatial distribution dataset obtained from
the National Science and Technology Basic Platform-National
Earth System Science Data Center.1 The data were classified using
Landsat-8 OLI remote sensing images with a spatial resolution of
30 m. The decision tree method was used to classify the wetland
objects step by step, and the classification results were checked and
corrected by merging them with a large number of field survey
samples. The classification accuracy was 95% (Mao et al., 2020).

The remote sensing image data of NPPa was obtained from
the MOD17A3HGF product, which was a MODIS image with
a spatial resolution of 500 m. The NPP was synthesized by
calculating the net photosynthesis (PSN) every 8 days, which
was the difference between the total primary productivity and
the respiratory maintenance value. The annual total as the NPPa
data between 2000 and 2020 was calculated using Google Earth
Engine (GEE) platform to calculate,2 which finally covers the marsh
wetland in the YRSR.

The meteorological data, including temperature and
precipitation data, were obtained from the National Earth
System Science Data Center, National Science and Technology
Infrastructure of China (see text footnote 1). This dataset was
based on the Global 0.5◦climate data released by Climatic Research
Unit (CRU) and the global high-resolution climate data released by
WorldClim. It was obtained through delta spatial downscaling and
verified by 496 independent meteorological observation points,
with a spatial resolution of 1 km (Peng et al., 2019). ArcGIS V10.8
(developed by Environmental Systems Research Institute, Inc.,
Redlands, CA, USA) was employed to calculate the average annual
temperature and annual precipitation of the marsh wetland in the
YRSR between 2000 and 2020.

The data of human activities are mainly the statistics of the
number of livestock and population at the county level in the
study area from 2000 to 2020, which comes from the Statistical
Yearbook3 of each county. In order to unify the expression, the
conversion coefficient is used to convert different livestock into
standard sheep units, and the conversion coefficient refers to the
Calculation of Proper Carrying Capacity of Rangelands in the
Agricultural Industry Standard of China.

To facilitate the unified data processing, ArcMap V10.8
software was used to reprogram the aforementioned data to
the WGS-84 coordinate system, and the spatial resolution was
resampled to 30 m.

2.3. Methods

2.3.1. Mann-Kendall (MK) test
Mann-Kendall test, as a non-parametric statistical method

to detect the trend of variables, has been widely used to study
the abrupt change and trend change characteristics of time
series of climatic and hydrological elements, such as temperature,
precipitation, and runoff, as well as their grid-scale spatio-temporal

1 http://www.geodata.cn (accessed October 2, 2022).

2 https://developers.google.cn/earth-engine/datasets/catalog/MODIS_
006_MOD17A3HGF (accessed October 2, 2022).

3 https://data.cnki.net/ (accessed October 2, 2022).
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FIGURE 1

(A) The location and elevation of the YRSR. (B) Spatial distribution of wetland in the YRSR.

TABLE 1 Different categories of driving factors for NPPa changes.

Categories Driving factors for NPPa changes

Slope NPPa ≥ 0 and Slope NPPp > Slope NPPh NPPa increased owing to climate factors

Slope NPPa ≥ 0 and Slope NPPp < Slope NPPh NPPa increased owing to anthropogenic activities

Slope NPPa < 0 and Slope NPPp > Slope NPPh NPPa decreased owing to climate factors

Slope NPPa < 0 and Slope NPPp < Slope NPPh NPPa decreased owing to anthropogenic activities

The contribution rate analysis of this research was realized by ArcMap V10.8.
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data. Its advantage is that it does not require samples to follow
a certain distribution, and it is unaffected by a few outliers. It
is more suitable for type and order variables. In this study, it is
used to estimate the changing trend of climate factors and NPP of
marsh wetland in the YRSR between 2000 and 2020. The following
formula was used to calculate the MK test (Gao and Jin, 2022;
Ogunsola and Dilau, 2022):

Zs =


S−1
√
Var(S) , if S > 0

0, if S = 0
S+1
√
Var(S) , if S < 0

(1)

S =
n−1∑
i = 1

n∑
j = i+1

sgn
(
Xj−Xi

)
(2)

Var (S) =
n (n−1) (2n+5)

18
(3)

sgn
(
Xj−Xi

)
=


1,Xj−Xi > 0
0,Xj−Xi = 0
−1,Xj−Xi < 0

(4)

where n represents the length of the time series, and i is 2000,
2001,..., 2020, and S is the test statistic, and Var(S) is the variance
of S, and sgn (Xj-Xi) is a symbolic function, the value is 1, 0 or
−1. Zs is MK test statistics, Under a given significance level α,
when | Zs| > u1−α /2, the time series data of the study were at α

level. Significant changes were generally taken as α = 0.05. When
| Zs| > 1.96, the time series had a significance α < 0.05, and |
Zs| < 1.96 denotes significance α > 0.05. The MK text of this
study was implemented by Rstudio-2022.07.2−576 (developed by
Delaware Public Benefit Corporation, Boston, MA, USA).

2.3.2. Estimating NPP
In this study, the NPPp of wetland vegetation in the YRSR

was calculated employing the Zhou Guangsheng model, and the
difference between NPPp and NPPa was estimated to represent
NPPh. Zhou Guangsheng’s model is as follows (Zhou and Zhang,
1996):

NPPp = RDI2
×

P × (1+RDI+RDI2)

(1+RDI)(1+RDI2)
× Exp

(
−
√

9.87+6.25RDI
)

(5)

RDI =
(
0.629+0.237PER−0.00313PER2)2 (6)

PER =
BT × 58.93

P
(7)

BT =
∑

T
12

(8)

Where NPPp represents the potential net primary productivity
and RDI the radiation index of dryness. P denotes the annual
precipitation (mm), PER the potential evapotranspiration rate, BT
the annual average temperature (◦C), and T the monthly mean
temperature (◦C).

The formula for calculating NPPh is as follows:

NPPh = NPPp−NPPa (9)

Where NPPh represents the net primary productivity affected
by human activities, with NPPh > 0 indicating that NPP is
decreased by human activities; NPPp is the potential net primary
productivity, calculated by the formula (5); NPPa is the actual
net primary productivity obtained from the annual synthetic
data of MOD17A3HGF. Estimation of NPP was performed
using ArcMap V10.8 and Envi V5.3 (produced by Exelis Visual
Information Solutions).

2.3.3. Slope of marsh wetland NPP and climate
factors

In each marsh wetland pixel in the study area, slope trend
analysis was employed to determine the changing trend of
vegetation NPP and climate factors between 2000 and 2020. The
calculation formula is as follows (Ma et al., 2022; Yan et al., 2022):

Slope =
n ×

∑n
i = 1 (X × i)−

∑n
i = 1 X

∑n
i = 1 i

n ×
∑n

i = 1 i2−
(∑n

i = 1 i
)2 (10)

Where Slope is the changing trend between 2000 and 2020, X
is the vegetation NPP (NPPp, NPPa, and NPPh) or climate factors
(temperature and precipitation) in the i-th year, and i = 1, 2, 3, . . .,
20. n represents the time between 2000 and 2020. Slope > 0 denotes
an increasing trend, while Slope0 denotes a decreasing trend. The
slope analysis of this study was based on ArcMap V10.8.

2.3.4. Correlation analysis
To further analyze the relationship between climate change

and NPP change in wetland vegetation, this study measured
the correlation between climate factors and NPP change in
wetland vegetation based on the correlation coefficient, which was
calculated as follows (Shen et al., 2019):

r =
∑n

i = 1 (xi−x)
(
yi−y

)√∑n
i = 1 (xi−x)2 ∑n

i = 1
(
yi−y

)2
(11)

Where r is the correlation coefficient; n = 21, representing the
time span between 2000 and 2020; xi is the NPP value of the i-th
year, yi is the climate value (temperature or precipitation) of the
i-th year, and x is the average annual NPP value, y is the multi-year
climatic average. The Correlation analysis of this research is realized
by Matlab R2016b (developed by the Mathworks, Inc., Natick, MA,
USA).

2.3.5. Contribution rate analysis
The contribution rate analysis was employed to clarify the

relative contributions of climate factors and human activities to
NPP changes of marsh wetland vegetation in the YRSR. The reasons
for NPP changes were examined in accordance with the slope
changes of NPPp, NPPa, and NPPh of marsh wetland vegetation,
as depicted in the following Table 1 (Xu et al., 2010).

3. Results

3.1. Climate change in the YRSR between
2000 and 2020

According to the change analysis of climatic factors of marsh
wetland in the YRSR between 2000 and 2020 (Figure 2), the
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FIGURE 2

Variations in climate factors of marsh wetland in the YRSR between 2000 and 2020. (A) The annual variation in average annual average temperature.
(B) The interannual variation in annual precipitation.

FIGURE 3

Spatial distribution in climate factors of marsh wetland in the YRSR between 2000 and 2020. (A) Average annual temperature. (B) Average annual
temperature changing trend. (C) Average annual precipitation. (D) Average annual precipitation changing trend.

average annual temperature of marsh wetland in the YRSR
was −3.51◦C, with a minimum temperature of −4.20◦C (in
2000) and a maximum temperature of −3.07◦C (in 2009). The
overall fluctuation of the annual average temperature displayed an
insignificant upward trend (z-score > 1.96, P-value < 0.05). The
average temperature increase rate in 21 years was 0.16◦C/10a in
accordance with the linear fitting equation. Between 2000 and 2020,
the average annual precipitation of marsh wetland in the YRSR
was 558.03 mm, with a minimum precipitation of 464.73 mm (in
2002) and a maximum precipitation of 663.35 mm (in 2018). The

overall fluctuation of the average annual precipitation displayed an
insignificant upward trend (z-score > 1.96, P-value < 0.05). The
average precipitation increase rate in 21 years was 48.57 mm/10a in
accordance with the linear fitting equation.

The average annual temperature of marsh wetland in the YRSR
exhibited apparent spatial heterogeneity over the last 21 years
according to the spatial distribution (Figure 3). The temperature
centered on Mount Animaqing in the central region and increased
to the periphery. The temperature revealed a decreasing trend
from southeast to northwest, with higher temperatures in the
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north and southeast regions and lower temperatures in the central
and western regions. Overall, 83.64% of the regional temperatures
exhibited an increasing trend. The spatial heterogeneity of the
average annual precipitation of marsh wetland in the YRSR was
apparent, exhibiting a decreasing trend from east to west. In
contrast to the southeast, the precipitation in the northwest was
lower. The variation trend of precipitation was consistent with
the spatial distribution of precipitation, and the increment of
precipitation decreased from east to west. Overall, between 2000
and 2020, the marsh wetland in the YRSR exhibited a warming and
humidifying trend.

3.2. Human activities in the YRSR
between 2000 and 2020

The population in the YRSR increased from 42.40× 104 in 2000
to 56.94 × 104 in 2020, with an increase of 34.29%. The number of
livestock increased from 1297.50× 104 in 2000 to 1392.90× 104 in
2020, with an increase of 7.35% (Figure 4). The number of livestock
units per person decreased from 30.60 to 24.46, with a decrease of
25.10%. From 2000 to 2020, the population of the counties in the
YRSR generally showed an increasing trend, among which Maqin
County, Maqu County and Gande County increased the most;
52.87% of the areas in the YRSR have increased the number of
livestock, mainly distributed in the Zoige Plateau in the southeast
of the YRSR, while the decreased areas were mainly distributed in
Maqin County, Gande county and Maduo county in the middle and
west of the YRSR; 76.01% of the areas in the YRSR have decreased
the number of livestock units per person, mainly distributed in
Maqin County, Gande County and Maduo County in the middle
and south of the YRSR, while the number of livestock units per
person in Aba County, Hongyuan County and Zoige County in the
southeast of the YRSR has increased.

3.3. NPP changes of marsh wetland
vegetation in the YRSR between 2000
and 2020

Between 2000 and 2020, NPPp and NPPa of marsh wetland
vegetation in the YRSR exhibited a consistently increasing trend,

while NPPh exhibited a decreasing trend (negative value indicates
that human activities have a positive impact on NPP increase)
(Figure 5). Among them, NPPp was the lowest in 2002, at
63.21 gC/m2, and the highest in 2018, at 101.93 gC/m2, with a
multi-year average of 82.23 gC/m2; the NPPa was the lowest in
2003, at 201.75 gC/m2, and the highest in 2006 at 252.71 gC/m2,
with a multi-year average of 224.53 gC/m2; the NPPh was the
lowest in 2006, at −178.00 gC/m2, and the highest in 2003, at
−120.86 gC/m2, with a multi-year average of −143.36 gC/m2.
Overall, between 2000 and 2020, the NPPp of marsh wetland
vegetation in the YRSR was smaller in comparison to NPPa, and the
NPP of marsh wetland vegetation in the YRSR was supplemented
by human activities and exhibited an increasing trend, which
demonstrated that human activities had a positive effect on the NPP
of marsh wetland vegetation in the YRSR.

According to the spatial distribution (Figure 6), between 2000
and 2020, NPPp of the marsh wetland vegetation in the YRSR
had the same spatial heterogeneity as NPPa, exhibiting the spatial
characteristics of the decreasing trend from southeast to northwest,
while NPPh exhibiting the spatial characteristics of the increasing
trend from southeast to northwest. According to slope analysis, the
average NPPp of marsh wetland vegetation in the YRSR increased
by 1.05 gC/m2a between 2000 and 2020, accounting for 100% of
the increased area, and the increase rate in the southeast region
of the YRSR was significantly higher in comparison to that in
the northwest region. NPPa increased by 1.21 gC/m2a on average,
accounting for 95.79% of the increased area, and the decreased area
was primarily distributed in the Zoige Plateau. The average decrease
of NPPh was 0.25 gC/m2a, and the decreased area accounted for
67.18%; the increased area was concentrated in the Zoige Plateau,
located in the southeast of the YRSR. In general, the NPP of
marsh wetland vegetation in the YRSR was increasing, and NPPp
exhibited a similar spatial distribution pattern to NPPa but was
considerably different from NPPh. In comparison to the changing
trend of NPP of marsh wetland vegetation in the YRSR, the
increase of NPPa was greater than NPPp, which demonstrated
that human activities have a positive impact on the NPP of
marsh wetland vegetation. However, the area where NPPa decreases
was approximately the same as where NPPh increases, primarily
distributed in the Zoige Plateau located in the southeast of the
YRSR, which indicated that there is an adverse impact of human
activities in this region on the NPP of marsh wetland vegetation.

FIGURE 4

Spatial distribution of population and livestock in YRSR from 2000 to 2020. (A) Population from 2000 to 2020. (B) Livestock from 2000 to 2020.
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FIGURE 5

Variations of NPP of wetland vegetation in the YRSR between 2000 and 2020.

3.4. Correlation between climate factors,
human activities, and NPP

3.4.1. Correlation analysis between climate
factors and NPP

According to the correlation analysis between the NPP of
marsh wetland vegetation and climate factors in the YRSR from
2000 to 2020 (Figure 7), the correlation coefficient between
NPPa and temperature was between −0.82 and 0.79, with an
average correlation coefficient being 0.01, and 50.85% of NPPa
was positively correlated with temperature; the average correlation
coefficient between NPPa and precipitation was between −0.83
and 0.78, with an average correlation coefficient being 0.11, and
41.93% of NPPa was positively correlated with precipitation. The
correlation coefficient between NPPh and temperature was between
−0.79 and 0.79, with an average correlation coefficient being 0.11,
and 49.76% of NPPh was positively correlated with temperature;
the correlation coefficient between NPPh and precipitation was
between −0.79 and 1, with an average correlation coefficient
being 0.32, and 75.62% of NPPh was positively correlated
with precipitation. Overall, the correlation between NPP and
precipitation of marsh wetland vegetation in the YRSR was higher
in comparison to that between NPP and temperature, but the
degree of correlation was relatively low.

3.4.2. Correlation analysis between human
activities and NPP

The change of human activities was expressed by the number
of livestock units per person in the YRSR from 2000 to 2020. The
results of correlation analysis with NPP show that the number of
livestock units per person was negatively correlated with NPPh

(P < 0.01, r = −0.773), but no significant positive correlation with
NPPa (P < 0.05, r = 0.226).

3.5. Relative contribution of climate
change and human activities to NPP
changes of marsh wetland vegetation

The relative contribution of climate-dominated and human-
dominated to NPPa change was quantitatively assessed by
superimposing the changing trends of NPPp, NPPa, and NPPh of
marsh wetland vegetation in the YRSR between 2000 and 2020
(Figure 8). A total of 95.76% of NPPa of the wetland vegetation
in the YRSR was increasing, of which 66.29% was influenced by
climate change; it was primarily distributed in the southeast and
central areas, which was also the area with the largest increase
of the marsh wetland precipitation in the YRSR. A total of
29.47% of NPPa of the marsh wetland vegetation was influenced
by human activities, primarily distributed in the northwest of
the YRSR. The regions with reduced NPPa of marsh wetland
vegetation were mainly distributed in sporadic areas of Zoige,
Hongyuan, and Maqu counties in the southeast of the YRSR,
accounting for 4.24%, almost all of them being influenced by
human activities. Overall, the NPPa of marsh wetland vegetation
in the YRSR exhibited an increasing trend between 2000 and 2020,
with climate change being the dominate factor for the increase of
NPPa. In the northwest of the YRSR, the contribution of human
activities to the restoration of marsh wetland increased annually,
while in the Zoige Plateau in the southeast of the YRSR, the
NPPa of marsh wetland vegetation decreased as a result of human
activities.
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FIGURE 6

Spatial distribution of NPP of marsh wetland vegetation in the YRSR between 2000 and 2020. (A) NPPp between 2000 and 2020. (B) NPPp changing
trend. (C) NPPa between 2000 and 2020. (D) NPPa changing trend. (E) NPPh between 2000 and 2020. (F) NPPh changing trend.

4. Discussion

4.1. NPP changes

In this study, the NPPp of marsh wetland vegetation in the
YRSR between 2000 and 2020 was stimulated using the Zhou
Guangsheng model, and the NPPa of marsh wetland vegetation
was download from MOD17A3 product, and the NPPh of marsh
wetland vegetation was calculated by the difference between them,
which simplified the complex change mechanism of marsh wetland
(Cloern et al., 2021) and allowed for quantitative evaluation of
the driving mechanism of marsh wetland change. However, NPP
estimation results might vary owing to the limitations of data
sources, research area, and model methods. In this study, between
2000 and 2020, the NPPp of marsh wetland vegetation in the YRSR
ranged between 63.21 and 101.93 gC/m2, with an average value of
82.23 gC/m2 and an average increase of 1.05 gC/m2a; The range
of NPPa was between 201.75 and 252.71 gC/m2, with an average

value of 224.53 gC/m2 and an average increase of 1.21 gC/m2a;
The range of NPPh was between −120.86 and −178.00 gC/m2,
with an average value of −143.36 gC/m2 and an average decrease
of 0.25 gC/m2a. The estimated NPP values of marsh wetland in
similar research were different, but the spatial distribution trend
of decreasing from southeast to northwest was approximately the
same. For example, using MODIS17A3 NPP data, Shen et al.
obtained that the average NPP of marshes on the Qinghai-Tibet
Plateau from 2000 to 2020 was about 184.37 ± 11.12 gC/m2a, and
shows a trend of increasing gradually from northwest to southeast
(Shen et al., 2022). The YRSR is located in the eastern part of
the Qinghai-Tibet Plateau, the average NPPa of marsh vegetation
in this study (224.53 gC/m2) is higher than the average NPP of
marshes on the Qinghai-Tibet Plateau, meanwhile, the distribution
trend of NPPa in marsh vegetation of this study is also gradually
increasing from northwest to southeast. Besides, Yan et al. (2022)
used CASA model to estimate the NPP of zoige plateau marsh
wetland in the southeast of the YRSR from 2000 to 2015, ranging
from 206.04 to 250.23 gC/m2, it is almost consistent with the NPPa
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FIGURE 7

Spatial distribution of correlation analysis between NPP and climate factors of marsh wetland vegetation in the YRSR between 2000 and 2020.
(A) NPPa and temperature. (B) NPPa and precipitation. (C) NPPh and temperature. (D) NPPh and precipitation.

FIGURE 8

Spatial distribution of driving factors of NPPa change of marsh wetland vegetation in the YRSR between 2000 and 2020.

of marsh vegetation in the YRSR obtained by using MOD17A3
product (201.75∼252.71 gC/m2). Tang et al. used CASA model
to estimate the change of NPP in the YRSR from 2000 to 2017.
The average NPP was 301.6 gC/m2, and the distribution trend was
decreasing from southeast to northwest (Tang and Lin, 2021). It is

higher than the NPP (224.53 gC/m2) of marsh wetland vegetation
in our study, because grassland is the main vegetation type in the
YRSR., accounting for about 89.75%, so the estimated value of NPP
is higher, but the spatial distribution trend of NPP is consistent with
our study. Compared with the above research, it can be proved

Frontiers in Ecology and Evolution 10 frontiersin.org137

https://doi.org/10.3389/fevo.2023.1123645
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-11-1123645 March 24, 2023 Time: 16:23 # 11

Feng et al. 10.3389/fevo.2023.1123645

that the NPP of marsh vegetation in the YRSR obtained by using
MODIS17A3 product in this study is accurate. The northwest of the
YRSR located in the inland hinterland was weakly affected by the
warm and humid air current in the Pacific Ocean. Less precipitation
and the lower temperature limited the growth and development of
marsh wetland vegetation in the northwest of the YRSR, resulting
in the lower NPP of marsh wetland vegetation in the northwest
of the YRSR in comparison to that in the southeast (Tang and
Lin, 2021). In this study, the NPPh was obtained by Formula
(9), which was negative because NPPp was lower than NPPa in
some areas. This shows that the ecological restoration measures
affected by human activities have supplemented the NPP of marsh
wetland vegetation, that is, human activities have promoted the
restoration of marsh wetland vegetation in the YRSR. This is similar
to the quantitative research results of vegetation NPP changes in
Qinghai-Tibet Plateau in recent years. Since 2000, the vegetation
in Qinghai-Tibet Plateau has changed from over-utilization to
moderate protection, Under the influence of human activities, the
area where vegetation NPP increases is expanding (Chen et al.,
2020; Zhang et al., 2021). The NPPa of marsh wetland vegetation
in the YRSR was increasing, indicating that the NPPa of marsh
wetland vegetation was in a recovery state as a whole, while NPPh
exhibited a decreasing trend, indicating that the overall impact of
human activities was positive. In some regions of the Zoige Plateau
in the southeast of the YRSR, NPPa exhibited a decreasing trend,
and NPPh exhibited a negative effect, indicating that the NPPa of
marsh wetland vegetation in this region was primarily reduced by
human activities. The results obtained were consistent with those
of similar studies (Guo et al., 2020; Ma et al., 2022; Yan et al., 2022),
proving the accuracy and reliability of the NPP estimation result of
this study.

4.2. Impacts of climate change and
human activities on NPP

Between 2000 and 2020, the annual average temperature of
the marsh wetland in the YRSR ranged from −4.20 to −3.07◦C.
The average temperature in 21 years was −3.51◦C, with an
average temperature increase rate being 0.16◦C/10a. The annual
precipitation of marsh wetland ranged from 464.73 to 663.35 mm;
the average precipitation in 21 years was 558.03 mm, with an
average water increase rate being 48.57 mm/10a. The spatial
distribution pattern was decreasing from southeast to northwest,
the temperature and precipitation exhibited an increasing trend,
and the increasing trend from northwest to southeast was
progressively obvious, which was consistent with the climate
change trend distribution of earlier research results (Wang et al.,
2015; Zhang, 2015; Wang et al., 2020), that is, the climate of the
whole Qinghai-Tibet Plateau was warm and humid as a result
of global warming. According to the correlation analysis between
climate factors and NPP of marsh wetland vegetation, there was a
positive correlation between NPP and precipitation in most regions
of the YRSR, which was higher in comparison to the positive
correlation with temperature. The spatial distribution and changing
trend of precipitation were basically consistent with the NPP of
marsh wetland vegetation, indicating that the overall increase of
precipitation was the important factor affecting the increase of NPP

of marsh wetland vegetation in the YRSR. However, there was a
strong correlation between the temperature and the changes in
the NPP of marsh wetland vegetation in some regions of Shiqu
and Chengduo counties in the northwest of the YRSR, indicating
that the influences of precipitation and temperature on the NPP
of marsh wetland vegetation were complex and interactive (Guo
et al., 2020). Glaciers and frozen soil melt as a result of increased
precipitation and temperature, enriching the water supply of marsh
wetland and increasing the NPP of marsh wetland vegetation in the
YRSR which was approximately the same as the results of earlier
studies (Ke et al., 2017; Hong et al., 2022; Zhang B. et al., 2022).
Although the population and livestock in the YRSR have increased
to varying degrees, the decrease of the number of livestock units per
person shows that the overgrazing situation in this area has been
controlled, which is one of the important reasons for the increase
of NPP of marsh wetland vegetation in the YRSR from 2000 to
2020. The number of livestock units per person in the northwest
of the YRSR has decreased especially obviously, therefore, affected
by human activities, more NPP has been added in this region.
However, in the southeast of the YRSR, the number of livestock
units per person increased, which made the NPP in this area
decrease due to human activities (Yan et al., 2022). The results
of correlation analysis show that human activities are negatively
correlated with NPPh, also demonstrates the NPP of marsh wetland
vegetation in the YRSR has been effectively supplemented by
human activities.

4.3. Relative contribution of climate
change and human activities on marsh
dynamics

According to the contribution rate analysis of this study,
between 2000 and 2020, 66.29% of NPPa of the marsh wetland
vegetation increased under the influence of climate change, which
was primarily distributed in the southeast and central regions
of the YRSR; 29.47% of NPPa of the marsh wetland vegetation
increased under the influence of human activities, which was
primarily distributed in the northwest part of the YRSR. The
decrease in NPPa of wetland vegetation was primarily distributed
in the sporadic areas of Zoige, Hongyuan, and Maqu counties in
the southeast of the YRSR, accounting for 4.24%; almost all of them
being influenced by human activities. This was similar to the studies
by Yan et al. (2022) on NPP in the Zoige plateau wetland and Zhang
F. et al. (2022) on NPP in grassland at the YRSR. That is, some areas
in the northwest of the YRSR, such as Maduo, Qumalai, Chengduo,
and Shiqu counties, were affected by the environmental protection
project of the Three Rivers source, the construction of the Yellow
River source national park, and other protection measures. The
NPPa of the marsh wetland vegetation in this region was increased
as a result of human activities. Although environmental protection
projects mitigated some negative impacts of human activities in
the Zoige plateau area in the southeast of the YRSR, the adverse
human activities, such as the privatization of pastures, construction
expansion, and drainage channel laying, have resulted in more
fragmentation of marsh wetland (Yan and Wu, 2005; Li et al., 2020);
consequently, the NPPa of marsh wetland vegetation decreased.
Overall, even though climate-dominated change continues to play
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a major role in the increase of NPPa in marsh wetland vegetation
in the YRSR, we could observe that the positive effects of human-
dominated NPP change are becoming progressively obvious, which
are approximately related to the environmental protection policy
implemented by the government of China since 2000. For instance,
in 2003, the ecological environment of the YRSR was enhanced by
the environmental protection project of the Three Rivers source
with an investment of 750 million renminbi (RMB) (Shao et al.,
2017; Zhao et al., 2018). The wetlands in the YRSR would be further
preserved and restored with the 14th Conference of Contracting
Parties to the Convention on Wetlands held in China in 2022, and
human activities would play a significant role in promoting the
restoration of wetlands.

5. Conclusion

In this study, the marsh wetland in the YRSR was used as the
object. By the quantitative analysis of NPPp, NPPa, and NPPh
of the marsh wetland vegetation, the relative contributions of
climate change and human activities to the NPPa change of the
marsh wetland vegetation were quantitatively assessed. The results
revealed that the ecological environment of marsh wetland in the
YRSR was improved between 2000 and 2020 with increased NPP.
The warming and humidifying climate, particularly the increase in
precipitation, is the leading factor of marsh wetland restoration, but
the contribution of human activities to wetland restoration is also
increasing. In the process of marsh wetland restoration, scientific
policy management and engineering measures have produced
excellent results and are becoming progressively remarkable. The
area of marsh wetland restoration influenced by human activities
would be further enlarged in the future with the implementation
of several environmental protection engineering measures. In
general, this study adopted a simple but reliable method to analyze
the spatial distribution of the relative contributions of climate
change and human activities to the NPP change of marsh wetland
vegetation and quantitatively assessed the change mechanism of
marsh wetland. The research results not only assisted policymakers
in understanding the degradation and restoration status of marsh
wetland in the YRSR but also helped in formulating future
environmental protection policies and had important guiding
significance for the sustainable development of marsh wetland.
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Chemical stability of carbon pool 
in peatlands dominated by 
different plant types in Jilin 
province (China) and its potential 
influencing factors
Jinxin Cong 1, Chuanyu Gao 1*, Haiyang Zhao 1, Dongxue Han 1, 
Fang Meng 2 and Guoping Wang 1*
1 Key Laboratory of Wetland Ecology and Environment, Northeast Institute of Geography and 
Agroecology, Chinese Academy of Sciences, Changchun, China, 2 School of Economics and 
Management, Qiqihar University, Qiqihar, China

Introduction: The peat carbon pool stores 30% of the total global soil carbon 
accounting for 3–4% of the global land surface. The stability of the peatland 
carbon pool is a key factor affecting global carbon cycling that is seriously 
disturbed by climate change and regional human activities. However, the impact 
of these factors on carbon pool stability remains poorly understood.

Methods: Based on the physicochemical properties and carbon compounds of 973 
peat samples from Jilin Province (China), which are widely distributed in different 
altitude regions of the Changbai Mountains, we investigated the stability of the 
carbon pool in different dominant plants and degradation types of peatlands and 
assessed the effects of regional environmental factors on the peatland carbon pool.

Results and Discussion: Our results showed that the carbohydrate content of peat 
soils in different peatland types ranged from 33.2 ± 6.9% to 40.5 ± 4.8%, and the 
aromatic content ranged from 19.8 ± 1.2% to 22.7 ± 2.3%. Bulk density is the most 
important physicochemical factor, and annual average temperature is the most 
important environmental factor that influences carbon stability. The effects of 
selected environmental factors on the peatland carbon pool covered by different 
plants were different, and the carbon stability in shrub peatlands is more sensitive 
to climate characteristics than in peatlands dominated by the other two plant types. 
Peatland degradation decreases the carbon stability in herb and herb/shrub peatlands 
and increases the carbon stability in shrub peatlands, leading the peatland carbon 
pool to be more easily influenced by regional human activities than natural peatlands.

KEYWORDS

peatland, carbohydrate, aromatic, carbon stability, FTIR, Changbai Mountain

1. Introduction

Peatlands store approximately 500 ± 100 Pg of carbon, which accounts for 30% of the global 
soil carbon pool and only 3% of the total global land area (Yu et al., 2010; Loisel et al., 2014). Water-
saturated and low-pH environments are the major causes of carbon storage in peatlands, which is 
much higher than that in other ecosystems (Ye et al., 2012; Wu and Roulet, 2014; Loisel et al., 
2017). Peatlands are mainly distributed across mid- and high-latitude regions, which are more 
sensitive to climate change than other regions, and the peatland carbon pool has become vulnerable 
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to climate change in recent years (Solomon et al., 2007; Xu et al., 2018; 
Loisel et al., 2020). The stability of the peatland carbon pool acts as a key 
factor that affects its response to climate change and must be evaluated 
(Leifeld and Menichetti, 2018; Qiu et al., 2020; Cong et al., 2022).

Organic matter chemistry is widely used as a key factor for 
evaluating the decomposition process and chemical stability of 
peatland carbon pools (Sjögersten et al., 2016), and several typical 
chemical compounds of organic matter have been widely selected as 
indicators (Wilson et al., 2016; Cong et al., 2020). As the carbohydrate 
content in peat soils increases, organic matter is more easily 
decomposed, and more CO2 is released through microbial activities 
under aerobic environment, which means that an increase in 
carbohydrate content decreases the stability of the peatland carbon 
pool (Leifeld et al., 2012). Phenolic acid acts as an important factor 
that inhibits microbial activities and decreases the decomposition rate 
of organic matter (Fenner and Freeman, 2020). Thus, the release of 
phenolic compounds from shrubs has been widely hypothesized to 
be a key factor that increases carbon stability and protects the peatland 
carbon pool in warm and dry environments (Wang et al., 2015). The 
aromatic contents in peat soils in low-latitude peatlands with warm 
environments are significantly higher than those in high-latitude 
peatlands with cold environments, and the chemical stability of the 
carbon pool in low-latitude peatlands is significantly higher than that 
in high-latitude peatlands (Hodgkins et al., 2018). Furthermore, as the 
mean July temperature increased and the annual precipitation 
increased, the carbohydrate content in peat soils decreased and the 
aromatic content increased markedly, indicating an increase in the 
stability of the peatland carbon pool (Cong et al., 2020). These results 
indicate that peatland carbon pools with high aromatic contents and 
low carbohydrate contents are more stable than others, and these 
special carbon chemical compounds are majorly influenced by 
regional climate factors (Verbeke et al., 2022).

In addition to climatic factors, chemical compounds of organic 
matter are mainly influenced by their sources and the storage 
environment (Heller et al., 2015). Considering the dominant plant 
community and plant biomass in peatlands, plant litter from herbs 
and shrubs acts as the major organic matter (OM) source, and the 
carbon compounds of OM in the surface soils of these two types of 
plant communities are significantly different (Normand et al., 2017). 
In general, more lignin content is available in shrub stems than in herb 
plant litter, which causes the aromatic contents and the stability of the 
carbon pool in shrub peatlands to be  higher than that in herb 
peatlands (Wang et al., 2015). In recent years, the increase in human 
activities has also become an important disturbance factor that has 
serious effects on peatlands, such as decreasing the water table and 
accumulating more nutrient/pollution elements (Gao et al., 2018). For 
example, the increase in atmospheric nitrogen deposition not only 
increases gross ecosystem production but also increases the 
decomposition rates of the soil carbon pool (Bragazza et al., 2006; Wu 
et al., 2015), which accelerates the carbon cycling rates in peatlands 
and may also cause serious changes in the stability of the peatland 
carbon pool. Serious environmental disturbances may also cause 
peatland degradation, such as a decrease in the water table through 
drained or climate drying and an increase in pH values through the 
accumulation of more nutrients (Dohong et al., 2017; Šimanauskienė 
et al., 2019). The degradation of peatlands has serious effects on peat 
soil accumulation and promotes peat decomposition (Drollinger et al., 
2020). Liable carbon compounds are more easily decomposed in 

degraded peatland carbon pools and increase the residual carbon 
recalcitrance to environmental changes, which may also cause the 
chemical stability of residual carbon compounds to be higher than 
that in natural peatland carbon pools (Leifeld et al., 2020). Thus, the 
dominant plant types, degradation, climate characteristics, and 
regional human activities not only cause serious changes in the 
peatland environment but also have potential effects on the chemical 
compounds of organic matter and the stability of the peatland carbon 
pool. However, these effects remain uncertain.

Peatlands in Jilin Province (China) are mainly covered by herb and 
shrub plants and are located in the Changbai Mountains, which are 
widely distributed in different altitudes from 17 to 1,550 m (Xing et al., 
2015). The different altitudes caused the peatlands in this region to 
develop under different climatic characteristics and regional 
environmental disturbances. In addition, the increasing population in 
Northeast China during the 20th century caused serious effects on 
peatlands in the Changbai Mountains and more serious effects on 
low-altitude peatlands than those located at high altitudes (Gao et al., 
2016). The marked differences in climatic factors and anthropogenic 
disturbances may also have serious effects on the stability of peatland 
carbon pools in different altitude regions; however, these are still unclear.

To address these knowledge gaps, the goals of this study were to 
assess the stability of the peatland carbon pool in Jilin Province based 
on detailed physiochemical properties and carbon chemistry analysis 
of peat soils in different peatland types. Second, we wanted to identify 
the differences in peatland carbon pools under the different dominant 
plant types and evaluate whether peatland degradation causes serious 
effects on the peatland carbon pool. Finally, by comparing the natural 
and anthropogenic factors with the peatland carbon pool stability, 
we  aimed to clarify the effects of climate characters and human 
activities on the stability of the peatland carbon pool in Jilin Province.

2. Materials and methods

2.1. Site description and sampling

The peatlands studied in Jilin Province are mainly located in the 
middle part of the Changbai Mountains in Northeast China. In this 
study, we collected 973 peat samples from typical peatlands in Jilin 
Province, which cover the different dominant plants in natural and 
degraded peatlands and are widely distributed in different altitude 
regions (Figure 1). Based on the dominant plants, the peatlands were 
divided into herb peatland (i.e., the dominant plants are Carex sp., 
Typha orientalis Presl), herb/shrub peatland (i.e., the dominant plants 
are Betula platyphylla Suk., Spiraea salicifolia L., Carex sp.), and shrub 
peatland (i.e., the dominant plants are Betula platyphylla Suk., Spiraea 
salicifolia L., Sphagnum palustre L.). Unlike natural peatlands, the 
degraded peatlands are threatened by regional human activities (e.g., 
graze, drainage, and reclamation) or extreme climate change (e.g., 
drought). Most of degraded peatlands are distributed in the middle 
and south of Jilin Province and the natural peatlands are distributed 
in the eastern of Jilin Province. The sampling sites were randomly 
selected in 2013 and were widely distributed in the middle of the 
Changbai Mountains to reflect the regional peatland carbon pool. The 
studied peatlands have a temperate continental monsoon climate with 
mean annual temperatures of −0.5–6°C and a mean annual 
precipitation of 500–900 mm (Fick and Hijmans, 2017). The regional 
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human influence index (HII) of selected peatlands ranged from 10 to 
41 (WCS and CIESIN, 2005), and the altitudes ranged from 17 to 
1,550 m. Considering the number of peat samples and peat sites, one 
samples from each site would be better than several samples from 
different depth in several selected typical peatlands for evaluating the 
chemical stability of peatland carbon pool in Jilin Province. The peat 
samples for each site were a mixture of the whole peat layer to ensure 
that the samples reflected the average carbon content and stability of 
the peatland carbon pool at selected sites. The location of each site was 
determined using a portable global positioning system (GPS; 
Figure 1). The samples were stored in polyethylene plastic bags and 
brought to the laboratory for analysis. The samples were loosely 
disaggregated to facilitate air-drying at 20°C.

2.2. Physical and chemical analysis

The bulk density of peat soils was obtained from the weight of peat 
soils with known volumes dried in an oven at 105°C for 12 h. The pH 
of the peat soils was measured directly using a pH meter, and the 
weight ratio of peat soils to water was 0.1. The sources of residual fiber 
in peat samples were mainly from the undecomposed plant litters, and 
the percentage of fiber content was used to define the peat 
decomposition level. With the fiber proportion increasing, more 
undecomposed plant litters and the peat decomposition degree 
decreasing. The fiber content was determined from the dry weight of 
fibers retained on a 0.15 mm sieve as a percentage of oven-dried mass, 
and the ratio of the weight loss of peat to total peat was regarded as the 
decomposition degree of peat samples (Abd Rahman and Ming, 
2015). Soil organic carbon was determined by external heating 
potassium dichromate oxidation method, and details of this method 
was described in Zhao et al. (2012).

2.3. Carbohydrate and aromatic contents

The carbohydrate and aromatic contents of peat soils were 
estimated based on FTIR spectra and selected peat heights, which 

were area-normalized and baseline corrected (Cong et al., 2020). The 
FTIR spectra of the peat soils were obtained using a Spectrum Two 
FTIR spectrometer (PerkinElmer, United States) using KBr pellets 
(150 mg dried KBr and 1 mg peat soil). Measurements were recorded 
from 4,000 to 300 cm−1 using a resolution of 1 cm−1. The carbohydrate 
content was estimated based on the regression equations of the heights 
of the FTIR carb (1,030 cm−1), and the aromatic content were 
estimated based on the height of the FTIR arom15 (1,510 cm−1) and 
arom16 (1,615 cm−1; Hodgkins et al., 2018).

2.4. Statistical method

2.4.1. Two-Way analysis of variance
The physicochemical and carbon properties of peat soils (i.e., bulk 

density, decomposition degree, pH, carbon content, carbohydrate 
content, and aromatic content) were analyzed using a two-way analysis 
of variance (ANOVA, SPSS 22.0, IBM, Armonk, United States). For 
peatlands in Jilin Province, the peatlands were classified by dominant 
plant types and divided into herb peatlands, herb/shrub peatlands, 
and shrub peatlands. Thus, peatland-dominant plant types (i.e., herbs, 
herb/shrub, and shrub) and degradation (i.e., degraded or natural) 
were regarded as two distinct factors, and their effects on the tested 
variables were evaluated through two-way ANOVA. Significant 
differences are reported at a probability level of 0.05, unless 
otherwise stated.

2.4.2. Random forest
The importance of the selected environmental factors on peat 

physicochemical properties was calculated using a random forest (RF) 
model. The RF classification was conducted using the “randomForest” 
package in R software. The selected soil physicochemical properties 
(bulk density, decomposition degree, and pH) and environmental 
factors (altitude, annual precipitation, annual average temperature, 
degradation, HII, and dominant plant type) were considered as 
explanatory variables, and the carbon properties were considered as 
the response variables. Seventy percent of the selected data were 
regarded as the training dataset, and the RF then searched for the 

FIGURE 1

Locations of peatland sampling in Jilin Province, China.
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predictor that best partitioned the response variable in the training 
dataset. The relative importance of the selected environmental factors 
for each physicochemical property of peat soils was calculated based 
on the increase in the mean squared error (%IncMSE).

3. Results

3.1. Physicochemical properties of peat 
soils in Jilin Province

The average values with standard error of the bulk density, pH, 
and decomposition degree of peat soils in Jilin Province are shown in 
Table 1, and box plots of these properties are shown in Figure 2. The 
bulk density of peat soils in Jilin Province ranged from 0.23 ± 0.10 g.
cm−3 to 0.40 ± 0.10 g.cm−3. In herb/shrub peatlands, the bulk density 
were 0.23 ± 0.10 g.cm−3 in natural peatlands and 0.29 ± 0.12 g.cm−3 in 
degraded peatlands, which were markedly lower than those in other 
peatland types. The decomposition degree of peat soils ranged from 
62.5 ± 17.6% to 81.6 ± 10.4%, and the decomposition degree in 
degraded peatlands was markedly higher than that in natural 
peatlands, especially for peatlands covered by shrubs, which was 
62.5 ± 17.6% in natural peatlands and 81.6 ± 10.4% in degraded 
peatlands. The pH of peat soils ranged from 4.91 ± 0.34 to 5.09 ± 0.30. 
Based on the two-way ANOVA results, both the dominant plant types 
and degradation had significant effects on the bulk density and 
decomposition degree of peat soils (Table  2). However, only the 
dominant plant types had significant effects on the pH of peat soils, 
and the effects of degradation on the pH of peat soils were 
not significant.

3.2. Carbon contents and chemical stability 
of peat soils in Jilin Province

The carbon content of peat soils in Jilin Province in different 
peatland types ranged from 14.4 ± 7.5% to 31.9 ± 9.0%, and the lowest 

carbon contents were observed in degraded shrub peatlands (Table 1; 
Figure 2). The carbon content of peat soils in degraded peatlands was 
significantly lower than that of natural peatlands, and the effects of 
dominant plant types on carbon content were also significant. 
Carbohydrate contents of peat soils in Jilin province ranged from 
33.2 ± 6.9% to 40.5 ± 4.8%, and the average carbohydrate contents in 
different peatland types (i.e., dominant plant types and degradation) 
were significant different. Compared to natural peatlands, 
carbohydrate content in degraded peatlands were significantly higher 
than those in natural peatlands. Conversely, the aromatic content in 
degraded peatlands were slightly lower than those in natural peatlands. 
However, the effects of degradation on the aromatic content were not 
significant. In shrub peatlands, the average aromatic content in 
degraded peatlands was 19.8 ± 1.2%, which was markedly lower than 
that in natural peatlands which was 22.4 ± 2.9%. In others, the 
aromatic contents were approximately 22% and ranged from 
21.0 ± 3.0% to 22.7 ± 2.3%. Interestingly, the effects of the interaction 
between dominant plant types and degradation on both these 
variables were not significant.

3.3. Importance of typical factors on 
peatland carbon pool

The importance of the selected environmental factors, dominant 
plant types, and physicochemical properties of peat soils on peatland 
carbon pools is shown in Figure 3. The IncMSE results shown that the 
importance of physicochemical properties for the peatland carbon 
pool are stronger than the selected environmental factors and the 
dominant plant types. Bulk density was listed as the most important 
factor for all four indicators of the peatland carbon pool, ranging from 
35.30 to 89.36%. The importance of bulk density on carbon content 
was 89.36%, which is obviously higher than that of other factors, in 
which the IncMSE values only ranged from 0.95 to 21.53%. The degree 
of decomposition was the second most important factor (21.53%) for 
the carbon content. Compared with the bulk density and 
decomposition degree, the impact of pH on the peatland carbon pool 

TABLE 1  Basic information of selected peat soils in different dominated plant types of natural and degraded peatland.

Herb peatland Herb/shrub peatland Shrub peatland

Natural 
N = 497

Degraded 
N = 260

Natural 
N = 40

Degraded 
N = 101

Natural 
N = 72

Degraded 
N = 3

mean S.D. mean S.D. mean S.D. mean S.D. mean S.D. mean S.D.

Annual precipitation (mm) 630.79 30.31 662.68 82.94 730.83 68.83 734.01 93.55 657.53 39.08 648.67 28.15

Annual average temperature (°C) 3.22 0.51 3.67 0.63 2.82 0.84 3.91 0.61 2.83 0.60 3.18 0.14

Altitude (m) 544 138 458 108 746 232 455 122 646 164 545 5

Human influence index 21.21 6.35 22.35 6.24 17.73 4.64 17.78 3.58 20.93 6.10 20.67 8.33

Bulk density (g/cm3) 0.32 0.16 0.37 0.20 0.23 0.10 0.29 0.12 0.26 0.15 0.40 0.10

Decomposition degree (%) 70.9 15.4 72.4 15.0 63.9 14.4 70.5 13.6 62.5 17.6 81.6 10.4

pH 5.02 0.30 5.09 0.42 4.91 0.34 5.01 0.34 5.09 0.30 5.05 0.17

Carbon contents (%) 25.0 10.3 22.7 10.5 31.9 9.0 27.1 9.9 26.9 9.0 14.4 7.5

Carbohydrate contents (%) 35.5 7.5 36.4 7.1 33.5 6.9 35.2 6.4 33.6 7.7 40.5 4.8

Aromatic contents (%) 21.6 2.8 21.0 3.0 22.7 2.3 22.5 2.6 22.4 2.9 19.8 1.2

Aromatic/carbohydrate ratio 0.65 0.21 0.61 0.19 0.73 0.21 0.67 0.20 0.72 0.26 0.50 0.09
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FIGURE 2

Boxplot of water table (A), bulk density (B), pH (C), decomposition degree (D), carbon contents (E), carbohydrate contents (F), aromatic contents (G), 
and the ratio of aromatic/carbohydrate (H) of peat soils in different dominated plant types of natural and degraded peatland.
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FIGURE 3

Based on random forest analysis, the increase in mean squared error (%IncMSE) of selected environmental factors to carbon contents (A), 
carbohydrate contents (B), aromatic contents (C), and the ratio of aromatic/carbohydrate (D).

was markedly lower, ranging from 0.57 to 6.56%. Among the 
environmental factors, altitude was the most important factor 
(12.47%) for carbon content, and the annual average temperature was 
the most important factor for carbon chemical stability. Compared to 
climate factors, the importance of the HII for peatland carbon pools 
was markedly lower, ranging from 0.95 to 6.43%. The importance of 
plant types on the peatland carbon pool was slightly higher than that 
of degradation and ranged from 6.26 to 9.49%.

4. Discussion

4.1. Effects of dominant plant types and 
degradation on peat soil properties

The chemical properties of OM in peatland carbon pools are 
affected by the natural conditions of formation, land use, and drainage 
(Heller et al., 2015; Negassa et al., 2019; Leifeld et al., 2020). Because 

TABLE 2  Two-way ANOVA for typical physicochemical properties, carbon contents, and carbon compounds in peat soils.

Plant types Degradation Plant types*degradation

F p F p F p

Bulk density 11.789 0.000 5.545 0.019 0.509 0.601

Decomposition degree 4.103 0.017 8.175 0.004 3.118 0.045

pH 4.141 0.016 0.303 0.582 0.258 0.773

Carbon contents 16.016 0.000 9.578 0.002 2.044 0.130

Carbohydrate contents 3.063 0.047 4.664 0.031 1.184 0.307

Aromatic contents 10.249 0.000 3.607 0.058 0.939 0.391

Aromatic/carbohydrate ratio 5.497 0.004 5.925 0.015 1.175 0.309

The dominant plant types and natural/degradation were considered as two independent variables.
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local plants are a major source of OM in peatlands, the dominant plant 
community acts as one of the major factors influencing the chemical 
properties of OM in the peatland carbon pool (Paul, 2016). The effects 
of the dominant plant types on natural and degraded peat soil 
properties and carbon pools are shown in Figure 2.

In shrub peatlands, the pH of peat soils was higher and the bulk 
density was lower than those in peatlands covered by the other two 
plant types. The decomposition degree in herb/shrub peatlands was 
lower than that in the others. The pH of peat soils in peatlands, which 
are influenced by surface water (i.e., fen), are higher than those only 
influenced by rain water (i.e., bog; Rydin and Jeglum, 2013). Due to 
the high pH in shrub peatlands, we  speculated that more shrub 
peatlands in Jilin province are influenced by surface water than herb 
peatlands. Additionally, the water table of peatlands are also important 
that affect the plants, and the water table in shrub peatlands is lower 
than that in herb peatlands (Keddy, 2010; Rydin and Jeglum, 2013). 
Thus, changes in the water table also act as another factor that 
influences the physicochemical properties of peat soils. In natural 
peatlands, many studies have reported that the decomposition of peat 
soils always increases with decreasing water table (Clarkson et al., 
2013; Munir et al., 2014). The decomposition of peat soils in herb and 
shrub peatlands was similar in our study and obviously higher than 
that in herb/shrub peatlands, where the water table should be at the 
middle level of these three peatland types. However, because herb 
plant litter contains more carbohydrates and less aromatics than shrub 
plant litter (Wang et  al., 2021a), herb plant litter is more easily 
decomposed than shrub plants. Thus, the decomposition degree of 
peat soils in herb and shrub peatlands was similar. We also speculated 
that the reason that the low decomposition degree of peat soils in 
herb/shrub peatlands is that the plant litter sources in herb/shrub 
peatlands are contain more stable compounds than herb peatlands 
and the decomposition environment are more restrictive under higher 
water tables than in shrub peatlands.

Compared to peat physicochemical properties, the effects of 
peatland-dominant plant types on carbon content, carbohydrate 
content, and aromatic content were lower, and the differences in the 
carbon pool in peatlands covered by different plants were weak. 
Although the aromatic content in shrub plants was higher than that 
in herb plants, there was no obvious difference in aromatic content 
between shrub and herb peatlands. Compared to carbohydrate 
compounds, aromatic compounds are recalcitrant and limiting the 
decomposition of peatland carbon pool (Fenner and Freeman, 2020). 
The major reason for the similar contents of residual aromatics and 
carbohydrates in herb peatlands and shrub peatlands is speculated to 
be that the decomposition processes of peat soils cause less aromatic 
compounds and more carbohydrate compounds from the herb plant 
to decompose, which cause the aromatic compounds contents 
increasing in residual herb peatland carbon pool.

Interestingly, the effects of degradation on peat physicochemical 
properties and carbon pools in peatlands covered by different plant 
types varied (Figure 3). The bulk density and decomposition degree 
in the degraded herb and herb/shrub peatlands were markedly higher 
than those in natural peatlands. These two properties in degraded 
shrub peatlands were markedly lower than those in natural peatlands. 
A similar trend was also found in carbohydrate content and the effects 
of degradation on the carbon and aromatic contents of peatlands 
covered by different plant types. The most important characteristic of 
peatland degradation is the decreasing in the water table (Guo et al., 

2013; Han et al., 2021). Due to there was no clear water table for 
measuring the degradation of herb/shrub peatlands and shrub 
peatlands, especially for dry degraded peatlands. The available water 
table data for these two peatland types could not be used to reflect the 
real water level conditions. For herb peatlands, the water table could 
be measured in most of the degraded herb peatlands, and the results 
showed that the water table in degraded peatlands was clearly lower, 
and the decomposition degree of peat soils was markedly higher than 
that in natural peatlands (Figure 2). Decreasing the water table also 
decreases the biomass of herb plants and increases the biomass of 
shrub plants (Lou et al., 2018), which may be the major factor for plant 
litter residuals in degraded herb and herb/shrub peatlands.

The increase in the degree of decomposition and changes in plant 
litter sources also cause changes in the stability of the peatland carbon 
pool (Leifeld et  al., 2012). More carbohydrate and less aromatic 
contents in degraded peatlands means the chemical stability in 
degradation herb and herb/shrub peatlands was slightly lower than 
that in natural peatlands (Hodgkins et al., 2018). In the present study, 
increasing the degree of decomposition increased the bulk density and 
decreased the carbon content, which was clearly found in herb 
peatlands and herb/shrub peatlands. However, the effects of 
degradation on shrub peatlands were opposite to those of the other 
peatland types. Unlike herb plants, decreasing the water table in 
degraded peatlands is beneficial for shrub plant growth, and the 
aboveground biomass of shrub plants increases under low water table 
environments (Lou et al., 2015). With more plant litter from the shrub 
plant residue, more carbon with high aromatic contents in shrub plant 
litter accumulated in the peatland carbon pool, which increased the 
stability of the peatland carbon pool and decreased the decomposition 
degree of peat soils in degraded shrub peatlands (Straková et al., 2012; 
Cong et  al., 2022). Thus, the different effects of degradation on 
dominant plant communities are the major factors that cause the 
degradation decreases the carbon content and carbon chemical 
stability in herb and herb/shrub peatlands and causes opposite effects 
on shrub peatlands.

4.2. Effects of peat physicochemical 
properties on peatland carbon pool

The bulk density, decomposition degree, and pH of peat soils 
were selected as physicochemical property indicators to evaluate the 
effects of peat physicochemical properties on carbon content and 
stability in the peatland carbon pool, and the results are shown in 
Figure 4. The results of the RF analysis showed that the importance 
of the bulk density on the peatland carbon pool was markedly higher 
than that of the other two factors (Figure  3). The effects of bulk 
density on carbon content in peat soils were negative for all peatland 
types, and the slope for natural herb/shrub peatlands was the highest. 
Carbon decomposition and mineral element accumulation in 
peatlands are the major reasons for the increase in the bulk density 
of peat soils (Bao et al., 2012; Kareksela et al., 2015; Wang et al., 
2021b). With the bulk density of peat soils increasing, more carbon 
decomposed and less carbon residual in peat soils which is the major 
factor that explain the negative correlation between bulk density and 
carbon contents. While, as the bulk density increased, the 
carbohydrate content increased and the aromatic content decreased, 
which caused a marked decrease in the aromatic/carbohydrate ratios. 
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FIGURE 4

Relation between carbon contents (A–C), carbohydrate contents (D–F), aromatic contents (G–I), and aromatic/carbohydrate ratio (J–L) with bulk 
density, degree of decomposition, and pH in different dominated plant types of natural and degraded peatland. The trend lines were fitted with a linear 
model, and the grey shadows indicate 95% confidence interval of fitted lines.

More mineral elements available in peat soils with high bulk density 
was speculate to support more nutrients for plant growth, and more 
leaves with high carbohydrate contents in surface plant under 
sufficient nutrition environment (Poorter et al., 2012; Wang et al., 
2015). More leaves with high carbohydrate contents as organic matter 
sources under high nutrients environment is speculated as a potential 

reason that cause the stability of the peatland carbon pool decreased 
with increasing bulk density.

As the bulk density increases, a marked decreasing trend in 
natural peatlands indicates that the carbon content in natural 
peatlands is more sensitive to decomposition and mineral 
accumulation than that in degraded peatlands. However, the effects of 
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bulk density on carbohydrate and aromatic contents in natural/
degraded peatlands covered by different plants were different. For 
herb and shrub peatlands, the carbohydrate and aromatic contents in 
natural peatlands were less sensitive than those in degraded peatlands. 
This result indicates that the stability of the natural peatland carbon 
pool is less sensitive to bulk density than that of degraded peatlands. 
However, the opposite trend for herb/shrub peatlands showed that the 
increase in bulk density decreased the stability of the carbon pool in 
natural herb/shrub peatlands. The decreasing trend of the fitted line 
also showed that the effects of bulk density on carbon content in 
natural herb/shrub peatlands were more marked than in others, and 
the effects of bulk density on carbon stability (i.e., aromatic/
carbohydrate ratio) in degraded shrub peatlands were more marked 
than in other peatland types.

The high degree of decomposition in our selected method 
indicates that high amount of undecomposed plant litter (i.e., fibers) 
is decomposed and converted to organic matter in peat soils (Abd 
Rahman and Ming, 2015). Similar to bulk density, the effects of 
decomposition degree on carbon, aromatic content, and the aromatic/
carbohydrate ratio in all peatland types were the same and negative, 
with opposite effects on carbohydrate content. Due to the carbohydrate 
compounds are more easily decomposed than aromatic compounds 
(Leifeld et al., 2012), residual plant litters with high aromatic and low 
carbohydrate contents in peat soils were not easy decomposed and 
converted to organic matter. And more undecomposed plant litters 
with high aromatic compounds contents was speculated as an 
important reason that cause high aromatic and low carbohydrate 
available in low decomposition degree of peat soils. What is more, 
high amount of available aromatics in weakly decomposed plant litter 
may also act as a major reason that inhibit the organic matter 
decomposition and increase carbon stability (Fenner and Freeman, 
2020; Wilson et al., 2022). As the decomposition degree of peat soils 
increased, most of plant litter converted to organic matter, and the 
decrease in carbon content and aromatic/carbohydrate ratios showed 
that the decomposition processes not only caused carbon loss also 
decreased the stability of the peatland carbon pool.

Unlike bulk density and decomposition, the effects of pH on the 
selected carbon properties of different peatland types were different. 
For example, the effects of pH on carbon content in degraded and 
natural shrub peatlands were positive, whereas the effects on other 
peatland types were negative. The effects of pH on carbohydrate and 
aromatic contents in degraded shrub peatlands were more marked 
than in others. In degraded shrub peatlands, as the pH increased, 
the aromatic content increased and the carbohydrate content 
decreased markedly, and the aromatic/carbohydrate ratio also 
increased more markedly than in the others. The pH of peatlands is 
significantly influenced by water sources and nutrients availability, 
and peat soils with low pH are mainly found in peatlands, where the 
only water source is rainwater and low available nutrients (Rydin 
and Jeglum, 2013). As the pH increases, more nutrients are available 
in peat soils and cause organic matter to decompose more easily 
under high microbial metabolic activities (Ye et  al., 2012; Zhao 
et al., 2022). For natural peatlands, the effects of pH on herb/shrub 
peatlands were more marked than in others, which indicates that 
the effects of water and nutrient sources in herb/shrub peatlands 
were also more marked than in others. However, except for 
degraded shrub peatlands, the weak effects of pH on the aromatic/
carbohydrate ratios in all peatland types indicate that the effects of 

water sources and available nutrients on carbon stability were weak. 
Thus, the influence of increasing pH on the peatland carbon pool 
mainly decreased the carbon content in peat soils and had weak 
effects on the stability of peatland carbon pools.

4.3. Effects of environmental factors on 
peatland carbon pool

To assess the effects of environmental factors on the carbon 
content and stability of the peatland carbon pool, the altitude, annual 
average temperature, annual precipitation, and HII were selected as 
regional climate and human factors, and the correlation between these 
factors and carbon properties is shown in Figure 5. The importance of 
altitude for carbon content was highest in three of the four selected 
potential factors, and for carbon stability, it was slightly lower than the 
annual average temperature (Figure 3). With increasing altitude, the 
carbon and aromatic contents in herb-peatlands and herb/shrub 
peatlands increased, and the carbohydrate content decreased. 
Opposite trends were observed in shrub peatlands, and the contents 
of carbon and aromatics decreased markedly in high-altitude 
peatlands. Based on global peat samples, a previous study found that 
carbohydrate content was greater and aromatic content was lower at 
higher altitudes in similar latitudes (Verbeke et al., 2022), which was 
similar to the effects on shrub peatlands in our study. Thus, the 
response of the carbon pool in peatlands covered by different plant 
types to altitude increase is different and should be  considered 
individually. Furthermore, the effects of altitude on carbohydrate and 
aromatic content in natural peatlands were more marked than those 
in degraded peatlands. Additionally, no obvious changes were 
observed for carbohydrate and aromatic contents in degraded 
peatlands in different altitude regions, and only carbon contents were 
increased slightly with an increase in altitude. The increase in altitude 
also markedly increased the aromatic/carbohydrate ratio in the natural 
peatlands and was more obvious in herb/shrub peatlands. The increase 
in the aromatic/carbohydrate ratio indicates that the chemical stability 
of the peatland carbon pool increased, which indicates that the 
peatland carbon pool in the high-altitude region was more stable than 
that in the low-altitude region.

Temperature and precipitation also act as two important 
climatic factors that have serious effects on the peatland carbon 
pool (Figure 5). Similar to altitude, the effects of temperature and 
precipitation on the carbon pool in different peatland types were 
also different. With an increase in the annual average temperature, 
the carbon and aromatic contents in the shrub peatlands increased 
markedly, and the carbohydrate content decreased. The shrub 
peatland carbon pool in the high-temperature region was more 
stable than that in the low-temperature region, which is similar to 
that observed in previous studies at the global scale (Hodgkins 
et al., 2018; Verbeke et al., 2022). However, the effects of annual 
average temperature on herb and herb/shrub peatlands were the 
opposite, and high aromatic/carbohydrate ratios occurred in those 
located in the low annual average temperature region. The increase 
in annual precipitation decreased carbon stability in shrub 
peatlands and increased carbon stability in others. The high slope 
of the trend line between carbon properties and annual 
precipitation in shrub peatlands indicates that shrub peatland 
carbon pools are more easily influenced by precipitation than in 
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other peatland types. Because the water tables in shrub peatlands 
are lower than in others (Rydin and Jeglum, 2013), the importance 
of precipitation for shrub peatland water sources is stronger, and 
the changes in precipitation more easily cause water table 
fluctuations in shrub peatlands, which ultimately causes the 
dominate plant and the decomposition degree in the peatland 
carbon pool to change. The increase in precipitation increased the 
water table and biomass of herbs or mosses in shrub peatlands, 

which was speculated to be the major reason for the decrease in 
shrub peatlands.

Except for carbohydrate content, the importance of HII in the 
peatland carbon pool was the lowest among the four selected factors. 
With HII increasing, the carbon content in shrub and herb/shrub 
peatlands decreased and the carbohydrate content slightly increased. 
The effects of HII on aromatic content in the peatland carbon pool 
were more marked than those of the aromatic content of degraded 

A B C D

E F G H

I J K L

M N O P

FIGURE 5

Relation between carbon contents (A–D), carbohydrate contents (E–H), aromatic contents (I–L), and aromatic/carbohydrate ratio (M–P) with altitude, 
mean annual temperature, annual precipitation, and human influence index (HII) in different dominated plant types of natural and degraded peatland. 
The trend lines were fitted with linear model, and the grey shadows indicate 95% confidence interval of fitted lines.
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shrub peatlands. Similar to the aromatic contents, the effects of HII 
on the carbohydrate content and aromatic/carbohydrate ratio in 
degraded shrub peatlands were also the strongest, and the stability of 
the peatland carbon pool decreased with increasing HII. Although 
the effects of HII on natural shrub peatlands were slightly lower than 
those of degraded shrub peatlands, the increase in HII also decreased 
the stability of natural shrub peatlands more than that of natural herb 
and herb/shrub peatlands. The increase in the HII mainly caused 
more nutrients and pollution elements to accumulate in natural 
peatlands and decreased the surface water table due to regional 
agricultural water consumption (Gao et al., 2018). Thus, our results 
show that the carbon pool in shrub peatlands was more sensitive to 
regional human activities and climate change than in other peatland 
types. Compared with natural peatlands, degradation caused the 
shrub peatland carbon pool to be more easily influenced by regional 
human activities.

5. Conclusion

In this study, we identified the stability of the peatland carbon pool 
dominated by different peatland types and evaluated the effects of 
climate factors and human activities on the carbon pool in natural and 
degraded peatlands. Physicochemical factors of peat soils are the most 
important factors (especially bulk density) for the stability of the 
peatland carbon pool, and the annual average temperature is the most 
important environmental factor. The effects of environmental factors 
on carbon stability in peatlands covered by different plant types varied, 
and even the trend lines were opposite for some specific factors (e.g., 
annual average temperature and HII). Owing to the low water table and 
high frequency of aerobic/anaerobic changes in shrub peatlands, the 
stability of the carbon pool in shrub peatlands is more sensitive to 
climate change than in other peatland types. Compared to natural 
peatlands, the carbon stability in degraded herb peatlands and 
degraded herb/shrub peatlands was lower. Although the degradation 
process significantly increased the carbon stability in shrub peatlands, 
the degradation process also caused the shrub peatland carbon pool to 
be  more easily influenced by regional human activities than in 
natural peatlands.
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Asymmetric warming among 
elevations may homogenize plant 
α-diversity and aboveground net 
primary production of alpine 
grasslands
Fusong Han 1,2†, Chengqun Yu 1† and Gang Fu 1*
1 Lhasa Plateau Ecosystem Research Station, Key Laboratory of Ecosystem Network Observation and 
Modeling, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of 
Sciences, Beijing, China, 2 School of Resource and Environment and Safety Engineering, Hunan 
University of Science and Technology, Xiangtan, Hunan, China

It is well known that asymmetric warming among elevations (i.e., warming 
magnitude increases with increasing elevation) will weaken the difference of air 
temperature among elevations. However, it remains controversial on whether 
asymmetric warming among elevations can homogenize plant α-diversity and 
above-ground net primary production (ANPP) in alpine regions. In the present 
study, we conducted an experiment of asymmetric warming among elevations 
in alpine grasslands, Northern Tibet since 2010. There were four experiment 
treatments, including a treatment under natural conditions at elevation 4,313 m 
(C4313), a treatment under natural conditions at elevation 4,513 m (C4513), a 
treatment under warming conditions at elevation 4,513 m (W4513) and a treatment 
under warming conditions at elevation 4,693 m (W4693). We investigated ANPP, 
taxonomic α-diversity (i.e., species richness, Shannon, Simpson and Pielou) and 
phylogenetic α-diversity (mean nearest taxon distance, MNTD; phylogenetic 
diversity, PD) in 2011–2019. There were no significant differences of mean air 
temperature between C4313 and W4513, or between C4513 and W4693  in 
2011–2019, indicating the differences of air temperature were eliminated among 
elevations. Then we  found that the differences of plant α-diversity and ANPP 
were also eliminated among elevations: (1) there were no significant differences 
of ANPP, Pielou and MNTD between C4313 and W4513, or between C4513 and 
W4693  in 2011–2019. (2) There were also no significant differences of mean 
species richness, Shannon and Simpson between C4513 and W4693  in 2011–
2019. (3) There were also no significant differences of ANPP, species richness, 
Shannon, Simpson, Pielou, PD and MNTD between C4313 and W4513, or C4513 
and W4693  in 2019. Therefore, asymmetric warming among elevations may 
homogenize plant α-diversity and aboveground net primary production in alpine 
grasslands, at least in Northern Tibet.
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biodiversity, symmetrical warming, phylogenetic diversity, Tibetan Plateau, asymmetric 
warming

OPEN ACCESS

EDITED BY

Zhongqing Yan,  
Chinese Academy of Forestry, China

REVIEWED BY

Linfeng Li,  
University of Chinese Academy of Sciences,  
China
Chitra Bahadur Baniya,  
Tribhuvan University, Nepal

*CORRESPONDENCE

Gang Fu  
 fugang@igsnrr.ac.cn;  
 fugang09@126.com

†These authors have contributed equally to this 
work

RECEIVED 18 December 2022
ACCEPTED 03 April 2023
PUBLISHED 24 April 2023

CITATION

Han F, Yu C and Fu G (2023) Asymmetric 
warming among elevations may homogenize 
plant α-diversity and aboveground net primary 
production of alpine grasslands.
Front. Ecol. Evol. 11:1126651.
doi: 10.3389/fevo.2023.1126651

COPYRIGHT

© 2023 Han, Yu and Fu. This is an open-access 
article distributed under the terms of the 
Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in this 
journal is cited, in accordance with accepted 
academic practice. No use, distribution or 
reproduction is permitted which does not 
comply with these terms.

TYPE  Original Research
PUBLISHED  24 April 2023
DOI  10.3389/fevo.2023.1126651

153

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2023.1126651%EF%BB%BF&domain=pdf&date_stamp=2023-04-24
https://www.frontiersin.org/articles/10.3389/fevo.2023.1126651/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1126651/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1126651/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1126651/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1126651/full
mailto:fugang@igsnrr.ac.cn
mailto:fugang09@126.com
https://doi.org/10.3389/fevo.2023.1126651
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2023.1126651


Han et al.� 10.3389/fevo.2023.1126651

Frontiers in Ecology and Evolution 02 frontiersin.org

1. Introduction

Climate warming is an accepted fact, and the warming magnitudes 
vary by region (Tian and Fu, 2022). The asymmetric warming among 
elevations, as a case of spatial asymmetric warming, can generally refer 
to warming magnitude increases with increasing elevation for some 
special regions, especially in some highland areas (Yao et al., 2000; 
Rangwala and Miller, 2012). However, there is still argument on how 
such asymmetric warming among elevations can influence terrestrial 
ecosystems, which can be mainly due to the following facts. First, 
previous studies have focused on the phenomenon itself of asymmetric 
warming among elevations and possible driving mechanisms 
(Rangwala and Miller, 2012) rather than the effects of asymmetric 
warming among elevations on ecosystem structure and function. 
Second, asymmetric warming generally includes daily asymmetric 
warming (Zhong and Fu, 2022), seasonal asymmetric warming (Fu 
et  al., 2019; Fu and Shen, 2022; Han et  al., 2023) and spatial 
asymmetric warming (Wang et  al., 2021b, 2022; Fu et  al., 2022). 
Previous studies have primarily explored the impacts of daily and 
seasonal asymmetric warming on terrestrial ecosystems (Bokhorst 
et al., 2011; Tozzi et al., 2014; Ji et al., 2017; Yang et al., 2017; Fu et al., 
2019; Fu and Shen, 2022; Zhong and Fu, 2022), but only a small 
number of studies have tried to probe the responses of terrestrial 
ecosystems to asymmetric warming among elevations (Wang et al., 
2021b). Symmetric warming among elevations may overestimate the 
impact of asymmetric warming among elevations on plant species and 
phylogenetic composition (Wang et al., 2021a,b; Fu and Sun, 2022), 
which implies that some related conclusions from previous studies 
may exaggerate the impacts of climate warming on ecosystem 
structure and function. There is still a great deal of uncertainty about 
the effects of climate warming on various ecosystems, because 
asymmetric warming among elevations has not received enough 
attention. Third, warming magnitude is one of the core problems for 
spatial and temporal asymmetric warming, and thus many previous 
studies have tried to investigate how warming magnitude can alter the 
impacts of climate warming on terrestrial ecosystems and found that 
temperature sensitivities of ecosystem structure and function can 
generally change with warming magnitude (Fu et al., 2015b, 2018, 
2022; Yu et al., 2019b; Fu and Sun, 2022). Such studies may indirectly 
support that the effects of asymmetric warming among elevations on 
various ecosystems are different from those of symmetric warming 
among elevations, but can hardly obtain the impacts of asymmetric 
warming among elevations on terrestrial ecosystems directly. 
Therefore, further investigation on the impacts of asymmetric 
warming among elevations on terrestrial ecosystems will be necessary.

Grasslands, as an important vegetation type in global ecosystems, 
are key resources for high-quality development of livestock industry 
and an important place for wildlife protection (Fu et al., 2022; Zha 
et al., 2022; Han et al., 2022a; Wang and Fu, 2023). Alpine grasslands 
are important sections of global grasslands, and may be the most 
sensitive and fragile grassland types to global change (Zhang et al., 
2015, 2022; Fu and Sun, 2022). Alpine meadows and alpine steppes 
on the Qinghai-Tibet Plateau are not only two of the most typical 
alpine grasslands on the world, but also the grassland types closest to 
the sky on the earth (Zhang et al., 2015; Zong and Fu, 2021; Han 
et  al., 2022b). Aboveground net primary production (ANPP) 
determines the largest carrying capacity of grazing livestock and wild 
animals in grasslands (Wang et al., 2022). A certain size of plant 

α-diversity and relatively rational plant community composition are 
the basis for sustaining large ANPP in grasslands (Wang et al., 2021a; 
Fu and Sun, 2022). The ANPP and plant diversity of alpine grasslands 
are survival basis for maintaining yaks and other specific plateau 
grazing livestock and wild animals, which can ensure the livelihood 
of Tibetan people’s on the Qinghai-Tibet Plateau (Fu et al., 2022; 
Wang et al., 2022). Alpine grasslands of the Qinghai-Tibet Plateau are 
not only the typical regions with asymmetric warming among 
elevations (Qin et al., 2009; Du et al., 2019), but also the perfect areas 
to trace alterations in ANPP and biodiversity under external 
disturbance conditions (Trisos et al., 2020; Tian and Fu, 2022; Zhang 
et al., 2022). However, as we refer to the best knowledge, only one 
study has tried to explore the effects of asymmetric warming among 
elevations on plant species and phylogenetic composition in alpine 
grasslands on the Tibetan Plateau (Wang et al., 2021b) and no reports 
have investigated the impacts of asymmetric warming among 
elevations on ANPP and plant α-diversity in alpine grasslands of the 
Tibetan Plateau. This limits our ability to accurately predict plant 
productivity and diversity in alpine grassland ecosystems under 
future scenes of asymmetric warming among elevations, which in 
turn may limit our abilities to fully use grassland forages for scientific 
and high-quality livestock development, as well as biodiversity 
conservation. Therefore, investigating the impacts of asymmetric 
warming among elevations on plant α-diversity and ANPP in alpine 
grasslands of the Tibetan Plateau will undisputablly broaden 
our mind.

Here, since May 2010, we performed an experiment of asymmetric 
warming among elevations in alpine grasslands of the Tibet, and 
measured ANPP, plant phylogenetic and species α-diversity in 2011–
2019. The main goal of the present study was to explore whether 
asymmetric warming among elevations may homogenize ANPP, plant 
phylogenetic and species α-diversity. Previous studies found that 
asymmetric warming among elevations may homogenize plant 
phylogenetic and species composition in alpine grasslands of the 
Qinghai-Tibet Plateau (Wang et  al., 2021b). Previous studies also 
found that the temperature sensitivity of plant production were mainly 
related to temperature itself (Fu and Sun, 2022) and asymmetric 
warming among elevations can result in homogeneous temperature 
among elevations in alpine grasslands (Wang et al., 2021b). Therefore, 
we hypothesized that asymmetric warming among elevations may 
homogenize ANPP, plant phylogenetic and species α-diversity in 
alpine grasslands.

2. Materials and methods

2.1. Study area and experimental design

The detailed information about the study area and experiment 
design have been published in our previous studies (Zhang et al., 2021; 
Wang et al., 2021b; Fu and Sun, 2022). Since May 2010, we chose three 
alpine grassland sites with elevation about 4,313, 4,513, and 4,693 m 
in the Northern Tibet Plateau, respectively. Four open top chambers 
(top with 1.00 m in diameter, bottom with 1.45 m in diameter, and 
height with 0.40 m) were established at elevation 4,513 m (W4513) and 
4,693 m (W4693), and four control plots (no open top chambers) were 
established at elevation 4,313 m (C4313) and 4,513 m (C4513), 
respectively.
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2.2. Microclimate observations, soil 
sampling, and analyses

The detailed information about the monitoring and observations 
of soil temperature (Ts, 0.05 m), air temperature (Ta, 0.15 m), soil 
moisture (SM, 0.10 m), and relative humidity (RH, 0.15 m), and a 
derived microclimate variable (i.e., vapor pressure deficit, VPD), could 
be discovered by our prior reports (Zhang et al., 2021; Wang et al., 
2021b). The HOBO microclimate observation stations were used to 
monitor Ts, Ta, SM and RH, and the original sampling frequency of 
these climate data was 1 min (Zhang et al., 2021; Fu and Sun, 2022). 
The VPD was calculated from Ta and RH (Yu et al., 2019b; Fu and 
Shen, 2022). The Ts, Ta, SM, and VPD during the period from June to 
September in 2011–2019 were used in the present study. The topsoil 
(0–0.10 m) samples were gathered in August, 2013 and 2015–2019, 
and then used to measure soil nitrate nitrogen (NO3

−-N), ammonium 
nitrogen (NH4

+-N), pH and available phosphorus (AP; Yu et  al., 
2019a). The comparisons of Ts, Ta, SM, VPD, NO3

−-N, NH4
+-N, AP, 

and pH between C4313 and W4513, C4313 and W4693, or C4513 and 
W4693 were published by our a previous study (Wang et al., 2021b).

2.3. Community investigation and ANPP 
simulations

The detailed information about plant community investigation 
could be  discovered by our prior reports (Wang et  al., 2021a,b). 
We used measured species height and coverage to obtain the important 
value for each species. Important values were used to obtain species 
α-diversity, including species richness, Shannon, Simpson and Pielou 
(Sun et al., 2021). We obtained plant phylogenetic tree from taxonomic 
information for each species (Sun et al., 2021). Then we calculated 
phylogenetic α-diversity (Faith’s phylogenetic diversity, PD; mean 
nearest taxon distance, MNTD) using important values matrix of all 
species and phylogenetic tree (Sun et al., 2021). All the detected species 
in our experimental plots were categorized into sedge, graminoid and 
forb function groups. Aboveground net primary production of sedge 
(ANPPsedge), graminoid (ANPPgraminoid), and forb (ANPPforb) were 
estimated from measured sedge, graminoid and forb coverage and 

height, respectively (Wang et al., 2021a). Community aboveground net 
primary production (ANPP) was obtained from the following equation.

	
ANPP ANPPsedge forb= + +ANPP ANPPgraminold 	

(1)

2.4. Statistical analyses

The temperature difference among elevations can be decreased 
and even approached zero under the asymmetric warming among 
elevations conditions (Wang et al., 2021b). If there were no significant 
differences of plant productivity and α-diversity among elevations, 
asymmetric warming among elevations were supposed to homogenize 
ANPP and plant α-diversity. We  calculated geographic distance 
among the three elevations. For each year, we used t-test to compare 
the differences of ANPP, species richness, Shannon, Simpson, Pielou, 
PD and MNTD between C4313 and W4513, between C4513 and 
W4693, or between C4313 and W4693. Then we  used repeated 
measure analysis of variance to test the differences of ANPP, species 
richness, Shannon, Simpson, Pielou, PD, and MNTD between C4313 
and W4513, between C4513 and W4693, or between C4313 and 
W4693 based on all the nine-year measured data. We  used 
environment variables to partition the variations of plant α-diversity 
and ANPP into four parts. All the tests of significance referred to 
p < 0.05 and performed in R 4.1.2. The package used in the present 
study included the SPAA, vegan, Plantlist and Picante.

3. Results

3.1. Comparisons of plant α-diversity and 
aboveground plant production between 
the C4313 versus W4513, C4313 versus 
W4693, and C4513 versus W4693

Significant dissimilarities for the multi-year average ANPP of 
the C4313 versus W4513, C4313 versus W4693, and C4513 versus 
W4693  in 2011–2019 were not detected (Table  1). Significant 

TABLE 1  Comparison of average ANPP, ANPPgraminoid, ANPPsedge, ANPPforb, SR, Shannon, Simpson, Pielou, PD, and MNTD in 2011–2019 of the C4313 versus 
W4513, C4313 versus W4693, and C4513 versus W4693 based on a repeated ANOVA.

Variable
C4313 versus W4513 C4313 versus W4693 C4513 versus W4693

C4313 W4513 C4313 W4693 C4513 W4693

ANPP 34.37 ± 2.06 31.17 ± 3.28 34.37 ± 2.06 49.85 ± 11.13 39.94 ± 7.77 49.85 ± 11.13

ANPPgraminoid 15.40 ± 7.02 18.45 ± 4.80 15.40 ± 7.02 a 1.34 ± 0.82 b 23.55 ± 5.36 a 1.34 ± 0.82 b

ANPPsedge 6.89 ± 3.05 8.35 ± 4.34 6.89 ± 3.05 b 37.78 ± 10.40 a 10.12 ± 2.33 b 37.78 ± 10.40 a

ANPPforb 12.07 ± 2.82 a 4.37 ± 0.48 b 12.07 ± 2.82 10.73 ± 1.60 6.26 ± 0.76 b 10.73 ± 1.60 a

SR 8.72 ± 0.88 a 6.44 ± 0.79 b 8.72 ± 0.88 7.97 ± 0.60 6.94 ± 0.61 7.97 ± 0.60

Shannon 1.75 ± 0.15 a 1.45 ± 0.12 b 1.75 ± 0.15 1.65 ± 0.06 1.57 ± 0.03 1.65 ± 0.06

Simpson 0.77 ± 0.04 a 0.69 ± 0.04 b 0.77 ± 0.04 0.74 ± 0.02 0.73 ± 0.01 0.74 ± 0.02

Pielou 0.82 ± 0.04 0.79 ± 0.04 0.82 ± 0.04 0.82 ± 0.02 0.83 ± 0.03 0.82 ± 0.02

PD 908.14 ± 55.99 a 692.23 ± 49.16 b 908.14 ± 55.99 859.59 ± 48.78 748.51 ± 47.26 b 859.59 ± 48.78 a

MNTD 138.57 ± 6.95 121.94 ± 27.96 138.57 ± 6.95 122.26 ± 25.88 136.25 ± 5.49 122.26 ± 25.88

ANPP, aboveground net primary production of plant community; ANPPgraminoid, aboveground net primary production of graminoid; ANPPsedge, aboveground net primary production of sedge; ANPPforb, 
aboveground net primary production of forb; SR, species richness; PD, Faith’s phylogenetic diversity; MNTD, mean nearest taxon distance. Different letters indicate significant dissimilarity.
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FIGURE 1

Comparison of species richness (SR), Shannon, Simpson, Pielou, Faith’s phylogenetic diversity (PD) and mean nearest taxon distance (MNTD) of plant 
community (A–F) between the non-warming plots at elevation 4,313 m (C4313) and warming plots at elevation 4,513 m (W4513), (G–L) between the 
C4313 and warming plots at elevation 4,693 m (W4693), and (M–R) between the non-warming plots at elevation 4,513 m (C4513) and the W4693.

dissimilarities for multi-year average ANPPsedge and ANPPgraminoid of 
the C4313 versus W4513, and significant dissimilarity for multi-
year average ANPPforb of the C4313 versus W4693 in 2011–2019 
were not detected (Table 1). The multi-year average ANPPsedge of the 
W4693 was larger than that of the C4313 and C4513, while the 
multi-year average ANPPgraminoid of the W4693 was lower than that 
of the C4313 and C4513  in 2011–2019 (Table  1). A significant 
dissimilarity of multi-year average ANPPforb was also detected 
between the C4313 versus W4513, and the C4513 versus W4693 in 
2011–2019 (Table 1). Two of the six variables of plant α-diversity 

(i.e., Pielou and MNTD) between the C4313 versus W4513 were 
not significant dissimilar in 2011–2019 (Table 1). None of the six 
variables of plant α-diversity between the C4313 versus W4693 was 
significant dissimilar in 2011–2019 (Table 1). Only one of the six 
variables of plant α-diversity (i.e., PD) between the C4513 versus 
W4693 was significant dissimilar in 2011–2019 (Table  1). The 
dissimilarities of the ANPP, ANPPsedge, ANPPgraminoid, ANPPforb, and 
the six variables of plant α-diversity between the C4313 versus 
W4513, the C4313 versus W4693, and the C4513 versus W4693 
varied with year (Figures 1, 2).
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3.2. Correlations between ANPP, 
ANPPgraminoid, ANPPsedge, ANPPforb, 
and α-diversity versus environmental 
variables, and ANPP versus α-diversity

The ANPP dissimilarities of C4313 versus W4513, C4313 versus 
W4693, and C4513 versus W4693 decreased with warming duration, 
but that of Shannon, Simpson and Pielou increased with warming 
duration (Supplementary Table S1). The ANPP dissimilarity increased 
with phylogenetic composition dissimilarity of C4313 versus W4513, 
C4313 versus W4693, and C4513 versus W4693 
(Supplementary Table S1). The ANPPsedge dissimilarity increased with 
the dissimilarity of Ts and pH of C4313 versus W4513, C4313 versus 
W4693, and C4513 versus W4693 (Supplementary Table S1). The 
Pielou dissimilarity decreased with the NO3

−-N dissimilarity of C4313 
versus W4513, C4313 versus W4693, and C4513 versus W4693 
(Supplementary Table S1).

All the four explained parts had excluded impacts on Shannon, 
Simpson, PD, ANPPsedge and ANPPforb (Figure  3; 
Supplementary Figure S1). Only one of the four explained parts (i.e., 
soil pH) had a no excluded impact on species richness (Figure 3). Two 
of the four explained parts (i.e., “GeoDist.Dur.” and “Soil nutrition”) 

had excluded impacts on Pielou, but they did not have excluded 
impacts on MNTD (Figure 3). Two of the four explained parts (i.e., 
“Temp.Water” and “Soil nutrition”) had excluded impacts on ANPP 
(Supplementary Figure S1). Only one of the four explained parts (i.e., 
Temp.Water) had a no excluded impact on ANPPgraminoid 
(Supplementary Figure S1). Only one of the four explained parts (i.e., 
species β-diversity) had a no excluded impact on ANPP (Figure 4). 
Only the “Env.” had an excluded impact on ANPP (Figure 5). Besides 
the impact of the “Env.”, the β-diversity had interactive impacts with 
“GeoDist.Dur.” and α-diversity on ANPP (Figure 5).

4. Discussion

Concordant with the hypothesis, asymmetric warming among 
elevations might homogenize plant phylogenetic and species 
α-diversity. This phenomenon might be consequent to at least one of 
the subsequent mechanisms. First, each species has its special niche 
width of temperature, water, nitrogen and phosphorus availability 
(Thuiller et al., 2005; Brathen et al., 2018). Elevated temperature, 
water, nitrogen and phosphorus availability can alter plant α-diversity 
(Klein et  al., 2004; Fu and Shen, 2016; Wang et  al., 2021a). 
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FIGURE 2

Comparison of aboveground net primary production of plant community (ANPP), aboveground net primary production of sedge (ANPPsedge), 
aboveground net primary production of graminoid (ANPPgraminoid), and aboveground net primary production of forb (ANPPforb; A–D) between the non-
warming plots at elevation 4,313 m (C4313) and warming plots at elevation 4,513 m (W4513), (E–H) between the C4313 and warming plots at elevation 
4,693 m (W4693), and (I–L) between the non-warming plots at elevation 4,513 m (C4513) and the W4693.
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FIGURE 3

The excluded and interactive impacts of GeoDist.Dur., the dissimilarity of Temp.Water, soil nutrition and pH on the dissimilarity of (A) species richness, 
(B) Shannon, (C) Simpson, (D) Pielou, (E) PD, and (F) MNTD between C4313 versus W4513, C4313 versus W4693, and C4513 versus W4693. PD: 
phylogenetic diversity; MNTD: mean nearest taxon distance; GeoDist.Dur.: geographic distance and warming duration; Temp.Water: soil and air 
temperatures, vapor pressure deficit and/or soil moisture; soil nutrition: available phosphorus, nitrate and ammonium nitrogen. C4313: non-warming 
plots at elevation 4,313 m; C4513: non-warming plots at elevation 4,513 m; W4513: warming plots at elevation 4,513 m; W4693: warming plots at 
elevation 4,693 m.

Asymmetric warming among elevations may homogenize 
temperature, water, nitrogen and phosphorus availability among 
elevations, which in turn may result in similar niche width of 
temperature, water, nitrogen and phosphorus availability among 
elevation. Second, wind may also impact plant diversity (Wang et al., 
2021b), and warming may result in the declines in gale days and 
wind speed (Xiaomei et al., 2012; Yao and Li, 2019). Asymmetric 
warming among elevations may homogenize gale days and wind 
speed among elevations, which in turn may increase dispersal 
limitation of anemophilae plants among elevations. Third, radiation 
is an important limit variable of plant species α-diversity (Tian and 
Fu, 2022), and generally closely correlated with precipitation (Fu 
et  al., 2022; Han et  al., 2022a). Homogenization of wind among 
elevations may lead to homogenization of precipitation among 
elevation, which in turn may weaken the difference of radiation 
among elevations. Fourth, asymmetric warming among elevations 
may homogenize species composition in alpine grasslands (Wang 
et al., 2021a).

Concordant with the hypothesis, asymmetric warming among 
elevations might also homogenize ANPP. This phenomenon might 
be consequent to at least one of the subsequent mechanisms. First, our 
previous study (Wang et  al., 2021a) and this study showed that 
asymmetric warming among elevations can homogenize plant α- and 
β-diversity. As is well known, both plant α- and β-diversity can 
be closely correlated with ANPP (Wu et al., 2014; Wang et al., 2021a). 
This phenomenon was strengthened by this study (Figures  2, 3). 
Second, climate change can significantly affect soil moisture (Wang 
and Fu, 2023) and asymmetric warming among elevations can 
homogenize temperature and water availability among elevations 
(Wang et al., 2021b). Ambient temperature and humidity conditions 
can influence plant phenology (Han et al., 2023), which are closely 
correlated with ANPP in alpine grasslands of the “Third Pole of the 
Earth” (Fu and Shen, 2022; Wang et al., 2022). Ambient temperature 
and humidity conditions can also impact plant net photosynthesis rate 
of the “Third Pole of the Earth” (Fu et al., 2015a). Temperature can 
also impact the allocation of photosynthetic products between plant 
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aboveground and belowground parts (Friend and Woodward, 1990; 
Weih and Karlsson, 2001). Temperature sensitivities and precipitation 
sensitivities of plant production can be closely related to ranges of 

temperature and precipitation in alpine grasslands of the “Third Pole 
of the Earth” (Fu et  al., 2018; Fu and Sun, 2022). Temperature 
sensitivities of plant production may decline with warming magnitude 
and may not be  significantly correlated with elevation in alpine 
grasslands (Fu et al., 2018; Fu and Sun, 2022), which in turn may 
further imply that asymmetric warming among elevations may 
homogenize the temperature sensitivities of plant production in alpine 
grasslands. Third, asymmetric warming among elevations may 
homogenize soil nitrogen and phosphorus availability among 
elevations (Wang et  al., 2021b), and nitrogen input can generally 
increase plant biomass of the “Third Pole of the Earth” (Fu and Shen, 
2016; Fu et al., 2019).

This study and our previous study (Wang et al., 2021a) exhibited 
that symmetric warming among elevations may overestimate the 
impact of asymmetric warming among elevations on ANPP. Moreover, 
the reaction of plant α-diversity to asymmetric warming among 
elevations was different from that to symmetric warming among 
elevations (Wang et  al., 2021a). This phenomenon might 
be consequent to at least one of the subsequent mechanisms. First, 
each plant species may have its own elevation range and optimum 
elevation, and climate change can result in the upward of the optimum 
elevation for a specific plant species (Lenoir et al., 2008). However, 
asymmetric warming and symmetric warming among elevations may 
cause different potentials of elevation upward. Second, asymmetric 
warming and symmetric warming among elevations may have 
different impacts on gale days and wind speed (Xiaomei et al., 2012; 
Yao and Li, 2019), and in turn the dispersal ability for wind-pollination 
plants (Wang et  al., 2022). Third, asymmetric warming but not 
symmetric warming among elevations may homogenize 
environmental conditions among elevations (Wang et al., 2021a,b). 
Fourth, the reaction of plant β-diversity to asymmetric warming 
among elevations may underestimate that to symmetric warming in 
the identical alpine grasslands (Wang et al., 2021a,b).

Some previous studies found that the warming effects on plant 
production and α-diversity varied with years in alpine grasslands on 
the Tibetan Plateau (Wang et al., 2012; Zhang et al., 2021). Similar 
with these some previous studies, the effects of asymmetric warming 
among elevations on plant ANPP, species and phylogenetic α-diversity 
can vary with years. This phenomenon might be consequent to the 
fact that the effects of asymmetric warming among elevations on water 
availability, plant species and phylogenetic β-diversity, soil nitrogen 
and phosphorus availability, and soil pH varied with years (Wang 
et al., 2021b). Moreover, the effects of warming on plant production 
and α-diversity can be related to the background values of climatic 
conditions (Zhang et  al., 2021; Fu and Sun, 2022), and climate 
conditions generally change with years (Wang et al., 2022; Han et al., 
2022a; Wang and Fu, 2023). Third, the effects of warming on plant 
production and α-diversity can be also related to warming duration, 
and warming may have lagging effects on plant production and 
α-diversity (Fu et al., 2019; Wang et al., 2021a; Fu and Shen, 2022; Han 
et al., 2023). Fourthly, the effects of warming on plant production can 
be also related to its effects on plant precipitation use efficiency, which 
varied with years (Han et al., 2023). Fifthly, the effects of warming on 
plant production and α-diversity can be also related to its effects on 
soil microbial community structure, which also varied with years (Yu 
et al., 2019a; Zhang et al., 2021; Zhang and Fu, 2021).

Indeed, there may be some flaws in our study. For example, only 
two grassland types and only a relatively narrow elevation range 

FIGURE 4

The excluded and interactive impacts of the dissimilarity of α-species 
and α-phylo., β-species and β-phylo. on the dissimilarity of plant 
community aboveground net primary production between C4313 
versus W4513, C4313 versus W4693, and C4513 versus W4693. The 
α-phylo. and α-species indicated phylogenetic and species 
α-diversity, and β-phylo,. and β-species indicated phylogenetic and 
species β-diversity between C4313 versus W4513, C4313 versus 
W4693, and C4513 versus W4693, respectively. C4313: non-
warming plots at elevation 4,313 m; C4513: non-warming plots at 
elevation 4,513 m; W4513: warming plots at elevation 4,513 m; 
W4693: warming plots at elevation 4,693 m. Species and 
phylogenetic β-diversity data were obtained from Wang et al. 
(2021a,b), Frontiers in Ecology and Evolution.

FIGURE 5

The excluded and interactive impacts of GeoDist.Dur., the 
dissimilarity of Env. and α-diversity, and β-diversity on the dissimilarity 
of plant community aboveground net primary production between 
C4313 versus W4513, C4313 versus W4693, and C4513 versus 
W4693. GeoDist.Dur.: geographic distance and warming duration; 
Env.: soil and air temperatures, soil moisture, vapor pressure deficit, 
available phosphorus, nitrate and ammonium nitrogen, and/or pH; 
C4313: non-warming plots at elevation 4,313 m; C4513: non-
warming plots at elevation 4,513 m; W4513: warming plots at 
elevation 4,513 m; W4693: warming plots at elevation 4,693 m. 
Species and phylogenetic β-diversity data were obtained from Wang 
et al. (2021a,b), Frontiers in Ecology and Evolution.
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(about 4,313–4,693 m) were included in our study (Wang et  al., 
2021b). These uncertainties implied that when the findings observed 
by this current study were extrapolated to the regions outside our 
study area, it needed to be careful. Therefore, we need to further carry 
out related studies in regions outside our study area to explore these 
uncertainties. However, our findings demonstrated that asymmetric 
warming among elevations can homogenize ANPP and plant 
α-diversity among elevations, at least in our study area.

5. Conclusion

Dependent on a decade experiment of asymmetric warming 
among elevations, this study discovered that asymmetric warming 
among elevations homogenized aboveground net primary production, 
plant phylogenetic and species α-diversity among elevations.
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Understanding the effect of environmental factors on the net ecosystem CO2 
exchange (NEE) and the response of NEE to rainfall events is of great significance 
for an accurate understanding of the carbon cycle for desert steppe ecosystems. 
Based on the long-term (2011–2018) eddy covariance flux data of a temperate 
desert steppe in Inner Mongolia, China, this study used path analysis to analyze 
the combined impact of the environmental factors on NEE. The results showed 
that during the growing season, vapor pressure deficit (VPD) and soil water 
content (SWC) was the most prominent environmental factor for the daytime 
NEE and nighttime NEE, respectively. NEE responds differently to individual 
environmental factors among multi-year climatic conditions. The size of rainfall 
event has significant impacts on NEE, it can effectively promote the CO2 uptake 
of the desert steppe ecosystem when rainfall event size is greater than 5 mm, and 
the NEE response increased with the rainfall event size. Moreover, NEE peaked 
approximately 1–3  days after a 5–10 mm rainfall event, while the rainfall event 
size >10 mm, it would take 3–5  days for NEE to reach a peak value; and yet, small 
rainfall events (< 5 mm) slightly increased CO2 emissions. During the growing 
season, carbon uptake increased with monthly rainfall, except in May. Our results 
are important for understanding the carbon cycle and its control mechanisms in 
the temperate desert steppe of Inner Mongolia.

KEYWORDS

desert steppe, net ecosystem CO2 exchange, rainfall events, eddy covariance, 
environmental controls

1. Introduction

Over half of the carbon emitted by human activities is absorbed through nature’s carbon 
cycle, which has become one of the core problems of global change research (Gong et al., 2018; 
Zhou et al., 2020). Arid and semi-arid regions account for approximately 30% of the global 
carbon sequestration (Adams et al., 1990; Chen et al., 2021), and the ecosystems in these regions 
are highly sensitive to climate change because of low precipitation, strong sunlight, and high 
evaporation rates (Gu et al., 2018). Previous studies have revealed that climate change causes 
changes in meteorological and other environmental factors that affect both ecosystem 
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photosynthesis and respiration and, as a result, the ecosystem carbon 
balance (Li et al., 2015; Nyantakyi-Frimpong and Bezner-Kerr, 2015). 
Grassland is the dominant ecosystem type in arid and semi-arid areas, 
covering approximately one-third of the global natural vegetation 
(Parton et al., 1995). Among terrestrial ecosystems, grasslands have a 
large carbon storage capacity, second only to forest ecosystems, and 
are critical to the global carbon balance (Yang and Zhou, 2013; Li 
et al., 2021).

Carbon flux is regulated by both environmental and biological 
factors, and the study of its driving factors has been a major research 
topic regarding the global carbon cycle, particularly under the premise 
of climate change (Fang et al., 2018). Water availability is the primary 
driver of plant growth (Zhang et al., 2020), and previous studies have 
shown that carbon flux over grassland ecosystems is closely related to 
the vapor pressure deficit (VPD) and soil moisture (Chen et al., 2018). 
In semi-arid grassland ecosystems, high carbon uptake usually occurs 
under humid conditions, whereas high carbon release is associated 
with warm and dry conditions (Ahlström et al., 2015). Meanwhile, it 
was proposed that the effects of environmental factors on NEE might 
differ among different climatic years, and the variation of NEE may 
even have different dominant factors for different climatic years 
(Aguilos et al., 2018; Wang et al., 2019). However, to date, few such 
studies have been conducted on the desert steppe.

Desert steppe is water-limited, and the carbon cycle in grassland 
ecosystems is sensitive to changes in rainfall (Zhang et al., 2020). 
Precipitation occurs in the form of discrete, intermittent, and 
unpredictable pulse events (Rey et al., 2017), the size of a single rainfall 
event can have a large impact on grassland carbon flux (Huxman et al., 
2004). A previous study showed that small-pulse rainfall events (e.g., 
2.1 mm) slightly increased CO2 emissions by stimulating microbial 
respiration, whereas large-pulse rainfall events (e.g., 19.7 mm) 
promoted CO2 uptake by affecting plant photosynthesis (Schwinning 
et al., 2004; Fa et al., 2015). A study of a Stipa grassland in Inner 
Mongolia, China showed that the CO2 uptake increased when the 
rainfall event size >10 mm (Peng et al., 2013), but another study of a 
Leymus chinensis grassland in Inner Mongolia showed that the CO2 
uptake increased when the rainfall event size >5 mm (Hao et al., 2017). 
This suggests that the size of effective rainfall event may vary among 
different climate and vegetation types.

Herein, this study aims to investigate the impact of environmental 
factors on the net ecosystem CO2 exchange (NEE) and the response 
of NEE to rainfall events, based on eddy covariance flux data from 
2011 to 2018 of a temperate desert steppe in Inner Mongolia, China. 
The long-term measurement campaign provided a broad range of 
conditions to thoroughly investigate the environmental regulations of 
NEE in the desert steppe ecosystem. The specific objectives are (1) to 
analyze the combined impact of the environmental factors on NEE, 
and compare the controlling factors of NEE between years with 
different climatic conditions; and (2) to determine the NEE response 
to rainfall events of different magnitudes.

2. Materials and methods

2.1. Site description

The research site is located in Damao Banner of Baotou city in 
Inner Mongolia (41°38.6′ N, 110°19.9′ E, 1409 m a.s.l.). Desert steppe 

vegetation covers the area including subregions with a temperate, 
continental, and semiarid climate. The Information and Research 
Institute of Meteorology, Hydrology, and Environment of Inner 
Mongolia reports that from 1990 to 2019, the site’s mean annual air 
temperature was 5.22°C and its mean annual precipitation was 
247.4 mm. Most of the rainfall occurs during the growing season 
(May–September). The vegetation is dominated by a degraded Stipa 
klemenzii community. The soil was brown and calcified, with a 
calcified layer at 20–50 cm. The total K, total P, and organic carbon 
contents are 23.29 g kg−1, 0.31 g kg−1, and 12.67 g kg−1, respectively, and 
the average bulk density was 1.23 g cm−3, with a pH of 7.4.

2.2. Fluxes and meteorological 
measurements

From 2011 to 2018, the turbulence fluxes were monitored at a 
height of 4 m using an open-path eddy covariance system. An infrared 
gas analyzer (Li-7500, LICOR, Inc., Lincoln, NE, United States) and a 
3D sonic anemometer (CSAT-3, Campbell Scientific, Inc., Logan, UT, 
United  States) were employed to calculate the variations in the 
densities of gaseous CO2 and H2O at 10 Hz and three wind speed 
components, respectively. The original data were recorded and stored 
automatically at 10 Hz and 0.5 h online flux data were provided by a 
datalogger (CR5000, Campbell Scientific Inc., Logan, UT, 
United States).

During the research project (2011–2018), a shielded sensor 
(model HMP45C, Vaisala, Helsinki, Finland) was used to measure the 
air temperature (Ta) and relative humidity (RH) at levels of 1.5 and 
3.5 m. From Ta and RH, the VPD was computed. Precipitation was 
measured at a height of 1.2 m using a tipping-bucket rain gauge 
(model 52203, RM Young Inc., Traverse City, MI, United  States). 
Using a quantum sensor, photosynthetically active radiation (PAR) 
was recorded (4 m; LI190SB, LI-COR, Lincoln, United States). The soil 
temperature sensor comprised a thermistor (107 L, Campbell 
Scientific Inc., Logan, UT, United States) (5, 10, 15, 20, 40, and 80 cm) 
that was used to measure soil temperature (Ts). The soil temperature 
recorded at a depth of 10 cm was used in this study, defined as Ts. The 
volumetric water content of the soil at depths of 10 cm (SWC10), 
20 cm (SWC20), 30 cm (SWC30), and 40 cm (SWC40) were monitored 
using time-domain reflectometry probes (Easy AG; Campbell 
Scientific Inc., Logan, UT, United  States). Data loggers (CR23X, 
Campbell Scientific Inc., Logan, UT, United  States) were used to 
collect all data, and 30 min mean values were automatically recorded 
and stored.

2.3. Flux calculations and data processing

Eddy covariance data were processed by EddyPro7.0.6 (LI-COR), 
including double rotation, Webb–Pearman–Leuning correction, 
potential temporal lags correction, frequency response correction etc. 
(Webb et al., 1980; Moncrieff et al., 1997; Reichstein et al., 2005). In 
this study, positive NEE values denoted a source of atmospheric CO2 
at the location, whereas negative values denoted a carbon sink. During 
the observation period, the power supply may have been interrupted 
by abnormal weather or instruments. Half-hourly fluxes were filtered 
for: (1) incomplete measurements taken every half-hourly, (2) outliers, 
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(3) low turbulence situations, and (4) rain events (Papale et al., 2006). 
A cutoff friction velocity (u*) was employed, and nocturnal fluxes 
below the threshold were eliminated (Zhu et al., 2006). Subsequently, 
the gaps in the flux data were filled using a marginal distribution 
sampling (MDS) technique (Reichstein et al., 2005). The flux data for 
2013 were not obtained because of instrument failure.

2.4. Characterization of rainfall events

Rainfall events can be described as discontinuous, highly varied, 
and usually comprise unpredictable pulses of rainfall (Li et al., 2013). 
The division of rainfall events is based on the absence of rainfall within 
24 h after a certain rainfall time. Rainfall events were classified into six 
levels, according to their size (Table 1). Rainfall events of <10 mm were 
regarded as a small rainfall event, 10–25 mm as moderate rainfall 
event, and rainfall >25 mm as a heavy rainfall event.

Response of NEE to rainfall event (NEEresponse) was determined as 
the difference between mean daily NEE post-event (NEEafter) and 
mean daily NEE pre-event (NEEbefore) (Wang et al., 2017),

	
NEE NEE NEEresponse after before= −

where, NEE is the daily NEE average (g C m−2 day−1).
The relative response effect of NEE to rainfall event (NEEresponse, r) 

was calculated as the following equation:

	
NEE NEE NEE NEEresponse r after before before, /= −( )

2.5. Path analysis

Earlier studies suggested that the combined effects of the various 
environmental factors should receive more attention because the 
independent effect of any one factor alone is insufficient to explain the 
variations in NEE (Wang et  al., 2016). To examine the combined 
impact of the environmental factors on NEE, and the relative 
importance of these factors, the path analysis method was used in this 
study. Path analysis is an extension of multiple regression and can 
be used to understand the causal structure of data (Kozak and Kang, 
2006). The path analysis method reveals the relationships between 
dependent and independent variables using the direct and indirect 
path coefficients as well as the determinative coefficient (Yuan et al., 
2001; Jiang et al., 2014). Based on the determinative coefficient, the 

sequence of the synthetic action of every independent variable to the 
response variable can be decided, and which variable is the principal 
decision variable can be identified (Yuan et al., 2001). Path analysis 
were applied using IBM SPSS Statistics 26.0.

3. Results

3.1. Environmental conditions

Seasonal fluctuations in air temperature (Ta), soil temperature 
(Ts), precipitation (Prec), photosynthetically active radiation (PAR), 
vapor pressure deficit (VPD), and volumetric soil water content 
(SWC) are shown in Figure 1. During the measurement campaign 
(2011–2018), Ta and Ts showed similar seasonal dynamics with a 
single-peak curve (Figures 1A,D). The highest monthly mean Ta was 
22.39°C, which typically occurs in July, and the lowest monthly mean 
Ta was −13.92°C, which was observed in January. The monthly mean 
Ts ranged from −10.5 to −24.27°C, with January and July recording 
the lowest and highest values, respectively. During the study period 
(2011–2018), the annual precipitation ranged from 229.8 mm (in 
2015) to 513.2 mm (in 2018), with the growth season (May–
September) accounting for roughly 92.3% of the total. Seasonal 
variations in SWC matched well with the seasonal distribution of 
precipitation (Figures 1B,E), and the daily SWC ranged from 10% to 
57%. PAR and VPD exhibited relatively large day-to-day fluctuations 
and their seasonal variations generally showed unimodal curves 
(Figures 1C,F). The peak PAR values usually occurred in May, and the 
average PAR in May was 44.62 mol m−2 day−1. The VPD typically peaks 
between May and July. The highest VPD (3.17 kPa) was observed in 
mid-July 2017.

In this study, the differences between the growing season 
temperature and precipitation and the respective multi-year averages 
were used to define the annual climate types (Figure 2). Mean Ta for 
the growing season ranged from 17.42°C (2012) to 19.61°C (2017). 
Growing-season precipitation was highest in 2018 (474.9 mm, 112.1% 
higher than the multi-year (1990–2019) average of 223.9 mm) and 
lowest in 2015 (174.6 mm, 22.0% lower than the multi-year average). 
Accordingly, 2016 was selected to represent a normal year (normal 
climatic conditions), 2017 was classified as a warm year, and 2018 was 
classified as a warm and moist year (Figure 2).

3.2. Environmental controls on NEE

Path analysis method was used to examine the combined impact 
of the environmental factors on NEE (Figure 3), and the determinative 
coefficient generated by path analysis was used to determine the 
relative importance of environmental factors in NEE fluctuations 
(Table 2). As seen in Table 2, moisture-related environmental factors 
(e.g., VPD and SWC) had greater effects on NEE in the desert steppe 
ecosystems than heat-related environmental factors (e.g., Ta and Ts).

During the growing season, VPD was the most prominent 
environmental factor affecting the daytime NEE, followed by SWC, 
Ta, and PAR. Daytime NEE increased (i.e., carbon uptake reduced) 
with an increase in VPD and declined (i.e., carbon uptake increased) 
with an increase in Ta, SWC, and PAR. From the absolute values of 
path coefficient, there was little difference between the direct and 

TABLE 1  The classification of rain events based on the size of rainfall.

Rainfall level Rainfall

Level 1 < 1 mm

Level 2 1 ~ 3 mm

Level 3 3 ~ 5 mm

Level 4 5 ~ 10 mm

Level 5 10 ~ 25 mm

Level 6 > 25 mm
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indirect effects of VPD and Ta, whereas SWC and PAR mainly had 
direct effects on daytime NEE. For night-time NEE, SWC had the 
strongest effect, followed by VPD, Ts, and Ta. Among these, SWC, 
VPD, and Ta mainly had direct effects on nighttime NEE.

During the non-growing season, VPD was the most important 
factor controlling NEE, followed by Ts, SWC, and Ta. In contrast to 
the growing season, the influence of environmental factors on NEE 
during the non-growing season was mainly attributed to 
direct effects.

Moreover, the effects of environmental factors on NEE may vary 
under different climatic conditions (Aguilos et al., 2018; Wang et al., 
2019). In this study, we considered three types of climatic conditions: 
normal, warm, warm and moist, which were classified according to 
the average air temperature and cumulative precipitation during the 
growing season (see Section 3.1 and Figure  2). Path diagrams 
illustrating the effects of environmental factors on daytime net 
ecosystem CO2 exchange for different climatic conditions (Figure 4). 
The results showed that in a normal year or warm year, moisture 
(SWC or VPD) was the primary factor controlling daytime NEE 
during the growing season, followed by Ta and PAR; in comparison, 
PAR proved to be the most important controlling factor for NEE in a 
warm and moist year (Table 3).

FIGURE 1

(A) Seasonal variations of daily mean air temperature (Ta) and soil temperature (Ts); (B) daily sum of precipitation (Prec) and daily average of volumetric 
soil water content (SWC) at 10 cm depth; (C) photosynthetically active radiation (PAR) and daily mean vapor pressure deficit (VPD). Seasonal variations 
in monthly mean values of (D) Ta and Ts; (E) Prec and SWC; and (F) PAR and VPD.

FIGURE 2

Average air temperature and cumulative precipitation during each 
growing season from 2011 to 2018. The growing season 
precipitation average over the long term (1990–2019) is shown by 
the horizontal dashed line (223.9 mm); the long-term average air 
temperature for the growing season is illustrated by the vertical 
dashed line (17.95°C).
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3.3. Effects of rainfall events on NEE

The NEE at this site was primarily water-limited according to the 
results of the aforementioned environmental controls. The effects of 
rainfall events on NEE are further explored in this section. From 2011 
to 2018 (excluding 2013), 258 rainfall events were recorded in the 
study area, of which 196 (75% of all rainfall events) occurred during 
the growing season. A total of 196 events from this seven-growing-
season study were used for statistical analysis (Figure 5). Most rainfall 
events were small in the size, with the majority (61%) being <5 mm. 
However, despite the low proportion of large rainfall events (> 5 mm), 
the total rainfall from them was greater than that of small rainfall 
events (80% vs. 20%).

By comparing the daily average NEE in a sliding window of 3 days 
after rainfall with the daily average NEE including the 3 days before 
rainfall, the impact of the rainfall event on NEE was evaluated 
(Figure 6). The results showed that the CO2 uptake increased (negative 

NEEresponse in Figure 6) when the rainfall event was >5 mm, and the 
response increased with the size of the rainfall event. The relative 
response effect of NEE to rainfall event (NEEresponse, r) represented a 
different trend; that is, the CO2 uptake increased 10-, 8-, and 5-fold, 
respectively, compared to the uptake level before a rainfall event of 
5–10 mm, 10–25 mm, and > 25 mm. Moreover, CO2 uptake peaked 
approximately 1–3 days after a 5–10 mm rainfall event. However, it 
took 3–5 days to reach the highest carbon uptake after a rainfall event 
of >10 mm; On the other hand, small rainfall events (< 5 mm) slightly 
increased CO2 emissions (positive NEEresponse in Figure 6).

As there were differences in the size of rainfall events that 
occurred in different months. For example, May is dominated by small 
rainfall events (rainfall events of <5 mm account for 74.3% of the 
total), while July and August are dominated by large rainfall events. 
The frequency of rainfall events of >5 mm in July and August was 
45.0% and 40.5%, respectively, and the rainfall percentage of rainfall 
events of >5 mm in July and August was 87.1% and 88.0%, respectively. 
Therefore, a correlation analysis was conducted between monthly 

FIGURE 3

Path diagrams illustrating the effects of environmental factors on (A) daytime net ecosystem CO2 exchange (NEE) during the growing season, 
(B) nighttime NEE during the growing season, and (C) NEE during the non-growing season.

TABLE 2  Direct and indirect path coefficients of environmental factors on the variation of NEE.

Period Factors Related 
coefficient

Direct path 
coefficient

Sum of indirect 
path coefficient

Determinative 
coefficient

Daytime in growing 

season

Ta −0.065** −0.413 0.348 0.117

SWC −0.372** −0.325 −0.047 0.136

PAR −0.287** −0.439 0.151 0.060

VPD 0.122** 0.673 −0.551 0.288

Nighttime in 

growing season

Ta 0.190** 0.410 −0.221 0.013

Ts 0.178** 0.067 0.111 0.019

SWC 0.296** 0.244 0.052 0.085

VPD −0.147** −0.419 0.272 0.053

Non-growing season Ta 0.284** 0.355 −0.071 0.046

Ts 0.217** 0.380 −0.163 0.097

SWC 0.285** 0.231 0.054 0.078

VPD −0.369** −0.440 0.070 0.131

The growing season generally lasts from May to September. October to April is referred to as the non-growing season. Ta, air temperature; Ts, soil temperature; SWC, soil water content; PAR, 
photosynthetically active radiation; VPD, vapor pressure deficit. ** indicates an extremely significant correlation between the factor and NEE (p < 0.01).

166

https://doi.org/10.3389/fevo.2023.1169297
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Song et al.� 10.3389/fevo.2023.1169297

Frontiers in Ecology and Evolution 06 frontiersin.org

precipitation and NEE during the growing season (Figure 7). The 
results showed that an increase in rainfall in May increased CO2 
emissions from the desert steppe ecosystem, whereas an increase in 
rainfall from June–September increased the CO2 uptake. It supports 
the findings of previous related studies that seasonal distribution 
patterns of rainfall have important effects on the annual carbon 
balance (Dong, 2011). From the perspective of the entire growing 
season, NEE was greatly influenced by rainfall, and with an increase 
in rainfall, NEE decreased; that is, carbon uptake was enhanced.

4. Discussion

4.1. Constraints on NEE

It is generally agreed that in most ecosystems, radiation acts 
as the main regulating factor for NEE on a half-hourly scale 

(Baldocchi, 2014; Wang et al., 2019; Yan et al., 2023). However, 
certain studies have suggested that the two most important 
factors controlling carbon exchange in grassland ecosystems are 
temperature and water (Kim and Verma, 1990; Xue et al., 2014). 
This study showed that VPD (a function of temperature and 
humidity) had the largest effect on daytime NEE during the 
growing season, and that ecosystem carbon uptake decreased 
with increasing VPD, which is consistent with an earlier study in 
a desert steppe in Xilamuren (Li, 2020). VPD has a strong effect 
on stomatal conductance and can, therefore, modulate CO2 
exchange between the canopy and the atmosphere (Novick et al., 
2016; Umair et al., 2020; Xie et al., 2020). Lower VPD stimulates 
stomatal opening, which is thought to increase CO2 uptake (Wu 
et  al., 2017). However, when VPD is higher than a certain 
threshold, plants may partially close their stomata to prevent 
excessive water loss; thus, ecosystem carbon uptake is constrained 
(Wang, 2015; Novick et al., 2016).

FIGURE 4

Path diagrams illustrating the effects of environmental factors on daytime net ecosystem CO2 exchange (NEE) for (A) normal year, (B) warm year, and 
(C) warm and moist year.

TABLE 3  Direct and indirect path coefficients of environmental factors on daytime NEE changes in the growing season under different climatic 
conditions.

Climatic 
conditions

Factors Related 
coefficient

Direct path 
coefficient

Sum of indirect 
path coefficient

Determinative 
coefficient

Normal Ta 0.084** −0.352 0.436 0.183

SWC −0.442** −0.447 0.005 0.195

PAR −0.309** −0.442 0.133 0.078

VPD 0.190** 0.500 −0.310 0.060

Warm Ta 0.078** −0.481 0.559 0.306

SWC −0.014 – – –

PAR −0.247** −0.516 0.269 0.011

VPD 0.242** 1.007 −0.765 0.527

Warm and Moist Ta −0.098** −0.179 0.081 0.003

SWC −0.363** −0.193 −0.170 0.103

PAR −0.378** −0.488 0.110 0.131

VPD 0.162** 0.456 −0.294 0.060

The growing season was from May to September each year. Ta, air temperature; Ts, soil temperature; SWC, soil water content; PAR, photosynthetically active radiation; VPD, vapor pressure 
deficit. ** indicates an extremely significant correlation between the factor and NEE (p < 0.01).
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Our findings also revealed that SWC played a significant role 
in explaining nighttime variation NEE (i.e., ecosystem 
respiration), as reported in other previous studies (Balogh et al., 
2011; Vicca et al., 2014; Meena et al., 2020). This implies that soil 
moisture should be  considered when simulating ecosystem 
respiration, especially in water-limited ecosystems. Ecosystem 
respiration is the sum of the plant (autotrophic) and heterotrophic 
microbial respiration. Water availability is one of the most 
significant constraints on plant and microbial growth and 
changes in soil moisture can significantly affect ecosystem 
respiration (Piao et al., 2019). Reduced SWC in water-limited 
ecosystems such as at our study site leads to restricted plant 
growth and decreased microbial decomposition; thus, ecosystem 
respiration also shows a downward trend.

Path analysis suggested that temperature played a subordinate 
role in influencing half-hourly NEE changes at this site, which is 

consistent with previous studies in semiarid grasslands; that is, soil 
moisture availability is more important than soil temperature in 
regulating respiration in water-limited ecosystems (Vargas et al., 
2010; Thomey et al., 2011; Wang et al., 2015). In this desert steppe, 
during the daytime of the growing season, an increase in 
temperature promoted ecosystem CO2 uptake, while during the 
nighttime of the growing and non-growing seasons, an increase in 
temperature promoted ecosystem respiration and increased 
CO2 emissions.

The effects of environmental factors on NEE may vary under 
different climatic conditions (Aguilos et al., 2018; Wang et al., 2019). 
Take daytime NEE during the growing season, for example, in the 
normal year, SWC was the primary factor controlling NEE, and the 
significant impact of SWC on NEE is mainly attributed to its direct 
impact. A previous study also showed that SWC has a strong direct 
impact on the eco-physiological processes of desert steppe plants 
(Aguilos et  al., 2018); in the warm year, VPD became the most 
prominent environmental factor influencing NEE since variations in 
VPD are closely correlated with changes in temperature, which in turn 
influences plant stomatal conductance and modifies NEE; In the 
warm and moist year, water restriction for carbon uptake was lessened 
along with increased rainfall, and the significant impact of PAR on 
NEE emerged, because PAR directly promotes plant photosynthesis 
and increases ecosystem carbon absorption (Yue et al., 2010). The 
significant effects of SWC and PAR were mainly attributed to their 
direct effects; regarding Ta, its effects on NEE were dominated by 
direct effects in a warm and moist year, whereas they were primarily 
indirect in a normal year or a warm year, which is consistent with 
previous research (Jia et  al., 2014; Ouyang et  al., 2014; Aguilos 
et al., 2018).

4.2. Responses of NEE to rainfall events

Studies have shown that in grassland ecosystems with limited 
water resources, the ecosystem carbon flux is closely related to annual 
precipitation at different locations and in different years (Huxman 
et  al., 2004; Gemechu Legesse et  al., 2021). Small rainfall events 
predominate in arid and semi-arid ecosystems, and the results showed 
that small-scale rainfall events can enhance the carbon emissions of 
the ecosystem (Tang et al., 2018); whereas rainfall events of >5 mm can 
effectively increase soil water content, which enhances the carbon 
uptake capacity of the ecosystem and leads to a longer duration of 
ecosystem changes (Chen and Wang, 2009; Wang et al., 2018). This is 
in line with our analysis results, rainfall events of <5 mm slightly 
increased CO2 emissions in the desert steppe, and rainfall events of 
>5 mm increased the CO2 uptake in the desert steppe. Hence it can 
be inferred that a rainfall event of 5 mm is considered ecologically 
significant for NEE responses in desert steppe ecosystems (Li 
et al., 2013).

The carbon uptake peak was delayed by 1–5 days after rainfall, 
which was due to the faster response of ecosystem respiration to 
rainfall than to photosynthesis (Delgado-Balbuena et al., 2022). In 
addition, this pattern may be  influenced by the dry period after 
rainfall, which offsets the soil water deficit and decreases the 
photosynthetic rate (Harper et al., 2005). The relationship between 
rainfall, infiltration depth, and the response of ecosystem carbon 
exchange to rainfall patterns depends on the position of soil microflora 

FIGURE 5

Frequency distributions of rainfall events and rainfall amounts from 
May to September between 2011 and 2018 (excluding 2013).

FIGURE 6

Variation of NEE before and after rainfall with different rainfall levels. 
The figure shows the difference between the daily average of the 
sliding window NEE for 3 days after a rainfall event and the daily 
average of the NEE for the 3 days before the rainfall event.
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and plant roots in the soil as well as temporal changes in microbial and 
plant responses to wetting episodes (Huxman et al., 2004). Larger 
rainfall events may penetrate deep into the soil, whereas smaller 
rainfall events are intercepted by the canopy or directly replenished to 
the top soil layer, where water evaporates and cannot reach the root 
system (Hao et al., 2010).

This study showed that seasonal distribution patterns of rainfall 
have a large impact on desert steppe NEE. The CO2 uptake increased 
with monthly rainfall from June to September, whereas it decreased 
with monthly rainfall in May. The main reason might be that small 
rainfall events (<5 mm) dominated in May, which are not expected 
to stimulate ecosystem productivity by altering the soil water 
content effectively, but instead increase ecosystem respiration and 
carbon emissions (Fay et  al., 2008; Tang et  al., 2018). It can 
be  inferred that summer rainfall is more favorable for carbon 
sequestration than spring rainfall for desert steppe (Peng et  al., 
2013; Wang et al., 2018).

5. Conclusion

NEE of the studied desert steppe was primarily water-limited. 
Moisture-related environmental factors, VPD and SWC was the most 
prominent environmental factor for the daytime NEE and nighttime 
NEE during the growing season, respectively. But the interannual 
differences in climatic conditions can lead to changes in the controlling 
factor of NEE, e.g., PAR became the main controlling factor of NEE 
under climatic conditions of warm and moist.

The size of rainfall events has significant impacts on the NEE of 
the desert steppe. Small rainfall events (< 5 mm) slightly increased 
CO2 emissions; Rainfall events of >5 mm increased the CO2 uptake, 
and the NEE response increased with the rainfall event size. Moreover, 
NEE had a longer response time to rainfall events with a larger size, 
e.g., NEE peaked approximately 1–3 days after a 5–10 mm rainfall 
event, while the rainfall event size >10 mm, it would take 3–5 days for 

FIGURE 7

Relationship between NEE and corresponding rainfall. The relationship between NEE and rainfall in May (A), June (B), July (C), August (D), September 
(E), and the growing season (May–September) (F), respectively. The orange square in Plot C represented a singular point, and it was excluded from the 
regression; all the variables used in the analyses were monthly values, and if the effective observed data for a given month is less than 80%, that 
month’s value is excluded from the analysis.
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NEE to reach a peak value. During the growing season, carbon uptake 
increased with monthly rainfall, except in May. These findings are 
important for predicting the carbon balance trends in desert steppe 
ecosystems under various climate change scenarios.
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Fractional vegetation cover (FVC) is an important indicator of the development or

reversal of salt marsh due to its absence in arid desert areas. Many studies have

emphasized the di�erences in factors that a�ect fractional vegetation cover (FVC)

in di�erent temporal and spatial scales. However, few studies have reported on

the temporal and spatial variations in vegetation coverage and their response to

climate and also on the hydrological environment in inland salt marsh wetlands.

Accordingly, based on a wetland community survey, di�erent types of data,

such as meteorological data, hydrological data, and Landsat remote sensing

image data, recorded during the period from 1990 to 2020 were collected. The

characteristics of the spatial and temporal distribution of vegetation coverage

in the Sugan Lake wetland over the past 30 years were analyzed using a binary

pixel model. Furthermore, a quantitative analysis on the response of vegetation

coverage to hydrological and meteorological factors was undertaken. The results

of the present study showed that the dimidiate pixel model had a high simulation

accuracy in retrieving the vegetation coverage in inland salt marsh wetlands.

The vegetation coverage of the Sugan Lake wetland increased with each year

from 1990 to 2020, and its annual average was 19.34%. The spatial distribution

of vegetation coverage was patchy and decreased from the center to the edge

of the wetland. Within the same period, the vegetation coverage showed an

increasing trend in Quan-shui and He-hong areas and a decreasing trend in the

Shan-hong area. Vegetation coverage was mainly a�ected by various factors,

such as precipitation, lake area, surface runo�, groundwater depth, and residential

density, respectively. It was significantly positively correlated with precipitation

(R2 = 0.56, P < 0.01), lake area (R2 = 0.50, P < 0.01), air temperature (R2 = 0.46,

P < 0.01), and river system density (R2 = 0.52, P < 0.01) and negatively

correlated with groundwater depth (R 2
=-0.57, P < 0.01) and residential density

(R2 = −0.38, P < 0.05). Implicit in these findings are complex mechanisms of

change in vegetation coverage that help prevent the degradation of vegetation

in fragile ecosystems.
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salt marsh wetland, vegetation coverage, spatial characteristics, climate, hydrology
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1. Introduction

A wetland is a groundwater-dependent ecosystem that is

formed by the interaction between land and water. The inland salt

marsh is a type of wetland ecosystem that is endowed with a distinct

eco-hydrological process and a highly heterogeneous environment.

The wetland ecosystem is controlled by hydrological processes.

Spatial and temporal differences between water supply and static

water directly affect the growth, development, reproduction, and

spatial distribution pattern of wetland plants (Herring et al.,

2013; Yao et al., 2019). Vegetation is an important part of the

wetland ecosystem and plays a crucial role in material and energy

exchange, atmospheric homeostasis, hydrological processes, carbon

cycle, and stability of ecosystem (Shen et al., 2018; Zhang et al.,

2018). Fractional vegetation cover (FVC) is an important parameter

that reflects the growth distribution characteristics and structural

density of surface vegetation, while it also serves as a sensitive index

for the response of ecosystems to climate change and hydrological

disturbance (Derakhshannia et al., 2020). The spatiotemporal

heterogeneity of vegetation coverage in inland salt marshes is

the key contributing factor to the stability of fragile wetland

ecosystems in arid desert areas and is important for understanding

the formation of the distribution patterns of the plant community

in salt marshes.

Fractional vegetation cover refers to the proportion of the

vertical projection area of above-ground vegetation (including

leaves, stems, and branches) on the ground in a whole study

area (Feng et al., 2019). Vegetation coverage not only reflects

the appearance and nature of the plant community but is also

important for maintaining the stability of wetland vegetation’s

community structure and function and, consequently, wetland

landscape diversity and habitat environmental security (Li et al.,

2016). Preferred methods for calculating FVC are ground

verification and remote sensing estimation (Tang et al., 2020).

Validation methods primarily include visual estimation in the

field, sampling investigation, and photogrammetry; however,

these methods can be influenced by individual differences

as well as by the weather, time, and terrain (Okin et al.,

2013). Vegetation coverage is characterized by the continuity

of time and space, and the traditional methods of vegetation

community investigation have limitations on the spatiotemporal

scale. Remote sensing inversion is a preferred and feasible method

for estimating vegetation coverage. Satellite remote sensing has

several advantages, such as low requirements, speed of acquisition,

and ability to cover a large area, compared with traditional

ground-based verification. Many methods, such as empirical

models (Gitelson, 2013), spectral mixing analysis (Okin, 2007),

dimidiate pixel models, artificial neural networks (Atzberger and

Rembold, 2013), and regression trees (Tottrup et al., 2007), are

available to perform the inversion of vegetation coverage based on

remotely sensed data. The normalized vegetation index (NDVI)

is an important indicator of the effective radiation absorbed by

vegetation during photosynthesis. This index is very sensitive to

the growth potential and biomass variability of vegetation and has

been successfully used to monitor vegetation conditions and their

growth status. The dimidiate pixel model can largely eliminate the

influence of background factors such as soil; accurately extract pure

vegetation pixels in arid areas; and objectively and effectively reflect

vegetation canopy conditions.With the continuous development of

remote sensing science and technology, the inversion of vegetation

coverage based on multisource remote sensing data is an essential

means to obtain a large range of long-time series data. Remote

sensing technology can overcome the limitations of a traditional

community survey in temporal and spatial scales and complete the

estimation of regional vegetation coverage. Most of the existing

studies are based on different resolution and remote sensing

imaging mechanisms, such as Landsat and MODIS (Okin et al.,

2013; Cheng et al., 2017), GF-1 (Tao et al., 2019), radar (Liu L.

et al., 2019), and other satellite data, to make estimates. However,

few studies have combined wetland field surveys with remote

sensing technology to describe patchy and spatial heterogeneity

of vegetation coverage. In this study, the combination of wetland

field survey and remote sensing technology can better describe the

evolution of spatial–temporal heterogeneity of vegetation coverage

in salt marsh wetlands. It is of great significance for understanding

the formationmechanism of the spatial distribution pattern of plant

communities in salt marsh wetlands.

Vegetation coverage is an important ecological indicator of

wetland plant growth as well as ecological and environmental

changes. The spatiotemporal dynamics of vegetation coverage in

salt marsh wetlands is influenced by both human disturbances

and natural environmental factors (Meixler et al., 2018; Zheng

et al., 2019). Natural environmental factors comprise climatic

factors, including precipitation (Mo et al., 2019; Meng et al., 2020),

temperature (Lamchin et al., 2018; Liu L. et al., 2019), and extreme

weather events (Wang et al., 2015; Jiang et al., 2017), terrain

(Peng et al., 2012), topography (Liu et al., 2010), hydrology (Li

et al., 2019), soil type, and moisture conditions (Liu S. et al.,

2019; Peng et al., 2019). Climate change, especially any change

that affects temperature and precipitation, influences the ecology

of plant communities and plant growth cycles (Chen et al., 2019;

Ding et al., 2020). Hydrological factors (groundwater depth and

surface water runoff) are the main driving forces of succession of

wetland vegetation through their effects on the soil environment,

which, in turn, impact vegetation growth and distribution and

shape the composition and structure of vegetation communities.

In the short term, human disturbance is the main factor affecting

vegetation coverage (Shen et al., 2018; Wu et al., 2022); ultimately,

however, vegetation coverage is determined by both natural and

human factors (Wang et al., 2019). Exploring vegetation coverage

and its responses to different natural and anthropogenic factors

is crucial for understanding ecosystem processes in the context of

global climate change.

Suganhu Wetland is located in the Huahaizi Plateau Basin

between Mount Taishan in the Altun mountain range, Mount

Nanshan in the Danghe mountain range, and SaishitengMountain.

The study area is a typical saline-marsh wetland ecosystem with

the distribution of saline soil, and the wetland ecological series

keeps the original state, which has a special eco-hydrological

process. It has a typical, representative, and special protection

and scientific research value in the northwest desert area. To

date, studies on the vegetation coverage of wetlands have mainly

focused on marsh wetlands in the Qinghai–Tibet Plateau (Peng

et al., 2012; Zhang et al., 2018; Zhou et al., 2019), Lake Wetlands
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(Mao et al., 2022), Coastal Wetlands (Hao et al., 2020), and Yellow

River Delta Wetland (He et al., 2018). Studies investigating the

Sugan Lake wetland have mainly focused on the relationship

between vegetation root morphology and biomass allocation (Li

et al., 2021) and the influence of groundwater chemistry on the

distribution of wetland vegetation (Zhou et al., 2019). However,

relatively few studies have addressed the spatial distribution pattern

of plant coverage and its response to climatic and hydrological

factors in inland salt marshes, and the question of how the

functional stability of plant communities in inland salt marshes

is maintained remains unexplained. Accordingly, in this study,

based on a wetland community survey, different types of data,

such as meteorological data, hydrological data, and Landsat remote

sensing image data, recorded during the period from 1990 to 2020

were collected. The characteristics of the spatial and temporal

distribution of vegetation coverage in the Sugan Lake wetland

over the past 30 years were analyzed using a dimidiate pixel

model. Furthermore, a quantitative analysis of the responses of the

vegetation coverage to hydrological and meteorological factors was

undertaken. We sought to clarify (1) the spatiotemporal variation

in vegetation coverage in the Sugan Lake wetland from 1990 to

2020; (2) the characteristics of the changes in vegetation coverage

in different hydrological zones; and (3) the main factors influencing

changes in vegetation coverage in the hydrological zone of the

salt marsh. This study aimed to provide a theoretical basis for

revealing the mechanism involved in the synergistic adaptation

between wetland plant growth and the hydrological environment

under climate change.

2. Materials and methods

2.1. Study sites

The Sugan Lake wetland is located in the Sugan Lake Provincial

Migratory Bird Nature Reserve, Aksai County, Jiuquan City, Gansu

Province, China. The study area is located in the Huahaizi Plateau

Basin on the northern margin of Qaidam Basin on the Qinghai–

Tibet Plateau (39.22◦−39.35◦ N, 94.45◦−94.59◦ E) (Figure 1) at an

altitude ranging from 2,795 to 2,808m. The area is characterized

by an inland alpine semi-arid climate, windy weather, frequent

sandstorms, an average annual temperature of 2◦C, an average

annual precipitation of 77.6mm, an average annual evaporation

capacity of 1,964.8mm, an average frost-free period of 90 days, and

a dry air temperature of 30◦C (Li et al., 2021).

The Sugan Lake wetland is an independent water system

at the central and northwest end of the Qaidam inner water

system. The Large and Small Harteng Rivers originating from the

South Mountain of Danghe River flow underground through the

mountain pass into the Large and Small Sugan Lakes of the Haizi

Basin and then into the Large and Small Sugan Lakes. Finally, they

are consumed by lake evaporation and evapotranspiration in the

spring overflow zone. According to the classification criteria of the

Chinese Soil Classification System of 1992, the main soil types in

the study area are meadow soil, meadow marsh soil, and saline–

alkali soil. The dominant plant species are Saussurea salsa, Leymus

secalinus, Phragmites australis,Glaux maritima, Triglochin palustre,

Triglochin maritimum, Suaeda glauca, Blysmus sinocompressus, and

Salicornia europaea (Li et al., 2021).

2.2. Division of the Sugan Lake wetland
ecological function zone

Sugan Lake is a plateau basin that is located at the end of the

Large and Small Harteng River flow system, which is composed

of lakes, rivers, freshwater springs, and various wetlands. The soil

hydrological process is complex. The said complexity makes it

necessary to further characterize the vegetation distribution pattern

and the heterogeneity of wetland eco-hydrological processes in

Sugan Lake. A survey was undertaken on the vegetation based

on soil. The results of the aforementioned survey were combined

with the results of the surrounding area of the hydrogeological

survey conducted by the Geological Environmental Monitoring

Institute in the Sugan Lake basin in Gansu Province. Based on the

study of the changes in elevation, the trend of the river, freshwater

springs in the distribution, and surface water source will facilitate

Sugan Lake area topography, vegetation map, soil map, and land

utilization to present situation chart datum’s superposition (Gou

et al., 2021). The Sugan Lake wetland is divided into three ecological

function zones—Shan-hong area, Quan-shui area, and He-hong

area (Table 1). The Shan-hong area, with relatively high terrain, is

mainly distributed in the wet geographical zone at the periphery

of the wetland and at the end of the diluvial fan. It is composed

of two terrain units—micro-highland and low-lying land—and

is divided into two parts in the north and south. Shan-hong

area is dominated by a Gobi-like bare land with a large exposed

surface area, limited conditions for vegetation growth, short and

sparsely distributed plants, and low-density rhizomatous plants,

mainly Leymus secalinus and Saussurea runcinata. The Quan-shui

area is located in the south of the small Sugan Lake, east of

the Dasugan Lake wetland center, low-lying, slow due to terrain

and sediment particles, and aquifer permeability decreases, the

underground water level rises gradually, and eventually overflows

the surface to form a linear or a planar overflow, which develops

to form a freshwater spring or a spring river, apart from the

formation of surface water in rivers and springs. In this area, there

is abundant vegetation. The vegetation is typical of a freshwater

spring, herbaceous marsh, and marsh meadow, such as Carex

reptabunda, Triglochin maritimum, and Polygonum sibiricum. The

He Hong area lies on the east side of the Sugan Lake wetland. Every

summer, the small Harteng flood of the river flows through the 215

national roads and forms small alluvial fans, thereby developing

the advantage for Leymus secalinus inland salt marsh wetland, the

scouring and silting of the flooding process, the influence of the

area formed by east–west silt erosion gully and terrace landscape. In

the erosion gullies and low-lying areas with seasonal surface water,

river wetland plants, such as Phragmites australis and Triglochin

maritimum, can be found. With increasing elevation, vegetation,

such as Leymus secalinus, distributed in the silt platform area, is

short and sparsely distributed due to the action of water and salt

stress, and the vegetation coverage is low.

2.3. Wetland community investigation and
remote sensing data acquisition

Based on the field investigation, a total of 146 sampling

sites with a relatively flat terrain in the study area were selected
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FIGURE 1

Sampling points of field survey data for the Sugan Lake wetland. (A) The study area is located in Aksai Kazak Autonomous County, Jiuquan City,

Gansu Province, China. (B) Functional partition and sampling point of the study area.

TABLE 1 The trend and level of significance of θslope.

Class θslope P R Classification

1 <0 P > 0.01 (−0.92,−0.5) More significant

negative correlation

2 <0 0.01 < P < 0.05 (−0.5,−0.25) Significant negative

correlation

3 <0 0.05 < P < 0.1 (−0.25, 0) No significant

negative correlation

4 >0 P > 0.10 (0, 0.5) No significant

positive correlation

5 >0 0.05 < P < 0.10 (0.5, 0.8) Significant positive

correlation

6 >0 0.00 < P < 0.05 (0.8, 1) More significant

positive correlation

From: Analysis of spatial and temporal changes of vegetation cover and its driving forces in

the Sugan Lake wetland.

(Figure 1), and 1m × 1m quadrates were set. From 15 August to

27 August 2020, a wetland community survey was conducted; the

names of the members of the vegetation community were recorded;

and the coverage, height, and density of the plant community were

measured and repeated three times.

Remote sensing data from the geospatial cloud (https://

earthexplorer.usgs.gov/) and Landsat (Landsat-5 TM/ETM and

Landsat-8 OLI) satellite remote sensing were used in this study.

To better identify wetland vegetation cover, imaging data from the

vegetation growing season (July to September) were selected as

much as possible, and the cloud cover of remote sensing images

in the study area was 10%. The satellite revisit period was 16 days

and the row number of the study area was 137, with a total of

30 scenes (Gauss–Kruger projection is universally used in image

projection systems and World Geodetic System 1984 (WGS84)

was the reference ellipsoid). The NDVI was calculated based on

radiometric calibration, atmospheric correction, and band fusion of

Landsat data under the ENVI5.1 software platform. The vegetation

coverage of each period was calculated using a binary pixel model.

2.4. Data acquisition of meteorological and
hydrological elements

The existing cold lake meteorological stations housed in the

area surrounding Sugan Lake were selected to obtain information

on temperature, precipitation, and average humidity data recorded

from 1990 to 2020 via the China Meteorological Science Data

Sharing Service network (http://cdc.cma.gov.cn/). Based on the

Landsat remote sensing images, the water area of the Sugan Lake

wetland was monitored from 1990 to 2020. The information

pertaining to the areas of Da and Xiao Sugan Lakes over the

last 30 years was extracted by combining supervised classification

and visual interpretation, while the density of the water system

was extracted by the index calculation. Groundwater and surface

runoff data recorded from 1990 to 2020 in the Akesesu Dry

Lake Basin were used for gathering information on ecological

background verification and eco-hydrological monitoring research

report (unpublished).

2.5. Research methods

2.5.1. Calculation of the NDVI
The normalized vegetation index was calculated as the ratio of

the difference between the values of the red spectral band (R) and

the near-infrared spectral band (NIR) to the sum of the values of

the two bands, as follows:

NDVI = (NIR− R)/(NIR+ R) (1)

Image data from 1990 to 2012 were obtained from band 3 (R

region) and band 4 (NIR region) of Landsat-5 TM/ETM images.
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Image data from 2013 to 2020 were obtained from Landsat-8 OLI

images in band 4 (R region) and band 5 (NIR region) and were

utilized for NDVI calculation (Mao et al., 2020).

2.5.2. Fractional vegetation cover
The FVC is an important variable for describing the quality

of vegetation and the changes in the ecosystem (Jiapaer et al.,

2011). In this study, the dimidiate pixel model was used to calculate

vegetation coverage using the following formula (Tong et al., 2016):

FVC = [(NDVI − NDVIsoil)/(NDVIveg − NDVIsoil)], (2)

where NDVIsoil and NDVIveg are the NDVI values of the pixels

completely covered by bare soil and vegetation and represent the

minimum and maximum NDVI values of a region, respectively.

NDVI values with cumulative frequencies of 2 and 98% were

selected as NDVIsoil and NDVIveg , respectively (Hao et al., 2020).

This study was conducted according to the technical

regulations stipulated for the investigation of land use status

quo and the technical regulations stipulated for the investigation

of wetland resources (2008). The vegetation coverage standard

of Sugan Lake wetland was formulated based on the wetland

community coverage, wetland type, wetland plant composition,

and other field wetland survey data. The studies were divided into

the following five coverage groups: very low vegetation coverage

(≤10%), low vegetation coverage (10%−30%), medium vegetation

coverage (30%−50%), high vegetation coverage (50%−70%), and

very high vegetation coverage (≥70%).

2.5.3. Calculation of the trend of vegetation
coverage change over time

A one-dimensional (1D) linear regression model was used to

analyze the interannual changes in vegetation cover in the Suganhu

Lake wetland from 1990 to 2020. The spatiotemporal characteristics

of vegetation coverage were displayed by comparing the differences

between individual image elements (Li et al., 2019). The t-test was

used to examine the correlation and significance level between

the two variables. Unary linear regression θslope was calculated

as follows:

θslope =

n×

n
∑

i=1
i× FVCi −

n
∑

i=1
i

n
∑

i=1
FVCi

n×

n
∑

i=1
i2 −

(

n
∑

i=1
i

)2
(3)

R =

√

√

√
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i=1 t

2
i −

1
n

(
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i=1 ti
)2
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i=1 X

2
i −

1
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∑n

i=1 Xi

)2
, (4)

where θslope is the θslope of the image element regression

equation; FVCi is the mean value of FVCi in the year i; n is the

monitoring time, and n=30. When θslope was =0, the FVCi of

the image element is unchanged. When θslope was >0, the FVCi

of the image element tends to increase; and when it is <0, the

image element tends to decrease. The correlation coefficient (R) was

used to determine the significance of the changing trend. When R

was <0, the vegetation cover tended to decrease, and when R was

>0, the vegetation cover tended to increase. A t-distribution was

used to test whether the variables were truly correlated with each

other and to determine the level of significance of their correlation

(Zhang et al., 2016). The θslope of the meta-regression line was

obtained based on Eq. (1) and the trend and significance were

classified into six levels based on the fitted correlation coefficient

that corresponded to the results of a t-test (Hao et al., 2020; Yang

et al., 2021) (Table 1).

2.5.4. The Pearson correlation coe�cient and
principal component analysis (PCA)

The correlation between vegetation coverage and climatic and

hydrological factors was calculated based on Pearson’s correlation

coefficient, as follows: If the joint distribution of the random

variables x and y is a two-dimensional (2D) normal distribution,

(x1, y1), (x2, y2),. . . , (xn, yn) is the nth independent observation

value, r represents Pearson’s correlation coefficient, and the

calculation formula is:

r =

∑n
i=1(xi −

−
x)(yi −

−
y)

√

∑n
i=1(xi −

−
x)

2
∑n

i=1(yi −
−
y)

2
(5)

where
−
x =

1
n

∑n
i=1 xi,

−
y =

1
n

∑n
i=1 yi, the range of the correlation

coefficient r is [1,−1], and the larger the value of r, the stronger the

correlation between variables.

Principal component analysis mainly analyzes the features

of the covariance matrix to minimize the data dimension while

maintaining the maximum contribution of the variance of the data

set. The specific calculation process is as follows:

1) Calculate the matrix X of the standardized data index, set

the number of relevant indicators as n and the number of sampling

sites asm, and then calculate the matrix as follows:

X =

∣

∣

∣

∣

∣

∣

∣

X11 · · · X1n

· · · · · · · · ·

Xm1 · · · Xmn

∣

∣

∣

∣

∣

∣

∣

(6)

2) Calculate the correlation coefficient matrix and obtain the

principal component:

rij =

n
∑

k=1

∣

∣

∣
(xki −

−
xi )

∣

∣

∣

∣

∣

∣
(xkj −

−
xj )

∣

∣

∣

√

n
∑

k=1

(xki −
−
xi )

2 n
∑

k=1

(xkj −
−
xj )

2
, (7)

where rij is the correlation coefficient between the ith index

and the jth index of the standardized data, and the correlation

coefficient matrix can be obtained.

3) Principal components with an eigenvalue >1 and a

cumulative variance contribution rate >85% were extracted.
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FIGURE 2

Measured and predicted vegetation coverage in 2020.

3. Results

3.1. Test of the degree of fitting of the
vegetation coverage

The linear regression model of vegetation coverage was

established based on the Landsat remote sensing data and the

measured values of vegetation coverage from the community

survey, and the pixel binary model was tested by the degree

of fitting. As shown in Figure 2, the estimated values of remote

sensing inversion and the measured values of the community

survey tended to be y = 0.8743x + 2.945 (R2 = 0.76, P ≤ 0.01).

The correlation degree was satisfactory and the fitting degree of

the linear model was high. The results showed that the vegetation

coverage simulated by a pixel dichotomous model based on remote

sensing data NDVI has high simulation accuracy and reliability in

the Sugan Lake inland salt marsh wetland.

3.2. Analysis of the temporal and spatial
variation in wetland vegetation coverage in
the Sugan Lake

3.2.1. Analysis of the interannual variation in
vegetation coverage

The interannual variation in vegetation coverage in the Sugan

Lake wetland from 1990 to 2020 is shown in Figure 3. Overall,

vegetation coverage exhibited a significant upward trend in this

wetland during this period. The maximum vegetation coverage

occurred in 2018 (32.12%) and the minimum in 1993 (12.8%).

The interannual variation in vegetation coverage in the Sugan

Lake wetland can be divided into two stages. From 1990 to 2002,

vegetation coverage showed a fluctuating but decreasing trend, and

from 2003 onward, vegetation coverage showed a fluctuating but

increasing trend, especially between 2016 and 2018.

3.2.2. Analysis of the spatial change in vegetation
coverage

Figure 4 shows the spatial distribution of vegetation coverage

in the Sugan Lake wetland in 2020. Vegetation coverage was very

FIGURE 3

The interannual variation in vegetation coverage in the Sugan Lake

wetland from 1990 to 2020.

FIGURE 4

Spatial distribution of vegetation coverage in the Sugan Lake

wetland in 2020.

low (<10%) at the edge of the wetland; low (10–30%) in the east of

the Dasugan Lake, Huahaizi, and the area surrounding Saishiteng

Village; medium (31–50%) mainly around the Da and Xiao Sugan

Lakes, the river beach in the south of Shuiyazi River, and the

waterlogged depression in the middle of the wetland; and high

(50–70%) or very high (71–100%) primarily in the center of the

wetland. Vegetation coverage was also high in a strip located in the

freshwater area south of the Xiao Sugan Lake, the spring outcrop

zone of the wetland, and the beach downstream of the Shuiyazi

River. In the eastern part of Dasugan Lake, the lake water is trapped

in low-lying areas due to flooding; here, the vegetation coverage

was ≤0.

3.2.3. The trend in vegetation coverage variation
The θslope and the corresponding correlation coefficient R were

calculated, and the ArcGIS 10.3 superposition analysis function

was used to obtain the spatial trend in vegetation coverage change

in the study area (Figure 5, Table 2). The trend in vegetation

coverage variation showed an increase overall, and the positive

area was larger than the negative area, indicative of an improving
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FIGURE 5

The trend in vegetation cover variation in the Sugan Lake wetland from 1990 to 2020.

trend in the wetland vegetation of Sugan Lake from 1990 to

2020. The proportion of area where the vegetation coverage

did not increase significantly was 40.06%, which was mainly

distributed in the center of the wetland and the river area. The

proportion of area with no significant decrease in vegetation

coverage was 52.04%. It is distributed primarily on the edge of

the Sugan Lake wetland and the area east of the Dasugan Lake.

However, in the area east of the Dasugan Lake, the proportion

of area showing an extremely significant decrease in vegetation

coverage was relatively small. The proportion of area in the

Sugan Lake wetland in which vegetation coverage increased

significantly was 5.87% and was mainly distributed in the area

surrounding Huahaizi.

Differences in the trend toward vegetation coverage change

were observed in different periods. The area showing a significant

decrease in vegetation coverage was the largest from 1990 to

2000, accounting for 0.26% of the total area. The area with a

non-significant decrease in FVC was the largest from 1990 to

2000 and from 2001 to 2010, accounting for 39.93% and 55.06%

of the total area, respectively. The area with a non-significant

decrease in vegetation coverage was 23.48% between 2011 and

2020. The maximum proportion of the area with a non-significant

increase in vegetation coverage was 48.26% and 39.46% of the

total area between 1990 and 2000 and between 2011 and 2020,

respectively, while the area with a non-significant increase in

vegetation coverage was 35.82% from 2001 to 2010 (Figure 5,

Table 2).

3.3. Characteristics of the variation in
vegetation coverage in di�erent
eco-hydrological zones

3.3.1. Change in vegetation coverage in the
ecological function zone of the Sugan Lake
wetland

Overall, the interannual change in vegetation coverage in

Quan-shui and He-hong areas showed an increasing trend

(Figure 6), with annual average values of 30.12 and 15.12%,

respectively. The maximum values of vegetation coverage in Quan-

shui and He-hong areas (44.08 and 27.58%, respectively) were

reached in 2018. The minimum values of vegetation coverage in

Quan-shui and He-hong areas were reached in 2002 and 2008

(18.97 and 6.18%, respectively). The average annual value of

vegetation coverage in the Shan-hong area was 8.75% and the

annual rate of change was−0.1187%. Themaximum andminimum

values of vegetation coverage were recorded in 1997 and 1993

(24.92 and 4.2%, respectively).

3.3.2. The trend in vegetation coverage variation
in the ecological function zone of Sugan Lake
wetland

Differences were found in the trends in vegetation

coverage among the regions. From 1990 to 2020, the area
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TABLE 2 The trend in vegetation coverage variation in various subareas of the Sugan Lake wetland from 1990 to 2020.

1990–
2000

2001–
2010

2011–
2020

1990–
2020

1990–
2000

2001–
2010

2011–
2020

1990–
2020

Slope Quan-shui area He-hong area

Extremely significant reduction 1.51 0.10 1.46 0.36 1.95 0.27 0.18 3.24

Significant reduction 19.71 2.98 2.88 1.25 3.88 1.28 1.26 0.26

Non-significant reduction 43.11 33.18 5.95 37.01 48.08 60.00 25.55 42.11

Non-significant increase 32.61 49.75 44.13 54.93 44.93 33.01 26.36 43.63

Significant increase 2.42 13.26 42.99 6.26 0.77 4.71 35.65 10.72

Extremely significant increase 0.64 0.74 2.58 0.18 0.49 0.73 10.99 0.04

Slope Shan-hong area Mean

Extremely significant reduction 0.43 0.13 0.09 0.65 1.29 0.17 0.58 1.42

Significant reduction 2.16 0.80 0.27 0.09 8.58 1.68 1.47 0.53

Non-significant reduction 28.59 72.01 38.93 77.00 39.93 55.06 23.48 52.04

Non-significant increase 67.25 24.70 47.88 21.61 48.26 35.82 39.46 40.06

Significant increase 1.22 2.15 12.63 0.61 1.47 6.71 30.42 5.87

Extremely significant increase 0.36 0.21 0.20 0.03 0.50 0.56 4.59 0.09

FIGURE 6

The interannual change in FVC in di�erent regions from 1990 to 2020.

with a non-significant increase in vegetation coverage in

Quan-shui accounted for 54.93% of the total area (Table 2),

while the area with an extremely significant increase and

an extremely significant decrease accounted for 0.18 and

0.36% of the total area, respectively. The area in He-hong

with a non-significant increase and a non-significant decrease

in vegetation coverage accounted for 42.11 and 43.63% of

the total area, respectively, while the area with a significant

decrease and an extremely significant increase in vegetation

coverage accounted for 0.26 and 0.04% of the total area,

respectively. In the Shan-hong region, the area with a non-

significant increase in vegetation coverage accounted for

77% of the total area, while the area with a significant

decrease and an extremely significant increase accounted

for 0.09% and 0.03% of the total area, respectively. During

the last 30 years, the area with a non-significant increase

in vegetation coverage in Quan-shui accounted for 49.75%

of the total area from 2001 to 2010 (Table 2). The areas in

He-hong and Shan-hong with a non-significant decrease in

vegetation coverage accounted for 60 and 72.01% of the total

area, respectively.

3.4. Analysis of the factors influencing
vegetation coverage in the Sugan Lake
wetland

3.4.1. Interannual variation in climate elements in
the Sugan Lake wetland

From 1990 to 2017, the temperature, precipitation, and

humidity of the Sugan Lake wetland showed an increasing trend.

The annual average temperature is 3.49◦C, the lowest mean annual

temperature was 2.65◦C in 1992, and the highest was 4.4◦C in 2017

(Figure 7). The annual average precipitation is 18.28mm, the lowest

average annual precipitation was 5.2mm in 2000, and the highest

was 35.8mm in 2019. The annual average relative humidity is 30%,

with a minimum of 23.46% in 1991 and a maximum of 37.63%

in 2007 (Figure 7).

3.4.2. Interannual variation in hydrological
elements in the Sugan Lake wetland

The interannual variation in the average lake area and

groundwater depth of the Sugan Lake wetland from 1990 to 2020
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FIGURE 7

Interannual variation in air temperature, precipitation, and humidity

in the Sugan Lake wetland.

is shown in Figure 8A. Over the past 30 years, the interannual

variation in the lake area of Dasugan Lake has increased, and the

average annual lake area was ∼107.42 m2. From 1990 to 2020, the

groundwater depth of the Sugan Lake wetland showed a decreasing

trend, and the average groundwater depth was 2.49 m.

Figure 8B shows the interannual variation in surface runoff

and drainage density in hydrological elements in the Sugan Lake

wetland from 1990 to 2020. Over the last 30 years, the average

annual surface runoff was 10.97 m3/s, and the maximum surface

runoff was 13.26 m3/s, which was recorded in 2020. The drainage

density of the Sugan Lake wetland showed an increasing trend over

the last 30 years, with an average value of 18.34%. The lowest water

system density was 13.76% in 1993 and the highest was 27.6% in

2018.

3.4.3. Analysis of the relationship between
vegetation coverage and climatic and
hydrological factors in the Sugan Lake wetland

We next explored the effects of climatic and hydrological

factors on the spatial distribution of vegetation coverage in

the Sugan Lake wetland. PCA and the Pearson correlation

coefficient were used to comprehensively analyze the influence

of climate (temperature, precipitation, and humidity), hydrology

(groundwater depth, surface runoff, lake area, and water density),

human activities (residential density), and other environmental

factors on vegetation coverage in the Sugan Lake wetland.

The results of the PCA showed that the variance contribution

rates of the first, second, and third principal components were

53.38, 13.82, and 12.63%, respectively, and their cumulative

contribution rates reached 79.82%, indicating that they had fully

summarized most of the indicators (Tables 3, 4). The index

coefficient of the first principal component can reflect the

contribution of the index to each principal component. Among

them, the first principal component contains the maximum

information and has the greatest influence on vegetation coverage.

From the perspective of the loading of the principal component,

the absolute values of correlation coefficients of groundwater depth,

residential density, surface runoff, precipitation, and lake area in

the first principal component are all>0.80. The results showed that

the vegetation coverage was mainly affected by precipitation, lake

area, surface runoff, groundwater depth, and residential density.

The second principal component shows that the temperature phase

relation value is 0.70, indicating that this component further reflects

the influence of temperature on vegetation coverage to a certain

extent based on the first principal component. In the third principal

component, the correlation coefficient of humidity was 0.84,

indicating that the influence of humidity on vegetation coverage

was further reflected based on the first principal component and

the second principal component.

The results of the Pearson correlation analysis showed that

there was a significant positive correlation between vegetation

coverage and precipitation, air temperature, lake surface area, and

water system density (P < 0.01) (Figure 9). Meanwhile, there was

a significant negative correlation between vegetation coverage and

groundwater depth (P < 0.01) and between vegetation coverage

and residential density (P < 0.05) (Figure 9).

The impacts of hydrological factors on FVC were different in

different regions. In the Quan-shui area, there was a significant

negative correlation between vegetation coverage and groundwater

depth (R2 =−0.54, P< 0.01). Vegetation coverage was significantly

positively correlated with surface runoff (R2 = 0.58, P < 0.01)

and precipitation (R2 = 0.56, P < 0.01), respectively. In the

He-hong area, vegetation coverage was significantly positively

correlated with surface runoff (R2 = 0.53, P < 0.01) but negatively

correlated with groundwater depth (R2 = −0.45, P < 0.05). In

the Shan-hong area, vegetation coverage was significantly positively

correlated with precipitation (R2 = 0.45, P < 0.05) and water

system density (R2 = 0.48, P< 0.01) but not significantly correlated

with hydrological factors (groundwater depth, surface runoff, and

lake surface area), and the correlation coefficient was low.

4. Discussion

Hydrological and climatic change characteristics are key

abiotic factors that affect salt marsh zonation. Temperature and

precipitation are the main abiotic determinants of the spatial

distribution of vegetation and affect the ecological processes of

plant communities and the growth cycle of plants (Liang et al.,

2015; Zhang et al., 2019). In this study, we found that vegetation

coverage in the Sugan Lake salt marsh showed an increasing

trend from 1990 to 2020, as did air temperature, precipitation,

and humidity. Vegetation coverage was positively correlated with

precipitation (R2 = 0.56, P < 0.01) and air temperature (R2 = 0.4,

P < 0.05). Precipitation is the main factor that affects the ecological

environment in arid desert areas and determines the growth and

development of wetland vegetation and the distribution of the

dominant population. The reason attributed to precipitation is

as follows: first, in the Sugan Lake wetland in the arid desert,

precipitation is vital for the growth of vegetation, with the increase

in average annual precipitation. On the one hand, it reduces

drought stress and provides the much-needed water for the

growth of vegetation. On the other hand, from both sides of

the mountain, flood and rain gather in a closed basin, and for
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FIGURE 8

Interannual variation in hydrological elements in the Sugan Lake wetland. (A) Lake area and groundwater depth of Dasugan Lake. (B) Interannual

variation in surface runo� and drainage density.

the development of marsh wetland, this pool of water provides

abundant water resources and promotes the growth of wet raw

halophytes. The vegetation coverage of the wetland was improved.

Second, the research area has an inland alpine climate, and the

temperature is relatively low. In this study, there was a significant

positive correlation between vegetation coverage and temperature

(R2 = 0.6, P < 0.05). An increase in temperature can enhance

the rate of photosynthesis, promote the synthesis and transport

of carbohydrates, promote water absorption and conductance

through the roots, and accelerate plant growth and development,

thereby increasing vegetation coverage (Yan et al., 2012; Coldren

et al., 2018). Climate warming and humidification are crucial to

the ecology and hydrology of high-altitude areas. Ougahi found

that, in high-altitude areas, with the rise of temperature, due to

the melting of snow, soil moisture increases and vegetation growth

becomes vigorous (Ougahi et al., 2022). Over the last 30 years,

vegetation coverage in the Sugan Lake wetland was positively

correlated with both air temperature and precipitation; however,

the correlation between vegetation coverage and precipitation was

greater than that between vegetation coverage and air temperature.

This suggests that the vegetation coverage of the Sugan Lake

wetland is more sensitive to precipitation than to air temperature,

which is consistent with that reported by Simpson (Simpson et al.,

2017). Solar radiation, as the main source of surface energy,

is also the most direct and important meteorological factor to

affect vegetation growth and development (Jiang et al., 2020).

Some scholars have found that, in high-altitude areas, a low

solar radiation limits vegetation growth, whereas an increase

in radiation enhances the net photosynthesis of vegetation and

thereby promotes vegetation growth, thus affecting vegetation

coverage (Fu and Shen, 2017, 2022; Han et al., 2022).

Hydrology is an important driving force of wetland ecosystems.

Under a constant climate, changes in hydrological parameters

affect the type and structure of wetland vegetation, which, in

turn, influence wetland ecosystem’s productivity (He et al., 2018).

The results of the present study showed that vegetation coverage

was positively correlated with surface area, surface runoff, and

drainage density and negatively correlated with groundwater depth

(P < 0.01, R2 = −0.55) in Sugan Lake. The correlation between

TABLE 3 The eigenvalues and the contribution rate of the principal

components.

Principal
component
analysis

Characteristic
value

Contribution
rate (%)

Cumulative
contribution

rate (%)

Z1 4.804 53.38 53.38

Z2 1.244 13.82 67.20

Z3 1.136 12.63 79.82

vegetation coverage and hydrological factors differed according

to the zone assessed. First, there was a very significant positive

correlation between vegetation coverage and water system density,

and lake area (R2 = 0.5, P < 0.05) in the Quan-shui area. The

main reason for this correlation is that the region is low-lying

and the groundwater outcrops gather into large waters and rivers.

Surface water has diluted the salinization of the surface soil of

the tidal flat and salt marsh wetland around the river, which

provides favorable environmental conditions for the growth and

development of wetland vegetation such as Carex reptabunda,

Triglochin maritimum, and Polygonum sibiricum. With the increase

in precipitation and temperature, snow and ice melts in the

surroundingmountains, seasonal flood, and surface runoff increase

and converge in the low-lying wetland center, resulting in an

increase of surface runoff and water system density in this region

(Dar et al., 2022). The surface water flows to Dasugan Lake, thus

increasing the surface area of the lake. The lake water flooding

diluted the soil salinization on the lake shore and provided

conditions for the growth of wet xerophytic vegetation such as

Phragmites australis and Saussurea salsa. Therefore, vegetation

coverage in the spring area increased significantly and extremely

significantly. Second, there was a significant positive correlation

between vegetation coverage and surface runoff (R2 = 0.53,

P < 0.05) in the He-hong area. This development takes place

mainly because, when both precipitation and temperature increase,

mountain ice and snow melt more, which intensifies the runoff

of the Large and Small Harteng rivers. The waters of the Large

and Small Harteng rivers converge on the area after passing
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TABLE 4 The factor loading matrix of the four principal components.

Principal component T P H LA GWD SR WD DS

Z1 0.19 0.82 0.06 0.95 −0.89 0.84 0.73 −0.84

Z2 0.70 0.08 −0.47 −0.18 0.07 0.05 −0.15 0.33

Z3 0.61 −0.13 0.84 0.00 0.05 −0.05 −0.12 −0.13

T, temperature; P, precipitation; H, humidity; LA, lake area; GWD, groundwater depth; SR, surface runoff; WD, river system density; DS, residential density.

FIGURE 9

Analysis of factors influencing vegetation coverage in di�erent subareas of the Sugan Lake wetland. FVC, vegetation coverage; T, temperature;

P, precipitation; H, humidity; LA, lake area; GWD, groundwater depth; SR, surface runo�; WD, river system density; DS, residential density.

through National Highway 215, eroding gullies and low-lying areas

and creating seasonal water on the surface to provide water for

vegetation growth. Finally, the Shan-hong area is mainly located

on the northern and southern edges of the Sugan Lake wetland.

This area is dominated by a Gobi-like bare land, with a large

exposed surface area and deep underground water burial depth,

which makes it difficult for plant roots to absorb underground

water, limited vegetation growth conditions, and short and sparse

plants. With the increase in precipitation and temperature, snow

and ice melting to water, seasonal floods, and precipitation in the

mountains on both sides provide the vegetation in this region

with the water needed for growth (Azmat et al., 2017). Vegetation

coverage is affected by precipitation and stream density but has

no significant correlation with groundwater depth, surface runoff,

the lake area, and other hydrological factors. It was found that

there was a significant negative correlation between vegetation

coverage and groundwater depth. The main reason for this

negative correlation is that, in the past 30 years, the surface

runoff and the area of the Great Sugan Lake increased, while

the groundwater depth decreased, which provided water resources

for the growth of vegetation in this area. In addition, human

disturbance (grazing) was weakened, the wetland eco-hydrological

Frontiers in Ecology andEvolution 11 frontiersin.org182

https://doi.org/10.3389/fevo.2023.1097817
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Kang et al. 10.3389/fevo.2023.1097817

environment improved, and consequently, the vegetation coverage

gradually increased. There was a significant negative correlation

between vegetation coverage and residential density (R2 = −0.47,

P < 0.01), which was consistent with Cheng’s research conclusion

(Cheng et al., 2017).

With the continuous advancement in remote sensing science

and technology, satellite remote sensing image has become an

important data source for earth observation. The inversion of

vegetation coverage based on multisource remote sensing data

is an important means to obtain a large range of long-time

series data. We should note that there may be limitations

or uncertainties in the data and methods used in this study.

First, the data of Landsat-5 TM/ETM and Landsat-8 OLI were

used in this study to retrieve vegetation coverage. On the one

hand, NDVI data may have certain uncertainties in reflecting

the actual vegetation status of salt marsh wetlands within 30

× 30m (Liu et al., 2022). On the other hand, some scholars

proposed that, when FVC reaches 80–90%, NDVI is nearly close

to saturation, considering that the supersaturation of NDVI may

have a certain impact on the inversion of vegetation coverage

(Shen et al., 2020, 2022). This uncertainty may affect the result

of the fitting test between predicted and measured vegetation

coverage. Therefore, high-resolution remote sensing images, such

as GF-2 image data, are considered for later research. Second,

this study only considered the effects of climate (temperature,

precipitation, and humidity) and hydrological factors on the

vegetation coverage of each zone, but the conditions affecting the

vegetation coverage of salt marsh wetlands are far more complex.

In our previous studies, we found that the spatial distribution

of vegetation coverage in the Sugan Lake wetland was patchy,

which was influenced by the depth of groundwater and the spatial

heterogeneity of soil as well as the total salt content in the

soil. Some previous studies have shown that solar radiation, as

the main source of surface energy, is also the most direct and

important meteorological factor that affects vegetation growth and

development. In addition, plant phenology, grazing, and human

activities also affect vegetation growth and vegetation coverage

(Chen et al., 2014; Fu et al., 2022; Wang et al., 2022; Zha

et al., 2022). In the future, it is necessary to comprehensively

consider the effects of solar radiation, plant phenology, grazing,

nitrogen input, soil environment, and other factors on the zoning

of vegetation communities and the spatial pattern of vegetation

coverage, which have an important practical significance in the

evaluation of the future ecological environment of the Sugan

Lake wetland.

5. Conclusion

In conclusion, based on the combination of a wetland

community survey and a remote sensing technology, the

characteristics of the spatial and temporal distribution of vegetation

coverage in the Sugan Lake wetland over the past 30 years

were analyzed using a binary pixel model. The results of the

present study showed that the dimidiate pixel model displayed

a high simulation accuracy in retrieving the vegetation coverage

in inland salt marsh wetlands. Over the past 30 years, vegetation

coverage of the Sugan Lake wetland showed an increasing trend,

and the trend in vegetation coverage variation differed according

to the region evaluated. Spatially, the high and low values

of vegetation coverage were distributed in patches. Vegetation

coverage was mainly affected by precipitation, lake area, surface

runoff, groundwater depth, and residential density. There was a

significant positive correlation between vegetation coverage and

precipitation (R2 = 0.56, P < 0.01) and lake area (R2 = 0.50,

P < 0.01) and between vegetation coverage and air temperature

(R2 = 0.46, P < 0.01) and river system density (R2 = 0.52,

P < 0.01). Vegetation coverage was negatively correlated with

groundwater depth (R2 = −0.57, P < 0.01) and resident

density (R2 = −0.38, P < 0.05). The correlation between FVC

and environmental factors also differed in a region-dependent

manner. We were able to draw the conclusions that, in a cold

climate background, a temperature rise is beneficial for vegetation

growth and development but precipitation has a greater impact

on vegetation.
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Introduction: Climate change, characterized by rising temperatures and

changing precipitation patterns, has emerged as a significant global concern.

Particularly, the warming potential of CH4 is 28 times greater than that of CO2,

leading to an increased focus on its impact. Among various ecosystems,

grasslands exhibit a high vulnerability to climate change. Grassland in Inner

Mongolia is an important component of the typical grassland in Eurasian, and

there was evidence that warmer and more precipitation in this area in future.

Methods: In this study, we utilized an open-top chamber (OTC) to conduct

warming and precipitation experiments on a representative steppe located in

Inner Mongolia in 2011. From 2017 to 2019, we monitored various factors,

including soil temperature, moisture, CH4 flux, community characteristics, soil

carbon nitrogen content. Subsequently, we analyzed the response of CH4 flux

and its influencing factors to warming and precipitation in this typical steppe.

Results: The soil in the typical steppe acted as a CH4 sink. In 2018, CH4 flux

during the growing season and t during the non-growing season were −59.31

and −21.21 under C, −56.55 and−31.17 under T,−41.34 and −24.93 under P, −50.09

and −26.51 ug C·m−2·h−1 under TP respectively. Warming stimulated absorption of

CH4 during the non-growing season (25.8%), while the addition of precipitation

hindered CH4 absorption during the growing season (76.37%). Warming and

precipitation addition decreased the percentage of CH4 absorbed in growing

season and increased that in non-growing season which account 67.66% and

32.34% under C, 59.81% and 40.19% under T, 62.71% and 37.29% under P, 62.03%

and 37.97% under TP respectively. Soil temperature exhibited a positive correlation

with CH4 flux (P<0.001), while the dominance of Leymus chinensis (IV-L.c.)

exhibited a negative correlation with CH4 flux (P<0.01). Moreover, NH4
+-N

displayed a positive correlation with CH4 flux (P<0.05).
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Conclusion: The findings suggest that CH4 absorption in a typical steppe may

increase in a warmer future, and warming is conducive to the absorption of CH4

in the non-growing season. Not only abiotic factors had an impact on CH4

absorption, but also changes in community composition. Consequently, further

exploration of the underlying mechanisms is warranted.
KEYWORDS

climate change, typical grassland, CH4, growing season, non-growing season
1 Introduction

Global warming has garnered considerable attention worldwide,

with the increasing concentration of carbon dioxide (CO2), methane

(CH4), and nitrous oxide (N2O) being significant contributors to

climate change (IPCC, 2021). CH4 the second-largest greenhouse

gas after CO2, possesses a potent warming potential and can raise

surface temperatures by absorbing long-wave radiation emitted by

the Earth’s surface. Grasslands represent crucial terrestrial

ecosystems, and the Inner Mongolian grassland, situated at the

eastern edge of Eurasia, serves as a vital ecological barrier in

northern China, making it highly susceptible to climate change.

Investigating the variations and influencing factors of greenhouse

gas fluxes in typical grasslands and understanding the feedback and

response of grassland ecosystems in the context of climate change

are of utmost importance.

Scholars have explored CH4 fluxes during both the growing and

non-growing seasons. For instance, CH4 absorption rates in alpine

meadows on the Qinghai-Tibet Plateau are higher in summer and

lower in winter (Chen W. et al., 2019). CH4 oxidative absorption

occurs in temperate semi-arid grasslands during winter with a low

absorption rate (Wang et al., 2011). Meadows exhibit net CH4

absorption throughout the year, primarily during the growing

season, while the non-growing season weakens the sink’s ability

to emit CH4 (Li et al., 2022). Warming affects CH4-producing and

oxidising bacteria by altering environmental factors such as soil

temperature, moisture, permeability, and nutrient levels within the

ecosystem (Dijkstra et al., 2011; Dijkstra et al., 2013; Lin et al.,

2015), consequently affecting soil CH4 flux. The results showed that

the methane oxidation rate was 0.14 ± 0.04mg·cm−2·d−1 in

grasslands with an annual average temperature of −7.8°C (Li

et al., 2020). In alpine grasslands with an annual average

temperature of 0.08°C, the methane oxidation rate significantly

increased with a 1°C temperature rises (Li et al., 2020). In the range

of −10 to 30°C, the amount of methane oxidation increases with the

increase of temperature (Chen et al., 2010). Furthermore, when the

soil temperature rises from 18°C to 28°C, the activity of

methanotrophs increases (Ma et al., 2016). Changes in

precipitation affect the production or oxidation processes of soil

CH4 and regulate its emission or absorption (Xu et al., 2015a). For

example, reduced precipitation promotes CH4 oxidation in tropical

and temperate forest soils, thereby enhancing CH4 uptake (Savi
02187
et al., 2016; Yan et al., 2019; Wu et al., 2020a; Wu et al., 2021). As the

temperature and precipitation vary across different grassland

ecosystems, the effects of temperature rise and precipitation

fluctuations on CH4 flux also differ among various grassland

types. Furthermore, limited continuous observations of CH4

fluxes in different seasons in previous studies have resulted in

gaps in understanding the influence of temperature and

precipitation changes on CH4 dynamics.

Climate change also affects soil carbon and nitrogen pools

(Zhang et al., 2018; Wei et al., 2020; Xie et al., 2020; Wang et al.,

2022) leading changes in methane flux. Soil soluble carbon and

nitrogen act as nutrient sources that influence the activity of

methanotrophs and control soil CH4 oxidation processes (Shukla

et al., 2013). For instance, changes in soil dissolved organic carbon

content can affect soil CH4 flux by limiting the carbon

mineralization process of methane-oxidizing bacteria, and

indirectly impact the soil CH4 oxidation process by affecting

other soil characteristics such as water content and soil inorganic

nitrogen content (Tate, 2015). Inorganic nitrogen has long been

considered an important factor in regulating soil CH4 oxidation

capacity. The addition of NH4
+ may inhibit, promote, or even have

no significant effect on the soil CH4 oxidation process (Bodelier,

2011; Shukla et al., 2013; Tate, 2015). Additionally, variations in

biomass, nutrient uptake, and photosynthetic characteristics among

different plant species contribute to differences in ecosystem

nitrogen and carbon cycles, as well as greenhouse gas fluxes (Han

and Chen, 2020). Alterations in plant species composition

significantly reduce CH4 flux, primarily due to a decrease in soil

active carbon content (such as microbial biomass carbon) and soil

enzyme activity (Luan et al., 2016). The effects of grassland species

richness and functional group presence on CH4 production found

that the emission flux of species mixtures can be significantly higher

than that of the species monoculture because of the significant

increase in biomass (Khalsa et al., 2014). Moreover, plant species

richness can significantly increase CH4 flux (Zhang et al., 2012).

However, few studies have examined how simulated climate change

affects CH4 flux through vegetation. While abiotic factors are often

considered when explaining the influencing factors of CH4, the

response of biological factors, particularly vegetation community

composition, to climate change is intuitively significant. Thus,

understanding the impact of climate change on CH4 flux should

not neglect the role of vegetation.
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To obtain more accurate observations of the feedback on the

CH4 flux and climate change, long-term monitoring is essential.

Therefore, the aim of this study was to conduct warming and

precipitation addition experiments in Inner Mongolia, China, in

2011, based on the climate change trend in temperate steppes. The

study sought to elucidate (1) how warming and precipitation

addition affect CH4 emission fluxes in temperate steppes,

particularly during the growing and non-growing seasons, and

(2) the main factors influencing CH4 fluxes. By monitoring

vegetation and soil nutrient changes and analysing their

relationship with greenhouse gas fluxes, we aimed to reveal the

response of greenhouse gas fluxes to climate change in a typical

steppe, providing further insights into the temporal dynamics and

influencing factors of CH4 flux in grassland ecosystems.
2 Research method

2.1 Study site

The study site is located at the Grassland Ecology Research Base

of Inner Mongolia University in Mauden Pasture (44°09’N, 116°

29’” E, 1102 m above sea level), 40 km east of XilinHot (Figure 1).

The region experiences a temperate continental climate

characterised by cold and dry winters and hot and humid

summers. The average annual temperature is 2.6°C, with the

lowest temperature occurring in January (−23.8°C) and the

highest temperature in July (24.9°C). The average annual

precipitation is 271.42 mm, concentrated between May and

September, which accounts for 87.3% of the total annual

precipitation. The annual evaporation ranges from 1600 to 1800

mm. The soil in the study area is chestnut soil, and the vegetation

type is typical steppe dominated by Stipa krylovii and

Leymus chinensis.
2.2 Experimental design

The simulated warming and precipitation addition experiment

commenced in July 2011 using open-top chamber (OTC). The OTC

were fixed in the plots throughout the year to avoid disturbance.

The warming treatment in this experiment was set at 2°C based on

the IPCC Fourth Assessment Report. The OTC is a cone-shaped

device made of polycarbonate (PC board) with a fan for

temperature control. The upper bottom surface diameter of the

OTC was 0.7 m, the lower bottom surface diameter was 1.2 m, and

the height was 0.4 m. Precipitation addition was conducted twice

each month during the growing season, equivalent to 20% of the

average monthly precipitation from 1961 to 2010 (Wan et al., 2018).

Precipitation was added after 18:00 to avoid damage to plants

during high daytime temperatures. Four treatments were applied:

control (CK), warming (T), warming and precipitation (TP), and

precipitation (P). Each treatment had 4 replicates, resulting in a

total of 16 experimental plots (Figure 1).

The greenhouse gas collection in this experiment used the

platform of warming and precipitation addition experiment to
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collect and measure greenhouse gases in 2017–2018 after 6 years

of continuous warming and precipitation addition and continued

the warming and precipitation addition experiment.
2.3 Determination method

2.3.1 Determination of soil temperature
and moisture

Temperature and moisture measurements were measured using

a data collector with a (temperature probe model: DS18B20;

humidity probe model: EC-5). Soil temperature and humidity

were recorded at 10 cm intervals, and data were automatically

recorded every 30 min.

2.3.2 Determination of greenhouse
gas concentration

Static chamber gas chromatography was used to measure

greenhouse gas concentration. The static chamber material was a

PVC cylinder with a diameter of 0.4 m and a height of 0.3 m, were.

The static chamber was placed at the base to collect the gas. Gas

samples were collected at 0, 10, 20, and 30 minutes and injected into

sealed glass gas cylinders. The sampling time was from May 2017 to

February 2019, with measurements taken every 7 days during the

growing season (May to early September) was measured every 7

days. During the spring freeze–thaw period (March to April), it was

measured every 4 days, in late September to October every 15 days,

and once a month from November to February of the following

year. The collected samples were analyzed for CH4 concentration

using gas chromatography (HP6890N, Agilent Company). The CH4

flux was calculated based on the difference in gas concentration

within the time range of the static chamber (70).
2.3.3 Investigation of community characteristics
The community characteristics and biomass were determined

using quadrat surveys. Monthly surveys were conducted during the

growing season (May to August) in each plot, with a sampling area

of 1×1m2. The surveys included assessments of community species

composition, density, and height.

At the end of August, the growing season, the quadrat was

selected outside the sample plot, and the plants in the quadrat were

cut off on the ground and seeded into envelopes. They were then

oven-dried at 65°C for 48 h to determine peak above-ground

biomass (Xu et al., 2015b). A regression equation was used to

calculate the biomass in the plot (Table S1).
2.3.4 Determination of soil carbon and nitrogen
Soil samples were collected at the end of August in 2017 and

2018, with the top 10 cm of soil collected using a 3 cm diameter soil

drill. Fresh soil samples were partially air-dried and passed through

a 0.15 mm sieve. The sieved soil was placed in tin cups for sample

packaging. The total carbon and nitrogen content of the soil were

determined using an elemental analyzer (Thermo Fisher, Thermo

Fisher Scientific, USA). The microbial biomass, carbon, and

nitrogen were determined using the chloroform fumigation
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method. After sieving the fresh soil through a 2 mm sieve, three

portions of fresh soil (20 g each) were weighed. One portion was

placed in an aluminum box and dried in an oven at 70°C to

determine dry weight. The remaining two soil samples were

placed in a 50 ml beaker. One of the beakers was placed into a

vacuum pumping vessel and, at the same time, placed in a beaker

containing 25 ml of chloroform. The chloroform was vacuum

boiled for 5 min, and the piston and air pump were closed. The

beaker was covered with black cloth, fumigated in the dark. for 24 h,

removed, vacuumed three times for 5 min each time, and vacuum

chloroform was added. Another beaker was used as a control

without the fumigation treatment; the other treatments were

consistent and placed under the same conditions. After 24 h, the

treated soil samples were transferred to centrifuge tubes, and each

bottle was injected with 50 ml 0.5 mol/L K2SO4 solution, shocked

for 30 min, centrifuged, and filtered, and the filtrate was analyzed

using a Multi N/C 3000 DOC analyzer (German Jena company).

The extractable carbon and nitrogen were converted to MBC and

MBN using conversion factors (Kec and Ken) of 0.45 both (Xu et al.,

2010). NH4
+-N and NO3

−−Nwere determined by a continuous flow

analyzer with 2 mol·L−1 KCL solution and water–soil ratio of 5:1.

The soil samples (10 g) were weighed, and distilled water was added

according to the ratio of water to soil (2:1). The soil samples were

shaken at 25°C for 30 min and filtered with 0.45 mm filter

membrane. The DOC and DON in the filtrate were determined

using a Multi N/C 3000 DOC analyzer (Jena, Germany).
2.4 Data calculation and analysis

2.4.1 Greenhouse gas flux calculation

F = r � h� DC
Dt

� 273:15
273:15 + T

Formula 1

In the formula, F is the greenhouse gas flux, CH4 flux unit is

(ug·m−2·h−1). A positive value represents emissions, and a negative

value represents absorption. r is the density of a greenhouse gas

under standard conditions, h is the height of the sampling static
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chamber (m), DC
Dt is the rate of change of a gas concentration with

time, and T is the air temperature (°C) at the time of sampling.

2.4.2 Data analysis method
Microsoft Excel 2016 and IBM SPSS Statistics 24.0 (SPSS Inc.,

Chicago, IL, USA) were utilized for data processing and analysis.

One-way analysis of variance (ANOVA) was employed to analyze

the significance of differences between different treatments, and

multiple comparisons were conducted using Duncan’s method.

Correlation analysis was performed to analyze the relationship

between greenhouse gas fluxes, environmental factors, and

nutrients (results of soil carbon and nitrogen used in correlation

heat map analysis in Table S2; results of community characteristics

used in correlation heat map analysis in Tables S3 and S4). We used

piecewise structural equation modelling (SEM) with AMOS 21.0

(Amos Development Co., Armonk, New York, USA) to evaluate the

effects of temperature and moisture changes on CH4 emissions by

affecting vegetation and soil carbon and nitrogen pools. Before

establishing SEM, we conducted a stepwise regression analysis of

CH4 flux and its influencing factors, and established formulas,

CH4= −337.40 + 146.27 IV-L.c + 3.03 MBN (F = 10.92, P = 0.001).

Finally, we verify the feasibility of the model through P > 0.05.
3 Results and analysis

3.1 Effects of warming and precipitation
addition on CH4 flux in typical steppe

Typical steppe soil acts as a sink for CH4, with higher CH4

absorption during the growing season compared to the non-

growing season (the percentage of CH4 absorption during the

growing season to the non-growing season ranges from 1.27 to

2.47) (Figures 2, 3, 4B). The average CH4 flux during the growing

season accounted for 55.80% to 69.71% of the entire year under

different treatments (Figure 4A), while the non-growing season

contributed 30.29% to 44.2% of the annual CH4 flux (Figure 4A).

Warming and precipitation addition decreased the percentage of
A B

FIGURE 1

Study site (A) and the schematic diagram of experimental warming design (B). Control (C), warming (T, warming 2 °C), warming plus precipitation
addition (TP, warming 2 °C plus precipitation addition 20%), and precipitation (P, precipitation addition 20%).
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CH4 absorbed in growing season and increased that in non-growing

season which account 67.66% and 32.34% under C, 59.81% and

40.19% under T, 62.71% and 37.29% under P, 62.03% and 37.97%

under TP respectively. The addition of precipitation (P treatment)

reduced the absorption of CH4 by the soil, likely due to decreased

soil permeability caused by increased precipitation, which hinders

the diffusion of CH4 into the soil. On the other hand, warming

promoted the absorption of CH4 in typical steppe ecosystems.
3.2 Relationships between CH4 and
environmental factors

Warming and precipitation addition significantly affected soil

temperature and moisture. Warming increased soil temperature

and decreased soil moisture, while precipitation addition decreased

soil temperature and increased soil moisture. Combined warming

and precipitation addition can alleviate the adverse effects of

individual warming on the soil environment (Wan et al., 2018).

Soil temperature showed a significant positive correlation with CH4

flux (P<0.001). In this study, the variation in soil surface

temperature explained the variation in CH4 flux well (R2=0.52)

(Figure 5). With seasonal changes, the decrease in soil moisture

caused by warming leaded to increased soil permeability (Juc´a and

Maciel, 2006; Lu et al., 2023), promoting the diffusion of CH4 from

the atmosphere into the deep soil and thereby enhancing CH4

absorption. In a typical steppe in semiarid areas, the increase in
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water may not reach the threshold level that affects methanotrophs,

hence no significant correlation between CH4 flux and soil surface

moisture was noted.
3.3 Relationships between CH4 flux with
soil factors and community factors

Community species diversity decreased, Leymus chinensis

biomass increased, and Stipa krylovii biomass decreased due to

warming and precipitation addition (community factors, soil

carbon, and nitrogen under warming and precipitation are shown

in Tables S2–S4).

The correlation heat map of CH4 flux, which used negative

values (higher absolute value indicating higher absorption),

revealed that IV-L. c. is positively correlated with CH4 flux

(P<0.01). The Simpson and Shannon indices were negatively

correlated with CH4 flux (P<0.05). NH4
+-N was negatively

correlated with CH4 flux (P<0.05). The increase in the dominance

of Leymus chinensis hampered CH4 absorption, whereas an increase

in species diversity and NH4
+ content promoted CH4 absorption.

CH4 flux was not only affected by soil carbon and nitrogen but also

by vegetation species diversity and dominant species

dominance (Figure 6).

Warming mainly affected CH4 flux by influencing IV-L. c.

Precipitation addition precipitation addition primarily affected

CH4 flux through its influence on soil nitrogen (Figure 7).
FIGURE 3

Effects of warming and precipitation addition on CH4 flux in growing and non-growing seasons.
FIGURE 2

Effect of warming and precipitation addition on CH4 flux.
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4 Discussion

4.1 Effects of warming and precipitation
addition on greenhouse gas flux
in typical steppe

Grassland ecosystems act as sinks for CH4. Air temperature is an

important factor that affects soil CH4 uptake, it can affect the activity

of methanotrophs in the soil. Within a certain temperature range, the

oxidation rate of CH4 in the soil increases with rising temperature.

Additionally, warming leads to reduced soil water content through

increased evaporation (Bokhorst et al., 2008), and soil water can exert

physiological pressure on methanotrophs, which in turn affects the

diffusion of CH4 in the soil (Luo et al., 2013; Li et al., 2015). In

addition to soil temperature, soil moisture is also an important factor

influencing CH4 flux. Decreased water content results in thinner
Frontiers in Ecology and Evolution 06191
plant roots, increased soil nitrogen cycling rates, enhanced

methanotrophic community, reduced methanogen community, and

increased CH4 uptake (Konda et al., 2010; Lawrence et al., 2015; Liu

et al., 2015). Water addition, on the other hand, reduces soil

permeability, hinders CH4 transmission from the atmosphere to

the soil, and decreases CH4 absorption (Conrad, 2007). However,

an increase in soil water content creates an anaerobic environment

favorable for CH4-producing bacteria, resulting in reduced CH4

absorption and increased CH4 emissions (Dijkstra et al., 2013). In

dry years, the increase in soil moisture caused by the addition of

precipitation did not reach the threshold level to affect

methanotrophs, thus having no significant impact on CH4 uptake

(Zhang et al., 2017). However, other studies have suggested that net

methane uptake increases with humidity under drought conditions

(Von et al., 2009). The results differed in 2017, which was a more

drought-prone year with higher temperatures and lower precipitation
A

B

FIGURE 4

Percentage of CH4 flux in growing season and non-growing season in the whole year and CH4 emission of GS to NGS. C, Control, no warming and
no precipitation addition; W, warming; P, precipitation addition; WP, warming plus precipitation addition; GS, growing season; NGS, non-growing
season; * significant at P<0.05.
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compared to the period of 2012–2022. Additionally, warming can

promote CH4 absorption, while precipitation had an inhibitory effect

on CH4 absorption, which is consistent with the results of Zhu et al.

(2015) and Xu et al. (2015a). This indicates that temperature and

water jointly regulate CH4 fluxes in typical steppes in arid and semi-

arid regions, with increasing temperature strengthening CH4

absorption in the area. Warming increased CH4 absorption was

closely correlated with soil temperature and soil moisture (Wang
Frontiers in Ecology and Evolution 07192
et al., 2021a). Warming-induced increase in soil temperature directly

enhances methanotrophic and decreases methanogen abundance

(Zheng et al., 2012; Peltoniemi et al., 2016), thus resulting in an

enhancement of soil CH4 absorption. Furthermore, a lower soil water

content was found under warming, which could have decreased

anaerobic conditions by increasing air permeability and O2 diffusion

in the soil (Chen et al., 2017), favoring microbial oxidation of CH4

(Dijkstra et al., 2013).
FIGURE 6

Correlation heat map of CH4 flux with soil factors and community factors. Significant differences shown at * P<0.05; ** P<=0.01; ***P<=0.001. IV-
L.c, important value of Leymus chinensis; IV-S.k, important value of Stipa krylovii; Margalef, Margalef richness index; Simpson, Simpson’s diversity;
TC, Total carbon; TN, Total nitrogen; NH4

+-N, Ammonniacal nitrogen; NO3
–N, Nitrate nitrogen; MBC, Microbial carbon; MBN, Microbial nitrogen;

DOC, Dissolved organic carboon; DON, Soluble organic nitrogen.
FIGURE 5

Correlation between soil temperature, soil moisture, and CH4 flux under warming and precipitation addition conditions.
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4.2 Effects of vegetation and soil
carbon and nitrogen on greenhouse
gas fluxes under warming and
precipitation addition conditions

Simulated warming and precipitation have significant effects on

soil carbon and nitrogen pools (Zhang et al., 2018; Wei et al., 2020;

Wang et al., 2022), and greenhouse gas emissions are closely related

to the stability of these pools (Wu et al., 2020b). Grasslands act as

sinks for CH4, and therefore, increased soil nitrogen can inhibit

CH4 oxidation by raising NH4
+ concentration, resulting in reduced

CH4 absorption. However, more soil nitrogen can alleviate the

nitrogen limitation in grassland soil microorganisms, enhance

microbial activity, and promote CH4 absorption. Thus, the effect

of soil nitrogen on grassland CH4 flux is complex and depends on

multiple factors. Previous studies have yielded different conclusions,

with some reporting that in Inner Mongolian grasslands, nitrogen

addition reduces soil CH4 uptake (Zhang et al., 2017). In the

Tianshan grassland, nitrogen addition promotes CH4 uptake in

(Li et al., 2012). Furthermore, the addition had no significant effect

on CH4 emissions (Zhao et al., 2017). In the present study, soil

NH4
+ promoted CH4 absorption, while soil NO3

− inhibited it. Soil

NO3
− increases soil redox potential, exerting osmotic pressure on

methanotrophs and exhibiting toxic effects on them. Long-term

nitrogen addition leads to changes in the methanotroph community

and reduced abundance, ultimately inhibiting CH4 absorption

(Treseder, 2008; Li et al., 2020). Thus, high concentrations of

NO3
− in soil can suppress methanotroph activity (Yue et al.,

2016; Chen S. et al., 2019; Zhang et al., 2019; Pan et al., 2022),

affecting their abundance and reducing CH4 absorption. Warming

and precipitation affected CH4 flux by influencing soil nitrogen.

Direct and indirect positive correlations were observed between

precipitation enhancement and soil N and CH4 fluxes. However,

increased temperature did not facilitate the effect of soil nitrogen or

promote greenhouse gas emissions. Considering the warming and

drying trends expected under future climate change, increasing CH4
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absorption in the typical steppe area of Inner Mongolia would

be beneficial.

Soil temperature and moisture explain most of the seasonal

variations in CH4 fluxes, but the effects of environmental factors on

greenhouse gas emissions and uptake are not only direct but also

indirect through their influence on soil nutrients and vegetation

growth (Shaver et al., 2000; Sampson et al., 2007; Aires et al., 2008;

Xu and Wan, 2008; Kuzyakov and Gavrichkova, 2010; Nakano and

Shinoda, 2010; Potthast et al., 2010; Phillips et al., 2012). Warming

can impact species richness by altering soil nutrient content and

plant interspecific relationships (Nogueira et al., 2017), while

increased water availability improves soil water availability,

alleviating the inhibitory effects of water deficit on plant growth

(Xu et al., 2014), thereby affecting species diversity. Higher species

diversity can promote biomass growth and significantly increase

CH4 flux (Zhang et al., 2012). Plant phenology, which influences

plant growth (Fu and Shen, 2022; Jiang et al., 2022; Han et al.,

2023a), also indirectly affects CH4 flux. Although this study did not

consider the impact of plant phenology on productivity and CH4

flux, it examined productivity and community structure under

relatively stable plant growth conditions, which can still reflect

community changes in response to environmental changes.

Warming increased the Simpson, Shannon–Wiener, and Pielou

indices (Table S3), and both the Simpson and Shannon indices were

negatively correlated with CH4 flux (P<0.05). Community

composition may also be related to plant production (Li et al.,

2014; Wang et al., 2021b; Wang et al., 2021c; Han et al., 2023b), and

changes in community composition and productivity have a

significant impact on CH4 flux (Zhang et al., 2012; Khalsa et al.,

2014). In this study, warming and precipitation addition

significantly increased the dominance of the Leymus chinensis

population and decreased the dominance of Stipa krylovii

population (Table S4), and IV-L.c was significantly positively

correlated with the CH4 flux (P<0.01). Warming primarily

affected CH4 flux through changes in species dominance. As a

dominant species, the increased biomass of Leymus chinensis in the
FIGURE 7

SEM model analysis of the influence mechanism of warming and precipitation on CH4 emission. Chi-square = 0.034; Probability level = 0.854.
Significant differences shown at * P<0.05; ** P<=0.01; ***P<=0.001. IV-L.c, important value of Leyms chinensis; MBN, microbial biomass nitrogen.
The thickness of the lines indicated the strength of the correlation. Green lines represent a significant positive correlation; red line represents a
significant negative correlation; blue lines indicate that the correlation is not significant.
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community and its inhibitory effect on CH4 absorption was

stronger. This showed that the dominance of Leymus chinensis

increases and the species diversity index decreases, which

aggravates the inhibition of CH4 absorption and weakens

the function of the CH4 sink under a warmer future in

typical grasslands.

It is well known that soil CH4 fluxes are determined by the

balance between CH4 production from methanogens and CH4

oxidation from methanotrophs (Prabhu et al., 2013; Christiansen

et al., 2015). Multiple studies have shown that soil microbial

community structure was influenced by warming and

precipitation changes (Yu et al., 2019; Zhang et al., 2021; Han

et al., 2022; Zhong and Fu, 2022). Methanogenic bacteria typically

exist in anaerobic environments, and long periods of soil water

deficiency, increase contact with soil oxygen, making it difficult to

establish low oxidation reduction potential for CH4 absorption

through anaerobic respiration (Yang et al., 2017). The lower soil

moisture under warming could lead to higher potential redox

conditions, in which microbes degraded SOC by gradually using

electron acceptors with higher redox potentials, leading to

conditions less suitable for methanogenesis (Johnston et al., 2019;

Tano et al., 2020). Meanwhile, soil oxygen content could increase

with the decline of soil moisture, resulting in more favorable

conditions for methane oxidation (Li et al., 2020). While this

study mainly considered the impact of environmental factors and

plant community characteristics on CH4, future research could

improve our ability for projecting future CH4 absorption changes

via a better understanding of microbial mechanisms in response to

climate changes (Cavicchioli et al., 2019; Guo et al., 2020).
5 Conclusion

1) The typical grassland soil was sink of CH4. CH4 flux during

non-growing seasons accounted for a large proportion of whole

year, which account for 30.29% ~ 44.20% under different treatments

and was an indispensable part of CH4 flux. Warming promoted the

CH4 absorption flux during the non-growing seasons, while

precipitation addition inhibited that during the growing seasons

compared with C. Warming and precipitation addition both

reduced the proportion of CH4 flux in the growing season to the

whole year, and increased the proportion in the non-growing

season, and the effect of warming was stronger than that of

precipitation addition on that. Warming and precipitation

addition increased the percentage of CH4 absorbed in non-

growing season which account 32.34% under C, 40.19% under T,

37.29% under P, 37.97% under TP respectively.

2) Increase of soil temperature, soil NH4
+-N content and species

diversity were conducive to CH4 absorption, but the increase of

Leymus chinensis dominance was not conducive to that. Under

future climate warming, the increase in Leymus chinensis

population dominance and decrease in the species diversity index

will further inhibit the absorption of CH4 and weaken the function
Frontiers in Ecology and Evolution 09194
of the CH4 sink in a typical steppe. However, there are many other

ways in which warming affects CH4 absorption, and the results

showed that warming promoted CH4 absorption. Therefore, we

need to explore the mechanisms by which different factors affect

CH4 flux in the future.
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Remote sensing and
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in the Small Sanjiang Plain,
Northeast China
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Xuanyu Duan1,2, Jihan Hu1,2, Yangyang Zhang1,2, Yidan Xie1,2,
Xincai Qiu1,2, Wenfeng Gong1,2*, Tao Liu3* and Tiedong Liu1,2*

1Intelligent Forestry Key Laboratory, School of Forestry, Hainan University, Haikou, China, 2Key
Laboratory of Genetics and Germplasm Innovation of Tropical Special Forest Trees and Ornamental
Plants, Ministry of Education, School of Forestry, Hainan University, Haikou, China, 3College of
Hydraulic and Electrical Engineering, Heilongjiang University, Harbin, China
Introduction: The plain marsh wetland ecosystems are sensitive to changes in

the natural environment and the intensity of human activities. The Sanjiang Plain

is China’s largest area of concentrated marsh wetland, the Small Sanjiang Plain is

the most important component of the Sanjiang Plain. However, with the

acceleration of the urbanization and development of large-scale agricultural

reclamation activities in the Small Sanjiang Plain in Northeast China, the wetland

has been seriously damaged. In light of this degradation this study examines the

Small Sanjiang Plain.

Methods: From the four aspects of area, structure, function, and human activities,

we try to construct a wetland degradation comprehensive index (WDCI) in cold

region with expert scoring methods and analytic hierarchy process (AHP), coupled

with network and administrative unit. The objective was to reveal the degradation

of wetlands in Northeast China over three decades at a regional scale.

Results: The results showed that (1) the overall wetland area decreased between

1990 and 2020 by 39.26×103 hm2. Within this period a significant decrease of

336.56×103 hm2 occurred between 1990 and 200 and a significant increase of

214.62×103 hm2 occurred between 2010 and 2020. (2) In terms of structural

changes, the fractal dimension (FRAC) has the same trend as the Landscape

Fragmentation Index (LFI) with little change. (3) In terms of functional changes,

the average above-ground biomass (AGB) increased from 1029.73 kg/hm2 to

1405.38 kg/hm2 between 1990 and 2020 in the study area. (4) In terms of human

activities, the average human disturbance was 0.52, 0.46, 0.57 and 0.53 in 1990,

2000, 2010 and 2020, with the highest in 2010. (5) The composite wetland

degradation index shows that the most severe wetland degradation was 49.61%

in 2010 occurred between 1990 and 2020. (6) Among the severely deteriorated

trajectory types in 2010–2020,mild degradation→ serious degradation accounted

for the largest area of 240.23×103 hm2, and the significant improvement trajectory

type in 1990–2000 accounted for the largest area of 238.50×103 hm2.
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Discussion: In brief, we conclude that the degradation of the Small Sanjiang Plain

wetland was caused mainly by construction, overgrazing, deforestation, and

farmland reclamation. This study can also provide new views for monitoring and

managing wetland degradation by remote sensing in cold regions.
KEYWORDS

wetland, ecological degradation assessment, remote sensing, land use, Small Sanjiang
Plain, Northeast China
1 Introduction

Wetlands are among the most important and valuable

ecosystems on Earth (Dar et al., 2020). They play a critical role in

protecting rare species and biodiversity, maintaining ecological

balance, protecting water sources, regulating climate, and

controlling soil erosion (Erwin, 2009; Myers et al., 2013).

Moreover wetlands are one of the most important carbon

reservoirs on Earth, absorbing huge amounts of atmospheric

carbon dioxide and regulating regional climate (Sileshi et al.,

2020; Slagter et al., 2020). However, studies have shown that up

to 54% of the global wetland area has been lost since 1900 (Jie et al.,

2021), and the severe situation of wetland degradation and area

shrinkage has become globally recognized, with the natural

environment and human activities often cited as the main drivers

of wetland degradation (Rashid et al., 2022). In particular, the

combined effects of human activities such as rapid urbanization and

agricultural intensification have accelerated the shrinkage of natural

wetland areas and the degradation of wetland ecological functions,

seriously disturbing regional wetland ecosystems and increasing the

vulnerability of wetlands (Liu et al., 2013; Dar et al., 2021).

Therefore, it is of great importance for the sustainable

development of the regional economy and environment to

strengthen research on the characteristics of regional wetland

degradation and its spatiotemporal patterns of change.

Wetland degradation assessment occupies an important

position in the study of wetland restoration ecology, and is a

fundamental work to carry out restoration and management of

degraded wetlands. Initially, evaluation indicators were mainly

focused on chemical and biological aspects (Van Dam et al.,

1998), and as the understanding of ecosystem structure and

function continued to improve, wetland degradation evaluation

methods based on a variety of biological indicators ,

hydrogeomorphology, socioculture and policy factors gradually

emerged (Miller and Wardrop, 2006; Gianopulos, 2018; Zekarias

et al., 2021; Zhao et al., 2021) Currently, international studies on

wetland degradation have mostly focused on the functional aspects

of wetlands, mainly emphasizing the destruction of wetland

functions and values by the impacts of human activities (Van

Dam et al., 1998). Studies of wetland degradation in China have

mostly focused on the dynamic processes of wetland degradation in

time and space (Shen et al., 2019; Hu et al., 2020). However, most

studies have neglected to combine the effects of human disturbance
02198
on the spatial and temporal patterns of regional wetland ecological

degradation, ecosystem function and structure (Kotze et al., 2012;

Behn et al., 2018; Niu et al., 2022). Therefore, under the background

of human activity interference, it is particularly important to

construct the unit, which combines the geographic grid with

administrative division, to analyze the spatiotemporal

differentiation of regional wetland degradation.

Multiband, multispectral, and high-resolution remote sensing

technology and GIS have been widely used in monitoring wetland

dynamics and to research the patterns and causes of wetland

degradation (Held et al., 2003; Lhermitte et al., 2011; Houborg

et al., 2015; Zhu et al., 2022). Some scholars have extracted the

Land-Use/Land-Cover (LULC) databases based on remote sensing

data and constructed remote sensing models to quantitatively and

qualitatively explore and evaluate the spatial and temporal patterns

of regional wetland shrinkage and degradation (Jiang et al., 2017;

Lin et al., 2021; Cui et al., 2022). Cui et al. (2015) established a

comprehensive model of wetland ecological degradation based on

regional habitat succession and, combined with remote sensing

images, proved that human disturbance and species invasion were

the main causes of coastal wetland degradation in Jiangsu Province,

China. Zhu et al. (2022) extracted the lake area, vegetation cover,

and soil degradation from multitemporal remote sensing (TM,

ETM and OLI) and constructed a new wetland degradation index

to assess the degree of lake wetland degradation in the Bashang

Plateau. Yang et al. (2021) used remote sensing and point of interest

(POI) data to assess the ecological status of a wetland in Suzhou,

China. It has been found that 3S technology (Geographic

Information System, GIS; Global Positioning System, GPS; and

Remote Sensing, RS) can accurately reveal the spatiotemporal

variation in wetland ecological degradation across scales (Yin and

Cheng, 2019). However, most studies have focused mainly on

coastal wetlands from near-tropical to tropical regions. Due to the

impact of different natural conditions and human activities, there is

no unified evaluation index system to assess the dynamics and

degradation of wetlands in cold areas, and there are relatively few

studies on the spatiotemporal trends of wetland ecological

degradation in cold areas.

Northeast China has the largest area of inland marshes in

China, and thus, it represents a globally significant wetland

region, particularly in relation to cold climate wetlands. The

Sanjiang Plain in Northeast China is the largest and most

concentrated, marsh wetland of its type in China (Luo et al.,
frontiersin.org
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2022). The wetlands of the Sanjiang Plain function to purify water,

conserve soil, control pollution and provide habitat for wild animals

and plants. The wetlands provide climate regulation, water

conservation and flood disaster control in Northeast China,

supporting industrial and agricultural production and people’s

livelihoods. The region is also an important commodity grain

base in China. Since the middle of the 20th century, under the

dual influence of large-scale agricultural reclamation activities and

regional natural environment changes in China (Yan, 2020).

Natural landscapes such as grasslands, lakes, forests, and complex

natural marshes were gradually transformed into single-structure

sites, such as cultivated land (Liu and Ma, 2000). The reclamation of

natural wetlands into paddy fields or dry fields leads to a significant

decline in evaporation, an increase in the runoff coefficient, a

downward trend in groundwater level in some areas, a weakening

or loss of the “carbon sink” function and a transition into a “carbon

source”, a decrease in CH4 flux and other negative effects. In the

process of transforming from the “Northern Wilderness” to the

“Northern Warehouse”, the wetland ecosystem has been severely

damaged by wetland atrophy and degradation, and the plant

community structure and function of degraded wetland have

obviously changed, weakening the ecological function of the

wetland (Chen et al., 2020).

The Small Sanjiang Plain is the most prominent area

experiencing wetland ecological degradation within the Sanjiang

Plain region. The regional natural ecosystem dominated by

wetlands and grassland was gradually transformed into an

agricultural ecosystem mainly consisting of farmland, and this

change has resulted in a sharp shrinkage of the regional wetland

area, land salinization, a decline in the area of landscape patches,

and an increase in fragmentation (Wan et al., 2015). Furthermore,

regional ecosystem stability and national food ecological security

will be affected. Most current studies have focused on land use and

landscape pattern change (Wan et al., 2015), the loss of ecosystem

services (Chen et al., 2020) and biodiversity changes (Qu et al.,

2022). However, there have been few comprehensive assessments of

degraded wetlands in terms of wetland area, structure, and function

in combination with human activity. Currently, there is no

international standard methods or comprehensive index used to

assess the degradation status of wetlands in the cold areas of

Northeast China (Shen and Liu, 2021). Therefore, based on the

wetland changes and human disturbance in the study area, this

paper analyzes the spatiotemporal variation in long-term wetland

degradation as well as the main causes of and the response

mechanism to human disturbance activities. In so doing, the

study provides a scientific basis for the ecological restoration of

degraded wetlands and the promotion of the regional

ecological security.

Based on the aforementioned background, this study focuses on

the Small Sanjiang Plain and attempts to construct a wetland

degradation comprehensive index (WDCI) for cold region

wetlands based on four components of wetland character: area,

structure, function, and human activities, to reveal spatial and

temporal patterns in relation to the degradation status of the

wetlands in the cold region of Northeast China at a regional scale.

The specific research objectives were: 1) study the changes in the
Frontiers in Ecology and Evolution 03199
spatial distribution pattern of wetlands in the Small Sanjiang Plain

and the mechanisms driving the observed spatiotemporal patterns;

2) construct a comprehensive index to assess the degree of wetland

degradation due to human disturbance; 3) use the geo-atlas to

develop a conceptual model describing spatiotemporal variation in

wetland degradation; 4) explore the mechanisms linking wetland

response to human activity and disturbance intensity over time; and

5) provide a technical reference and theoretical basis for the

protection, restoration, and development and utilization of

regional wetlands.
2 Materials and methods

2.1 Study area

The Small Sanjiang Plain is located in the Sanjiang Plain north

of the Wanda Mountains in Heilongjiang Province, China (nd)

(46°20′40″~ 48°27′40″N, 129°11′20″~ 135°05′26″E). The total area
is 4.55×104 km2, with 78.4% plain region and 21.6% mountainous

region. The overall topography is high in the southwest and low in

the northeast (Figure 1). The Small Sanjiang Plain is an alluvial

plain formed by the alluvial deposits of the Heilongjiang, Ussuri and

Songhua Rivers. It is rich in freshwater marshes and wetlands. Its

annual precipitation ranges from 500 to 600 mm. The soil air

permeability is between 0.0013 and 0.00066 cm s−1. Due to

abundant rainfall and special soil characteristics, a large area of

wetlands has formed in this area (Liu et al., 2016). The Small

Sanjiang Plain is also listed as a major wetland reserve in Asia and

China, with several nature reserves, such as the Sanjiang Nature

Reserve and Honghe Nature Reserve (Luo et al., 2022).
2.2 Data sources and processing

2.2.1 Data source
In this study, the satellite remote sensing data of Landsat 5

(1990, 2000 and 2010) and Landsat TM8 (2020) were used as the

main data source (30 m×30 m), and both were from the geospatial

data Cloud platform (https://www.gscloud.cn/). Remote sensing

data were selected from mid-May to mid-September. Remote

sensing images in this period have high quality, zero or very few

clouds, and meet the requirements of reflecting surface information

to the maximum extent (Wang, 2021).

Other data mainly included 1:50,000 topographic maps,

drainage maps, hydrogeological maps, some soil distribution

maps, geomorphological maps, some field survey data, some land

use maps, and administrative division maps of state farms in the

study area, which were obtained from local government databases.

Various statistical yearbook data (socioeconomic) and historical

information were also collected (http://tjj.hlj.gov.cn/tjsj/).

2.2.2 Data processing
Complete pre-processing was conducted using the image

processing software ENVI5.4 (Exelis Visual Information

Solutions, Inc.), e.g., radiometric correction, geometric correction,
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image enhancement, mosaicking and image cropping of remote

sensing images in different periods. Based on China’s land

classification system and the actual land use situation in the Small

Sanjiang Plain, the land use types in the study area were classified

into cropland, forestland, grassland, water area, built-up land and

wetland. With the help of field survey data and collected land use

data, the land use interpretation of the study area was completed

based on maximum likelihood classification (MLC) and human–

computer interaction. With reference to Google Earth (Google,

Inc.) and field survey data, the accuracy of the image classification

was evaluated using the statistical accuracy verification method of

sampling, and the overall classification accuracy was guaranteed to

be greater than 85%; data were stored in ArcGIS10.8

(Environmental Systems Research Institute) in GRID format.

In addition, the quantitative extraction of the normalized

difference vegetation index (NDVI), difference vegetation index

(DVI) and ratio vegetation index (RVI) was achieved by ENVI

5.4. This study also extracted quantitative remote sensing

information variables such as individual principal components

(PC1, PC2, PC3) and individual components of tassel hat

transformation (BRIGHT, GREEN, WET), based on which the

aboveground biomass model was constructed.
2.3 Analysis of ecological degradation
processes in wetlands

To investigate the spatial heterogeneity of wetland degradation

in the Small Sanjiang Plain (Li et al., 2021; Wu et al., 2021), this

study used a 5 km×5 km grid for equally spaced sampling of the

study area. The study area was divided into 732 sampling grid cells,

and a comprehensive model of wetland degradation based on the

characteristics of wetland attributes such as area, structure,

function, and human activities was constructed. The spatial

interpolation of wetland degradation was carried out based on
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kriging interpolation, and the grid was used to analyze the

regional wetland degradation status and its spatial and temporal

differentiation patterns.

2.3.1 Area
The reduction in wetland area is the most direct embodiment

and an important indicator of wetland ecosystem degradation. In

this paper, the rate of change in wetland area (RAC) was used to

reveal the change in wetlands (Shen et al., 2019). The formula is as

follows:

RAC=
EA�IA

IA
�100%

where EA is the wetland area at the end of the study period, and

IA is the initial wetland area in the study period.
2.3.2 Structure
The quantitative analysis of wetland landscape pattern dynamics is

helpful for grasping the characteristics of regional wetland resources

and provides a basis for effective wetland planning, protection and

management (Wang et al., 2000; Gong et al., 2020). Therefore, the

fractal dimension (FRAC) and landscape fragmentation index (LFI)

were selected to characterize the degradation of wetland landscape

structure in this study. The FRAC is described quantitatively in terms

of the core area landscape, patch size, and study area boundary line

curvature, expressed by the mean patch fractional dimension (MPFD),

as shown in the formula:

MPFD = (o
m

i=1
o
n

j=1

2ln(0:25Pij)

lnaij

" #
)=N

where Pij is the perimeter (m) of computing unit ij, aij is the area

(m2) of computing unit ij, N is the number of patches in the

landscape, m is the number of landscape types, and n is the number

of patches of a certain type of landscape.
FIGURE 1

Location of the Small Sanjiang Plain Region in Heilongjiang Province.
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The LFI reflects the complexity of landscape spatial structure

and the degree of landscape fragmentation, as shown in the

formula:

LFI=o½NPt+1(i,j)−NPt(i,j)�=oA(i,j)

where t is the start time of the study period, t+1 is the end time

of the study period, NPt is the number of plaques at the beginning of

the study period in the calculation unit, NPt+1 is the number of

plaques at the end of the study period in the calculation unit, A is

the total area (m2) of the calculation unit, and (i,j) is the location of

the calculation unit.

2.3.3 Function
The wetland ecosystem provides a range of ecosystem services

in relation to water conservation, biodiversity maintenance, and

climate regulation, and wetland vegetation is important to these

wetland ecosystem functions and an important component of

wetland ecosystems generally. The aboveground biomass (AGB)

and vegetation cover density (VCD) of wetland vegetation are not

only essential indicators that can be used to reflect the function of

the wetland ecosystem but also key elements that can be used to

scientifically evaluate degradation and reveal the mechanisms

driving this degradation. Moreover, AGB and VCD can reflect the

proportion of vegetation in a certain area from a macroscopic

perspective, which can more intuitively show the extent of the role

of wetland ecosystem function and the degree of restoration. With

reference to relevant research (Han et al., 2014), this study used a

regression model best suited to the inverse model of the AGB of

vegetation in the Small Sanjiang wetland, with the following

formula:

AGB=7943:815TM1−64609:656TM2
−26919:853TM3+9985:581TM5
−6399:439TM7−21527:197WET
−649:473NDVI−352:876RVI
+23116:377PC2+7397:939  R2=0:813ð Þ

where TM1-3, TM5 and TM7 are band reflectances, and WET is

the humidity component of the tasseled cap transformation.NDVI and

RVI are the normalized difference vegetation index and ratio vegetation

index, respectively; PC2 is the second principal component.

The NDVI is the best indicator of vegetation growth status and

VCD (Pu et al., 2008). The pixel dichotomous model is widely used
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in the remote sensing estimation of vegetation coverage, and the

NDVI data are mostly used in estimation, as shown in the formula:

VCDi=(NDVIi−NDVIsoil)=(NDVIveg−NDVIsoil)

where VCDi is the vegetation coverage of the ith period, NDVIi
is the normalized difference vegetation index of the i period,

NDVIsoil is the normalized difference vegetation index of a bare

ground (or bare sand) observation pixel, and NDVIveg is the

normalized difference vegetation index of a pixel completely

covered by vegetation.

2.3.4 Human activity
Human disturbance to wetlands caused by rapid urbanization and

excessive industrial and agricultural development is visually reflected

by the structure and composition of wetland ecosystems (Zeng and Liu,

1999). Negative human disturbances have led to a drastic reduction in

the area of natural wetlands and significant changes in the type of

wetland and the distribution of wetlands in the landscape. In this study,

the extent of human activity was mainly realized using the Hemeroby

index (HI) and the human disturbance index (HD), which have been

widely used in a range of settings, including wetlands, towns and

mountains (Zhou et al., 2018). Based on existing research results (Hill

et al., 2002; Chen et al., 2010; Liu et al., 2016), to reveal the extent of

regional human disturbance activities on the wetland ecosystems of the

Small Sanjiang Plain or the impact of damaged ecosystems and their

composition, this study coupled regional administrative units and

sampling grids and combined them with the landscape types and

actual conditions of wetland ecosystems in the cold region of China

(Table 1) (Liu et al., 2004a; Wang Z. et al., 2011; Song et al., 2014). The

human disturbance index was assigned to six landscape types in the

study area, and a comprehensive degree of human disturbance model

based on the weight of the surface coverage area was used to calculate

and assess the intensity of human activities (HD′) within different

evaluation units.

The following formulas were used to calculate the degree of

human disturbance in grid cells and human activities in grid cells:

HD=o
m

i=1
HIi∙Si
S

TABLE 1 Landscape type considered interference degree assignment table (Liu et al., 2016).

Interference type Landscape types Index of interference

No-interference Wetland 0.10

Waters 0.23

Semi-interference Forestland 0.55

Grassland 0.58

Cropland 0.67

Full-interference Built-up land 0.95
No-interference: almost no interference; Semi-interference: combined man-made and natural effects, mainly for agriculture and aquaculture and other ecosystems; Full-interference: man-made
features, such as highways, etc.
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HI=o
m

i=1
a

Ai

A

� �
∙Ci

where HD is the degree of human interference, HIi is the

interference index of the class i landscape type, Si is the area of

the class i landscape type, S is the total area of grid cells, m is the

number of landscape types in the calculation unit, Ai is the area of

the ith type of landscape type in the calculation unit, A is the total

area of the calculation unit, and Ci is the disturbance index

corresponding to the ith type of landscape type.

HD0=1−HDi

where HDi is the normalized index of the human interference

degree in period i.
2.4 Wetland ecological degradation
evaluation model

The Small Sanjiang Plain wetlands belong to the mid-latitude

cold region in Northeast China and have a fragile ecological

environment. Moreover, there is no unified evaluation index

system for wetland degradation risk assessment in cold regions.

This study was based on the actual condition of wetlands in cold

areas, and the relevant wetland degradation assessment studies were

conducted in concert with the “Technical Specification of Ecological

Effects Assessment of Ecosystem Protection and Recovery in San

Jiang Yuan Region” (DB 63/T1342-2015,2015) (Shen et al., 2019)

from the perspective of natural and human coercion and wetland

area, ecosystem structure, function, stress coercion and degradation.

After expert identification and screening of four characterization

wetland degradation evaluation systems, wetland area degradation,

structural degradation, functional degradation and human

activities, the weights of the evaluation systems were determined

based on the analytic hierarchy process (AHP) and expert

evaluation method, and the resulting values were 0.3019, 0.2250,

0.3240 and 0.1490, respectively. Based on this, wetland area

degradation (area change rate), structural degradation (landscape

fractal dimension, landscape fragmentation), functional

degradation (vegetation aboveground biomass, vegetation cover)

and human activities (human disturbance degree) were the six

indicators, and their indicator weights were determined

(Malekmohammadi and Blouchi, 2014; Fang et al., 2021; Sun

et al., 2021) as 0.3019, 0.1575, 0.0675, 0.2430, 0.0810 and 0.1490,

respectively. These values were used to construct a regional WDCI

to carry out a quantitative assessment of wetland degradation in

cold regions.

f WDCI=0:3019f area+0:2250f structure+0:3240f f unction+0:1490f human activity

WDCI=0:3019RAC+0:1575FRAC+0:0675LFI+0:2430VAB+

0:0810VCD+0:1490(1−HD)

where WDCI is the wetland degradation composite index, RAC

is the area change rate, FRAC is the landscape fractal dimension, LFI

is the landscape fragmentation index, VAB is the vegetation
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aboveground biomass, VCD is the vegetation cover, and HD is

the human disturbance.
2.5 Geological information
mapping method

The geological information mapping method is a

comprehensive spatiotemporal composite analysis method

supported by RS, GIS, computer mapping and spatial information

technology (Wang D. et al., 2011). While the mapping unit was

constructed by superimposing different periods of land use at

different spatiotemporal scales, the ecogeographic processes and

spatiotemporal variation of regional land use cover could be

revealed in time series. In this paper, with the support of ArcGIS

10.8, the land use data of the region from 1990 to 2000, 2000 to

2010, and 2010 to 2020 were analyzed by spatial overlay, and the

land use information maps of the three periods were finally

synthesized (Gong et al., 2015). The spatial and temporal trends

in land use, and their driving mechanisms, were established

quantitatively so as to explore their impact on ecosystems over

the past 30 years. The calculation formula of the atlas is as follows:

C=10A+B

where C is the atlas element grid of the land use succession

model in the research stage, and A and B are the raster attribute

values of the land use atlas at the beginning and end of the study.

Then, based on ArcGIS, according to the difference in degradation

levels in different periods, the situation of increasing levels was

defined as improvement, such as 1→2, 2→3, and 3→4; adding two

or more levels was defined as a significant improvement, for

example, 1→3, 1→4, and 2→4. However, a reduction in rank was

defined as deterioration, such as 4→3, 3→2, and 2→1; a reduction

of two or more grades was defined as serious deterioration, such as

4→1, 4→2, and 3→1. Stable indicates that the level does

not change.
3 Results

3.1 Analysis of changes in land use
characteristics of the Small Sanjiang Plain
in the last 30 years

From 1990 to 2020, land use in the study area underwent

significant changes (Table 2). The area of forest land decreased

most, which was 147.2×103 hm2, and the area of wetland decreased

39.26×103 hm2. The areas of cropland, grassland, built-up land and

water area increased by 145×103 hm2, 27.16×103 hm2, 8.87×103

hm2 and 6.57×103 hm2, respectively. The areas of grassland and

built-up land increased significantly, with area percentage changes

of 646.76% and 79.5%, respectively.

During the 30-year period, cropland showed an initial

decreasing trend followed by a significant increase and slight

decline, with decreases of 211.83×103 hm2 and 54.48×103 hm2 in
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1990–2000 (first phase) and 2010–2020 (third phase), respectively,

and an increase of 411.32×103 hm2 in 2000–2010 (second phase).

The dynamic attitude of the three periods was −20.41%, 49.81% and

−4.40%, respectively. Grassland and wetland showed a change trend

of first increasing, then significantly decreasing, and finally

increasing again, with increases of 82.68×103 hm2 and 13.44×103

hm2, respectively, from 1990 to 2000. Cropland was the main source

of the increase in wetlands, which was due to the ecological

protection by the state, which actively promoted the return of

cropland to wetlands and grassland. The reduction in wetlands

and grasslands from second phase reached 236.56×103 hm2 and

17.49×103 hm2, with dynamic trends of −59.03% and −99.18%,

respectively. As a consequence of the development of agricultural

mechanization, the dramatic increase in population and the

combined effect of agricultural reclamation activities, many

wetlands, grasslands and wastelands that were previously not

easily exploitable have been continuously reclaimed into cropland.

A total of 63.25% of wetlands and 59.23% of grasslands were

converted into cropland (Figure 2), and wetlands were the main

source of increases in cropland. From 2010 to 2020, the areas of

wetlands and grasslands increased by 114.62×103 hm2 and

31.22×103 hm2, respectively, of which 21.48% and 13% of

cropland was transformed into wetlands and grasslands,

respectively. The increase in wetland area was related to the
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continuous improvement of the national policy of returning

farmland to wetlands, and the establishment of wetland parks and

nature reserves has effectively curbed the reclamation and

encroachment of wetlands. The area of forestland expanded by

112.44×103 hm2 in the first phase, and cropland was the main

source of forestland increase, with 92.55×103 hm2 of cropland

changing to forestland. However, the forestland decreased in area

by 161.58×103 hm2 and 98.07×103 hm2 in the second and third

phases, respectively, with 48.73% and 28.25% of forestland being

converted to cropland, and unsustainable land use such as

deforestation in some areas still exists. The built-up land showed

a trend of continuous increase, with the largest increase from 2000

to 2010, reaching 10.21×103 hm2. The overall area of the water did

not change much.
3.2 Analysis and evaluation of ecological
degradation characteristics in the Small
Sanjiang Plain in the last 30 years

3.2.1 Characteristics of wetland area degradation
in the Small Sanjiang Plain

The changes in the overall wetland area in the three stages were

(+) 82.68×103 hm2, (−) 336.56×103 hm2 and (+) 214.62×103 hm2,
FIGURE 2

Land use type area conversion sankey map for the study area from 1990 to 2020.
TABLE 2 Area of land use types in the study area from 1990 to 2020 (hm2).

1990 2000 2010 2020

Cropland 1037.69×103 825.86×103 1237.18×103 1182.70×103

Wetland 318.06×103 400.74×103 64.18×103 278.80×103

Grassland 4.20×103 17.64×103 0.15×103 31.36×103

Forest 199.83×103 312.27×103 150.69×103 52.62×103

Built-up land 11.16×103 8.24×103 18.46×103 20.04×103

Water 34.41×103 40.51×103 36.66×103 40.97×103
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respectively. The area of increased wetland area in the first phase

was distributed mainly in the eastern and central parts of Haiqing

Township, Qianfeng Farm and Erdaohe Farm and concentrated in

the townships of Linjiang, Bacha, Jinchuan, Yinchuan and Fuyuan

in the northwest region in the third phase (Figure 3), which was

largely due to the implementation of the national wetland ecological

protection policy. The most serious degradation of the wetland area

in the second phase stemmed from 2000, when the government

encouraged a fourth investment in the development of wetlands,

especially in the renovation and use of remaining wetlands after

previous development. Moreover, several water conservancy

facilities, such as drainage ditches and reservoirs, were

constructed during the development of wetlands, with 422.4 km

of main river channels dug throughout the Sanjiang Plain, as well as

2,800 km of drainage canals, 362 drainage structures, 25 large and

medium-sized reservoirs, and 138 small reservoirs (Liu et al., 2014).

These hydraulic facilities disrupted the natural hydrological pattern

of the region, isolated the connection between natural rivers and

wetlands such as lakes and marshes, accelerated wetland

desiccation, led to changes in wetland hydrology, and eventually

resulted in the loss of wetlands (Wang and Li, 2015). The interplay

of natural factors and human disturbances was the main factor

affecting the ecological degradation of wetlands during this period.

In conclusion, the wetlands in the study area were mainly

growing and stable from 1990 to 2000 (Figure 3), with area

proportions of 37.14% and 30.04%, respectively. During, 2000–

2010 and 2010–2020, the wetlands were mainly degraded and

stable, with area proportions of 41.2% and 42.81%, respectively,

and the wetland areas with significant growth were 14.84%, 8.44%,

and 13.71% in the three phases, respectively, indicating that the

degradation of wetlands has been reduced in the last decade.

3.2.2 Changes in structural geometric features of
the Small Sanjiang Plain

As shown in Figure 4, the FRAC values in 1990, 2000, 2010, and

2020 were distributed between 1.00 and 1.13, which indicated that

the study area was subjected to different degrees of human

disturbance. The lowest overall FRAC occurred in 1990 and was
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in the range of 1.04–1.06 for all years, while 2000 had the highest

FRAC in the range of 1.06–1.13 overall. The overall FRAC in the

study area slowed between 2000 and 2020. In this period, the

human disturbance to wetlands decreased, and the wetland

environment improved in stages due to the active promotion of

national ecological policies.

The FRAC values were relatively high in the river valley areas in

the northwest and east of the study area and relatively low in the

central and southern parts. Due to the low and flat topography,

favorable reclamation conditions and fertile soil in the river valley

area, these areas are the preferred places for the residents distributed

in the nearby area. The residual wetlands were reclaimed on a large

scale, and a large number of farming activities caused the natural

vegetation to be replaced by artificial landscapes. Fragmentation of

the natural landscape was exacerbated by the impact of human

activities, making the shape of the regional patches more irregular,

with a high number of subdimensions in some areas. The southern

and central parts were concentrated in large areas of cropland,

which constituted a local regional matrix landscape with a relatively

regular shape and decreasing landscape fragmentation, making the

FRAC relatively low.

Overall, the number of landscape patches was the largest in

1990, and the LFI was the largest; the LFI was smaller in 2000 and

2010, and the distribution of landscape patches was more

concentrated; from 2010 to 2020, the LFI showed an increasing

trend (Figure 5).

3.2.3 Analysis of functional degradation
characteristics of the Small Sanjiang Plain

The results of vegetation AGB and VCD in the study area are

shown in Table 3. The average AGB in the study area increased from

1029.73 kg/hm2 to 1405.38 kg/hm2, with an overall increase of 375.65

kg/hm2 and a growth rate of 36.48%. The overall biomass growth

increased in some townships in the northern part of the study area,

while some areas in the central part showed negative biomass growth,

and the AGB in farm areas was higher than that in township areas.

In 1990, the average biomass yield was 1029.73 kg/hm2, which

was significantly higher in the southwest than in the northeast, and
FIGURE 3

The change rate of wetland area in the study area.
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the highest yield was in Chuangye Farm and the lowest was in

Haiqing Township, at 2346.42 kg/hm2 and 214.73 kg/hm2,

respectively. The average biomass yield reached 1683.58 kg/hm2

in 2000, with a growth rate of 63.5% over the decade, and the largest

growth rate of 2359.92 kg/hm2 was in Yanan Township. In 2010, the

average aboveground biomass yield was 1045.18 kg/hm2, and it was

higher in the central area, lower in the surrounding areas, and

higher in the southwestern area than in the northeastern area. From

2010 to 2020, the average biomass yield increased by 350.2 kg/hm2

to 1405.38 kg/hm2. The overall biomass was relatively high, but the

biomass in some areas (Erdaohe Farm, Qianshao Farm, Beilahong

Township, Hanconggou Township and Yainan Township) was

much lower than the average biomass per unit area.

The average VCD in 1990, 2000, 2010 and 2020 was 0.72, 0.75,

0.82 and 0.81, respectively. In general, the VCD was high and stable

in the four periods. It had an overall increasing trend from 1990 to

2010, with relatively small changes in 2010 and 2020.

3.2.4 Characteristics of human activity in the
Small Sanjiang Plain

The ArcGIS natural break method was used to classify the

degree of human interference in the study area into five types: slight
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interference [0.1,0.2], mild interference [0.2,0.4], moderate

interference [0.4,0.5], severe interference [0.5,0.6], and extremely

heavy interference [0.6,0.7] (Figure 6).

The average human interference in 1990, 2000, 2010 and 2020

resulted in HD values of 0.52, 0.46, 0.57 and 0.53, respectively.

Human interference decreased in the first phase, and the average

HD decreased by 12.61%. The HD underwent a large increase from

2000 to 2020, and the average HD increased by 19.16% in the 10

years. The areas of slight interference in the study area fluctuated

greatly, showing a pattern of a large increase, followed by a small

decline and ending with a considerable increase, with the area

expanding 2300% during the first phase, shrinking by two-thirds to

52.76×103 hm2 during the second phase, and then growing by

300% during the third phase. The areas of Mild interference

remained relatively consistent. The areas of moderate

interference and severe interference showed an overall downward

annual trend. The proportion of extremely heavy interference areas

was the highest, with 39.82%, 32.00%, 70.88% and 69.58% in 1990,

2000, 2010 and 2020 (Table 4). Although the country has

introduced ecological protection projects such as returning

farmland to forest and grassland, the large fraction of extremely

heavy interference areas indicates that human interference with
FIGURE 5

The distribution of wetland LFI in the study area.
FIGURE 4

The distribution of wetland FRAC in the study area.
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regional land has been intensifying, and unsustainable activities

such as land reclamation and deforestation have not been

effectively curbed. Some root causes of this phenomenon include

the combined influence of certain interests, increasing population

pressure and intensifying human activities. As a result, the quality

of the regional ecological environment has tended to deteriorate.

The interference areas were mainly concentrated in the west and

south, including Deli Farm, Qinglongshan Farm, Qixing Farm,

Qianjin Farm, Chuangye Farm, Hongwei Farm, Xiaojiahe Town

and Qianshao Farm, and the intensity of disturbance gradually

increased from southwest to northeast, with the center of gravity

gradually shifting northward.
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3.3 Evaluation of ecological degradation
characteristics in the Small Sanjiang Plain
in the last 30 years

3.3.1 Characterization of wetland degradation
Based on the “Evaluation Specification of Wetland Ecosystem in

Heilongjiang Province” (DB 23/T 2378-2019, 2019), the equal interval

method was used to divide the calculated results of theWDCI into four

degradation levels (Uyan, 2014; Glanville and Chang, 2015; Lobatskaya

and Strelchenko, 2016; Patriche et al., 2016), which were as follows:

severe degradation (WDCI ≤ 0.335), moderate degradation

(0.335 < WDCI ≤ 0.470), mild degradation (0.470 < WDCI ≤ 0.605),
TABLE 3 Vegetation above-ground biomass (kg/hm2) and vegetation coverage results in 1990–2020.

Region
1990 2000 2010 2020

Biomass Coverage Biomass Coverage Biomass Coverage Biomass Coverage

Farm

Qindeli Farm 1089.24 0.72 1234.96 0.76 1383.65 0.79 1422.62 0.81

Qinglongshan Farm 1565.9 0.74 1272.47 0.77 857.64 0.84 1559.5 0.87

Qianjin Farm 1792.37 0.72 1090.27 0.78 1458.87 0.81 1378.2 0.88

Honghe Farm 1585.2 0.71 1240.66 0.78 1211.02 0.83 1532.14 0.88

Yaluhe Farm 1213.63 0.72 1472.67 0.77 1082.75 0.81 1256.34 0.86

Nongjiang Farm 1580.07 0.71 1557.65 0.77 1672.53 0.81 1434.66 0.88

Qixing Farm 1835.17 0.7 1592.62 0.77 1036.99 0.84 1846.93 0.88

Daxing Farm 946.73 0.75 1246.92 0.78 793.38 0.86 1765.78 0.86

Chuangye Farm 2346.42 0.69 868.22 0.78 953.49 0.83 2040.68 0.91

Qianshao Farm 575.99 0.74 2354.63 0.72 1046.04 0.84 560.61 0.77

Qianfeng Farm 995.99 0.73 1889.32 0.74 1406.53 0.82 1084.47 0.84

Erdaohe Farm 805.88 0.71 2968.44 0.69 1102.72 0.8 541.92 0.77

Hongwei Farm 1157.19 0.75 898.84 0.8 882.53 0.83 1546.87 0.87

Township

Linjiang Township 609.35 0.76 1377.42 0.78 920.98 0.87 1537.06 0.76

Bacha Township 761.61 0.67 2454.56 0.66 1121.17 0.72 1295.95 0.7

Jinchuan Township 234.91 0.79 1602.62 0.78 865.15 0.88 1840.96 0.82

Yinchuan Township 224.61 0.76 2330.01 0.71 1261.64 0.84 1841.01 0.79

Fuyuan Township 1456.72 0.62 1276.14 0.73 918.41 0.71 1123.14 0.7

Hanconggou Township 539.42 0.74 2313.7 0.74 897.83 0.84 717.22 0.76

Nongqiao Township 500.45 0.75 2127.63 0.74 1033.61 0.85 1471.19 0.78

Wusu Township 622.29 0.69 2073.57 0.7 977.69 0.74 1518 0.78

Tongjiang Township 544.48 0.69 1637.77 0.73 840.79 0.76 1665.2 0.76

Nongjiang Township 684.81 0.68 1362.98 0.78 785.2 0.84 1744.69 0.78

Haiqing Township 214.73 0.76 1976.01 0.71 780.91 0.83 1223.31 0.79

Bielahong Township 652.95 0.73 2160.26 0.75 851.67 0.85 431.65 0.76

Yanan Township 476.91 0.75 2836.83 0.7 608.77 0.85 745.86 0.76

Xiaojiahe Township 568.85 0.76 1995.53 0.75 728.4 0.86 1409.52 0.82

Average 947.48 0.72 1748.62 0.75 1017.79 0.82 1353.17 0.81

Total Accounts 25581.87 47212.70 27480.36 36535.48
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and no degradation (0.605 < WDCI ≤ 0.740), and the corresponding

degradation grades were assigned 1, 2, 3 and 4, respectively.

The severely degraded areas in 1990, 2000, 2010 and 2020

accounted for 42.50%, 20.52%, 49.61% and 41.14% of the total area,

respectively (Figure 7). The severely degraded areas in 1990, 2010

and 2020 accounted for a large proportion, and the overall

degradation was the most serious in 2010. In the first stage, the

severely degraded area decreased by approximately 50%, while in

the second stage, the severely degraded area increased by 140%. The

severely degraded area was mainly distributed in the southwest of

the study area, including the Gendeli Farm, Qinglongshan Farm,

Qixing Farm, Qianjin Farm, Honghe Farm, Chungye Farm and

Hongwei Farm. Qinglongshan Farm, Qianjin Farm and Qixing

Farm were the most representative, and the severely degraded areas

in the four periods accounted for 85.52%, 40.28%, 94% and 52.33%

of the whole area, respectively. The moderately and mildly degraded

areas accounted for 75.74%, 87.12%, 74% and 69.42% of the total

area in the four periods, respectively. The proportion of moderately

degraded areas was the largest in 2000 and the smallest in 2020. The

moderately degraded areas were distributed mainly in the

southeastern part of the study area, and the overall area showed a

downward trend, with a large decline from 2000 to 2010. The

slightly degraded area showed an overall upward trend, and the area

of slightly degraded area accounted for the largest proportion of the

total area, which was 40.43%. The area change of the nondegraded

area was relatively stable and concentrated in the central region,

which was due to the distribution of a certain number of wetland

nature reserves (Table 5).
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3.3.2 Characterization of wetland
degradation mapping

To better visually reveal the spatial and temporal variation of

wetland ecological degradation in the Small Sanjiang Plain from

1990 to 2020, a spatial overlay analysis of wetland degradation in

different periods was completed using ArcGIS, and three stages of

wetland degradation mapping were generated from 1990–2000,

2000–2010 and 2010–2020 (Table 6).

The areas of significant improvement in the three periods were

238.50×103 hm2, 135.70×103 hm2 and 220.44×103 hm2,

respectively. The severe degradation → mild degradation

(Code13) transition was the largest area change mapped in the

first period, and the transformation area reached 165.19×103 hm2,

mainly concentrated in Yaluhe Farm and Honghe Farm, which was

largely attributed to the promotion of the Heilongjiang Honghe

Nature Reserve from the provincial to national level in 1996. Under

the implementation of the national wetland protection policy, some

regional wetlands have been effectively protected, and degradation

has been alleviated to some extent. Change over the second period

was mainly concentrated in the northern area of Qianqiang Farm

and Qianfeng Farm, and the maximum area mapped was still

heavily degraded → lightly degraded (Code13) 57.47×103 hm2,

which was mainly attributed to the establishment of the Naoli River

and Qixing River Nature Reserve in the central part of the area,

which has preserved a large number of marsh wetlands. Change

over the third period was mainly concentrated in Bacha Township,

Linjiang Township, Jinchuan Township, Yinchuan Township and

the southern area of Xiaojiahe Township. The largest area mapped
FIGURE 6

The distribution of human interference in the study area.
TABLE 4 Area of human interference degree type in the study area from 1990 to 2020 (hm2).

1990 2000 2010 2020

Slight interference 6.60×103 160.97×103 52.76×103 222.35×103

Mild interference 236.02×103 252.07×103 105.21×103 149.73×103

Moderate interference 310.56×103 249.82×103 99.02×103 59.38×103

Heavy interference 414.10×103 430.09×103 211.13×103 116.93×103

Extremely heavy interference 640.05×103 514.37×103 1139.21×103 1118.32×103
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was severe degradation→ no degradation (Code14), which covered

an area of 79.14×103 hm2. The region’s wetlands were mostly river

mudflat wetlands distributed on both sides of the Yalu River. After

2010, the local government began to pay attention to wetland

protection and implemented scientific wetland protection policy,

actively implemented the project of returning farmland to wetlands

and grass, and strictly restricted human interference activities of

regional cropland and built-up land encroaching on the wetland.

The wetland has been well protected, and its ecological condition

has been improved to a great extent, which is also directly related to

the establishment of the Bacha Island Nature Reserve in the area. A

total of 97.32% of the heavily degraded wetland area in 1990 was

restored to 88.32% of the nondegraded state in 2020. The areas with

improvement were 597.02× 103 hm2, 147.82×103 hm2 and

339.99×103 hm2, with a more dispersed overall distribution.

Change over the first period was concentrated mainly in some

areas in the central and southern parts of the country and in the

areas of Linjiang Township, Jinchuan Township and Yinchuan

Township in the northwest, with the largest area mapped as

moderate degradation → mild degradation (Code23), and the

area was 311.03×103 hm2. Change over the third period with the

largest area mapped was severe degradation → moderate

degradation (Code12). This change was directly related to the

local government’s protection of wetlands and farmers’ increased

awareness of the ecological value of wetlands (Figure 8).

The stable areas of the three periods were 482.90×103 hm2,

365.42×103 hm2 and 688.12×103 hm2, respectively. The area

proportions of continuous severe degradation (Code11) were
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49.45%, 55.33% and 66.65%, respectively, accounting for the

highest proportion in the past 30 years, concentrated mainly in

the areas of Qindeli Farm, Qinglongshan Farm, Qixing Farm,

Qianjin Farm, Honghe Farm, Chuangye Farm and Hongwei

Farm. The main land types in this area were cultivated land. The

enhancement of the degree of human interference increased the

disturbance to wetlands, resulting in the transformation of wetland

into cultivated land, and the serious degradation of the regional

wetland was aggravated while the area of cultivated land increased.

Mild degradation and no degradation areas were concentrated

mainly in Honghe Farm, Qianfeng Farm and Yaluhe Farm of the

central region and in Tongjiang township of the north, near the

Honghe wetland nature reserve and Heixiazi Island Wetland Park,

China. The overall ecological condition was stable under mild

degradation and no degradation conditions.

The deteriorated areas of the three stages were 141.37×103 hm2,

662.15×103 hm2 and 213.01×103 hm2, respectively. In the second

stage, the areas of mild degradation → moderate degradation

(Code32) and moderate degradation → severe degradation

(Code21) were relatively large, concentrated mainly in Nongjiang

Farm, Honghe Farm, Xianfeng Farm, Erdaohe Farm, Qianshao

Farm, Hanconggou town and Haiqing township in the central and

northern parts of the country. The areas of serious deterioration

were 147.52×103 hm2, 296.22×103 hm2 and 145.76×103 hm2,

respectively, and the proportions of no deterioration → serious

deterioration (Code 41) areas were 16.94%, 8.86% and 29.14%,

respectively. In the third stage, which was mild degradation →

serious degradation (Code31), the area ratios were 22.03%, 81.10%
FIGURE 7

The distribution of wetland degradation characteristics in the study area.
TABLE 5 Area of wetland degradation comprehensive index from 1990 to 2020 in the study area (hm2).

1990 2000 2010 2020

Severe degradation 683.05×103 329.90×103 797.46×103 661.20×103

Moderate degradation 501.68×103 485.42×103 386.59×103 396.77×103

Mild degradation 181.59×103 649.79×103 263.06×103 338.65×103

No degradation 241.00×103 142.22×103 160.21×103 210.70×103

Extremely heavy interference 640.05×103 514.37×103 1139.21×103 1118.32×103
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and 36.05%, respectively, and a maximum was reached in the

second stage. Seriously deteriorated areas radiated mainly from

the northern part of Qianshao Farm. The second and third stages of

marsh wetland transitioning into cultivated land were still the main

regional land process, and wetland protection policy played a role;

however, human activities and the drive for economic benefits

caused farmland reclamation activity to intensify, and the

transition of wetlands to farmland continued, the center of

gravity of the cultivated land expansion constantly moved north,

and natural landscape fragmentation continued.
4 Discussion

4.1 Driving force of wetland degradation

The protection and restoration of degraded wetlands have

become important issues at present, and exploring the root causes

of wetland degradation can provide a more scientific and targeted

basis for wetland conservation policies and actions.

In the late 1980s, continuous agricultural modernization and

rapid increases in population drove increased development

activities in the wetlands in this area, including unsustainable
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human activities such as grassland and wetland reclamation

(Zhou et al., 2009). As a result, the natural landscape, which was

mainly composed of wetlands and grassland, was replaced by an

artificial landscape (farmland), and the natural ecosystem gradually

transformed into an agricultural ecosystem, and the natural

landscape became fragmented. Especially after 1983, the

government intensified the construction of farmland water

conservancy projects such as the water intake project and the

project supporting field drainage and diversion in the Small

Sanjiang Plain so that irrigation water for farmland was fully

guaranteed. Under large-scale agricultural development activities

(Liu et al., 2004b), paddy field areas increased rapidly, a large

amount of natural vegetation was replaced by paddy fields, and

some regional natural ecosystems gradually transformed into

agricultural ecosystems. According to statistics, during the decade

from 1980 to 1990, the rapid expansion of agriculture and the rapid

development of cities and towns resulted in a reduction of

340.32×103 hm2 of wetland. In parallel, the increased population

generated domestic sewage that entered the wetland ecosystem,

which resulted in an intensification of regional ecological

environment pollution, a change in vegetation type, a reduction

in biomass and the fragmentation of large-scale wetland landscapes

(Sun et al., 2014). Regional marshe wetlands changed from carbon
TABLE 6 Proportional distribution of degraded wetland areas in townships and farms of the study area（hm2）.

Type 1990–2000 2000–2010 2010–2020

Significant Improvement

1–3 165.19×103 57.47×103 73.51×103

1–4 11.24×103 43.25×103 79.14×103

2–4 62.07×103 34.97×103 67.79×103

Total 238.50×103 135.70×103 220.44×103

Improvement

1–2 267.83×103 26.92×103 186.24×103

2–3 311.03×103 62.59×103 106.76×103

3–4 18.16×103 58.31×103 46.99×103

Total 597.02×103 147.82×103 339.99×103

Stable

1–1 238.81×103 202.20×103 458.61×103

2–2 94.99×103 59.10×103 104.50×103

3–3 98.36×103 80.51×103 108.27×103

4–4 50.74×103 23.61×103 16.74×103

Total 482.90×103 365.42×103 688.12×103

Deteriorate

4–3 75.19×103 62.60×103 50.20×103

3–2 32.63×103 270.73×103 55.36×103

2–1 33.5×103 328.8×103 107.4×103

Total 141.37×103 662.15×103 213.01×103

Seriously Deteriorate

4–1 24.99×103 26.25×103 42.47×103

4–2 90.03×103 29.75×103 50.74×103

3–1 32.50×103 240.23×103 52.54×103

Total 147.52×103 296.22×103 145.76×103
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sinks to carbon sources (Song et al., 2008). The transformation of

wetland to cropland can produce huge economic benefits in a short

period of time, but it has degraded natural ecosystems. Therefore,

agricultural policy changes and wetland ecological are necessary for

sustainable development in China (Lai et al., 2020; Ma et al., 2020).

In the late 1990s, the trend of wetland area reduction in the

study area was somewhat curbed with the introduction of the

national policy of restoring wetlands such as returning farmland

to wetlands and the establishment of ecological reserves, especially

the establishment of the Honghe Protected Area and Sanjiang

Protected Area (Du et al., 2023). From 1990 to 2000, the wetland

area of the study area increased by 82.68×103 hm2, and the average

biomass per unit area increased by 653.85 kg/hm2, indicating that

wetland degradation was alleviated to a certain extent during this

period. However, the encroachment of some regional wetlands

occurred, and there was still encroachment of wetlands in the

northeastern part of the study area. This condition showed the

demand for farmland expansion and was a direct reflection of

human interference activities on wetland resources (Li et al., 2023).

In 2003, the “Heilongjiang Wetland Protection Regulations”

strengthened the protection of wetland resources. However, from
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2000 to 2010, the wetland area of the Small Sanjiang Plain decreased

by 236.56×103 hm2, and the average biomass per unit area

decreased by 638.4 kg/hm2. In the national agricultural policy

adjustment, various investments and changes in climate, the

government encouraged people to increase the drainage network

and construct road systems, artificially increasing the development

and utilization of the last remaining marsh wetland area, which not

only caused vast areas of wetlands to gradually become atrophic and

for fragmentation to increase but also accelerated the degeneration

of the remaining wetland ecosystems (Du et al., 2018). As a result,

some of the marshes-wetlands degraded into marshy meadows and

dry meadows (Liu et al., 2017), the forest swamps in some areas

almost disappeared, and the mixed landscape dominated by

farmland and wetland gradually transformed into a landscape

based on farmland.

Compared with 2010, the wetland area in 2020 increased by

114.62×103 hm2, and the average biomass per unit area increased by

360.20 kg/hm2. This was due to a range of factors, including the

adjustment of national agricultural policies, the implementation of

ecological measures such as returning farmland to forests and

wetlands, the introduction of the national ecological protection
FIGURE 8

Degradation transform classification in the study area.
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red line by the government and rationalization of land use in the

study area. The study area has curbed wetland degradation to

varying degrees by establishing Bacha Island National Nature

Reserve in 1999, Heilongjiang Naoli River National Nature

Reserve in 2002 and Heixizi Island National Wetland Park in

2012. In the future, the “14th Five-Year Plan for Ecological and

Environmental Protection of Heilongjiang Province” released in

2021 will comprehensively promote the protection and

restoration of wetland habitats and improve the quality of

wetland ecosystems. In the same year, the “Construction Plan of

Major Projects for Ecological Protection and Restoration of the

Northeast Forest Belt (2021–2035)” was implemented, which

established five ecological restoration zones of “three Rivers and

two original fields” and clearly stipulated the restoration of natural

wetlands in the Sanjiang Plain. The “Wetland Protection Law of the

People’s Republic of China”, implemented in 2022, emphasized the

protection of wetland functions, sustainable use and the integration

of ecological, social and economic benefits. Therefore, the

decreasing trend of wetland area in the study area was curtailed

to a certain extent and policy settings have been put in place in an

attempt to continue this trend.

In summary, human activities and national policy adjustments

are important causes of wetland degradation in the Small Sanjiang

Plain, revealing a positive correlation between the degradation

status of wetlands and the degree of human interference in the

study area. Although the current wetland protection and restoration

work has been largely effective, the protection of wetlands requires

reduced unsustainable agricultural development, strict compliance

with the national ecological protection red line, improvements and

enhancements of ecological service functions to promote high-

quality socioecological and social development to build a

sustainable development pattern in the Sanjiang Plain.
4.2 Reliability of evaluation model for
wetland ecological degradation

Wetlands are one of the most important environments for

human beings, so it is important to assess the status and

degradation trend in wetland resources to evaluate the

effectiveness of wetland management (Song et al., 2014). Small

Sanjiang Plain is a concentrated area of marsh wetland in China,

which is also one of the richest and most critical areas of wetland

resources and biodiversity. The studies of Li et al. (2020) and Yan

(2020) on the dynamic changes in the core wetlands in the Small

Sanjiang Plain showed that the wetlands were degraded and

fragmentation was intensified. The studies of Chen et al. (2014)

and Yan and Zhang (2019) also showed that the expansion of

agricultural activities in the Small Sanjiang Plain in the past 30 years

has reduced the value of ecosystem services provided by the

wetlands. Therefore, the model constructed in this study provides

an important newmethod for the quantitative evaluation of wetland

ecosystems, that can be used to effectively explore the response

mechanisms of wetlands to human activity and disturbance

intensity over time and provide a scientific reference and

theoretical guidance for the task of achieving balance between the
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sustainable development of wetlands and land development

and utilization.

Moreover, compared with most of the documents with the unit

as the research unit at the county level (Shen et al., 2019), this study

combines the advantages of the geographic grid with administrative

division to complete a longtime series of the wetland degradation

variation law and human interference on the response mechanism

of wetland degradation research (Yin et al., 2022; Chai et al., 2023).

It makes the research results more accurate and reliable, and can

provide a certain basis for the government in wetland conservation

and restoration decisions.

The evaluation method employed in this study has certain

limitations. First, this study uniformly used medium-resolution

remote sensing data (30m resolution), so the classification

accuracy of the land use data obtained was limited to some

extent, and there are some uncertainties. Second, the primary

land use classification adopted in this study is not able to explore

the impact of secondary land use classifications, such as paddy fields

and dry fields, in more detail. Finally, although the aboveground

biomass of the Small Sanjiang Plain was calculated based on the

relevant model, the process was proven to be feasible, and the

results were credible, long-term positioning experimental data are

still lacking, and it was impossible to verify the model more

accurately, so estimation error still occurred. In summary, future

research will continue to accumulate experimental data, continue to

monitor the changes in wetlands in the Small Sanjiang Plain

through remote sensing, and strive for a more accurate evaluation

in the direction of a multidimensional and comprehensive

assessment. Remote sensing images with a higher spatial

resolution will be added to investigate wetland shrinkage and

spatiotemporal pattern changes in the Small Sanjiang Plain, and

more attention will be given to the transformation between

wetlands and other land classes, as well as to further explore

wetland changes outside the protected area.
5 Conclusions

This study combined the structure, function and changes in

human activities of the Small Sanjiang Plain wetland ecosystem and

set up the WDCI model in the study area to comprehensively and

quantitatively assess wetland degradation from 1990 to 2020. Through

a wetland degradation assessment, we provide a database for the

recovery of degraded wetlands and related follow-up work. The

results showed that the overall wetland degradation trend in the

study area was severe in 1990 and 2010, and the degradation trend

was alleviated in 2020. Moreover, the wetland degradation index in the

southwest was significantly higher than that in the northeast, which

was confirmed by the development trend of the overall ecological status

of the study area. Therefore, the method was reasonable. In addition,

the Small Sanjiang Plain is a typical marsh wetland in cold area in

China that is subject to intense human disturbance. In this study, the

WDCI model was optimized and the parameters were revised to

construct the wetland degradation comprehensive index based on the

characteristics of wetland ecosystems such as area, structure, function

and human activities, and the index of human disturbance degree was
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added on the basis of retaining the original area, structure and function.

And the applicability and reliability of WDCI on wetlands in cold areas

are confirmed. Therefore, this study can also provide a new perspective

for the selection of indicators and model construction for the

comprehensive evaluation of wetland degradation in other

cold regions.
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