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Land degradation neutrality (LDN) has been defined as “a state whereby the
amount and quality of land resources necessary to support ecosystem functions
and services remains stable or increases within specified temporal and spatial
scales and ecosystems.” In practice, the application and success of LDN in
drylands vary greatly depending on the targeted ecosystem services and the
impacts of environmental conditions and various restoration methods on the
efficacy and sustainability of restoration. In this editorial, we summarize the most
viewed and downloaded articles contributing to the Research Topic “Ecological
Restoration in Drylands: Toward Land Degradation Neutrality” of the journal
Frontiers in Environmental Science.

KEYWORDS

land degradation, ecological restoration, biodiversity, ecosystem services, land
degradation neutrality

Editorial on the Research Topic
Ecological restoration in drylands: towards land degradation neutrality

1 Spatiotemporal evolution of drylands and its impact
on soil erosion: observations

Given the increasing degradation trend of drylands, continuous remote sensing
monitoring of sand or precipitation in drylands is one of the main concerns for
governments. In addition, exploration of the spatiotemporal evolution characteristics of
soil erosion has great scientific value for desertification and degradation prevention and
ecological restoration. This theme is represented by the case study reported by Dang et al.
who showed that differences in sand types contributed most to the reduction of soil–wind
erosion intensity, while ecological restoration played a key role in reducing soil erosion
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intensity. Their study also indicated that the increase in forest and
grass vegetation cover and agricultural oases play a positive role in
soil restoration and wind-proofing sand and that the pattern of
dryland changes in desert areas is closely related to the ecological
construction policy and the impact of climate change. Furthermore,
detecting the areas subjected to desertification and degradation
requiring management within the shortest time and at the lowest
cost is a necessity, especially in border areas. This Research Topic is
represented by the case study by Zolfaghari et al. who showed that
when the surface of a wetland dries, the land surface, which is free of
moisture and vegetation, should be classified as being under extreme
degradation; when the wetland is flooded, the area of degradation is
highly reduced, but contrary to expectations, the land area without
any degradation also increased due to temporarily supported
vegetation. All these studies address the needs of target 15.3 in
the LDN initiative (an accelerator of the Sustainable Development
Goal 15): Goal 15 aims to conserve life on land, protect and restore
terrestrial ecosystems, sustainably manage forests, combat
desertification, and halt and reverse land degradation and stop
biodiversity loss; by 2030, Goal 15.3 aims to combat
desertification, restore degraded land and soil, including land
affected by desertification, drought, and floods, and strive to
achieve a land degradation-neutral world (United Nations,
Sustainable Development Goals, 2015).

2 Soil and vegetation relationships:
experiments

In recent decades, soil restoration and sand transformation
methods, including mechanical sand barriers (Bo et al., 2015),
biological soil crusts (Li et al., 2011), and afforestation (Deng
et al., 2021), have been implemented. In particular, afforestation,
plantation, and vegetation methods have been successfully
established as feasible methods of environmental management for
desertification control in drylands (Tang and Li, 2018; Song et al.,
2020). Li et al. conducted a survey in the field and a seed germination
experiment in the laboratory to investigate the characteristics of soil
seed banks of different sizes and parts of nebkhas and examine their
relationship with aboveground vegetation. Ren et al. described a case
of ectomycorrhizal fungal communities associated with Pinus
sylvestris var. mongolica that were altered by soil environments
with aging plantation in drylands in China. These experiments
provide a better understanding of the relationship between soil
properties and vegetation, which is critical to sustainable forest
management and biodiversity restoration in the future. The work
mentioned above meets the needs of the Aichi Biodiversity Targets
in LDN (ways LDN can support each of the strategic goals for
biodiversity conservation): “enhance benefits to all from biodiversity
and ecosystem services.”

3 Characteristics of water–carbon
exchanges and environmental driving
mechanisms in drylands: modeling

We are now familiar with the implementation of observations
and experiments in ecological restoration in drylands and have

found that vegetation plays a key role in soil transformation. In
general, the canopy is the core location of water vapor and carbon
exchanges between plants and the atmosphere in the
soil–plant–atmosphere continuum. However, more research
studies should focus on the characteristics of water–carbon
exchanges and their environmental driving mechanisms in
drylands. Wu et al. indicated that temperature is an important
factor limiting and driving canopy conductance in different climate
regions and that there is a synergistic effect between moisture and
temperature factors jointly driving the change in canopy
conductance. They also showed that the synergistic driving
effects on different climatic regions all had a certain threshold
and indicated that modeling of these factors can be useful for
predicting water–carbon exchanges in drylands in the future. In
another case study, Wang et al. found that changes in precipitation
amount and frequency caused by global climate change will increase
carbon emissions of cyanobacterial crusts and underlying soil,
suggesting that cyanobacteria should be considered in projections
of the future carbon budget.

4 Final considerations

In conclusion, these studies promise to improve our knowledge of
ecological restoration in drylands and foster land degradation neutrality
through observations, experiments, and modeling. This Research Topic
included reports that provided useful additional insights into research in
these directions. In addition to the papers highlighted herein, many
other high-quality studies on this Research Topic, which well deserve
discussion, including those on urban green spaces, natural suitability of
human settlements, and microclimate and wind regime of typical
landscapes in drylands, have been published. This series “Ecological
Restoration in Drylands: Toward Land Degradation Neutrality” spans a
wide range of important subjects.

Author contributions

JD: conceptualization, supervision, writing–original draft, and
writing–review and editing.

Conflict of interest

Author JD was employed by Liaoning Fengyu Ecological
Technology Co., Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors, and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Frontiers in Environmental Science frontiersin.org02

Deng et al. 10.3389/fenvs.2024.1367580

6

https://doi.org/10.3389/fenvs.2022.902687
https://doi.org/10.3389/fenvs.2022.923543
https://doi.org/10.3389/fenvs.2022.858452
https://doi.org/10.3389/fenvs.2022.935926
https://doi.org/10.3389/fenvs.2022.930961
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1367580


References

Bo, T. L., Ma, P., and Zheng, X. J. (2015). Numerical study on the effect of semi-buried
straw checkerboard sand barriers belt on the wind speed. Aeolian Res. 16, 101–107.
doi:10.1016/j.aeolia.2014.10.002

Deng, J. F., Yao, J. Q., Zheng, X., and Gao, G. L. (2021). Transpiration and canopy
stomatal conductance dynamics of Mongolian pine plantations in semiarid deserts,
Northern China. Agr. Water manage. 249, 106806. doi:10.1016/j.agwat.2021.
106806

Li, X. R., Ji, R. L., Chen, Y. W., Huang, L., and Zhang, P. (2011). Association of ant
nests with successional stages of biological soil crusts in the Tengger Desert, Northern
China. Appl. Soil Ecol. 47, 59–66. doi:10.1016/j.apsoil.2010.10.010

Song, L., Zhu, J., Zheng, X., Wang, K., Lü, L., Zhang, X., et al. (2020). Transpiration
and canopy conductance dynamics of Pinus sylvestris var.mongolica in its natural range
and in an introduced region in the sandy plains of Northern China. Agr. For. Meteorol.
281, 107830. doi:10.1016/j.agrformet.2019.107830

Tang, Y., and Li, X. (2018). Simulating effects of precipitation and initial planting
density on population size of Mongolian pine in the Horqin Sandy Land, China.
Agroforest Syst. 92, 1–9. doi:10.1007/s10457-016-0004-2

United Nations, Sustainable Development Goals (SDGs) (2015). The 17 Goals: sustainably
manage forests, combat desertification, halt and reverse land degradation, halt biodiversity
loss. Available at: https://www.un.org/sustainabledevelopment/biodiversity/.

Frontiers in Environmental Science frontiersin.org03

Deng et al. 10.3389/fenvs.2024.1367580

7

https://doi.org/10.1016/j.aeolia.2014.10.002
https://doi.org/10.1016/j.agwat.2021.106806
https://doi.org/10.1016/j.agwat.2021.106806
https://doi.org/10.1016/j.apsoil.2010.10.010
https://doi.org/10.1016/j.agrformet.2019.107830
https://doi.org/10.1007/s10457-016-0004-2
https://www.un.org/sustainabledevelopment/biodiversity/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1367580


Effect of the Type of Wind Data on
Regional Potential Wind Erosion
Estimation
Li Zhang1, Zhongling Guo1*, Jifeng Li 1*, Chunping Chang1, Rende Wang2 and Qing Li2

1School of Geographical Sciences/Hebei Key Laboratory of Environmental Change and Ecological Construction, Hebei Normal
University, Shijiazhuang, China, 2Institute of Geographical Sciences, Hebei Academy Sciences/Hebei Engineering Research
Center for Geographic Information Application, Shijiazhuang, China

The Agro-Pastoral Ecotone of Northern China (APEC) is a transitional area suffering from
severe wind erosion. The wind data used in wind erosion modeling generally have different
temporal resolutions and spatial station distributions. Previous studies have suggested
that the temporal wind speed resolution influences the prediction of wind erosion events at
the field scale. To date, no studies have been conducted to assess the impact of the type of
wind data on regional wind erosion estimation. In this study, the Revised Wind Erosion
Equation (RWEQ) and the Integrated Wind Erosion Modeling System (IWEMS) were used
to evaluate the regional potential wind erosion in the Agro-Pastoral Ecotone of Northern
China (APEC) during 2000 and 2012 based on four wind data type scenarios, including
basic weather stations with daily wind statistics, basic weather stations with four wind
speed measurements per day, reference climatological stations with daily wind statistics,
and reference climatological stations with four wind speed measurements per day. The
principal results reveal that the potential wind erosion estimates evaluated using the two
models are closely correlated with the measured wind erosion data reported in the
published literature, but the predicted values are generally lower than the observed
values for the different scenarios. The magnitudes of the mean potential wind erosion
ranged from 15.73 to 27.33 t ha−1 a−1 by RWEQ and changed between 61.77 and
98.54 t ha−1 a−1 by IWEMS for different scenarios. The spatial distribution and temporal
trends of the annual or seasonal potential wind erosion obtained using the two models
were similar for the different scenarios. This study revealed that wind speed is the most
sensitive input, and hourly wind speed generated by the different temporal interpolation
can significantly affect regional wind erosion estimation. Some studies involving precise
regional wind erosion estimation, such as the impacts of landscape changes (land use/
cover) on wind erosion, ecosystem service evaluation of reducing soil erosion, soil carbon
sequestration and emissions through wind erosion, and wind erosion induced surface soil
nutrient loss (e.g., nitrogen and phosphorus), may have been influenced by conducting
regional wind erosion modeling based on different types of wind data. The users need to
calibrate and validate the selected models for precise wind erosion prediction.

Keywords: wind data, wind erosion modeling, potential wind erosion, RWEQ, IWEMS
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INTRODUCTION

Land degradation due to wind-induced soil erosion is an
important surface process in arid and semi-arid regions (Dong
and wang, 2000; Song et al., 2005; Guo et al., 2014; Webb et al.,
2020; Borrelli et al., 2021). In China, according to the First
National Bulletin on Water and Soil Conservation in the
National Water Resources Survey (MWRPRC, 2013), the total
land area affected by wind erosion is approximately 165.59 ×
104 km2, accounting for 17.24% of the national territory. Wind
erosion has a significant impact on agricultural activities and
human beings (Zobeck et al., 2000). Therefore, determining a
method of reducing the damage caused by wind erosion is an
important challenge for governments in arid and semi-arid areas
(O’Loingsigh et al., 2014; Du et al., 2015a).

Many wind erosion models have been developed to quantify
wind erosion since the 1960s. These models mainly include the
Wind Erosion Equation (WEQ) (Woodruff and Siddoway, 1965),
the Revised Wind Erosion Equation (RWEQ) (Fryrear et al.,
2000), the Wind Erosion Prediction System (WEPS) (Hagen,
1991), the Texas Tech Erosion Analysis Model (TEAM) (Gregory
et al., 2004), the Wind Erosion on European Light Soil (WEELS)
(Böhner et al., 2003), and the Wind Erosion Stochastic Simulator
(WESS) (Potter et al., 1998) at the field scale, and the Integrated
Wind-Erosion Modeling System (IWEMS) (Lu and Shao, 2001;
Shao, 2001) and the AUStralian Land Erodibility Model
(AUSLEM) (Webb et al., 2009) at a regional scale. Basically,
these models include empirical (e.g., WEQ, RWEQ) or physical
scheme (e.g., WEPS, IWEMS). In China, several studies have been
conducted to build wind erosion models for different target
regions at various scales since the 1990s (e.g., Dong, 1998;
Zhao et al., 2011; Zou et al., 2015). To meet the demand of
the first national wind erosion survey of China, the National
Wind Erosion Survey Model of China (NWESMC) was
developed in 2012 (Li et al., 2013). Wind erosion models play
an important role in evaluating regional on-site wind erosion and
off-site dust emissions. The inputs of a wind erosion model
include soil properties (e.g., soil texture and moisture),
meteorological factors (e.g., wind speed and precipitation),
ground surface characteristics (e.g., roughness and vegetation
cover), and anthropogenic activities (e.g., land management)
(Wang et al., 2018; Fattahi et al., 2020; Zhang et al., 2020; Liu
et al., 2021). Wind data (speed, direction, and turbulence) are
generally considered to be the most sensitive parameters in wind
erosion modeling (Lin et al., 2020; Webb et al., 2020).

In China, there are 2425 meteorological observing stations
(reference and basic stations), of which 756 are national reference
climatological stations (reference stations) (MBPRC, 2019).
Correspondingly, previous wind erosion modeling studies have
used either the wind data from the basic (e.g., Chi et al., 2019;
Wang et al., 2020) or reference (e.g., Guo et al., 2013; Du et al.,
2015a; Du et al., 2018) stations. Evaluations of regional wind
erosion require a detailed representation of the wind data.
However, only limited wind data (e.g., daily wind statistics)
are available for many locations where wind erosion is
occurring (van Donk et al., 2008; Guo et al., 2012; Liu et al.,
2013). Consequently, the daily wind statistics and four wind

records per day documented at meteorological observing stations
have been extensively used in regional wind erosion research. For
instance, the NWESMC and RWEQ were used to estimate the
potential wind erosion in the Agro-Pastoral Ecotone of Northern
China (APEC) using four wind records per day (Guo et al., 2013;
Wang et al., 2020). The average and maximum wind speeds per
day were used to predict the soil loss due to wind in Northern
China (Du et al., 2015a; Du et al., 2018). The daily average wind
speed was used to assess the wind erosion in Inner Mongolia,
China (Lyu et al., 2021). To improve the accuracy of wind erosion
modeling, several methods have been developed to generate
detailed wind data (e.g., hourly wind speeds) from limited
wind data (e.g., daily wind statistics) (e.g., Skidmore and
Tatarko, 1990; van Donk et al., 2008; Donatelli et al., 2009;
Yuan et al., 2018). Further studies have also revealed that the
averaging time has a significant impact on wind erosion
estimations, and it may influence single-event and period (e.g.,
seasonal and annual) wind erosion evaluations (van Donk et al.,
2005; Panebianco and Buschiazzo, 2013; Guo et al., 2016; Yizhaq
et al., 2020). Generally, the effect of the type of wind data on
regional wind erosion modelling has been neglected. In this study,
the widely-used empirical RWEQ and process-based IWEMS
were selected to explore how the type of wind data (basic weather/
reference climatological stations and wind data with different
temporal resolutions) influences regional potential wind erosion
estimation.

MATERIALS AND METHODS

Study Area
The APEC is located in the transition zone between the monsoon
region in eastern China and the arid and semi-arid regions in
northwestern China (Guo et al., 2013). The APEC includes parts
of Inner Mongolia, Liaoning, Jilin, Hebei, Shanxi, Shaanxi, and
Ningxia Provinces (36°30′–46°42′N, 106°16′–124°51′E)
(Figure 1B). Most of the APEC is semi-arid. The annual
precipitation distribution is uneven and is concentrated in
summer and autumn. The average annual precipitation is
300–450 mm and the annual average temperature is
2.4–11.5°C. Strong winds are frequent and mainly occur in
spring (March–April–May). The annual average wind speed
ranges from 1.3 to 3.9 m s−1, with an average maximum wind
speed of 16–24 m s−1. The land uses are diverse and the sandy
land (including the Mu Us Sandy Land, Hunshan Dake Sandy
Land, and Horqin Sandy Land), grassland, and farmland have
staggered distributions in the APEC. In addition, agricultural and
animal husbandry activities are still intensive in some region with
a fragile ecology, and the human activities and severe wind
erosion continuously decrease the local soil productivity in
these areas.

Data Preparation
In this study, we collected meteorological data, vegetation data,
land uses/cover data, Digital Elevation Model (DEM) data, and
soil data to calculate the wind erosion in the APEC (Table 1). The
data from all of the meteorological stations from 2000 to 2012
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were obtained from the China Meteorological Science Data
Sharing Service Network (http://data.cma.cn). These
meteorological data included wind speed, temperature,
precipitation, sunshine duration, and other variables. Two
wind databases are available, one dataset contains four wind

records per day (UTC+8 2:00, UTC+8 8:00, UTC+8 14:00, and
UTC+8 20:00), and the other contains two wind records (average
andmaximum). The hourly wind speed data were generated from
the four wind records per day using the linear interpolation
method (Li et al., 2013) and from the two wind records per day

FIGURE 1 | (A) Location of the Agricultural Pastoral Ecotone in northern China (APEC); (B) Distribution of the reference climatological stations and basic weather
stations; and (C) Distribution of the measured wind erosion sites from published documents.

TABLE 1 | Required data for wind erosion modeling.

Data types Temporal resolution Spatial resolution

Meteorological data Daily/Hourly N/A
Soil data N/A 1000 m
Normalized Difference Vegetation Index (NDVI) 16 days 1000 m
Digital Elevation Model (DEM) N/A 1000 m
Land use/cover data Annual 1000 m

N/A denotes not available.
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using WINDGEN (Skidmore and Tatarko, 1990). The
Normalized Difference Vegetation Index (NDVI) data were
derived from Moderate Resolution Imaging Spectroradiometer
(MODIS) data products obtained from the United States
Geological Survey’s website (https://www.usgs.gov), and the
MOD13A2, MOD11A2, and MOD09A1 products were mainly
used. The 1 km resolution land use/cover data of 2010 was
obtained from the Resource and Environment Data Center,
Chinese Academy of Sciences (http://www.resdc.cn). The DEM
data (China 1 km Low Range Model Data Set) were provided by
the Science Data Centre for Cold and Arid Areas (http://westdc.
westgis.ac.cn). The soil data were mainly obtained from the world
soil database (HWSD) and were provided by the Scientific Data
Center (http://westdc.westgis.ac.cn) for Cold and Arid Regions.
These data were used to calculate the surface soil factors in the
different regions. Farmland, grassland and sands (or desert) were
selected to evaluate regional potential wind erosion.

Model Description
RWEQ Model
The RWEQ was proposed by the United States Department of
Agriculture (USDA) to estimate soil wind erosion in farmland in
the United States (Fryrear et al., 1998). The RWEQ is an empirical
wind model that has been widely used to estimate wind erosion at
the field scale. The main factors include climatic parameters, soil
properties, surface roughness, and vegetation cover (Fryrear et al.,
2000; Fryrear et al., 2001). The principal equations of the RWEQ
are (Fryrear et al., 2000)

Qx � Qmax[1 − e
(x

s)2] (1)
s � 150.71(WF × EF × SCF × K ′ × C)−0.3711 (2)
Qmax � 109.8(WF × EF × SCF × K ′ × C) (3)

whereQx is the sediment flux at block length x (distance from the
upwind direction) (kg m−1); Qmax is the maximum sediment
transport capacity of the wind force (kg m−1); and s is the key
block length (m). WF is the weather factor (kg m−1); EF is the
erodible soil fraction (dimensionless); SCF is the soil crust factor
(dimensionless); K′ is the soil roughness factor (dimensionless);
and C is the vegetation cover factor (dimensionless).

The weather factor (WF) can be calculated using:

WF � ∑N
i�1
ρ
(U2 − Ut)2U2

gN
× Nd × SW × SD (4)

where U2 is the wind speed (m s-1) at a height of 2 m, and it can be
converted from the wind speed observed at standard anemometer
heights using Elliot’s method (Elliot, 1979). Ut is the threshold
wind speed (m s-1) at a height of 2 m, and the threshold wind
speed is assumed to be 5 m s-1 in the RWEQ (Fryrear et al., 2000).
N is the number of wind speed observations during the period;
Nd is the number of observation days in the study; g is the
acceleration of gravity (m s-2); SW is the soil moisture factor
(dimensionless); and SD is the snow-cover factor
(dimensionless).

The soil erodible factor (EF) and the soil crust factor (SCF) are
calculated using Eqs 5, 6:

EF � 29.9 + 0.31Sa + 0.17Si + 0. + 33Sa/Cl − 2.59OM − 0.95CaCO3

100
(5)

SCF � 1

1 + 0.0066(Cl)2 + 0.021(OM)2 (6)

where Sa is the sand content of the soil (%), Si is the silt content of
the soil (%), Sa/Cl is the ratio of the sand to clay contents of the
soil (%), OM is the organic-matter content of the soil (%), and
CaCO3 is the calcium carbonate content of the soil (%).

The combined vegetation factor (C) is the product of
three factors: the crop canopy (SLRc), flat-residues factor
(SLRf), and standing residues factor (SLRs). However, the
crop residues are normally used and most of the agricultural
land is exposed in the research area (Guo et al., 2013).
Therefore, the combined vegetation factor (C) was adjusted
and is expressed as follows:

SLRc � e−5.614(cc0.7366) (7)
where cc is the growing vegetation cover.

The surface roughness factors include the directional
roughness and random roughness. Tillage measures produce
roughness, while climatic factors such as rainfall gradually
reduce the roughness factors. The surface roughness factor is
calculated as follows (Shen et al., 2016):

K′ � cosα (8)
where α is the slope of the terrain, which was extracted fromDEM
data (Table 1) using ArcGIS 10.2.

IWEMS Model
The Integrated Wind Erosion Modelling System (IWEMS) was
proposed by Shao (2001). This model has been widely used to
estimate the wind erosion in China (Song, 2004; Du et al., 2018).
The horizontal saltation flux Q(ds) (kg m−1 s−1) for a soil with a
uniform particle size ds can be estimated using Owen’s (1964)
model:

Q(ds) �
⎧⎪⎪⎨⎪⎪⎩

coAcρau
3
p

g
[1 − (upt(ds)

up

)2], up ≥ upt

0, up < upt

(9)

where Ac is the fraction of the erodible area, and co is the Owen
coefficient. In theory, co is not a constant; and it was set equal
to 0.25 + ωt(ds)/3up in Owen’s original formulation, where ωt

(m s−1) is the terminal velocity of the salted particles
(Owen, 1964).

The threshold fraction velocity u*t is (Du et al., 2015b)

u*t(ds; λ; θ) � u*t(ds)fλ(λ)fω(θ) (10)
where u*t (ds;λ;θ) (m s−1) is the threshold friction velocity of sand
particles with diameter ds in the presence of vegetation and soil
moisture; λ (m2) is the frontal area of the roughness element; fλ(λ)
is a function that modifies the threshold friction velocity to reflect
the roughness elements; θ (m3/m3) is the volumetric soil moisture
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(m3 m−3); and fω (θ) is a function that corrects the threshold
friction velocity for soil moisture.

The u*t(ds) is the threshold friction velocity under ideal
conditions in which the surface is covered by loose sand
particles that are uniform and spherical. The threshold friction
velocity under the ideal conditions u*t(ds) can be expressed by
the equation proposed by Shao (2001):

u*t(ds) �
���������������
a1(ρp

ρa
gds + a2

ρads
)√

(11)

where ρa and ρp are the densities of the air and sand particles, 1.29
and 2,600 kg m−3, respectively; g is the acceleration of gravity
(9.8 m s−2); a1 is a dimensionless parameter and a2 is a dimension
parameter, Shao (Lu and Shao, 2001; Shao, 2001) suggested values
of a1 = 0.0123 and a2 � 3 × 10−4 kg s−2.

The roughness element correction function fλ proposed by
Raupach et al. (1993) represents the ratio between the threshold
friction velocity with roughness elements u*t(ds; λ) and the
velocity without roughness elements u*t(ds). The equation for
fλ(λ) is:

fλ(λ) � u*t(ds, λ)
u*t(ds) � (1 −mrσrλ)1/2(1 +mrσrλ)1/2 (12)

where mr is a tuning parameter with a value of less than one,
which accounts for the non-uniformities in the surface stress
distribution; σr is the ratio of the basal to frontal areas σr � η/λ of
the roughness elements; and βr � Cr/CS is the ratio of the
pressure-drag coefficient to the friction-drag coefficient
(Raupach et al., 1993). The recommended values are βr ≈ 90,
mr ≈ 0.5, and σr ≈ 1.

The soil moisture correction function fω (θ) was calculated
using the simple method proposed by Fecan et al. (1998):

fω(θ) � [1 + A(θ − θr)b]1/2 (13)
where θr is the air-dry soil moisture (m3 m−3), and A and b are
dimensionless parameters. The daily soil moisture was calculated
using the Bridge Event and Continuous Hydrological (BEACH)
model proposed by Sheikh et al. (2009).

The typical value of co is approximately one and is regarded as
a constant. u* was calculated using the wind profile equation
(Bagnold, 1941):

u* � kuz

ln(z−dz0 ) (14)

where uz (m s−1) is the wind velocity at height z, k is Von
Karman’s constant (0.4), z(m) is the measurement height, d(m) is
the zero-plane displacement, and z0(m) is the aerodynamic
roughness length.

Sensitivity Analysis
Sensitivity analysis is generally used to determine the main
sensitive factors of a wind and water erosion model (Hagen
et al., 1999; Feng and Sharratt, 2005). The sensitivity
parameter, SS, is calculated by:

SS � O2 − O1

O12
/I2 − I1

I12
(15)

where I1 and I2 are the least and greatest values of input
parameters; O1 and O2 are the output values correspond to
inputs values; I12 and O12 are the average of input and output
values.

Temporal Interpolation of Wind Speed
WINDGEN (Wind-generator) is a subsystem ofWEPS developed
by United States Department of Agriculture (Skidmore and
Tatarko, 1990). WINDGEN is a sub-daily wind speed
generator and can reproduce the hourly wind speed. Wind
speed for any hour of the day u(i) can be simulated by:

u(i) � urep + 0.5(umax − umin)cos[2π(24 − hmax + i)/24] (16)
where u(i) is the wind speed for any hour (i) of the day; urep is the
daily mean representative wind speed; umax and umin are the
maximum and minimum wind speed for the day; hmax is the hour
of the day when wind speed is maximum.

Linear interpolation method refers to the wind speed
estimation data obtained 24 times per day by calculating the
wind speed at 2 adjacent integer points, and the equation is
expressed as (Li et al., 2013):

uti � |ut2 − ut1|
t2 − t1

(t2 − t1) + ut1 (17)

where t1 and t2 are the hours of two adjacent wind speed in four
wind speeds on day (02:00, 08:00, 14:00 and 20:00); ti is the hour
between t1 and t2; uti, ut1 and ut2 are the wind speed correspond to
ti, t1 and t2.

Scenario
In the APEC, there are 130 meteorological observing stations
(reference and basic stations), of which 47 are reference
climatological stations (reference stations). The four wind
speeds per day (UTC+8 2:00, UTC+8 8:00, UTC+8 14:00, and
UTC+8 20:00) or the daily wind statistics (average and
maximum) per day are generally available in China. Based on
the characteristics of the available wind data, four scenarios
regarding the selection of the type of wind data were used to
model the regional potential wind erosion (Table 2). In Scenario
1, 130 meteorological observing stations (reference and basic
stations) with daily average and maximum wind speed data were
used. In Scenario 2, 130 meteorological observing stations

TABLE 2 | The spatial resolution of the climatological stations and temporal
resolution of the wind speed for different scenarios.

Scenarios Stations density Wind speed resolution

Scenario 1 130 Daily average and maximum wind speed
Scenario 2 130 Four wind speeds per day
Scenario 3 47 Daily average and maximum wind speed
Scenario 4 47 Four wind speeds per day

The four wind speeds per day include the UTC+82:00, UTC+8 8:00, UTC+8 14:00, and
UTC+8 20:00 wind speeds.
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(reference and basic stations) with four wind records per day were
used. In Scenario 3, 47 reference climatological stations (reference
stations) with daily average and maximum wind speed data were
used. In Scenario 4, 47 reference climatological stations (reference
stations) with four wind records per day were used. The
“Standards for Classification and Gradation of Soil Erosion”
were used to classify the potential wind erosion hazard (weak,
slight, moderate, severe, very severe, and catastrophic)
(MWRPRC, 2007).

RESULTS

Sensitivity Analysis of Model Parameters
The parameters testing, the base values, the input values, and the
sensitivity values are presented in Table 3. Overall, wind speed is
the most sensitive parameters of the two models. Generally, wind

erosion intensity is remarkably affected by threshold wind speed.
The wind speed data with high spatial and temporal resolution is
thus important for regional wind erosion simulation. Besides
wind speed, for RWEQ, snow cover and vegetation cover can
effectively control wind erosion, and the climatic factors have
apparent seasonality. Several soil properties, such as the clay
content and soil moisture can also reduce the wind erosion.
However, the least sensitivity was observed for the inputs of
temperature, precipitation days and sunshine time. For IWEMS,
the wind speed is also the most sensitive inputs for wind erosion
modeling.

Potential Wind Erosion for Different
Scenarios
The average potential wind erosion values from 2000 to 2012 for
the different scenarios are presented in Figure 2A. For the

TABLE 3 | The values of testing parameters, base values, input values and sensitivity values in RWEQ and IWEMS.

Model Parameters Units Base value Input 1 Input 2 Sensitivity values Rank

RWEQ Wind speed m s−1 12.00 6.00 24.00 1.66 1
Snow cover - 0.98 0.70 1.00 1.00 2
NDVI % 16.00 0.00 100.00 -0.99 3
Clay content % 4.75 0.00 25.20 -0.81 4
Rain mm 10.21 0.00 111.40 -0.68 5
CaCO3 content % 20.60 5.00 39.30 -0.47 6
Sand content % 44.39 5.50 93.60 0.38 7
Topography slope (α) ° 0.97 0.00 45.00 -0.31 8
Orginc matter % 1.78 0.18 4.79 -0.23 9
Rain day d 2.60 0.00 11.00 -0.19 10
Silt content % 35.01 0.50 69.50 0.15 11
Duration h 8.40 0.00 14.30 0.11 12
Temperature °C 8.60 -29.20 39.80 -0.01 13

IWEMS Wind speed m.s−1 12 8 24 2 1
NDVI % 16.00 0 100 -1 2
Silt mm 0.38 0.002 0.05 0.87 3
Soil moisture % 11.28 0 19.32 0.69 4
Sand mm 0.54 0.05 2.00 0.65 5
Air-dry soil moisture % 4.10 0.52 11.28 0.15 6
clay mm 0.001 0.00 0.002 0.00 7

FIGURE 2 | (A) Average potential wind erosion estimated using the RWEQ and IWEMS for different scenarios. (B) Seasonal distribution of the average potential
wind erosion estimated using the RWEQ and IWEMS for different scenarios.
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RWEQ, the highest average potential wind erosion values were
27.33, 22.12, 19.34, and 15.73 t hm−2 a−1 for scenarios 1, 2, 3, and
4, respectively. For the IWEMS, the average annual potential
wind erosion values were 98.54, 84.73, 69.46, and 61.77 t hm−2 a−1

for scenarios 1, 2, 3, and 4, respectively. As is shown in Figure 2B,
most of the severe wind erosion occurred in spring and the wind
erosion was the lowest in summer. Table 4 presents the potential
wind erosion with different erosion hazards from 2000 to 2012 for
the different scenarios. For the RWEQ, the percentage of the area
with weak and slight erosion hazards accounted about 80% of the
total area. The percentages of the areas with weak erosion hazards
were 27.52, 41.10, 39.43, and 47.82% for scenarios 1, 2, 3, and 4,
respectively, and the percentages of the areas with slight erosion
hazards were 50.75, 39.21, 45.36, and 38.97%, respectively. For the
IWEMS, the areas with weak and slight erosion hazards were
remarkably smaller than those for the RWEQ, and the weak and
slight erosion hazard areas occupied the large proportion (~50%)
of the total area. In contrast, the percentages of the areas with
severe, very severe, and catastrophic erosion hazards were high
for all of the scenarios, i.e., 41.37, 32.82, 33.07, and 25.83% for
scenarios 1, 2, 3, and 4, respectively. The areas with severe, very
severe, and catastrophic erosion hazards decreased and the areas
with weak and slight erosion hazards increased from scenario 1 to
scenario 4. In summary, weak and slight erosion hazards were
predominant in the APEC. Moreover, the potential wind erosion
estimated using the IWEMS model is higher than that estimated
using the RWEQ, and the four scenarios produce different results.

Spatiotemporal Distribution of Potential
Wind Erosion
Figure 3 shows the spatial patterns of the potential wind erosion
estimated using the RWEQ and IWEMS for the different
scenarios. For the RWEQ, the area of very severe and
catastrophic erosion hazards markedly decreased from
scenarios 1 to 4 in the Horqin Sandy Land and the Hunshan
Dake Sandy Land, and no catastrophic erosion hazards were
scattered in the Hunshan Dake Sandy Land for scenario 4.
Moderate erosion hazards dominated the Mu Us Sandy Land
for all of the scenarios, and severe erosion hazards occurred in
small regions for scenarios 1 and 2. For the IWEMS, the Horqin
Sandy Land, the Hunshan Dake Sandy Land, and the Mu Us

Sandy Land exhibited very severe and catastrophic erosion
hazards for all of the scenarios. The very severe and
catastrophic erosion hazards decreased remarkably from
scenarios 1 to 4 in the Horqin Sandy Land and the Hunshan
Dake Sandy Land. In summary, the geographic distributions of
the potential wind erosion were similar, and the wind erosion
hotspots were mainly located in the Horqin Sandy Land, the
Hunshan Dake Sandy Land, and the Mu Us Sandy Land.

The results show that there were seasonal variations and
annual fluctuations in the potential wind erosion. Figure 2B
shows the average seasonal potential wind erosion in the APEC.
Wind erosion occurred during all of the seasons, and the seasonal
variation of the potential wind erosion was as follows for all of the
scenarios: spring > winter > autumn > summer. The potential
wind erosion exhibited obvious annual fluctuations from 2000 to
2012 (Figure 4). The trends of the inter-annual variations in the
average potential wind erosion were similar between 2000 and
2012 for all of the scenarios. The average potential wind erosion
was the highest in 2001 for all of the scenarios; and it was the
lowest in 2011, except for scenarios 3 and 4 for the IWEMS, in
which they occurred in 2005 and 2008, respectively. Overall, the
potential wind erosion significantly decreased from 2000 to 2012.

DISCUSSION

Model Applicability and Verification
Several methods often employed in soil wind erosion evaluation,
particularly the common radioisotope 137Cs monitoring method
have high degree of precision for wind erosion monitoring in field
surface experiments and observations in different model
(Gharibreza et al., 2020). The verification of the models was
investigated based on collected measured wind erosion data.
Here, the seven sites and two regional areas of measured wind
erosion were obtained using radioisotope 137Cs method from the
literatures (Tables 5, 6). The locations of the observation are
presented in Figure 1C. We compared our results in all scenarios
with previous findings by using radioisotope 137Cs method. From
Table 5, the simulated results were generally in agreement with
the wind erosion sites reported in the literature in twomodels. For
all the sites, the results of simulated wind erosion are usually over
the measured wind erosion in IWEMS, except for Datong county

TABLE 4 | Comparison of wind erosion in sites among different studies.

No. Longitude Latitude References Wind
erosion (t

hm−2

a−1)

RWEQ simulates wind erosion (t hm−2 a−1) IWEMS simulates wind erosion (t hm−2 a−1)

Scenario
1

Scenario
2

Scenario
3

Scenario
4

Scenario
1

Scenario
2

Scenario
3

Scenario
4

1 115.14 41.93 Hu et al.
(2005)

77.76 23.51 20.2 11.91 8.53 137.24 127.36 118.49 108.39

2 113.62 40.05 Jiang, (2010) 56.36 13.47 14.19 23.52 20.63 79.68 55.43 101.57 63.52
3 115.55 42.33 Liu et al.

(2008)
3.51 2.99 2.41 1.11 0.89 23.48 7.75 9.08 3.83

4 109.72 40.35 Li et al.
(2016)

3.2 2.74 2.54 1.23 1.26 27.53 11.72 14.69 5.16
5 109.45 40.21 48.5 30.88 26.96 15.54 15.48 227.13 189.98 140.74 107.59
6 109.74 40.35 6.2 2.06 1.92 0.9 0.92 18 7.8 9.37 3.44
7 109.72 40.39 59 32.2 27.7 13.61 13.9 172.59 146.13 83.18 63.39
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and Dalad Banner in scenario 2 and scenario 4, respectively.
However, RWEQ modeling results generally larger than previous
measured values using 137Cs in scenario 1 and scenario 2,
meanwhile, simulated results less than the measured in

scenario 3 and scenario 4. We also compared our results in
regional range with previous study of radioisotope 137Cs in
Kangbao and Fengning, Hebei of china (Table 6). On the
whole, simulated results with IWEMS larger than RWEQ,

FIGURE 3 | Spatial distribution of the wind erosion hazards for the different scenarios. Note: Meanwind speed in RWEQ at 2 m height and in IWEMS at 10 m height.
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particularly in Kangbao county. And maximum values of the
simulated over the maximum from observed values.

Influence of the Type of Wind Data on
Regional Potential Wind Erosion Evaluation
Herein, the average potential wind erosion was found to be
significantly lower for scenarios 1 to 4 for both models. For the
same basic spatial meteorological data (scenarios 1 and 2 and
scenarios 3 and 4), the average potential wind erosion estimated
from the daily average and maximum wind speeds was higher than
that calculated using four wind speeds per day (Figure 2). This is due
to the fact that themethods of generating the hourly wind speed were
different. WINDGEN was used to reproduce the hourly wind speed
based on the daily average and maximum wind speeds, whereas the
four wind speed measurements per day were interpolated using the
linear interpolation method to obtain the hourly wind speedWagner
et al., 1992. Table 7 presents the average wind speed and the
percentage of erosive wind (>5m s−1 wind speed at a height of
2 m). Clearly, the average wind speed and the percentage of erosive
wind generated using WINDGEN are greater than those generated
using the linear interpolationmethod.High temporal resolutionwind
speeds are generally required to generate a precise wind erosion
model (van Donk et al., 2008; Guo et al., 2012; Panebianco and
Buschiazzo, 2013). Since detailed wind data may be unavailable for
some regions, several temporal wind data interpolationmethods have
been developed (Donatelli et al., 2009). It is suggested that the users
need to access the prediction errors of the different temporal
interpolation methods when modeling regional wind erosion.

For the same temporal meteorological data (scenarios 1 and 3 and
scenarios 2 and 4), the average regional wind erosion obtained from
the 130 meteorological stations was higher than that obtained from
the 47 meteorological stations (Figure 2). Point meteorological data
are generally interpolated into regional raster data for regional
geographical and environmental modeling (Mauger et al., 2013; Li
and Heap, 2014). Mathematically, the factors affecting the
performances of spatial interpolation methods include the
sampling design, the spatial distribution of the samples, the nature
and quality of the data, the correlation between the primary and
secondary variables, and the interactions among the factors (Shepard,

1968; Li and Heap, 2014). Here the kriging method was used to
upscale the wind data. As the number of meteorological stations and
the measured accuracy increase, the performance of the kriging
interpolation tends to increase (MacEachren and Davidson, 1987;
Luo et al., 2008; Martin et al., 2016). In addition, the locations and
distribution of the meteorological stations within the study area also
affect the accuracy of the kriging interpolation (MacEachren and
Davidson, 1987; Keskin et al., 2015; Ozturk and Kilic, 2016).

Implications for the Impacts of Climate
Change on Wind Erosion
Climate change is an important contributor to wind and water
erosion. It can accelerate or decelerate the rates of wind and water
erosion and can further alter the soil’s health, productivity, and
surface cover (Gao et al., 2002; Sharratt et al., 2015; Webb et al.,
2020). The influences of historical climate changes on wind erosion
have been extensively studied. The variations in the historical wind
speed, precipitation, and temperature have generally been
summarized as the main factors affecting temporal wind erosion
trends (e.g., Haiyan Zhang et al., 2018; Edwards et al., 2019; Lin et al.,
2020). Recently, the effects of future climate change scenarios on
wind erosion have also been explored. For example, Sharratt et al.
(2015) reported that the soil and PM10 losses via wind erosion will be
25–84% lower under the mid-21st century climate (2035–2064) on
the Columbian Plateau, USA, compared with the baseline scenario
(1970–1999). Li et al. (2020) reported that projected climate changes
(2006–2099) will decrease the regional wind erosion by
10.71–33.74% in Central Asia. These studies generally used
different types of wind data (e.g., daily or hourly data) and
various wind erosion models (e.g., the RWEQ and WEPS).
Mathematically, the magnitude of the wind erosion variations
due to climate change may be similar to the effects of using
different types of wind data (e.g., Munson et al., 2011; Zhang
et al., 2019). The discrepancy in the wind erosion modeling
caused by using different types of wind data or different wind
erosionmodelsmay interfere with characterizing the effect of climate
change on wind erosion. Therefore, determining a method of
selecting a type of wind data in terms of the temporal resolution
(daily or hourly data) and spatial network (basic or reference

FIGURE 4 | Inter-annual variations in the average potential wind erosion obtained using (A) the RWEQ and (B) IWEMS for the different scenarios.
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stations) is vital to quantifying the effects of historical or future
climate change on regional wind erosion.

Moreover, many studies involving correlations with wind erosion,
such as the impacts of landscape changes (land use/cover) on wind
erosion (e.g., Chunlai Zhang et al., 2018; Chi et al., 2019), ecosystem
services evaluation of reducing soil erosion (e.g., Hao et al., 2017;
Zhao et al., 2017), soil CO2 sequestration and emissions due to wind
erosion (e.g., Webb et al., 2012; Chappell et al., 2019), and wind
erosion-induced surface soil nutrient loss (e.g., nitrogen and
phosphorus) (e.g., Du et al., 2019; Song et al., 2019), have
generally neglected the effect of the type of wind data on precise
wind erosion modeling.

Limitations and Future Perspectives
Soil loss due to wind erosion at the field or regional scales can be
simulated by wind erosion models. However, the models’
predictions are widely underestimated or overestimated (Pi
et al., 2017). For instance, Buschiazzo and Zobeck (2008)
found that the RWEQ and WEPS underestimated the soil
mass transport by 45 and 40%, respectively, in a bare
agriculture field. Several studies have demonstrated the
underestimation of the maximum sediment transport (Qmax)
and field soil loss (SL) and the overestimation of the critical field
length (S) when using the RWEQmodel at multiple sites (Zobeck
et al., 2001; VanPelt et al., 2004).

To improve the accuracy of wind erosion models, calibration of
the sensitive inputs of the models is necessary. At the field scale,
measured wind erosion data can be relatively easily determined
(Jarrah et al., 2020). Several studies have concluded that the
prediction accuracy of wind erosion models (e.g., the RWEQ and
WEPS) can be remarkably improved by calibrating some of the key
parameters (Visser et al., 2005; Fryrear et al., 2008; Youssef et al., 2012;
Xing et al., 2018). At the regional scale, the calibration of wind erosion
models requires more standard long-term observation data (Jarrah
et al., 2020). Du et al. (2018) calibrated the IWEMSmodel to enhance
its performance using data from 452 passive sand traps from 2009 to
2011. Song et al. (2019) predicted the soil organic carbon and nutrient
losses resulting from aeolian dust emissions after calibrating the
IWEMS using data from 293 field experimental sites from 2014 to
2015. The RWEQ was upscaled to the regional scale and calibrated
using measured wind erosion data, and then, it was further used to
access thewind erosion risk in the YellowRiverwatershed, China (Du
et al., 2015a; Du et al., 2015b). Several other studies have focused on
validating wind erosion models. The soil loss through wind erosion
determined using the 137Cs method was used to validate the upscaled
RWEQ (e.g., Chunlai Zhang et al., 2018; Chi et al., 2019; Wu et al.,
2021). Publishedwind erosion data have also been used to verify wind
erosion models (e.g., Wang et al., 2020; Zhou et al., 2020).
Nevertheless, many studies have directly assessed regional wind
erosion, but no calibration or verification of the wind erosion
models were conducted (e.g., Feng and Sharratt, 2005; Guo et al.,
2013; Borrelli et al., 2017; Fenta et al., 2020; Lin et al., 2020). Our
study indicates that the type of wind data has a significant
influence on the potential wind erosion estimation obtained
using the RWEQ and IWEMS. Therefore, it is necessary to
systematically calibrate and validate these models to achieve
precise wind erosion modeling.T
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CONCLUSION

To quantitatively determine the effect of wind data with different
temporal resolutions or spatial station distributions on regional wind
erosion modeling, the Revised Wind Erosion Equation and the
IntegratedWind ErosionModeling Systemwere used to evaluate the
regional potential wind erosion in the APEC during 2000–2012
based on four scenarios with different types of wind data (Table 2).
The principal conclusions of this study are as follows.

1) The potential wind erosion evaluated using the twomodels are
closely correlated with the measured wind erosion
documented in the literature, but the observed values were
generally lower than the predicted values for all four scenarios.

2) The magnitudes of the mean potential wind erosion ranged from
15.73 to 27.33 t ha−1 a−1 by RWEQ and changed between 61.77
and 98.54 t ha−1 a−1 by IWEMS, but the spatial distributions and
temporal trends of the annual and seasonal potential wind erosion
for the two models were similar for the different scenarios.

3) The impacts of landscape changes (land use/cover) on wind
erosion, ecosystem service evaluation of reducing soil erosion,
CO2 soil sequestration and emissions through wind erosion,
and wind erosion induced surface soil nutrient loss (e.g.,
nitrogen and phosphorus) may be influenced by regional
wind erosion modeling based on different types of wind
data (Shepard, 1968; Wagner et al., 1992).

In this study, it was determined that the type of wind data can
significantly affect regional wind erosion estimation. Users need

to calibrate and validate their selected model to achieve precise
wind erosion prediction.
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TABLE 6 | The area and percentage of the wind erosion hazards determined using the RWEQ and IWEMS for different scenarios.

Wind erosion hazards/Range (t hm−1 a−1) Area of the class (km2)/Percentage of total area for the class (%)

Scenario 1 Scenario 2 Scenario 3 Scenario 4

RWEQ Weak/0–2 149.047/27.52 222.587/41.10 213.506/39.43 258.935/47.82
Slight/2–25 274.827/50.75 212.305/39.21 245.654/45.36 211.050/38.97
Moderate/25–50 54.649/10.09 49.746/9.19 29.495/5.45 20.661/3.82
Severe/50–80 10.473/1.93 7.199/1.33 5.058/0.94 8.910/1.65
Very severe/80–150 15.082/2.79 26.640/4.92 30.879/5.71 32.187/5.95
Catastrophic/>150 37.439/6.91 23.040/4.25 16.925/3.13 9.774/1.81

IWEMS Weak/0–2 134.904/24.90 156.514/28.89 107.568/19.85 136.838/25.24
Slight/2–25 99.301/18.33 11.5416/21.30 162.530/29.99 182.699/33.69
Moderate/25–50 83.387/15.39 92.043/16.99 92.632/17.09 82.666/15.25
Severe/50–80 64.104/11.83 49.536/9.14 53.556/9.88 31.294/5.77
Very severe/80–150 59.982/11.07 36.100/6.66 51.495/9.50 36.608/6.75
Catastrophic/>150 100.051/18.47 92.218/17.02 74.211/13.69 72.134/13.30

TABLE 7 |Meanwind speed and percentage of wind speeds greater than the threshold wind speed (5 m s−1) estimated by theWINDGEN and Linear interpolation methods.

Wind speed interpolation
method

130 climatological stations 47 climatological stations

Mean wind speed (m
s−1)

Mean percentage (%) Mean wind speed (m
s−1)

Mean percentage (%)

WINDGEN 2.37 8.83 2.45 9.51
Linear interpolation 2.35 8.00 2.43 8.67
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The Natural Suitability of Human
Settlements and Their Spatial
Differentiation in the Nenjiang River
Basin, China
Yang Zhao and Junling Zhang*

College of Landscape Architecture, Northeast Forestry University, Harbin, China

The natural suitability of human settlements (NSHS) of the Nenjiang River Basin was
carried out by evaluation indices such as terrain characteristics, vegetation, hydrology,
and climate of the region. The NSHSmodel is built using a GIS spatial analysis platform to
reveal the suitability zoning and spatial differentiation (SD) characteristics of human
settlements in the study area. The results show that the NSHS index of the study area
ranges from 0.31 to 0.92, with an average of 0.54, indicating that the values show a
gradual increase from northwest to southeast and from mountainous and hilly areas to
plains. The most suitable and generally suitable areas constitute nearly 41.81% of the
basin, and the population of these terrain accounts for about 84.25% of the total
population of the basin. The suitable area category covers the largest area among all
other categories accounting for about 25.16%, and the population of these regions
accounts for about 12.46%. The critical suitable area category accounts for 21.70% of
the basin, whereas unsuitable areas account for 11.32%, constituting the smallest areas
compared to other categories. It is also evident that diverse limiting factors of NSHS
characterize distinct areas in the study area. For example, high NSHS index, the
normalized difference vegetation index (NDVI), and water resource index (WRI) are
the main limiting factors in plane areas, low NSHS index, the relief degree of land
surface (RDLS) index, and temperature-humidity index (THI) are the major limiting factors
in the mountainous, hilly and plateau areas.

Keywords: GIS, human settlements, natural suitability, spatial differentiation, Nenjiang River basin

1 INTRODUCTION

The natural environment is recognized as the framework for human existence, productivity,
and life. The natural suitability of human settlements (NSHS) directly influences the
distribution, migration, and population density of an area under natural conditions and
affects the degrees of regional and socio-economic development, living comfort, and
rational utilization of resources.

Several researchers have traditionally focused on diverse aspects of human settlement
environment assessment (HSEA), including HSEA with cities [(Li and Ni, 2009; Sui et al.,
2013; Qing et al., 2018), etc.], HSEA with rural areas [(Li et al., 2015; Wu D. et al., 2016; Zeng
et al., 2016)], etc. The mainstream evaluation methods of HSEA are mostly comprised of
questionnaire surveys, structural models, analytic hierarchy processes, fuzzy comprehensive
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evaluation, GIS analyses, etc. (Liu and Zhang, 2014). Several
domestic researchers have conducted numerous HSEAs at
various levels (Xu et al., 2007; Li et al., 2010; Li et al., 2011;

Min et al., 2012; Gu et al., 2015; Wu H. et al., 2016; Wang and
Wang, 2019), including those conducted across different
countries, regions, provinces, and cities. The earlier

FIGURE 1 | Nenjiang river basin.
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research in the Nenjiang River Basin related to HSEA are
unilaterally focused on climate, topography, vegetation, and
hydrology (De Freitas, 1979; Wu et al., 2019; Li et al., 2020;

Wang X. et al., 2020; Wang Z. et al., 2020). However, a
comprehensive HSEA based on the aforementioned natural
factors has not been reported so far, and hence adequate

FIGURE 2 | RDLS.
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research on NSHS evaluation of the study areas needs utmost
importance. In this context, the present study builds the
human settlements index (HSI) model for the Nenjiang

River Basin in terms of various factors such as topography,
climate, vegetation, hydrology, and soil using GIS. The study
also highlights the spatial adaptability and geographical

FIGURE 3 | THI.
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distribution features of human settlements in the study area. It
provides a scientific basis and decision-making reference for
population distribution planning, resources efficiency and

rationality, environmental protection, and improvement of
NSHS. The present paper evaluates the adequacy of natural
conditions and living environment in the Nenjiang River

FIGURE 4 | NDVI.
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Basin, China. This study helps to rejuvenate the northeast by
providing a theoretical foundation for rational population
distribution planning, efficient and rational utilization of

resources, regional natural environmental protection,
rational social infrastructure construction, and
improvement of NSHS.

FIGURE 5 | WRI.
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2 MATERIALS AND RESEARCH METHODS

2.1 Overview of the Study Area
This region is located at 119°15′–127°40′E and 44°26′–51°37′N.
Originating from the south foot of Yilehuli Mountain in Greater
Khingan Mountains, the river flows through Nenjiang, Erlunchun,
Nehe, and other counties (cities and banners) from north to south. It
merges with the main stream of Songhua River at Sancha estuary,
with a total length of 1,370 km and a drainage area of 297,000 km2.
The region is in the northern edge of East Asian monsoon region,
with the semi-humid continental climate of cold temperate zone. It
has long and cold winter, short and rainy summer, with the annual
average temperature of 1°–4°. Its historical minimum temperature is
−39.5°C, while the maximum temperature is 40.1°C. The region’s
main geomorphic types include plateaus, mountains, hills, and plains.
It coversHailar City, Ulanhot City, Huolingol City, andTongliaoCity
in Inner Mongolia Autonomous Region, Heihe City, Qiqihar City,
Daqing City, Suihua City, and Harbin City in Heilongjiang Province,
Baicheng City and Fuyu City in Jilin Province. The region can be
divided into three sections on the basis of the natural characteristics:
the upstream, the midstream and the downstream, as shown in
Figure 1.

2.2 Data Source and Processing
2.2.1 Data Sources
The remote sensing data and images of the study area, including
30 m × 30 m DEM, were generated using the topographic map
from the China Geospatial data Cloud of the Chinese Academy of
Sciences. The meteorological data such as temperature, humidity,
and precipitation in the basin from the basic observation data of
16 meteorological stations as part of the China Meteorological
data Network. The vegetation data of the area from July to
September 2015 were collected from the remote sensing data
captured by Landsat 8. The demographic population data in 2017
was collected from the economic and social statistical yearbook
for the study area.

2.2.2 Data Preprocessing
A uniform projection coordinate system was established by
projecting and transforming the remote sensing and DEM
data. Further, relief features such as slope, elevation variation,
average altitude, and other relevant data were extracted from the
DEM. The normalized difference vegetation index (NDVI) and
modified normalized difference water index (MNDWI) of the
basin were extracted using ENVI software. A comprehensive
evaluation of the natural factor data precipitation,
temperature, and humidity in the basin was carried out by
generating their index data layers through density calculation
and kriging interpolation using the spatial analysis tool of the
ArcGIS software. Further, the HSEA model was built to develop
the NSHS index map and to examine the SD characteristics of the
study area.

2.3 Research Methods
2.3.1 RDLS
The land surface is the foundation for human existence and
development, and hence, the human activities of an area are

significantly influenced by the topographic variations and
geomorphic features. The relief degree of the land surface
(RDLS) of the study area has been calculated based on Feng
et al. (2008), and the following equation is used for the
calculation.

RDLS � ALT/1000 + {[Max(H) −Min(H)] × [1 − P(A)/A]}
× /500

Where: Max(H) and Min(H) represent the highest and the
lowest altitudes respectively in the study area; A is the total area,
and P(A) is the area of flat land. The RDLS is computed using the
unique topography and landform of the basin as the basis of this
study, with a 1 km × 1 km grid as the fundamental evaluation unit
(A is 1 km2). The calculation results of RDLS are shown in
Figure 2.

2.3.2 THI
Climate patterns have a significant impact on human activity.
Tome’s discomfort index, commonly known as the temperature-
humidity index (THI), measures the degree of humidity in the
absence of wind. The following equation is used for the
calculation of THI.

THI � T − 0.55 × (1 − f)(T − 58)
T � 1.8t + 32

K � −(10 �
v

√ + 10.45 − v)(33 − t) + 8.55S

Where THI represents the temperature-humidity index, K
represents the wind efficiency index, t, and T represent the
monthly averages of temperatures in °C and °F respectively, f
represents the monthly average relative humidity of air (%), v
represents the average wind speed (m/s) at the height of 10 m
above the ground, and S represents the sunshine hours (h/d). The
calculation results of THI are shown in Figure 3.

2.3.3 NDVI
The height of vegetation cover is considered as one of the
essential indices for determining the living environment and
is used to evaluate ecological conditions of human production
and life. The normalized difference vegetation index (NDVI)
is the standard way to represent the vegetation index (Wei
et al., 2012). The following equation is used to calculate the
NDVI.

NDVI � (NIR − R)(NIR + R)
WhereNIR and R are the reflectances of the near-infrared and red
bands, respectively. The estimated values of NDVI are in
Figure 4.

2.3.4 WRI
The quality of hydrological conditions is particularly significant
to the NSHS in the basin since water resources are essential
natural resources for survival and development. One of the most
often used indices for assessing the regional hydrological
conditions is the water resource index (WRI) (Wei et al.,
2012). The equation used for the calculation of WRI is as follows.
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WRI � αP + βWPM

Where WRI is the water resource index, P is normalized
precipitation; WPM is the normalized water production
modulus, and α and β are the weight values of precipitation
and water production modulus, respectively. The estimated
values of WRI for the basin are shown in Figure 5.

2.3.5 HEI Model

HEI � α×NRDLS + β×NTHI + γ×NWRI + δ×NLCI

Where HEI, NRDLS, NTHI, NWRI, and NLCI represent human
settlements environment index, normalized relief degree of the land
surface, normalized temperature-humidity index, normalized water
resource index, and normalized land-cover index. The symbols α, β,
γ, and δ represent the weights of NRDLS, NTHI, NWRI, and NLCI,
respectively. The maximum, minimum, and optimum values
corresponding to each index in standardization procedures are
based on the research findings reported by Feng et al. (2008), Wei
et al. (2012), and Li and Zheng (2018). The correlation between these
four indices and the grid layer of population density was examined
using the spatial analysis tool of ArcGIS. The correlation coefficients
were subsequently inverted and normalized using SPSS statistical
software. The weights of NSHS evaluation indices in the basin, α, β, γ,
and δ were estimated as 0.387, 0.153, 0.275, and 0.185, respectively.
Based on the NSHS values, the study area has been divided into five
categories: most suitable, generally suitable, suitable, critical suitable,
and unsuitable areas. The SD and regional characteristics of these
categorieswere analyzed based on the results of earlier research on the
human settlements index model (Ma et al., 2007; Hao and Ren, 2009;
Wei et al., 2012; Li and Zheng, 2018).

3 RESULTS AND ANALYSIS

3.1 NSHS Evaluation in Nenjiang River Basin
The results of the calculations (Figure 3) demonstrate that the
NSHS indices of the Nenjiang River Basin vary from 0.3 to 0.92,
with an average of 0.54. The relative suitability progressively
improves from northwest to southeast and from mountainous
and hilly areas towards plains. The north of Songnen and Liaohe
Plains, with flat topography, excellent hydrothermal conditions,
convenient transportation, a high level of economic development,
and large population density, is characterized by high NSHS
indices. The area falling under the suitable category of NSHS
indices occupies most part of the basin, accounting for 25.16% of
the total area of the basin. The details of different categories of
NSHS indices of the basin are discussed in the following subheads.

1) Most suitable area: The areas under the most suitable category
are characterized by NSHS indices from 0.68 to 0.90, covering
an estimated land area of 56,161.05 km2, accounting for
19.35% of the basin area. The settlements of the area are
mainly concentrated in the Songnen Plain and the northern
parts of Liaohe plain with a population of 3,563,250, which is
61.54% of the total population of the basin and the population

density of 63 people/km2. These areas mark the economic
powerhouse of the Nenjiang River Basin due to ideal natural
conditions. However, the shortage of water resources and
severe deterioration of vegetation in the area limits the NSHS
in terms of population and natural conditions.

2) Generally suitable area: The NSHS indices of the generally
suitable category of areas range from 0.59 to 0.69, covering a
land area of 65,188.41 km2, which account for about 22.46% of
the basin area. These zones are mainly focused in the
southeastern parts of the Greater Khingan Mountains and
nearby areas with a population of 1,315,187, which is 22.71%
of the total population of the basin, and a population density
of 20 people/km2. Agricultural production lands mainly
dominate these areas where the topography is flat.

3) Suitable areas: The NSHS indices of the suitable category of land
range from 0.47 to 0.59, covering a land area of 73,028.45 km2,
which is about 25.16% of the basin area. The category is mainly
distributed in the Greater Khingan Mountains areas, where the
population is 721,493, which accounts for 12.46% of the total
population of the basin, with a population density of 10 people/
km2. These areas are described as agricultural lands with modest
residual mountains and hills.

4) Critical suitable area: The NSHS indices of the critical suitable
area category ranges from 0.36 to 0.47, occupying nearly
62,969.82 km2 of land area, which accounts for 21.70% of the
basin area. This zone covers the northwestern parts of theGreater
Khingan Mountains, where the population is 150,359, which is
2.60% of the total population of the basin, with a population
density of 2 persons/km2. This zone is characterized by larger
RDLS with poor human settlements and is unsuitable for living
due to its relatively sparse population.

5) Unsuitable areas: The NSHS indices of the unsuitable category
of the basin range from 0.13 to 0.36, covering a land area of
32,864.03 km2, accounting for about 11.32% of the basin area.
This zone is occupied in the eastern part of Hulunbuir plateau,
where the population is 40,211, which is nearly 0.69% of the
total population of the basin and the population density is 1
person/km2. The area is characterized by steep slopes with low
THI and poor environment and hence unsuitable for living.

3.2 Single-Factor Analysis of NSHS in the
Study Area
The superimposition of each evaluation factor and the NSHS
using the spatial analysis tool in ArcGIS indicates that the
dominant limiting factors of human settlements vary spatially
with greater spatial differentiation.

1) RDLS factor analysis: The NSHS of the study area is essentially
associated with RDLS in space, with a significant negative
correlation, indicating lower values of RDLS for better NSHS
and vice versa. RDLS has a significant impact on the
population distribution of an area. A lesser percentage of
the population occupy steep and hilly areas, while most of the
population lives in plane lands.

2) NDVI factor analysis: The NDVI index directly impacts the
perception of people on NSHS, and there is a positive
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correlation between these two factors. However, the
correlation is generally lower in densely populated areas
with higher NSHS, while it is higher in sparsely populated
mountainous and hilly areas, especially between NVDI and
RDLS factors. This is one of the most important elements
affecting the NSHS on the plain.

3) THI factor analysis: The THI indices of the Nenjiang River Basin
rises substantially from northwest to southeast and from areas
with higher altitudes to low altitudes, and the values are shown in
Table 1. Based on the spatial variations in THI, the basin has
been divided into three categories with THI values < 40, 40–45,
and 45–55. Extreme areas are also distributed in the basin,
especially in the northwestern parts, accounting for 36.3% of
the basin area. Hence, THI can be considered as one of the
important factors affecting the NSHS values. It is also observed
that the THI indices are negatively correlated with RDLS.

4) WRI Factor analysis. The WRI and NSHS indices of the
Nenjiang River basin are positively correlated with a
correlation coefficient of 0.1848. The overall WRI index of the
basin increases in the east and decreases towards the west along
the Nenjiang River. This is one of the major challenges that limit
the improvement in NSHS in the plain to a certain extent.

4 DISCUSSION

The present study investigates the suitability zoning and spatial
differentiation (SD) characteristics for human settlements in the
Nenjiang River Basin using NSHS as an evaluation index by
considering the terrain features, climate, vegetation, and
hydrology. The NSHS model of the area was built using the
GIS spatial analysis platform. The Nenjiang River is a tributary
of Songhua River and serves various purposes, including water
conservation, soil and water conservation, economic development,
and human survival. Hence, understanding the NSHS and SD of
the basin offers both theoretical and practical relevance.

It may be used to provide theoretical and empirical justification
for a follow-up ecological compensatory mechanism to analyze the
NSHS of the basin using a quantitative approach. The most suitable
areas are often economically established, with significant
environmental carrying capacities, whereas the unsuitable areas
are often economically underdeveloped, with limited
environmental carrying capacities. As a result, it is necessary to

establish a reasonable and appropriate upstream-midstream-
downstream ecological compensation mechanism must be
established and the ecological compensation priority and
compensation criteria of each basin section must be calculated.
The goal of the present study is to use the ecological compensation
mechanism to limit human activities in unsuitable areas and develop
a green industry. Furthermore, the selection of indices andweighting
procedures involved in the study need to be discussed further in view
of the complex social and natural environment of the study area. Asa
consequence of long term and historical effects, certain phenomena
in the study area are incongruous with the research conclusion in the
present study, which needs detailed investigations in the future. At
the same time since the natural foundation, social foundation, and
ecological background involved in human settlements make a
complex system to accurately express the suitability of human
settlements, the selection of indicators and determination of
parameters of the model still need to be deeply investigated.

5 CONCLUSION

1) The NSHS values gradually decrease from southeast to
northwest and from plain to mountainous and hilly areas.
The most suitable category covers nearly 56,161.05 km2 of area,
which accounts for 19.35% of basin area, whereas the generally
suitable category covers an area of 65,188.41 km2, which
accounts for 22.46% of the basin areas. The suitable category
areas cover 73,028.45 km2 of land, accounting for about 25.16%
of basin area, while the critically suitable areas cover
62,969.82 km2 of land, accounting for about 21.70% of the
basin area. Further, the unsuitable areas cover nearly
32,864.03 km2 of land, accounting for 11.32% of the basin area.

2) The major limiting factors of NSHS vary spatially, with high
NSHS THI index and WRI index values in plane areas. The
limiting factors in the mountainous and hilly areas include
lowNSHS and RDLS indices. The NDVI index has a negligible
effect on the SD of NSHS in the study area.

3) The SDs of NSHS in the study area are highly correlated with
RDLS values, which greatly affect the population distribution
of the basin. The majority of the population is occupied in the
northern parts of Songnen and Liaohe plains.

4) With the help of GIS platform, the calculation, statistics, and
analysis methods of GIS are used to determine the influencing

TABLE 1 | The grading standards of biometeorology suitability assessment.

THI K Grade

Range Degree of sensation Range Degree of sensation

<40 Extremely cold, extremely uncomfortable <−1,200 Severe cold, extremely uncomfortable e
40–45 Cold, uncomfortable −1,200~−1,000 Cold, uncomfortable d
45–55 Slightly cold, rather uncomfortable −1,000~−800 Cold and icy, rather uncomfortable c
55–60 Clear and cool, comfortable −800~−600 Clear and cool, comfortable b
60–65 Cool, very comfortable −600~−300 Cool, very comfortable A
65–70 Warm, comfortable −300~−200 Warm, comfortable B
70–75 Slightly heat, rather comfortable −200~−50 Warmly heat, rather comfortable C
75–80 Muggy, uncomfortable −50–80 Hot, uncomfortable D
>80 Extremely muggy, extremely uncomfortable >80 Scorching hot, extremely uncomfortable E
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factors of human settlement suitability in Nenjiang River Basin.
Based on grid data and spatial patterns, which can better
quantitatively reflect the regional differences in the basin, it
can guide the rational distribution and flow of population, and
is of great significance to promote the coordinated development
of population, resources and environment. It is a research
method worthy of reference and utilization.
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Microbial Residual Nitrogen
Distribution in Brown Earth’s
Aggregates as Affected by Different
Maize Residues and Soil Fertility
Levels
Pingluo Xue, Jiubo Pei*, Nan Ma and Jingkuan Wang

College of Land and Environment, Shenyang Agricultural University, National Engineering Research Center for Efficient Utilization
of Soil and Fertilizer Resources, National Development and Reform Commission, Northeast Key Laboratory of Cultivated Land
Conservation, Ministry of Agriculture and Rural Affairs, Shenyang, China

Brown earth is one of the typical soils in the dryland areas of Northeast China, and its
degradation is closely related to food security in the local. Effectively preventing soil
nitrogen (N) loss can promote the soil fertility supply. As the hub of nitrogen cycling,
microorganisms play an important role in N transformation and accumulation. Soil
aggregates are important in improving soil fertility and preventing soil degradation
because they are an important index to maintain soil fertility. However, the allocation of
microbial residual N and its contribution to total N in brown earth’s aggregates are still
limited, especially the effects of different maize residue types’ return and soil fertility levels.
Focusing on this, a 360-day laboratory incubation experiment at 25°C was carried out
induced by adding maize roots and shoots into brown earth with low (L) and high (H)
fertility, respectively. Randomized soil samples were taken on the incubation day of 0, 30,
60, 180, and 360, and then, they were divided into macroaggregates (>250 μm) and
microaggregates (<250 μm) using a dry-sievedmethod. The relative contributions of fungal
and bacterial residual N to soil total N were calculated by the amino sugar content to
examine the accumulated differences of microbial residual N in brown earth’s aggregates
with the addition of different parts of maize residues and fertility levels. The results showed
that maize residue types had different effects on the fungal and bacterial residual N
enrichment in soil aggregates. In macroaggregates, maize roots promoted the
accumulation of fungal residual N. The fungal residual N contributions to total nitrogen
with root treatments were 1.03 times more than those with shoot treatments. However, in
microaggregates, the bacterial residual N contributions to total nitrogen with shoot
treatments were 1.01 times more than those with root treatments. These indicated
that maize roots should be more beneficial to the accumulation of bacterial residual N
in microaggregates. Moreover, the high fertility soil could sequester moremicrobial residual
N than the low fertility soil, showing the content of microbial residual N in high fertility was
1.12–1.18 times more than that in low fertility. Furthermore, the fungal residual N wasmore
beneficially accumulated in low fertility soil. Regardless of the level of fertility, the proportion
of N in total N with shoot treatment was higher than that with root treatment, indicating that
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the above ground maize residues could better promote the metabolic process of
microorganisms than the below ground ones. These could provide a theoretical basis
for studying the microbial transformation mechanism of nitrogen after maize straw
returning to the field, which could be of great significance to main soil fertility.

Keywords: maize residues, fungal residual nitrogen, bacterial residual nitrogen, soil aggregates, soil fertility

HIGHLIGHTS

Microbial residual N was quantified using amino sugar
analysis.
Maize residues returning could increase microbial residual N
in soil aggregates.
Residue types had different effects on the accumulation of
residual nitrogen in aggregates.
High fertility soil could sequester more microbial residual N
than low fertility soil.
Bacterial residual N was more accumulated in high fertility
soil, while fungal N in low fertility soil.

INTRODUCTION

It is an important grain production base for the dryland in
Northeast China, whose area accounts for over 85% of the
local region, guaranteeing national grain security (Han and Li,
2018). Brown earth (Hapli-Udic Cambisol, FAO Classification) is
one of the important dryland soils of black land in Northeast
China. However, for a long time, unreasonable agricultural
production and management have caused serious soil
degradation in the local (Liu et al., 2010). As a result, the
nutrient ratio of dryland brown earth in Northeast China is
unbalanced, with nitrogen loss and organic matter decreasing
year by year.

Nitrogen is always considered to be the element with rapid
turnover and loss in soil, and preventing its loss can promote soil
fertility supplied to plants (Schlesinger et al., 1990; Wang et al.,
2019). In addition, microorganisms can not only provide the
driving force for nitrogen cycling and transformation but also act
as the “source” and “sink” of nitrogen internal cycling (Jawson
et al., 1989). Moreover, as an important indicator of soil fertility,
soil aggregates contain a large amount of nitrogen and play an
important role in regulating the dynamic change of soil nitrogen
(Six et al., 2004). Likewise, they also influence the
microenvironment in which microorganisms live to a certain
extent (such as water and gas conditions and porosity), thereby
affecting the microbial metabolic activities (Schutter and Dick,
2002; Ruamps et al., 2011). Thus, soil microorganisms,
aggregates, and nitrogen are allowed to interact with each
other, maintaining a certain balance in soil ecosystems to
resist soil degradation.

For the farmland ecosystems, the addition of exogenous
organic matter, such as maize (Zea mays L.) residues, would
disturb this balance. Meanwhile, microbial decomposition of
maize residues is an important process, showing parts of the
nitrogen from maize residues would be assimilated by

microorganisms, and the most of the assimilated nitrogen
could be stored and accumulated in the dead microbial
residual components (such as amino sugars), becoming an
important reservoir of nitrogen in the soil (Engelking et al.,
2007; Ding et al., 2011). Compared with the living
microorganisms, the dead microbial residues may have a more
lasting promoting effect on the formation and stability of
aggregates to improve soil fertility (Tisdall and Oades, 1982;
Chantigny et al., 1997). Therefore, understanding the distribution
of the microbial residual nitrogen in soil aggregates after maize
residues’ return, and further study on the role of microorganisms
in nitrogen accumulation in aggregates is of great significance in
the rational management of dryland nitrogen nutrients and soil
fertility improvement.

As one of the major contributors to mineral nitrogen, amino
sugars from microorganisms account for 5–10% of organic
nitrogen (Roberts et al., 2007; Liang et al., 2019). They are the
residues of microbial cell walls, relatively stable in the soil,
representing the long-term remaining effects of dead
microorganisms (Amelung et al., 2001). Among them,
glucosamine mainly comes from fungi, while muramic acid
only comes from bacteria (Joergensen, 2018; Lu et al., 2021).
Due to the heterogenicity of glucosamine and muramic acid, the
relative contribution of fungal and bacterial nitrogen to total
nitrogen in soil aggregates can be calculated by the contents of
glucosamine and muramic acid (Joergensen, 2018; Lu et al.,
2021). Previous studies provide a methodological support for
exploring the microbial mechanism of soil nitrogen accumulation
by the combined ecosystem approaches with elemental carbon
and nitrogen stoichiometry using amino sugar data published
between 1996 and 2018 (Liang et al., 2019). Consequently, amino
sugars were selected as a marker to study the dynamic changes of
microbial residual nitrogen in soil.

Due to the different chemical compositions of carbon and
nitrogen in different parts of maize residues (such as roots and
shoots), they can cause microbial disturbance differences after the
ones returned to the field (Abiven et al., 2005). The Microbial
Efficiency-Matrix Stabilization (MEMS) framework indicated
that the quality of plant litter could affect microbial biomass;
high quality litters have a high microbial catabolism ratio,
resulting in more microbial residues per amount of plant litter
metabolism; low quality litters have a relatively low microbial
biomass, resulting in fewer microbial residues per amount of
plant litter metabolism (Castellano et al., 2015). Moreover,
different soil fertility levels will have different effects on
metabolic activities of soil microorganisms due to the different
substrates in physicochemical properties and microbial
community structures, resulting in the varied distributions of
microbial residues in soil aggregates (An et al., 2015; Bonanomi
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et al., 2017; Xu et al., 2019). Some studies reported that high
fertility soil had higher microbial biomass, larger aggregate ratio,
enzyme activity, and different microbial community
compositions than low fertility soil, which could influence the
assimilation of microbial residues (Paul et al., 2002; Marschner
et al., 2003; Fontaine et al., 2011; Wang et al., 2017; Xu et al.,
2020).

From the previously stated facts, at present, there are few
comprehensive studies on the change of residual nitrogen in
soil aggregates with different fertility under the different types
of maize residues by using amino sugars as microbial markers
to reflect the changes of residual nitrogen. Some of them have
shown that the portion of microbially derived soil organic N
(SON) to total SON was higher than the portion of microbially
derived SOC to total SOC, indicating the importance of
microbially derived N to soil N cycling (Simpson et al.,
2007; Chao Wang et al., 2020). Therefore, to examine the
microbial residual nitrogen accumulation in the dryland soil
aggregates, the relative contribution of fungal and bacterial-
derived residual nitrogen to the total nitrogen of aggregates
should be figured out; we conducted an experiment to monitor
the variations of amino sugars with different maize residues’
parts (roots and shoots) added into the dryland brown earth
with high and low fertility. We hypothesized that (1) maize
residue types differed in the accumulation of microbial
residues (fungal and bacterial residues) in different
aggregates; (2) shoots should be more favorable for the
accumulation of microbial residues in aggregates because
the nutrient in shoots is easier to be utilized by
microorganisms than that by roots; and (3) fertility level
and residue types would interact with the accumulation of
microbial residual nitrogen in aggregates.

MATERIALS AND METHODS

Tested Materials
Tested Soil
The topsoil (0–20 cm) with high and low fertility was collected
from the brown earth long-term positioning experimental station
of Shenyang Agricultural University (41°49′ N, 123°34’ E,
elevation of 75 m), which was established in 1987. The typical
local soil is brown earth (Hapli-Udic Cambisol, FAO
Classification) with loess parent material. The climate is a
northern temperate continental monsoon climate with an
average annual temperature of 7–8°C and an average annual
rainfall of 730 mm that is concentrated in summer. Maize (Zea
mays L.) is a long-term continuous cropping crop in this station.
It is usually fertilized and sown in early May and harvested in late
September per year. The high fertility soil (HF) was treated with a
high amount of organic fertilizer (annual application of manure
fertilizer was equivalent to 135 kg N hm−2, and the manure was
the pig compost that contained 150 g kg−1 organic carbon,
10 g kg−1 N, 4.4 g kg−1 phosphorus (P), and 3.3 g kg−1

potassium (K) on a dry weight basis) combined with chemical
N and P fertilizers (chemical fertilizers with urea N 75 kg hm−2

and P2O5 67.5 kg hm−2). The low fertility soil was the control

treatment without fertilization (LF). The detailed differences
between the treatments of high and low fertility soils are
shown in Table 1. The collected brown earth sample was air-
dried at room temperature by the combination of five random
sampling points and then removed the visible roots and gravel.
The soil was screened through a 2-mm sieve for the next step use.
The basic physicochemical properties of the tested soil are shown
in Table 1.

Tested Maize Residues
The tested maize materials were maize roots and shoots
(including stem and leaf). After harvest, the maize residues
collected in the field were first oven-dried at 105°C for 30 min
and then oven-dried at 60°C for 8 h. After separating the roots
from the shoots, they were respectively cut into 2-cm sections,
ground with a grinder, and then passed through a 40-mesh
sieve. The basic physicochemical properties are shown in
Table 2.

Incubation Experiment
The samples of 250 g with 2 mm air-dried soil (drying weight)
were weighed and placed in a 1000-ml incubation flask. The soil
moisture content was adjusted to 40% of field water capacity for
pre-active microorganisms, and the lid with holes (the diameter
of the lid was 11 cm, and 20 pores of the same size were tied
evenly) was put on the incubation flask to seal at the incubation
temperature of 25oC for 7 days without light. After the pre-
incubation time, the maize residue samples (roots and shoots) of
5 g (2% of air-dried soil weight) were thoroughly mixed with the
pre-incubation soil, and then, the samples were sealed and placed
in an incubator (25oC) for 360 days. During incubation time, the
soil water content was kept at 60% of field capacity using the
weighing method. There were six treatments in this incubation
experiment (Figure 1): (1) low fertility brown earth with maize
roots (LF + R), (2) low fertility brown earth with maize shoots (LF
+ S), (3) high fertility brown earth with maize roots (HF + R), (4)
high fertility brown earth with maize shoots (HF + S), and (5) low
(LF) or (6) high (HF) fertility brown earth without any maize
residues. Each treatment was repeated three times. The samples
were randomly taken on the 30, 60, 180, and 360 days after
incubation. The aggregates of them were sieved at two levels
(>250 μm and <250 μm) and weighed using a dry-sieving method
(Dorodnikov et al., 2009; Gunina and Kuzyakov, 2014). Then,
these aggregate samples were air-dried; one part was sieved
through a 100-mesh sieve for soil carbon and nitrogen content
determination, and the other part was extracted to determine
amino sugars.

Soil Aggregates Separation
The moisture contents of fresh soil samples were uniformly
regulated to about 10% using the air-dried method at 4°C. A
100 g soil sample was placed in an automatic sieving apparatus
(Retsch AS 200, Germany) with a sieve hole size of 250 μm. The
sample was sieved into macroaggregates (>250 μm) and
microaggregates (<250 μm) with a vibration amplitude of
1.5 mm for 2 min (Dorodnikov et al., 2009; Gunina and
Kuzyakov, 2014).
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Soil Sample Analysis
The Contents of Soil Organic Carbon and Total
Nitrogen
The soil samples were air-dried and passed through a 100-mesh
sieve, and the contents of total organic carbon and total nitrogen
in soil were determined using an elemental analyzer (EA,
Germany).

Soil Amino Sugars
The content of amino sugars in soil samples was determined
using Zhang’s method (Zhang and Amelung, 1996). The brief
steps are as follows: 0.4 mg nitrogen of soil samples were
placed in the hydrolyzing flask and hydrolyzed at 105oC for
8 h. The cooled samples were successively steamed, and the pH
of the dissolved solution was adjusted to neutral with

0.4 mol L−1 KOH and dilute HCL. Those solutions were
centrifuged (3000rpm min−1 for 10 min) and rotated; then,
the supernatant (amino sugar part) obtained was transferred to
a 5-ml derivative bottle for nitrogen blowing (to remove
anhydrous methanol), and 1 ml DDI water and 100 μL of
n-methylglucosamine (internal standard 2) were added to
the dried supernatant. Then, the derivative bottles were
tightened with a sealing film, and the substance was shaken
in the derivative bottle well by hand. Three 5 ml derived vials
were taken as standard samples, and 100 μL of cytotic acid was
added to each of them. After nitrogen blowing, 100 μL of
mixed standard (D-(+) -glucosamine, D-(+)–galactosamine,
D-(+) -mannoamine), 100 μL of inositol, 100 μL of
n-methylglucosamine, and 1 ml of DDI water were added.
After sealing and shaking well, the samples were allowed for
freeze drying.

The 300 μL of derivative reagents (cyanidation reaction)
were added to each dried derivative bottle, followed by two
water baths of duration 30 min and 60 min. During the two
water baths, 1 ml of acetic anhydride and 1.5 ml of
dichloromethane were added sequentially. Then, 1 ml
1 mol L−1 HCl and 3 ml DI water (1 ml per time) were used
to extract the organic phase. In the final extraction, water was

TABLE 1 | Basic characteristics of the tested soil.

Soil fertility
level

Soil organic
matter (g

kg−1)

Total nitrogen
(g kg−1)

C/N Alkaline nitrogen
(mg kg−1)

Available phosphorus
(mg kg−1)

Available potassium
(mg kg−1)

Low fertility 10.8 1.1 9.8 82.6 11.0 50.7
High fertility 15.0 1.7 8.8 196.0 266.0 150.7

TABLE 2 | Basic characteristics of maize residues.

Residue type Total
carbon (g kg−1)

Total
nitrogen (g kg−1)

C/N

Roots 444.46 ± 0.48 6.14 ± 0.03 72.51 ± 3.02
Shoots 407.54 ± 0.97 8.49 ± 0.06 48.14 ± 2.06

FIGURE 1 | Location of tested materials and treatments in this study.
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removed as much as possible. The extracted organic phase was
dried with nitrogen at 45°C, and 200 μL ethylacetate-n-hexane
mixture (1:1) liquids were added to dissolve the dry matter.
Then, those were transferred into a gas chromatographic
bottle with a liner for use.

Calculations
The formula for calculating the nitrogen content of microbial
residues in each grain size of soil is as follows (Liang et al.,
2019):

Microbial residual nitrogen content (g kg−1) = fungal residual
nitrogen + bacterial residual nitrogen, where fungal residual
nitrogen (g kg−1) = (glucosamine (mmol)/179.17–2 × muramic
acid (mmol)/251.23) × 179.17 × 1.4 and bacterial residual
nitrogen (g kg−1) = muramic acid (mmol) × 6.67.

Assuming the molar ratio of glucosamine to wall acid in
bacterial cells is 2:1. Among them, 179.17 was the molecular
weight of glucosamine, 251.23 was the molecular weight of
muramic acid, 1.4 was the conversion coefficient of glucosamine
to fungal residual nitrogen, and 6.67 was the conversion coefficient
of muramic acid to bacterial residual nitrogen.

Statistics
The software of Origin 2019 and Microsoft Office Excel 2013
were used to process and plot the experimental data, and SPSS
25.0 software was used to analyze the variance of the experimental
results. Repeated measurement analysis of variance was used for
significance among different treatments, and the significance level
was p < 0.05. Multiple linear regression analysis was conducted to
partition the effects of carbon content, nitrogen content, and
aggregate composition on the content of microbial, fungal, and
bacterial residues of nitrogen.

RESULTS

Contents of Glucosamine andMuramic Acid
in Soil Aggregates
The contents of glucosamine and muramic acid in macro-and
micro-aggregates with maize residue addition were different
(Figure 2), showing the contents of glucosamine in macro-
and micro-aggregates were 638.32–935.70 mg kg−1 and
550.14–969.55 mg kg−1, respectively. Moreover, the contents of
muramic acid in macro- and micro-aggregates were
29.00–54.87 mg kg−1 and 28.87–68.16 mg kg−1, respectively.

Nitrogen Contents of Microbial Residues in
Soil Aggregates
The soil fertility level and type of maize residues had extremely
significant effects on the content of microbial, fungal, and
bacterial residues of nitrogen (p < 0.001) (Figure 3, Figure 4
and Figure 5). The aggregate level had a significant effect on the
content of microbial and bacterial residual nitrogen (p < 0.05).
The contents of microbial and fungal residual nitrogen added
with maize residues showed a decreasing trend at the early stage
of incubation time in all levels of aggregates, showing the lowest
on 30 days and then gradually increasing to the peak on 180 days.
Those were still significantly higher than that of the control
treatment on 360 days (p < 0.05). The content of microbial
and fungal residual nitrogen in aggregates was higher in
microaggregates than that in macroaggregates at the beginning
of incubation time. Meanwhile, they were higher in
macroaggregates than that in microaggregates from 180 days
to the end of incubation, and the content of fungal residues of
nitrogen in macroaggregates was significantly higher than that in

FIGURE 2 |Contents of glucosamine and muramic acid in soil aggregates with different fertility levels after the addition of different parts of maize residues. Note: LF
means low fertility, LF + Rmeans low fertility + roots, and LF + Smeans low fertility + Shoots; HFmeans high fertility, HF + Rmeans high fertility + roots, and HF + Smeans
high fertility + Shoots. Uppercase letters represent differences between different periods in the same treatment, and lowercase letters represent differences between
different treatments at the same period. Uppercase letters represent differences between different periods in the same treatment, and lowercase letters represent
differences between different treatments at the same period.
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microaggregates at the end of incubation (p = 0.001). However,
the content of bacterial residual nitrogen increased briefly and
then decreased in the treatment with shoots in the
macroaggregates of high fertility soil. It maintained an
increasing trend in the microaggregates until reaching the
peak on 180 days and then gradually decreased until the end
of incubation. The contents of bacterial residual nitrogen in all
aggregates showed macroaggregates > microaggregates. There
were significant differences on the 30, 60, and 360 days
(p < 0.05).

After 1 year incubation, compared with the control, the
addition of maize residues increased the content of microbial,

fungal, and bacterial residual nitrogen in aggregates with high and
low fertility levels to different degrees. The content of residual
nitrogen in aggregates at all levels showed HF > LF (p < 0.05). In
the macroaggregates, the contents of microbial residual nitrogen
were 1.42 g kg−1 (HF) and 1.20 g kg−1 (LF). The nitrogen contents
of fungal residues were 1.09 g kg−1 (HF) and 0.96 g kg−1 (LF) and
those of bacterial residues were 0.33 g kg−1 (HF) and 0.25 g kg−1

(LF). In the microaggregates, the contents of microbial residual
nitrogen were 1.35 g kg−1 (HF) and 1.21 g kg−1 (LF), those of
fungal residual nitrogen were 0.97 g kg−1 (HF) and 0.94 g kg−1

(LF), and those of bacterial residual nitrogen were 0.37 g kg−1

(HF) and 0.27 g kg−1 (LF).

FIGURE 3 | Microbial residual nitrogen in soil aggregates with different fertility levels after the addition of different parts of maize residues. Note: LF means low
fertility, LF + Rmeans low fertility + roots, and LF + Smeans low fertility + Shoots; HFmeans high fertility, HF + Rmeans high fertility + roots, and HF + Smeans high fertility
+ Shoots. Uppercase letters represent differences between different periods in the same treatment, and lowercase letters represent differences between different
treatments at the same period. For the ANOVA, F means fertility level, T means the type of maize residues, and F × T means fertility level × type of maize residues.
*,**, and *** mean p < 0.05, 0.01, and 0.001, respectively. ns means no significance.

FIGURE 4 | Fungal residual nitrogen in soil aggregates with different soil fertility levels after the addition of different parts of maize residues. Note: LF means low
fertility, LF + Rmeans low fertility + roots, and LF + Smeans low fertility + Shoots; HFmeans high fertility, HF + Rmeans high fertility + roots, and HF + Smeans high fertility
+ Shoots. Uppercase letters represent differences between different periods in the same treatment, and lowercase letters represent differences between different
treatments at the same period. For the ANOVA, F means fertility level, T means the type of maize residues, and F × T means fertility level × type of maize residues.
*,**, and *** mean p < 0.05, 0.01, and 0.001, respectively. ns means no significance.
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The effects of different types of maize residues on the content
of microbial, fungal, and bacterial residual nitrogen in aggregates
at all levels were shown by S > R at the end of incubation. In the
macroaggregates, the content of microbial residual nitrogen with
shoots was 1.02 times more than that with root treatment, and the
content of fungal residual nitrogen with shoots was 1.00 times
more than that with root treatment. In addition, the content of
bacterial residual nitrogen with shoots was 1.08 times more than
that with root treatment. In the microaggregates, the content of
microbial residual nitrogen with shoots was 1.10 times more than

that with root treatment, and the content of fungal residual
nitrogen with shoots was 1.12 times more than that with root
treatment. In addition, the content of bacterial residual nitrogen
with shoots was 1.07 times more than that with root treatment.

Proportion of Microbial Residual Nitrogen
to Total Nitrogen in Soil Aggregates
The fertility level and aggregate level significantly affected the
contribution of fungal and bacterial residual nitrogen to total

FIGURE 5 |Bacterial residual nitrogen in soil aggregates with different fertility levels after the addition of different parts of maize residues. Note: LFmeans low fertility,
LF + R means low fertility + roots, and LF + S means low fertility + Shoots; HF means high fertility, HF + R means high fertility + roots, and HF + S means high fertility +
Shoots. Uppercase letters represent differences between different periods in the same treatment, and lowercase letters represent differences between different
treatments at the same period. For the ANOVA, F means fertility level, T means type of maize residues, and F × T means fertility level × type of maize residues. *,**,
and *** mean P<0.05, 0.01 and 0.001, respectively. ns means no significance.

FIGURE 6 | Fungal residual nitrogen contribution to total nitrogen in soil aggregates with different fertility levels after the addition of different parts of maize residues.
Note: LF means low fertility, LF + Rmeans low fertility + roots, and LF + Smeans low fertility + Shoots; HFmeans high fertility, HF + Rmeans high fertility + roots, and HF +
S means high fertility + Shoots. Uppercase letters represent differences between different periods in the same treatment, and lowercase letters represent differences
between different treatments at the same period. For the ANOVA , F means fertility level, T means the type of maize residues, and F × Tmeans fertility level × type of
maize residues. *,**, and *** mean p < 0.05, 0.01, and 0.001, respectively. ns means no significance.
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nitrogen (p < 0.05), and the contribution of bacterial residual
nitrogen to total nitrogen was also significantly affected by the
type of maize residues (p = 0.001) (Figure 6 and Figure 7). The
contributions of fungal nitrogen to total nitrogen in all aggregates
were shown bymacroaggregates >microaggregates. Nevertheless,
the contribution of bacterial residual nitrogen to total nitrogen
has shown an opposite trend.

At the end of incubation, compared with control treatment,
the addition of maize residues increased the contribution of
fungal and bacterial residual nitrogen to total nitrogen in the
aggregates of high and low fertility in different degrees. The
contribution of fungal residue nitrogen to total nitrogen showed
LF > HF, while the contribution of bacterial residual nitrogen to
total nitrogen showed inversely. In the macroaggregates, fungal
residual nitrogen contributed 61.92% (HF) and 70.10% (LF) to
total nitrogen, respectively, while bacterial residual nitrogen
contributed 18.51% (HF) and 17.40% (LF) to total nitrogen,
respectively. In the microaggregates, fungal residual nitrogen
respectively contributed 49.13% (HF) and 63.92% (LF) to total
nitrogen, while bacterial residual nitrogen contributed 18.93%
(HF) and 18.65% (LF) to total nitrogen, respectively.

In addition, at the end of incubation, the relative contribution
of nitrogen from microbial residues to total nitrogen in different
aggregates was different due to the different types of maize
residues. For the contribution of nitrogen from fungal residues
to total nitrogen in macroaggregates, the contribution of nitrogen
from roots was 1.03 times more than that from shoots. The
microaggregates treated with shoots were 1.03 times more than
those treated with roots. The relative contribution of bacterial
residual nitrogen to total nitrogen was just the opposite. In
macroaggregates, shoot treatment was 1.04 times more than
that with root treatment, while in microaggregates, root
treatment was 1.01 times more than that with shoot treatment.

In all treatments, the ratio of fungal residual nitrogen to
bacterial residual nitrogen was showed by LF > HF (Figure 8).
At the end of incubation, different types of maize residues had
different effects on the ratio of fungal residual nitrogen to
bacterial residual nitrogen in different aggregates, showing R >
S in macroaggregates and an opposite trend in microaggregates.

DISCUSSION

Effects of Maize Residues’ Parts on
Microbial Residual Nitrogen in Soil
Aggregates
It had been shown that microbial residues had a longer turnover
time in soil than live microorganisms (Liang and Balser, 2008).
The contribution of microbial nitrogen to total nitrogen might be
higher than that of microbial carbon to soil organic carbon
(Simpson et al., 2007; Yang Wang et al., 2020). Therefore,
microbial residual nitrogen played an important role in soil
nitrogen cycling. At the same time, aggregates could not only
regulate the dynamic change of soil nitrogen but also provide a
physical barrier to avoid nitrogen loss (Six et al., 2004). Therefore,
the process of microbial nitrogen accumulation and distribution
in aggregates under the different parts of maize return could be
further understood by analyzing the changes of microbial residual
nitrogen in aggregates of different parts of maize return.

In general, the addition of different parts of maize residues
significantly increased the microbial residual nitrogen, fungal,
and bacterial residual nitrogen in different levels of aggregates
(Figure 2). At the end of incubation time, the content of fungal
residual nitrogen in macroaggregates was higher than that in
microaggregates, while the content of bacterial residual nitrogen

FIGURE 7 | Bacterial residual nitrogen contribution to total nitrogen in soil aggregates with different fertility levels after the addition of different parts of maize
residues. Note: LFmeans low fertility, LF + Rmeans low fertility + roots, and LF + Smeans low fertility + Shoots; HFmeans high fertility, HF + Rmeans high fertility + roots,
and HF + S means high fertility + Shoots. Uppercase letters represent differences between different periods in the same treatment, and lowercase letters represent
differences between different treatments at the same period. For the ANOVA, F means fertility level, T means the type of maize residues, and F × T means fertility
level × type of maize residues. *,**, and *** mean p < 0.05, 0.01, and 0.001, respectively. ns means no significance.
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was the opposite. This might be mainly because the pores in
macroaggregates are conducive to the extension of fungal
mycelia, while the higher clay content in microaggregates was
more conducive to the adsorption and preservation of bacteria
(Kandeler et al., 2000), which could be consistent with our
hypothesis (1). Among them, the content of microbial residual
nitrogen in each aggregate was affected differently by the parts of
maize residues. Nevertheless, the content of microbial and fungal
residual nitrogen showed a temporary decline in the early
incubation time (Figure 2 and Figure 3). The main reason
should be the addition of maize provided a large amount of
carbon source for microorganisms; most of them were organic
nutrients. There were fewer nutrients to be decomposed and
utilized easily, such as mineral forms, and the effect of short-term
release of nutrients was not evident (Lou et al., 2011; Han and Li,
2018). This caused the microorganisms to be in a state of nitrogen
deficiency, which limited the growth and reproduction of
microorganisms. At the same time, the C/N of shoots was
smaller than that of roots (Table 2), which would provide
more nitrogen for microbial growth. Thus, the decrease rate of
the nitrogen content of microbial and fungal residues was lower
than that of roots. With the gradual decomposition of maize, the
nitrogen from maize was gradually released into the soil for
microbial utilization. Based on the theory of nitrogen
mineralization, when nitrogen is sufficient, soil microbes
would propagate rapidly, while the residues could be gradually
accumulated in the soil (Jun Di Li et al., 2019). Maize addition
could reduce the effectiveness of nitrogen input, accelerating the
mineralization of nitrogen in the soil microbial growth (Shahbaz
et al., 2018). As an important source of organic matter, microbial
residues could supplement the nitrogen reservoir in the soil
(Liang and Balser, 2008), so the residual nitrogen content
increases. The content of bacterial residual nitrogen in
microaggregates did not decrease at the initial stage of incubation
time (Figure 4) because the addition of maize could promote the

enrichment of nitrogen inmicroaggregates (Lidong Li et al., 2019). In
the initial stage ofmaize decomposition, the nutrient released ratewas
faster, and bacteria could use these nutrients faster than fungi
(Marschner et al., 2011). Thus, the content of bacterial residual
nitrogen in microaggregates at the initial stage of incubation did
not show a downward trend. After 180 days, the content ofmicrobial,
fungal, and bacterial residual nitrogen decreased again because the
maize entered the slow decomposition stage at the later stage of
incubation. There were no other nutrients added in the experiment,
resulting in the decrease of available nutrients in the soil. At this time,
microbial residues, as an energy source and nitrogen source, would be
given priority for decomposition and utilization (Abiven et al., 2005).

During the incubation period, shoots promoted residual
nitrogen content, showing it was higher than root treatment.
It was that the roots contained more lignin and other substances
that were not easy to be decomposed. However, the sugars,
cellulose, and hemicellulose that existed in the shoots were
easily decomposed, which are easier to be used by
microorganisms (Clemente et al., 2013). Therefore, nitrogen in
the shoots was more involved in the growth and reproduction of
microorganisms than that in the roots to formmicrobial biomass,
even accumulated in the form of residues. These would be
consistent with hypothesis (2).

Some studies had shown that the input of plant residues would
lead to change the soil nutrient availability, even microbial
biomass and community (Blaud et al., 2012; Lemanski and
Scheu, 2014; Helfrich et al., 2015). It was reasonable to suggest
that the addition of maize residues could affect the composition of
microbial residues (Kandeler et al., 2000). However, in this study,
the residue type only had a significant effect on bacterial residual
nitrogen contribution to total nitrogen. Considering the residue
type had a significant effect on the content of fungal residual
nitrogen, there should be the addition of residue that could
promote the accumulation of bacterial residual nitrogen better
than fungal residual nitrogen. At the end of the incubation, the

FIGURE 8 | Ratio of fungal to bacterial residual nitrogen in soil aggregates with different fertility levels after the addition of different parts of maize residues. Note: LF
means low fertility, LF + Rmeans low fertility + roots, and LF + Smeans low fertility + Shoots; HFmeans high fertility, HF + Rmeans high fertility + roots, and HF + Smeans
high fertility + Shoots. Uppercase letters represent differences between different periods in the same treatment, and lowercase letters represent differences between
different treatments at the same period. For the ANOVA, F means fertility level, T means the type of maize residues, and F × T means fertility level × type of maize
residues. *,**, and *** mean p < 0.05, 0.01, and 0.001, respectively. ns means no significance.
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results of the ratio of fungal residual nitrogen to total nitrogen in
macroaggregates were higher in the root treatment than those in
the shoot treatment, while the ratio of bacterial residual nitrogen
to total nitrogen was higher in the shoot treatment than that in
the root treatment, and the opposite was in the microaggregates.
These indicated that the roots were beneficial to the accumulation
of fungal residues in the macroaggregates, while the shoots were
beneficial to the accumulation of fungal residues in the
microaggregates. Similarly, this was also proved by the
different ratio of fungal and bacterial nitrogen residues in the
aggregates. The results suggested that the input of different parts
of maize residues had different effects on the accumulation and
distribution of microbial nitrogen in aggregates, which should be
consistent with the hypothesis (2). Therefore, studying the
distribution of microbial residual nitrogen in aggregates by
different types of maize return, understanding the effect of
maize types on nitrogen microbial fixation, could provide a
basis for modeling the microbial dynamics of nitrogen under
the condition of maize return.

Effects of Soil Fertility Levels on Microbial
Residual Nitrogen in Soil Aggregates
The soil fertility level also significantly affected the content of
microbial, fungal, and bacterial residual nitrogen, showing HF >
LF in this study. The low fertility soil due to the lack of nutrients

restricted microbial growth, while the high fertility soil contained
more available active nutrients and microbial biomass (Paul et al.,
2002), and high microbial biomass would promote the generation
and accumulation of microbial residues (Ding et al., 2013; Lidong
Li et al., 2019). Thus, high fertility soil could maintain more
residual nitrogen, which was consistent with the hypothesis (2).
These indicated that high fertility soil could accumulate nitrogen
more effectively by the microbial metabolic pathway than that by
low fertility soil (Wang et al., 2019). In the early stage of
incubation time, the content of bacterial residual nitrogen
increased briefly and then decreased in the macroaggregates
with high fertility soil treated by shoot addition, but this did
not exist in the low fertility soil. The main reason should be high
fertility soil contained more available nitrogen; in the meantime,
shoots contained more easily decomposed substances and
nitrogen (Ding et al., 2019). Compared with roots, shoots
could replenish active nitrogen in soil during decomposition,
resulting in nitrogen supply that could temporarily meet the
demands of bacterial growth and metabolism. Thus, bacterial
residues should be temporarily accumulated. With the
continuous reproduction of bacteria, nitrogen became a key
factor restricting their growth. This is the same reason why
the content of microbial and fungal residual nitrogen showed
a temporary decline in the early incubation time.

In addition, as a key factor regulating the growth of fungi and
bacteria, soil pores provided a basis for their enrichment in

FIGURE 9 | Schematic diagram of the influence of the maize residue type and soil fertility on nitrogen allocation of microbial residues in aggregates. Note: the curves
represent the changes of fungal and bacterial residual N in different soil aggregates with different soil fertilities over incubation time. The black circles represent
aggregates. The shapes within the circles represent microbial communities; meanwhile, the orange and green shapes inside the circles represent fungi and bacteria,
respectively. The small blue circle represents microbial residual N.
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aggregates with different particle sizes. Larger fungi were more
likely to live in macroaggregates, while smaller individual bacteria
usually lived in microaggregates (Simpson et al., 2004; Mummey
et al., 2006; Strickland and Rousk, 2010). In this study, fungal
residual nitrogen was more likely to be enriched in
macroaggregates than bacterial residual nitrogen, while
bacterial residual nitrogen was more likely to be enriched in
microaggregates than fungal residual nitrogen. In addition, in this
study, there was no interaction between the types of maize
residues and fertility levels on microbial residual nitrogen,
which was inconsistent with the hypothesis (3).

In this study, the ratio of fungal residual nitrogen to total
nitrogen was higher in low fertility soil than that in high
fertility, while the ratio of bacterial residual nitrogen to total
nitrogen showed an opposite trend. The soil with the lower
organic matter was more conducive to the survival of the
fungal community than the soil with higher organic matter
(Simpson et al., 2004). Compared with the high fertility brown
earth, the low fertility brown earth with lower organic matter
had less available active nutrients and a higher proportion of
refractory substrates, which was difficult to be utilized by
bacteria, leading to the dominance of fungi population (Jun Di
Li et al., 2019). In addition, compared with fungi, the growth
and metabolism of bacteria were more likely to be affected by
the available nutrients in the environment (Helfrich et al.,
2015), so the lack of phosphorus and potassium content in the
low fertility brown earth would affect the proliferation of
bacteria. Moreover, after plant residue addition, the soil with
low nitrogen was more favorable to the growth of mycorrhizal
fungi (Oates et al., 2016), while the high mycorrhizal fungi
would lead to the degradation of bacterial residues (He et al.,
2011; Ding et al., 2019). Our results indicated that although
high fertility could improve the content of microbial residual
nitrogen more than low fertility, the effects on the microbial
community structure were different due to the difference in
the nutrient content, resulting in different promoting effects
on the accumulation of microbial residual nitrogen.
Regardless of macroaggregates or microaggregates, the high
fertility treatment of the microbial source of nitrogen content
was higher than low fertility treatment. But because this was in
favor of the existence of the fungi in low soil fertility soil, as
well as considering the fungi were difficult to degrade, the
maize residues returning to the field might be more
meaningful for the nutrient enhancement of low fertility soil.

CONCLUSION

The effects of different maize parts returning to the field on the
accumulation of microbial residual nitrogen in brown earth
aggregates with different fertility levels were investigated by
calculating the contents of amino sugars. Figure 9 showed the
summarized schematic diagram for this study, indicating that the
soil with shoot treatments was more likely to accumulate microbial
residual nitrogen throughmicrobial metabolic processes. Meanwhile,
shoots promoted the accumulation of fungal residual nitrogen in the
microaggregates, while roots were more beneficial to the
accumulation of fungal residual nitrogen in the macroaggregates.
High fertility soil had more microbial residual nitrogen than low
fertility, and the soil with low fertility was more conducive to the
accumulation of fungal residual nitrogen. Since the fungal residuewas
difficult to degrade, themaize returning from the soil with low fertility
could be more conducive to the increase of soil nitrogen, thereby
preventing the loss of nitrogen. Those results were beneficial to the
construction of the microbial nitrogen accumulation cycle model on
an aggregate scale and would provide a theoretical basis for the
rational management of nitrogen nutrients in the dryland of brown
earth to prevent soil degradation.
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Ectomycorrhizal Fungi Associated
With Pinus sylvestris var. mongolica
Were Altered by Soil Environments
With Aging Plantation in a Semi-arid
Desert
Yue Ren1,2,3, Mishan Guo4, Guodong Ding1,2,3* and Yue Wang5

1Key Laboratory of State Forestry and Grassland Administration on Soil and Water Conservation, Beijing Forestry University,
Beijing, China, 2Yanchi Research Station, School of Soil and Water Conservation, Beijing Forestry University, Beijing, China,
3Engineering Research Center of Forestry Ecological Engineering, Ministry of Education, Beijing Forestry University, Beijing, China,
4China Institute of Water Resource and Hydropower Research, Beijing, China, 5College of Resources and Environmental
Economics, Inner Mongolia University of Finance and Economics, Hohhot, China

Pinus sylvestris var.mongolica (P. sylvestris) is a pioneer afforestation species for wind and
sand fixation in northern China. However, most plantations have undergone
unprecedented degradation since the early 1990s. Ectomycorrhizal (EcM) fungi are
expected to be substantially related to the degradation of P. sylvestris plantations;
however, the direct evidence for this remains unclear. For this purpose, we
investigated variation among EcM fungal communities associated with P. sylvestris
root samples of three age groups (half-mature, near-mature, and mature) in Mu Us
Desert. Our results found a total of 72 EcM fungal operational taxonomic unit (OTU)
belonging to Basidiomycota (63) and Ascomycota (9). The EcM fungal community is highly
enriched in Rhizopogon, Tuber, Tomentella, and Inocybe, and the variations of their
abundance mainly contribute to community differences. The diversity index and fungal
species richness showed increasing trends toward the mature forest but did not reach a
significant level (p > 0.05). The main factors that affected the dominant EcM fungal
community were URE, INV, and SOC, but for the whole EcM fungal community, the effects
of soil environments with plantation aging are not significant (p > 0.05). Understanding the
effects of environmental factors on the structuring of the EcM fungal communities is critical
to sustainable forest management in the future.

Keywords: ectomycorrhizal fungi, Pinus sylvestris var. mongolica, stand age, edaphic factor, diversity and
community composition

1 INTRODUCTION

Ectomycorrhizal (EcM) fungi are well known to form symbiotic associations with many dominant
trees in temperate and boreal forest ecosystems (Kolarikova et al., 2017; Koizumi et al., 2018; Sasse
et al., 2018). The long-standing coevolution process leads to the mutually beneficial interaction
between plants and microorganisms (Lemanceau et al., 2017). EcM fungi obtain carbohydrates from
the host plant to meet the needs of their own growth (Zak et al., 2019). As root mutualistic symbionts,
EcM fungi assist their host plant by enhancing mineral nutrients and moisture access as well as
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protecting against pathogens and environmental stress (Tedersoo
et al., 2020). Consequently, EcM fungi play vital roles in host
health and stability maintenance of forest systems (Courty et al.,
2010; Sebastiana et al., 2018), and various life processes of
ecosystem are sustained by them. Soil environments and host
features have proven to strongly control soil fungal communities
at a local scale (Wang et al., 2021). Various studies have reported
that EcM fungal communities are significantly affected by biotic
(e.g., plant community) and abiotic (e.g., climate and soil
physico-chemical property) factors (Tedersoo et al., 2012;
Bachelot et al., 2016; Yang et al., 2019). Climates are crucial in
shaping EcM fungal communities, for example, a too high or too
low temperature is not suitable for the habit of many EcM fungi
(van der linde et al., 2018). Arnolds (1991) has confirmed that
conifers are negatively affected by increasing nitrogen. Further,
stand age as a basis feature of the forest ecosystem has a strong
impact on the establishment and development of the EcM fungi
communities (Spake et al., 2016).

Pinus sylvestris var. mongolica (P. sylvestris) is the most
important tree species for combating desertification in
reforestation, Northern China. So far, it was introduced to
more than 13 provinces and covered an area of more than 7.0
× 105 ha in semi-arid regions (Song et al., 2019). Unfortunately, P.
sylvestris plantation has been experiencing dieback since 1990s
(Song et al., 2018). To get around this, many hypotheses have
been put forward and confirmed (Zhu et al., 2006). The two
factors most commonly mentioned in these hypotheses are soil
water and nutrients (Liu et al., 2009; Zhao et al., 2020). The water
shortage and depletion of nutrients are important factors
affecting plant growth in desertification areas in the desertified
regions. Water is the major limiting factor for the survival and
growth of P. sylvestris due to the large water consumption for
transpiration and the limitations of natural rainfall conditions in
arid and semi-arid ecosystems (Hu et al., 2015; Liu et al., 2021a).
In addition, soil nutrient is an essential constraining factor
affecting plantation development (Zhang et al., 2021). With
the development of forests, soil nutrient depletion is serious,
so the nutrients used for the EcM fungal growth are limited. The
declined groundwater and erratic precipitation upset the water
balance of plants and restrict the growth and development of
plants by affecting nutrient absorption (Geml et al., 2017).
However, considering these two primary causal factors alone
cannot fully explain the phenomenon of plantation degradation.
Therefore, it remains a major challenge to reveal why P. sylvestris
plantations were degraded on such a large scale.

Temperate forest ecosystems of semi-arid deserts are changing
as a result of the increased drought (Garcia et al., 2016).
Ectomycorrhizal symbionts enhance plant resistance to
drought stress and damage compensation and maintain the
dynamic balance and structural stability of forest ecosystems.
In consequence, the variations of the EcM fungal communities
directly affect forest growth and health (Soudzilovskaia et al.,
2015). Furthermore, soil microorganisms are sensitive to climate
changes; hence, EcM fungi also affect the response of the whole
forest ecosystem to environmental change (Tedersoo et al., 2012;
van der Linde et al., 2018). P. sylvestris is a typical
ectomycorrhizal-dependent species, and the existence of it is

almost entirely dependent on the presence of symycotic fungi
(Dean et al., 2015; Guo M.-s. et al., 2020). Consequently, it is
becoming increasingly clear that the potential of the EcM fungi in
degraded plantations cannot be ignored.

P. sylvestris has been introduced into Mu Us Desert for
decades and suffered serious degradation. Here, we
hypothesized that the changes in the EcM fungal community
are largely a consequence of the variations in the soil system
caused by stand aging and lead to the degradation of P. sylvestris
plantation. For this purpose, we collected the root of P. sylvestris
plantations with various stand ages in the Mu Us Desert, and the
EcM fungi community composition was examined by high-
throughput sequencing technology. The objectives of this
study were (1) to identify the EcM fungal community
composition of P. sylvestris plantation among different stand
ages and (2) to determine the major drivers of the EcM fungal
community compositions of P. sylvestris plantation in the Mu Us
Desert. This improved information can provide a deep-going
implication on efficiently restoring degraded plantations.

2 MATERIALS AND METHODS

2.1 Study Site
The study site was located in the Hongshixia Sandy Botanical
Garden of Yulin City, Shaanxi Province (38°26′N, 109°12′E,
1080 m a.s.l.), which is on the southern edge of the Mu Us
Desert (Supplementary Figure S1). It is characterized by the
temperate semi-arid continental monsoon climate with an annual
temperature, precipitation, and evaporation of 9.1°C, 385 mm,
and 2914 mm, respectively. The frost-free period ranges from 160
to 170 days. The soil is mainly composed of aeolian sandy soil,
which is loose and very susceptible to flow and erosion. The
dominated arbor plants are P. sylvestris and P. tabuliformis. The
shrub and herb include Caragana korshinskii, Lespedeza bicolor,
Cares duriuscula, Rhamnus parvifolia, Salsola collina, and
Potentilla anserine.

2.2 Sample Collection and Treatment
Field investigation and sample collection were conducted in
August 2017, which is the peak of plant growth season and
microbial activity period. We randomly set a 50 m × 50 m plot in
P. sylvestris plantations across 26, 32, and 43 a, which represent
half-mature (MUh), near-mature (MUn), and mature (MUm)
forests, respectively (Table 1). There were no tending measures
and visible disturbance by anthropogenic activities since the
establishment of plantations.

At each plot, five healthy and widely spaced standard trees
were selected as sampling objects. Loose litters, herbs, and the
undergrowth humus layer were gently removed prior to digging
out the fine root samples carefully along the base of the trunk.
After that, three repeated fine samples were taken from each
standard tree; then, the three samples were fully mixed. A total of
15 mixed root samples (3 plots × 5 mixed samples = 15 composite
samples) were used for DNA extraction and molecular
identification. The ectomycorrhizal infected roots were
accompanied with soil placed into plastic bags to keep the
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root tips fresh. Root samples were kept cool after sampling and
stored at 4°C. Soil samples were collected around the root, with
three repeated soil samples collected in each point, and fully
mixed into one (3 plots × 5 mixed samples = 15 composite
samples). Soil samples from 0 to 20 cm depth were obtained to
determine soil physico-chemical properties and enzyme activities.
After passing through a 2 mm sieve, the soil samples were divided
into two parts; one was stored at 4°C in a refrigerator to determine
enzyme activities and the content of available nutrients in soils,
and the other was taken straight back to determine soil physical
properties, soil organic matter (SOM), and soil total nutrient.

2.3 Soil Property Analysis
Soil water content (SWC) was determined by the gravimetric
method after drying the soil sample in an oven at 105°C for 12 h.
Soil pH was measured using a pH meter (PHS-3E, INESA,
Shanghai, China); the mixture of soil and water is 1:2.5. Soil
organic matter (SOM) content was measured by the
K2Cr2O7–H2SO4 oxidation technique (Walkley and Black,
1934). Soil total nitrogen (TN), total phosphorus (TP), nitrate
nitrogen (NO3

−-N), and ammonium nitrogen (NH4
+-N) were

determined using an automated element analyzer (Smartchem
200, Italy). TN used the indophenol-blue spectrophotometric
method, and TP used the Mo-Sh anti-colorimetric analysis
method (John and Matt, 1970; Mason et al., 1999). Soil
invertase (INV) activity, urease (URE) activity, and
phosphatase (PHO) activity were assayed as described by
Tabatabai (1994).

2.4 Molecular Identification of EcM Fungi
DNA was extracted and purified using the Powersoil® DNA
Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, United States),
according to the manufacturer’s protocol. The genomic DNA
concentrations were checked on 1% agarose gels electrophoresis
and quantified on a NanoDrop NC2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, United States). The
fungal internal transcribed spacer (ITS) region was amplified on
Eppendorf Mastercycler Gradient Thermocycler (Germany); for
the ITS1 regions of fungi, the primers were ITS1F (5′-GGAAGT
AAAAGTCGTAACAAGG-3′) and ITS2 (5′-TCCTCCGCTTAT
TGATATGC-3′) (Amend et al., 2010). For each sample, an eight-
digit barcode sequence was added to the 5′ end of the forward and
reverse primers (provided by Allwegene Company, Beijing). The
polymerase chain reaction (PCR) mixtures were analyzed on a
Mastercycler Gradient (Eppendorf, Germany) using 25 μL
reaction volumes, containing 2.5 μL 2 × Taq PCR MasterMix,
3 μL BSA (2 ng/μL), 1 μL Forward Primer (5 μM), 1 μL Reverse

Primer (5 μM), 2 μL template DNA, and 5.5 μL ddH2O. The
cycling parameters were 95°C for 5 min, followed by 28 cycles of
95°C for 45 s, 55°C for 50 s, and 72°C for 45 s with a final extension
at 72°C for 10 min. The PCR products were purified using an
Agencourt AMPure XP Kit. Deep sequencing was performed on
an Illumina Miseq platform at Allwegene Company (China,
Beijing). After the run, image analysis, base calling, and error
estimation were performed using Illumina Analysis Pipeline
Version 2.6.

The raw data were first screened, and then the sequences shorter
than 230 bp and with low-quality scores (≤20) were removed. After
removing non-fungal sequence reads, the fungal sequences were
clustered into operational taxonomic units (OTUs) (Blaxter et al.,
2005) at a 97% similarity level using theUparse algorithmof Vsearch
(Version 2.7.1) (Edgar, 2010). The remaining high-quality sequences
were queried against the GenBank (https://academic.oup.com/nar/
article/50/D1/D161/6447240) non-redundant nucleotide database in
NCBI using local BLASTn (https://blast.ncbi.nlm.nih.gov/). The
MEGAN (Version 6.0) program was used to assign BLAST hits
to taxa of the NCBI taxonomy. Non-EcM fungal OTUs were filtered
out by FUNGuild (Version 1.0, http://www.stbates.org/guilds/app.
php) (Zhang et al., 2015). The key EcM fungal species were analyzed
by using the analysis of modular topological roles (within-module
connectivity (Zi) ≥ and among-module connectivity (Pi) ≥ 0.62). All
the identified sequences were submitted to the GenBank with the
accession numbers of SUB7166485 (fromMT229482 toMT229553)
(Table 3).

2.5 Data Analysis
Define “dominant species” as the EcM fungi detected in 80% of all
samples, “frequent species” as the EcM fungi detected in 30% of
all samples, and “rare species” as the EcM fungi detected in less
than 30% of all samples. The important value of OTUs is
represented by the sum of its relative abundance and relative
abundance. α-diversity indices were calculated based on the OTU
dates, including the number of identified genera (S), Shannon
index (H′), Simpson’s index (d), and evenness index of species
richness [Pielou (J)]. The differences in community structure of
the EcM fungi were analyzed by non-metric multidimensional
scaling (NMDS) analysis. Bray–Curtis dissimilarity index was
calculated to examine the dissimilarity of the OTU community in
different sites. Dissimilarity matrices of environmental data sets
were calculated based on Euclidean distance. A redundancy
analysis (RDA) was used to determine the correlation between
the EcM fungal community (genus level) and soil properties.
Subsequently, Spearman rank correlation was used to explain the
relationship between the EcM fungal community (genus level)

TABLE 1 | General information of sampling plots.

Plot Stand aGE/a Slop/° Average height/m Average DBH/Cm Canopy density

MUh 26 3 12.48 ± 3.69 11.76 ± 3.72 0.79
MUn 32 4 13.96 ± 2.38 13.58 ± 2.44 0.86
MUm 43 4 14.14 ± 1.84 19.95 ± 3.03 0.73

Values are mean ± standard error (SD), DHB refers to the diameter at breast height, MUh refers to the half-mature forest, MUn refers to the nearly mature forest, and MUm refers to the
mature forest. The same is below.
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and soil properties, also based on Bray–Curtis distance. The
correction heatmap was a visual correlation between all soil
properties and the five most frequently recovered genera. After
converting soil properties to a matrix, we performed the Mantel
test to determine the significance of each environmental variable.
The EcM fungal network was constructed based on random
matrix theory using the OTU data, which present in at least
eight (>50%) samples (Deng et al., 2012). All network analyses
were performed using the MENA platform (http://ieg4.rccc.ou.
edu/mena/main.cgi).

One-way analysis of variance (ANOVA) with the least-
significant difference (LSD) and the Tukey test were performed
to determine the significant difference among soil variables and
EcM fungal diversity. All statistical analyses were performed in
SPSS (Version 20.0), and p < 0.05 was considered statistically
significant. The α-diversity indices, Bray–Curtis dissimilarity

index, network analysis, correction heatmap, and Mantel test
were implemented using the R (Version 3.5.1) program. RDA
was performed using CANOCO (Version 4.5). The network
diagram was visualized by Cytoscape (Version 3.9.0).

3 RESULTS

3.1 Soil Properties
InP. sylvestris plantation, all the soil properties varied by stand age (p<
0.05,Table 3). Soil TN, SOM,NO3−, INV, andUREwere significantly
different with stand aging (p < 0.05). In general, soil in the Mu Us
Desert was alkali to neutral. The maximum values of soil nutrient
contents (SOM, TN, and TP) were found in half-mature forests. Soil
URE and PHO enzymes were the most active in mature forests.

3.2 Diversity and Composition of the EcM
Fungal Community
A total of 361,548 high-quality sequences were obtained from roots
associated with P. sylvestris, assigned to 807 fungal OTUs. A total of
72 of these had an EcM lifestyle and were identified to the genus
level and below (Table 2). With stand aging, the numbers of OTUs
and rhiness of genus increased first and then decreased; the values
of the remaining α-diversity indices gradually decreased. The

TABLE 2 | Bray–Curtis of EM fungi associated with P. sylvestris in different age
groups.

Bray–Curtis MUh MUn MUm

MUh — 0.70 0.77
MUn 0.70 — 0.68
MUm 0.77 0.68 —

FIGURE 1 |Diversity of the EcM fungi associated with P. sylvestris at different age groups. Letters indicate significant differences for each parameter (p < 0.05; one-
way ANOVA, Tukey test) based on the values determined for each site (5 replicates/site). (A) Rhiness index, (B) Shannon index, (C) Simpson index, (D) Pielou index.
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FIGURE 2 |Distribution and relative abundance of the EcM fungal community at the genus level (A) and a Krona chart of taxonomic affiliation of EcM fungi (B). Inner
circles represent higher taxonomic ranks, and more detailed taxonomic ranks (up to the species level) are presented in outer circles. In: Inocybeceaea, St:
Strophariaceae, Heb: Hebloma, Amp: Amphinema of P. sylvestris plantation in three age groups. “Other” represents genera with relative abundance <1%, which are
Hygrocybe, Suillus, Cortinarius, Clitopilus, Agaricus, Ramaria, Lactarius, Hydnum, Geastrum, Tulostoma, Peziza, Wilcoxina, Genabea, Sebacina, and Lachnum.
The left half of the figure shows the relative abundance of EcM fungal genera in different plots, and the right half shows the relative abundance of different EcM fungal
genera in the sample plot.
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impact of stand age on the EcM fungal community has not reached
a significant level (p > 0.05, Figure 1).

Our studies found that the EcM fungal OTUs of P. sylvestris
plantations in the Mu Us Desert were assigned to two phyla, four
classes, 12 orders, 18 families, and 23 genera (Figure 2;
Supplementary Table S1). Of all 72 EcM OTUs,
Basidiomycota was the most abundant phylum (83%) with 63
OTUs, following by Ascomycota (17%) with nine OTUs. Among
them, 13 and 14 species were detected for the dominant and
common species, respectively. The rare species was the largest
pool (45 species) accounting for 62.50% of the total species. At the

genus level, Rhizopogon was the most dominant EcM fungus; it
has the highest relative abundance in all age groups, especially in
MUn and MUm (more than 50%, Figure 2). Besides, the genera
of Tuber, Tomentella, and Inocybe were also widely distributed in
all plantations. With the aging of stand, Rhizopogon increased
first and then decreased, while Tomentella and Inocybe were just
the opposite. Tuber was accumulated with stand age.

The Bray–Curtis distances of the EcM fungal community
composition in three stand ages are shown and ordered by
NMDS. The stress value is 0.1679 (<0.2), so the Bray–Curtis
distance can better reflect the difference of community
composition (Table 3). The coordinates of scatter points
indicated that the EcM fungal composition varied in different
stand ages (Figure 3). ANOSIM results confirmed that the
difference of fungal community structure was obvious with
stand age (R = 0.88, p > 0.05). Based on the area of the
confidence ellipse and Bray–Curtis distances (Figure 3;
Table 3), the EcM fungal community structures of the near-
mature and mature forests were the most similar.

3.3 Corrections Between EcM Fungal
Communities
The molecular ecological network of the EcM fungi reflects the
coexistence relationship of species in the environment (Figure 4).
After removing the OTUs with average relative abundances less

TABLE 3 | Soil properties of P. sylvestris with different age groups.

Factors MUh MUn MUm

pH 7.58 ± 0.19 a 7.51 ± 0.04 a 7.27 ± 0.15 b
SWC/% 3.66 ± 0.56 a 2.88 ± 0.17 b 3.46 ± 0.46 a
TN/g·kg 0.12 ± 0.02 b 0.09 ± 0.01 c 0.17 ± 0.02 a
TP/g·kg 0.30 ± 0.02 b 0.37 ± 0.01 a 0.37 ± 0.04 a
SOM/g·kg 1.16 ± 0.21 c 2.38 ± 0.30 b 3.23 ± 0.85 a
NH4

+/mg·kg 1.03 ± 0.06 b 0.94 ± 0.10 b 1.56 ± 0.10 a
NO3

−/mg·kg 2.12 ± 0.02 c 4.06 ± 0.08 b 4.30 ± 0.04 a
INV/U·g 66.88 ± 0.16 a 48.26 ± 1.38 b 17.40 ± 0.24 c
URE/U·g 289.97 ± 16.48 c 319.03 ± 8.44 b 555.66 ± 16.01 a
PHO/U·g 0.59 ± 0.03 b 0.60 ± 0.01 b 0.69 ± 0.03 a

Letters indicate significant differences for each parameter (p < 0.05; one-way ANOVA,
Tukey test) based on the values determined for each site (5 replicates/site).

FIGURE 3 |NMDS ordination of the EcM fungal community associated with P. sylvestris at different age groups, Stress = 0.1679. Each point represents a different
sample (five samples from each age group). The confidence ellipse represents the confidence region in different age plots (α = 0.05).
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than 0.01%, a network that included 57 nodes and 435 edges was
constructed. Of all these edges, 206 (47.36%) had shown positive
corrections and 229 (52.64%) had shown negative correlations. In
the EcM fungal network, the average degree, average clustering

coefficient, and average path distance were 15.263, 0.571, and
1.875, respectively. The modularity calculation of the EcM
network divides the whole network into four individual
models (Supplementary Figure S2). OTU306 (classified as
Rhizopogon mohelnensis), OTU43 (uncultured Peziza, Peziza
sp.), OTU40 (classified as Clitopilus sp.), and OTU14
(classified as Clitopilus sp.) of Basidiomycota and OTU114
(classified as Rhizopogon mohelnensis), OTU56 (classified as
Wilcoxina mikolae), and OTU36 (classified as Geopora
arenicola) of Ascomycota had weak relationship with other
species. We identified key EcM fungal species by using the
analysis of modular topological roles. According to within-
module connectivity (Zi) and among-module connectivity (Pi),
OTU60 (Zi = 2.60 > 2.5, Pi = 0.625 > 0.6, classified as Hebeloma
collariatum) was the core species of the model (Supplementary
Figure S3).

FIGURE 4 | EcM fungal co-occurrence networks of P. sylvestris plantation. The dots and triangles in the figure represent different EcMOTUs, and different colors of
shapes represent different fungal genera. The thickness of links indicates the edge weight of genera. The pink line indicates a positive correlation, and the gray line
indicates a negative correlation.

FIGURE 5 | RDA illustrating the effects of soil characteristics on the EcM
fungal community. The red arrow represents soil characteristics. The purple
circle represents EcM fungi, and the size of the circle represents the relative
abundance. The arrow direction and length indicate correlation to EcM
fungal composition and effect size of the variables.

FIGURE 6 | Correction heatmap between soil factors and main EcM
fungi. The x-axis and y-axis are environmental factors and the top five genera.
The R values and p value of Spearman’s rank correlation are obtained by
calculation. R values are shown in different colors; the legend on the right
is the color range of different R values. *: p < 0.05, **: p < 0.01.
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3.4 Relationship Between EcM Fungal
Communities and Soil Properties
The EcM fungal community composition through stand ages was
driven by soil properties (Figures 5, 6; Supplementary Table S3).
The redundancy (RDA) analysis revealed the impact of soil
characteristics on the EcM fungal community, and the
contribution rates of principal components 1 and 2 were 25.78
and 18.49%, respectively. All four axes in total contributed 67.3%
of the explanation (Figure 5). Among all soil properties, NO4

+

content had the highest contribution rate (15.32%). The
contributions of SOC, TN, INV, and stand age all exceeded 11%.

The correction heatmap and Mantel test between soil factors
and major EcM genera were created by Spearman’s rank
correlation (Figure 6; Supplementary Tables S2, S3). The
INV had a significant positive effect on the EcM fungal
community, while SOC, TP, and stand age have a significant
negative effect on the major EcM fungi (p < 0.05 or p < 0.01). URE
and NO3

− had an excellent negative correlation to the EcM fungal
community (p < 0.05), although their contribution rates were low.

4 DISCUSSION

4.1 Variations in EcM Fungal Diversity and
Community Composition
EcM fungi are abundant and diverse in temperate and boreal forests
(Steidinger et al., 2020), and the succession and variation of the
underground EcM fungal community was a complex ecological
process (Bardgett and van der Putten, 2014; Franklin et al., 2014).
The diversity indices and community structure of EcM fungi
changed with stand aging in the Mu Us Desert, but the effect of
forest age was not significant. This was consistent with previous
studies that the diversity of the fungal community was not correlated
with the aging stand (Wang et al., 2020). As expected, the EcM
fungal community was dominated by Basidiomycota rather than
Ascomycetes, which is consistent with previous results (Geml et al.,
2017). It is known that most of the known EcM fungi are
Basidiomycota, which are diverse and adaptive to various
environments (Boeraeve et al., 2018). Therefore, Basidiomycota
considerably contributes to the ecological restoration in deserts.

The endemic genera were found across different stands, and the
EcM fungal community structure was significantly different
between three age stands. The distribution pattern of the EcM
fungi indicates the succession of EcM fungi during forest
development and the influence of stand age on it. The
variations in plant community and soil characteristics caused by
stand age altered the establishment and distribution of the EcM
fungal community (Hayward et al., 2015). Rhizopogon was the
dominant EcM fungal genera of P. sylvestris across all stand ages in
the Mu Us Desert. Besides, Tomentella, Inocybe, and Tuber were
also widely distributed in P. sylvestris plantations. These OTU-
richest genera are also commonly detected in boreal coniferous
forests (van Dorp et al., 2016). They are easily dispersed and widely
adapted to the harsh environment (Ryberg et al., 2008; Bahram
et al., 2011). Obviously, they are “multistage” fungi with an
excellent competitive ability (Taylor and Bruns, 1999).

As the largest genus of hypogenous Basidiomycota, Rhizopogon
were widely distributed and associated with pines; it is also the most
common EcM fungi of P. sylvestris plantations in the Mu Us Desert.
Especially, Rhizopogon proliferated in the high-carbon near-mature
forest due to the high demand for carbohydrates (Mujic et al., 2014).
Further, R. rubescens and R. mohelnensis contribute to the stress
resistance; therefore, they conduce to the improvement in survival of
conifer seedlings in a desert environment (Bahram et al., 2011). As
saprotrophic EcM fungi, Tomentella prospers the nutrient cycling
and is widely distributed throughout the Northern hemisphere
forests (Han et al., 2017). Besides, Tomentella is also of great
resistance to environmental stresses, supported by the presence in
the degraded oak forest (Mosca et al., 2007). Inocybe is ecologically
important in the forest succession by providing water and minerals
for the host plants (Mason et al., 1983). In theMuUsDesert, Inocybe
were clearly decreasing from the half-mature forest to a mature
forest. Soil moisture consumption is greatly responsible for this
instance due to their preference of an arid environment, which has
obvious significance in the desertification region. Furthermore,
Cortinarius, Amphinema, and Russula were widely distributed in
the mature forest. They are typical “late-stage” fungi, which are
usually found associated with older forests and have strong
competitive abilities (Hayward et al., 2015; Guo M. et al., 2020).
The core fungi of the EcM fungal network are classified asHebeloma,
which is a frequent EcM genus, and its species is usually associated
with a wide range of Pinaceae trees (Gryta et al., 2010).

Suillus is regarded as the most generic EcM fungi associated
with pine, but it was diminished in theMuUs Desert; this result is
inconsistent with previous studies (Policelli et al., 2018). Geopora
is considered to be an important mutual partner for host plants
resisting the stress conditions. Notably, Russula and Peziza are
also detected in the P. sylvestris plantations, which usually rely on
fertile soil and prefer high pH, respectively. Lactarius, Hebeloma,
and Lachnum accounted for a very small percentage; this was
supported by the previous studies that they were not easily
established in desertification regions (Desai et al., 2016).
Curiously, some common drought-tolerant and barren-
resistant EM fungal species were missed, such as Lycoperdon
and Cenococcum (Jany et al., 2003).

4.2 The Drivers of the EcM Fungal
Community
The primary drivers of the EcM fungi community at different
scales are not necessarily the same (Peay and Matheny, 2016).
EcM fungi were strongly determined by the soil environment, and
the edaphic factors are approved to be the major drivers of the
EcM fungal community at a local scale (Miyamoto et al., 2015).
Forest development is usually accompanied by variations in the
soil system (Zhao et al., 2020); EcM fungi are highly sensitive to
the environmental changes. Therefore, host-related variables
strongly influence the EcM fungal community. The variations
of soil properties with stand aging are of great importance to
shape fungal communities (Truong et al., 2019). We found that
most of the factors we measured in this study were proved to
sufficiently affect the community structure of the EcM fungi.
Among them, the soil enzyme activities of invertase and urease
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were the most major abiotic factors causing EcM fungal
communities in cation regions. They were the most important
enzymes for soil fertility and nitrogen metabolism. ECM fungi
have different preferences and demands for nutrient strategies,
and the nutrient competition in fungal communities alters the
assembly of the EcM fungal communities (Yang et al., 2021). EcM
fungi-induced soil nutrient cycling substantially contributes to
the growth and health of host plants. Nitrogen is the foremost
limiting nutrient in conifer forest systems (Sebastiana et al.,
2018). In our study, N shift was clearly observed, that is, NH4

+

and NO3
− concentrations significantly increased with aging

stand. Meanwhile, EcM fungi (e.g., Peziza and Russlua) were
negatively correlated with soil N availability. This finding
confirms that EM fungal absorption capacity varies in
response to the various forms of N, so N availability
determines the community composition of EcM fungi
(Kjøller et al., 2012). Furthermore, EcM fungi are good
decomposers of soil organic matter and play a major role in
the turnover and stabilization process of soil nutrients. The
sufficient soil nutrients provide a suitable microenvironment
for fungi, which is the basis of expanding and prospering the
EcM fungal community.

Water shortage was considered to be an important abiotic
factor; it was also the strongest abiotic candidate filter (Liu et al.,
2021b). This result is consistent with previous studies that soil
moisture is a key factor to alter the EcM fungi community
composition in arid environments (Dean et al., 2015).
Meanwhile, with the specificity of EcM fungi to drought stress,
in return, variations in the EcM fungal community have direct
impacts on the growth and development of host plants (Kennedy
and Peay, 2007). Besides, considerable research studies have been
devoted to come to the conclusion that soil pH is another key
driver of the EcM fungal community (Kutszegi et al., 2015). The
EcM fungal community changes significantly even with a very
small variation of pH values. On one hand, soil pH affects the
growth of the EcM fungi and mycelial metabolism. On the other
hand, soil pH indirectly alters the EcM fungal community by
changing nutrient availability (Bennett et al., 2017). Generally,
EcM fungi prefer slightly acidic to neutral soils, and the growth of
the EcM fungi is inhibited at a higher-pH environment. In theMu
Us Desert, the soil pH ranged from 7.27 to 7.58. The weakly
alkaline soil leads to potential variations in the EcM fungal
community.

EcM fungi can secrete nutrient-related enzymes to regulate the
nutrient cycling. The active soil enzyme contributes to the N and P
absorption and slows the decomposition of soil organic matter
(Lindahl and Tunlid, 2014). Therefore, the interaction between
EcM fungi and the soil system is affected by soil enzyme activity.
Generally speaking, urease and phosphatase benefit the
mineralization of nitrogen and phosphorus, thus providing
available nitrogen and phosphorus for the hosts (Bidartondo et al.,
2001). In this study, the urease activity is increasing with stand aging;
it is beneficial to available nitrogen supply for host plants. This finding
was also confirmed by the soil nitrogen in suit investigation. Invertase
is related to the transformation of soil organic carbon, but with the
increase in soil organic matter, invertase activities were significantly
reduced. This reduction was also reported that only a few EcM fungi

have saprophytic functions and are active in the decomposition of soil
organic matter (Jonard et al., 2014).

4.3 Implications of EcM Fungi for P.
sylvestris Plantation Degradation
EcM fungi and host plants are a community of shared common
interests, and they get feedback from each other. The growth of P.
sylvestris plantation is inseparable from the assistance of EcM fungi,
and EcM fungi also benefit from the host plant (Zhu et al., 2006).
Therefore, the interaction between EcM fungi and host plants is a
potential but crucial indicator for the degradation of P. sylvestris
plantation. Natural forests with diverse ages and hierarchical
structures usually have abundant, diverse, and complex EcM
fungal community compositions and structures (Grebenc et al.,
2009). Compared to the original forest, artificial plantation is
simple in structure and has poor stability, resulting in EcM fungi
with low heterogeneity and diversity (GuoM. et al., 2020). Therefore,
this simple EcM fungal community composition may be one of the
reasons for the degradation of plantation. There is overwhelming
evidence corroborating the notion that structure and diversity
determine ecosystem function and stability (Huang et al., 2021).

As the most typical EcM fungi, Suillus has extreme host
specificity of Pinaceae, especially P. sylvestris. Suillus forms
symbionts with conifer species and substantially contributes to
P. sylvestris invasion and seedling establishment by improving
soil nutrient absorption (Policelli et al., 2018). Previous studies
have demonstrated that Suillus is the dominant EcM fungal genus
of P. sylvestris in nature forests (Truong et al., 2019). However,
only one species of Suillus associated with P. sylvestris was found
in the Mu Us Desert. Hence, we deduced that functional EcM
fungi Suillus (e.g., Lycoperdon, Cenococcum) commonly found in
nature forests contribute to the P. sylvestris plantation
degradation. This assignment has explained the central
importance of EcM fungi in P. sylvestris plantation
degradation. In a desert environment, there are intensely
interspecific and intraspecific competitive interactions for the
limiting resources. Therefore, the simplification community
structure and the loss of EcM fungal diversity and function
eventually lead to the degradation of P. sylvestris plantation.

5 CONCLUSION

In Mu Us Desert, the obtained 72 ECM fungal OTUs were
identified into two phyla and 23 genera associated with P.
sylvestris plantation, and the EcM fungal composition was
dominated by Rhizopogon, Inocybe, Tomentella, and Tuber.
Diversity indices and community structures of the EcM fungi
had no significant effect by stand age. The major abiotic drivers of
the dominant EcM fungal genera were NO4

+, SOC, TN, INV, and
stand age; thus, the combination of soil physico-chemical
properties and soil enzyme activities jointly drives the variations
of the major EcM fungal community to a certain extent. We highly
suppose that the soil-induced community simplification and
assembly variations of the EcM fungi and the loss of some
fungal groups (e.g., Suillus) with specific functions substantially
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contribute to the degradation of P. sylvestris plantation. In the
future, sustainable forest management requires unremitting efforts
on EM fungal community structures and functions at the spatial
and temporal multiscale toward a changing world.
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Artificial Regulation Effect of Plant
Retardants on Leaf Anatomical
Characteristics of Elaeagnus
Angustifolia
Chao Zhang, Wanjiao Li†, Yong Gao*, Zhengzheng Xu and Xiaoning Tian

College of Desert Control Science and Engineering, Inner Mongolia Agricultural University, Hohhot, China

Aims: In order to explore the adaptation mechanisms of Elaeagnus angustifolia to the arid
environment in desert areas under the treatment of artificial plant retardants, we used to
investigate artificial regulation by using retardants of paclobutrazol (PP333),
paclobutrazol+adhesive (NPP333), and chlormequat (CCC) based on multiple factors
and multiple levels.

Methods: Orthogonal experimental design of L9 (3
4) was used to design the experimental

treatment combinations. Leaf morphological and structural characteristics determined by
the paraffin section method were used to explain the effect of different treatments and their
combinations.

Results: The leaves of Elaeagnus angustifolia were iso-petalous with obvious stellate
epidermal fuzzy borders on the upper epidermis. The palisade tissue was well developed
and tightly arranged. The T1-T9 treatment significantly increased leaf thickness.
Conversely, leaf length and width showed a delayed growth effect, while leaf growth
developed as an elongated type after application. After plant retardant control, the upper
epidermal, palisade tissue, and spongy tissue thickness of the leaves showed a significant
trend to increase, at the same time, the number of xylem rows increased and the number of
cells per row increased and were arranged closely. Meanwhile, there was a synergistic
evolution phenomenon among the indexes. The best treatment combination of plant
retardants to regulate the leaf configuration of plants was selecting the concentration of
600 mg/L of PP333, using the root application + leaf application method for two
applications.

Conclusions: The study showed that plant retardants improved the ability of plants to
resist external environmental stress by reducing leaf area, increasing leaf and epidermal
thickness, and promoting the development of mesophyll and vein structures in order to
improve water retention capacity and prevent transitional transpiration.

Keywords: plant retardant, Elaeagnus Angustifolia, leaf anatomy, environmental adaptability, arid and semi-arid
area
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1 INTRODUCTION

Under the macro-climate of global warming, land desertification
is an ecological challenge facing arid and semi-arid regions
(Huang et al., 2020). The ecological environment in arid and
semi-arid zones is relatively fragile and human activities have put
ecological pressure on the land. Desertification threatens regional
human life and economic and ecological security (D’Odorico
et al., 2019). Therefore, if regional ecological restoration is to be
carried out, the use of economic and ecological plant measures
applied to desertification control is the primary choice, as sandy
plants will be able to withstand certain wind and sand hazards
and resist external influences (Su et al., 2007). However,
understanding the drought-resistant mechanisms of plants is
of some practical importance in combating land desertification.

At present, there have been many studies on the physiological
changes of plants under drought stress and the mechanism of
drought tolerance in arid and semi-arid regions (Ramachandra
Reddy et al., 2004). When the growing environment changes,
plants change their morphological and physiological
characteristics to adapt the growing environment (Baquedano
and Castillo, 2006). As a consequence, plants growing in different
conditions show significant differences in photosynthesis,
anatomical characteristics, and physiological characteristics
(Dolatabadian et al., 2011; Khandaker et al., 2017; Leon-
Sanchez et al., 2020). In arid and semi-arid regions, water
deficit and high light exposure are important factors limiting
plant growth (Prasad et al., 2008). At the same time, as one of the
most important stresses in the environment, drought can cause a
series of physiological and biochemical responses in plants.

Identification of plant morphological forms and functions is
the first step in improving the resistance of vegetation to harsh
growing conditions (Toscano et al., 2018). It is well known that
leaves are the main organ for the transpiration and
photosynthesis of plants. They have been exposed to the
growing environment for a long time, with the largest area of
contact with the outside environment. Compared with the
branching structure aboveground, leaves are highly sensitive to
environments (Xin et al., 2012; Yang et al., 2014). The
microscopic anatomical tissue structure of plants, such as
epidermal thickness and palisade tissue, affects the intercellular
CO2 concentration and diffusion of gases, with the results of long-
term adaptation to harsh environments (He et al., 2008; Galle
et al., 2010).

Elaeagnus angustifolia is distributed in arid, semi-arid, and
saline areas in China with precipitation less than 150 mm (multi-
year average). It is resistant to wind erosion and protects the land
surface from erosion, which is usually used to build oasis
protection forests in China (Huang et al., 2005; Liu et al.,
2014; Yunus et al., 2005). Plant growth retardants delay
longitudinal growth, increase aboveground branching
structure, and reduce transpiration by reducing leaf area
(Karimi et al., 2019). At present, most scholars have studied
plant growth retardants to regulate leaf growth characteristics,
photosynthesis, and physiological characteristics (Kasele, 1992;
Zhou et al., 2019), while fewer scholars have studied the effect on
leaf tissue structure. In general, changes in the cellular

organization can efficiently raise mesophyll which is mainly
due to the thicker leaf caused by well-developed palisade tissue
and spongy tissue. Cells have an excellent capacity to store water
and adaptation to drought conditions is enhanced (Chartzoulakis
et al., 2002; Gratani and Bombelli, 2000; Hameed et al., 2002).
Plant retardants have low toxicity and high efficiency, which are
widely used to regulate plant growth and development (Sponsel
and Hedden, 2010). They mainly inhibit the division and
expansion of the apical meristem of the stem, thereby
regulating the distribution of nutrient growth materials to
affect the water content of the leaves, the chlorophyll content
of the leaves, and the growth of the plant, leaf area, and leaf
anatomy (Maienfisch et al., 2001; Zhu and Stafne, 2019). Such
plant retardants can alter plant height and leaf size, however, it is
not clear whether they can alter the intrinsic anatomy of the leaf
to make it drought-tolerant in terms of tissue structure.

This study aimed to select application methods that would
modify the morphological characteristics of leaves to enable them
to survive successfully in arid and semi-arid environments. In
addition, we assessed the relevance of the anatomical and
morphological characteristics of leaves after application. We
chose Elaeagnus angustifolia, a model plant, to evaluate the
effects of plant growth retardants regulating leaf characteristics
and anatomy. The results will provide a theoretical basis for the
subsequent use of Elaeagnus angustifolia in desert areas for
ecological vegetation restoration and construction of wind and
sand-fixing forests.

2 MATERIALS AND METHODS

2.1 Growth Conditions and Plant Material
Preparation
The experimental area is located at the southwest edge of
Ulanbuhe Desert, in Jilantai, Inner Mongolia Autonomous
Region, China (39°46′59″N，105°37′31″E) which is located in
the transition from a semi-arid to an arid region. The climate is a
typical temperate continental climate. The mean average
precipitation is 109.9 mm, while the average annual
evaporation is 2,944 mm. The soil pH is 8.49–9.19, the top soil
(0–30 cm) organic matter (SOM) content is 7.15–7.59 g kg−1, the
top soil available phosphorus (AP) content is 2.95–4.20 mg kg−1,
and the top soil available potassium (AK) content is
571–618 mg kg−1.

Two-year-old Elaeagnus angustifolia (from Jilantai local
woodland) were used and transplanted in March 2019 and
were spaced 1 m × 1 m in the field. Ten plants of each
treatment were used as experimental plants and irrigated every
15 days to maintain plant growth. From April to May, watering
took place every 10 days to ensure the survival of young plants.

2.2 Experimental Design
The Elaeagnus angustifolia were planted in the town of Jilantai.
The experiment used an L9 (3

4) orthogonal test design with four
factors including application method (A), application frequency
(B), application type (C), and application concentration (D) with
three levels of each factor, as shown in Table 1. The experiment
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was designed with nine treatment combinations as shown in
Table 2 and each treatment was replicated 10 times with a total of
100 plants.

2.3 Method for the Determination of
Morphological Characteristics
At the end of plant growth in September 2019, five plants from
different treatment methods (T1-T9) were selected from three
branches according to East, West, South and North directions.
The sampling method was adopted for the random determination
of morphological indicators. Ten fresh leaves were collected in
each direction and the blade length and width were measured
using a cursor caliper (0.01 mm).

2.4 Leaf Anatomical Structure Material
Collection
Leaf anatomical measurements were obtained at the end of the
experiment in September 2019. The branches selected for the test
material were consistent with morphological indexes of mature
leaves in the middle of the branches, and two leaves were sampled
in each direction. A total of 40 leaves were sampled in each
treatment, totaling 360 leaves.

2.5 Paraffin Section Production Method
Mature leaves were taken in different directions (the orthogonal
test design plan T1-T9) and properly marked, in 20 ml vials
containing FAA fixative (70% alcohol: formaldehyde: glacial

acetic acid = 90:5:5). The vials were pumped (inoculated) using
a medical syringe during fixation, and then sealed, sorted, and
transported back to the laboratory for leaf dissection tests. The
samples were made by the conventional paraffin sectioning
method, stained with saffron-solid green, and sealed with
neutral resin glue (Galle et al., 2010). A LEICA DM2000
microscope was used to observe leaf anatomy, and LAS V4.12
was used to capture pictures of samples and determine leaf
thickness, upper cuticle thickness, upper epidermal thickness,
lower epidermal thickness, and fenestrated tissue thickness. The
palisade and spongy ratio, tightness of leaf palisade tissue, and
tightness of leaf spongy tissue were determined by the formulas
below (Karimi et al., 2019).

Palisade and spongy ratio � palisade tissue thickness/sponge tissue thickness
(1)

Tightness of leaf palisade tissue � (palisade tissue thickness/leaf thickness) × 100%

(2)
Tightness of leaf spongy tissue � (sponge tissue thickness/leaf thickness) × 100%

(3)

2.6 Data Analysis
Data were analyzed by Excel 2010 and SAS software without
considering interactions. Effect of changes in the anatomical
properties of plant leaves under different treatments (Table 4)
was determined by one-way analysis of variance (ANOVA).
Tukey’s HSD (honestly significant difference) test was used to
analyze the differences between morphological characteristics.
The data presented in the table are the mean value of three
replications (mean ± standard deviation).

TABLE 1 | The factors and levels of orthogonal design L9(3
4).

Level Factors

Application Method (A) Application Frequency (B) Application Type (C) Application Concentration (D)

1 Leaf spray 250 ml Once (1) 23% paclobutrazol (PP333) 450 mg/L
（Y） Date: 2019.05.10

2 Irrigate the roots 250 ml Twice (2) Cycocel (CCC) 600 mg/L
（G） Dates: 2019.05.10

2019.05.20
3 Leaf spray 125 ml and irrigate the roots 125 ml Three times (3) 17.5% paclobutrazol and agglutinant (NPP333) 750 mg/L

（Y&G） Dates: 2019.05.10
2019.05.20
2019.06.10

TABLE 2 | Orthogonal Test Design plan.

Test Application Method (A) Application Frequency (B) Application Type (C) Application Concentration (D)

T1 Y 1 PP333 450 mg/L
T2 Y 2 CCC 600 mg/L
T3 Y 3 NPP333 750 mg/L
T4 G 1 CCC 750 mg/L
T5 G 2 NPP333 450 mg/L
T6 G 3 PP333 600 mg/L
T7 Y&G 1 NPP333 600 mg/L
T8 Y&G 2 PP333 750 mg/L
T9 Y&G 3 CCC 450 mg/L
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The data in this study were analyzed using the relative growth
of each plant indicator for comparison.

Mi � MXi −MYi (4)
Ki � Mi − CKi (5)

Note: Mi is the relative growth amount of the i indicator in the
growth period; MXi is the measured value of the i indicator at the
end of growth in September 2019 after artificially regulated
treatment; MYi is the basal value of the i indicator in May
2019 before application; Ki is the growth amount of the i
indicator after application relative to CK; CKi is the control
group of the i indicator with the application of clear water.

3 RESULTS

3.1 Morphological Structure of Elaeagnus
Angustifolia Leaves
The leaf morphological characteristics revealed significant differences
among different treatments from T1-T9 (Table 3). The
morphological structure of Elaeagnus angustifolia leaves changed
considerably under the effect of artificial control. Different control
methods (T1-T9) had a growth-promoting effect. Plant leaf thickness
significantly increased (p < 0.05) with maximum growth under T8
treatment (13.03 μm) and the minimum under T3 treatment
(2.39 μm). Leaf length growth ranged between 2.11 and 13.67 μm
which was smaller compared with control, and leaf width growth
ranged between 1.96 and 12.34 μm which was also smaller than
control. Relative growth ratio between the leaf length and width was
greater than 1, which ranged from 1.01 to 3.06 μmwhile the changes
were not significant.

3.2 Analysis of Anatomical Structure of
Elaeagnus Angustifolia Leaves
3.2.1 Epidermis
Elaeagnus angustifolia leaves are isobilateral which indicates that
themain veins of the leaf blade are raised on the back of the leaf blade
in an irregular semi-circular shape. The surface of the leaf blade

showed stellate glandular hairs (Figure 1A), which reduced the
damage of strong light and control transpiration of the plant. Both
the upper and lower epidermis of the Elaeagnus angustifolia leaves
consisted of one layer of cells which were small and closely arranged.
The upper epidermal cells consisted of a nearly rectangular
arrangement of cells while the lower epidermal cells were nearly
circular (Figures 1B,C). The upper cells were significantly larger
than the lower cells. The upper epidermis showed an accelerated
growth trend after each treatment and the maximum growth under
T8 treatment reached 1.52 μm in thickness compared with control.
The lower epidermis showed a delayed growth trend and the growth
of the lower epidermal cells were lower than control (Table 4). The
smallest growth was under T8 treatment.

3.2.2 Mesophyll
The leaf mesophyll of Elaeagnus angustifolia consists of two parts
as fenestrations and spongy tissues. The fenestrations had a
double-fenestrated structure and were well developed. The
fenestrations were arranged on the inner side of the upper
epidermis (Figure 1D). According to the cross-section of the
leaf, the fenestrations of Elaeagnus angustifolia showed a
significant increase in thickness under the nine different
treatments used in this experiment (P＜0.05).

Table 4 shows that the upper fenestrations consisted of long
cylindrical cells arranged closely together and their thickness
increased from 1.35 to 4.32 μm. The thickness of the lower
fenestrations increased from 0.43 to 2.48 μm indicating that the
upper fenestrations were thicker than the lower fenestrations. The
spongy tissues also showed a trend of thickening ranging from 0.87
to 4.43 μm while the difference was not significant (p > 0.05). The
ratio of spongy tissue growth to fenestrated tissue decreased. The
spongy tissues gradually fenestrated under T6, T8, and T9 treatment
where their relative fenestrated ratio showed an increasing trend.
The relative tissue firmness and laxity of the leaf showed an
increasing trend and the relative firmness of the leaf tissue
structure varied from 77 to 121% with no significant difference
among the treatments (p > 0.05). Relative laxity of leaf tissue
structure varied from 28 to 116% under T3 treatment which was
significantly higher than other treatment groups (p < 0.05). The
relative thickness of the upper and lower fenestrations ranked as T8

TABLE 3 | Variability analysis of the growth of morphological characteristic indexes of Elaeagnus angustifolia leaves under different regulation methods.

Test Relative Leaf Thickness(mm) Relative Leaf length(mm) Relative Leaf Width (mm) Relative Aspect Ratio

T1 5.75 ± 3.83dc −10.10 ± 3.61cde −9.93 ± 1.61ed 1.01 ± 0.35a
T2 9.02 ± 1.19abc −6.45 ± 1.23bcd −5.99 ± 0.40bc 1.06 ± 0.57a
T3 2.39 ± 1.51d −8.53 ± 2.73bcd −8.76 ± 2.47cde 1.05 ± 0.45a
T4 9.40 ± 3.61abc −4.68 ± 0.31ab −4.91 ± 1.04ab 1.87 ± 0.15a
T5 5.88 ± 1.15dc −2.11 ± 0.87a −1.96 ± 0.22a 3.06 ± 0.86a
T6 9.85 ± 0.79abc −2.81 ± 0.11a −3.81 ± 0.32ab 1.34 ± 0.48a
T7 11.90 ± 2.47ab −13.67 ± 2.31e −12.34 ± 1.92e 1.14 ± 0.31a
T8 13.03 ± 2.73a −11.77 ± 2.16ed −11.10 ± 1.36e 1.07 ± 0.23a
T9 7.63 ± 3.16bc −7.13 ± 1.54bc −7.11 ± 2.16bcd 1.13 ± 0.46a

Note: All indicators in the table are the relative growth of the plants, with positive values showing positive (accelerated growth) artificially regulated effects and negative values showing
negative (delayed growth) artificially regulated effects, slower than the growth of CK. Values in the table are mean ± standard deviation, different lowercase letters after the data in the same
column indicate significant differences (p < 0.05).
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FIGURE 1 | Transverse section of a date palm leaf blade. (A–C) Leaf cross-sections of midrib 10x; (D). Cross-sections of mesophyll 20x; (E,F). Cross-sections of
leaf veins 20x; (A)CK, (B) T1 treatment, (C) T5 treatment, (D) T6 treatment showing spongy tissue with obvious fenestration, (E) T8 treatment showing thin-walled tissue
development, (F) T9 treatment showing vascular bundle development. Ue. upper epidermis; Le. lower epidermis; Pap. palisade tissue; Sm. spongy tissue.

TABLE 4 | Analysis of variability in the growth of anatomical structural indicators of Elaeagnus angustifolia leaves under different regulation methods.

Test Relative
Upper

Epidermal
Thickness

(Um)

Relative
Lower

Epidermal
Thickness

(um)

Relative
Lower

Palisade
Cell

Thickness
(um)

Relative
upper

Palisade
Cell

Thickness
(um)

Relative
Spongy

mesophyll
Thickness

(um)

Palisade
Cell

and Spongy
Cell
ratio

Tightness
of Leaf
Palisade
Tissue
(%)

Tightness
of Leaf
Spongy
Tissue
(%)

T1 0.57 ± 0.04bc −0.60 ± 0.16ab 0.71 ± 0.27dc 1.35 ± 0.74bc 1.53 ± 0.85a 4.21 ± 1.47a 0.87 ± 0.24a 0.28 ± 0.14b
T2 0.75 ± 0.10bc −0.99 ± 0.22bc 1.42 ± 0.15bc 2.79 ± 0.49abc 3.87 ± 0.56a 5.83 ± 2.69a 0.90 ± 0.25a 0.30 ± 0.02b
T3 038 ± 0.09c −0.31 ± 0.17a 0.43 ± 0.08d 2.06 ± 1.06c 0.87 ± 0.40a 2.23 ± 1.81a 0.77 ± 0.26a 1.16 ± 0.11a
T4 0.86 ± 0.02bc −1.13 ± 0.43bc 1.65 ± 0.26bc 3.27 ± 0.39abc 2.56 ± 0.52a 3.36 ± 1.60a 1.11 ± 0.34a 0.41 ± 0.09b
T5 0.40 ± 0.05c −0.58 ± 0.39ab 0.68 ± 0.19dc 2.57 ± 1.29bc 2.32 ± 0.28a 2.54 ± 1.64a 0.95 ± 0.33a 0.45 ± 0.07b
T6 1.06 ± 0.02ab −1.25 ± 0.48dc 1.98 ± 0.32bc 3.54 ± 0.18abc 2.06 ± 0.28a 2.67 ± 0.17a 0.97 ± 0.16a 0.36 ± 0.04b
T7 1.16 ± 0.27ab −1.41 ± 0.58dc 2.04 ± 0.39ab 4.01 ± 0.51ab 2.17 ± 1.10a 3.43 ± 1.88a 0.94 ± 0.29a 0.38 ± 0.06b
T8 1.52 ± 0.23a −1.84 ± 0.05d 2.87 ± 1.91a 4.32 ± 1.85a 4.43 ± 1.29a 3.69 ± 0.88a 1.21 ± 0.45a 0.37 ± 0.14b
T9 0.60 ± 0.11b −0.93 ± 0.18abc 1.40 ± 0.18bc 2.89 ± 0.47abc 3.52 ± 0.64a 2.88 ± 0.53a 1.21 ± 0.55a 0.41 ± 0.11b

Note: Values in the table are mean ± standard deviation, different lowercase letters after the data in the same column indicate significant differences (p < 0.05).

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 9009605

Zhang et al. Artificial Regulation of Elaeagnus Angustifolia

61

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


> T7 > T6 > T4 > T2 > T9 > T1 > T3 > T5. The relative thickness of
the spongy tissues ranked as T2>T8>T9>T4>T5>T6>T7>T1
> T3 which was slightly different from the fenestrations. This
showed that drought resistance of Elaeagnus angustifolia was
improved by plant retardant regulation in terms of leaf
mesophyll tissue structure.

3.2.3 Veins
The main veins of leaves were well developed with rounded and
prominent structures which consisted of vascular bundles and
mechanical tissue. The xylem was composed of 2-8 layers and
9–25 rows of the vessel and the caliber of which increased radially
from the upper epidermis to the lower epidermis. The thick-
horned tissue and thin-walled cells were well developed under
each mode of regulation and showed a good sparing and
supporting effect (Figure 1E and Figure 1F).

The k values (Table 5) indicated the strength of the influence
under each treatment at different levels on the traits and the best
combination was determined according to k1, k2, and k3. The

extreme difference characterized the primary and secondary
relationship between the influence of the factors on the measured
traits, and the larger the extreme difference R, the greater the influence
of the factor on the traits. As can be seen from Table 5, the effects of
four treatments on the upper epidermal thickness, lower fenestrated
tissue thickness, spongy tissue thickness, and leaf thickness of
Elaeagnus angustifolia ranked as A > D > C > B, therefore,
application method > application concentration > application type
> application frequency. In conclusion, all the anatomical structures
of Elaeagnus angustifolia leaves were positively regulated after
artificial control and the optimal combination for the regulation of
Elaeagnus angustifolia leaf was A3B2C1D2, (A root application + leaf

application B application of two times C PP333 D 600 mg/L).

4 DISCUSSION

As shown in Figure 2, the average temperature in the trial area
was high during the plant growth period (March to October).

TABLE 5 | Orthogonal test analysis of artificially regulated growth of leaf conformation indicators of Elaeagnus angustifolia.

Index k value September 2019: End of Growth

A B C D

Upper epidermis k1 0.570 0.860 1.050 0.520
k2 0.770 0.890 0.740 0.990
k3 1.100 0.680 0.650 0.920
Range 0.530 0.21 0.40 0.470
Factor primary → secondary A D C B
Optimum combination A3B2C1D2

Lower epidermis k1 −0.632 −1.049 −1.235 −0.704
k2 −0.989 −1.136 −1.018 −1.220
k3 −1.396 −0.833 −0.765 −1.094
Range −0.764 −0.303 −0.47 −1.094
Factor primary → secondary B C A D
Optimum combination A3B2C1D2

Upper palisade
tissue

k1 4.005 6.999 7.942 5.268
k2 6.726 7.765 7.132 7.614
k3 9.202 5.168 4.859 7.051
Range 5.197 2.597 3.083 2.346
Factor primary → secondary A C B D
Optimum combination A3B2C1D2

Lower palisade
tissue

k1 0.853 1.467 1.853 0.927
k2 1.427 1.657 1.477 1.823
k3 2.110 1.267 1.060 1.640
Range 1.257 0.390 0.793 0.896
Factor primary → secondary A D C B
Optimum combination A3B2C1D2

Spongy tissue k1 2.064 2.879 3.073 2.163
k2 3.02 3.117 2.977 3.443
k3 3.737 2.825 2.772 3.215
Range 1.673 0.292 0.301 1.280
Factor primary → secondary A D C B
Optimum combination A3B2C1D2

Leaf thickness k1 5.831 9.125 9.654 6.527
k2 8.375 9.312 8.684 10.259
k3 10.853 6.623 6.721 8.273
Range 5.022 2.689 2.933 3.732
Factor primary → secondary A D C B
Optimum combination A3B2C1D2
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Rainfall was extremely low, but evaporation was high. This makes
it difficult for the plants to maintain normal growth. So, applying
plant retardants by slowing down the growth rate of the leaves
and increasing their transpiration rate is an effective way to
increase the growth rate of plants in drought conditions. The
leaf is an important organ for plant respiration, photosynthesis,
absorption, and secretion, and its morphological characteristics
can give feedback on the effect of the ability to adapt to a complex
environment (Singh et al., 2005). Photosynthesis is the basis for
the synthesis of organic matter and energy storage in plants. It is a
decisive factor in the productivity of plants. The leaf is the main
organ of photosynthesis and the anatomical structure of the leaf is
closely related to the photosynthetic efficiency of the plant. Some
studies have shown that photosynthetic rate and leaf epidermal
cell thickness, and leaf thickness are positively correlated. On the
other hand, the thicker the leaf palisade tissue, the more beneficial
the light energy capture. At the same time, it can effectively
increase the photosynthetic rate of the leaves (Yang et al., 2017).
For example, the thickness of Nitraria tangutorum thinned
significantly with increasing drought, epidermal and palisade
tissue became smaller and more closely packed, and abundant
areas of spongy tissue turned into palisade tissue. The leaf size of

Dryas octopetala var. asiatica (Nakai) Nakai is increased by air
temperature (Zhou et al., 2019). Furthermore, the anatomical
structure of the plant leaf is extremely sensitive to changes in
external environmental factors and adapts to the growing
environment by adjusting its tissue structure to increase
photosynthetic rate, reduce transpiration rate, and enhance
water storage capacity. Leaf thickness affects the absorption of
light by plants, and leaf thickness increase the light energy
utilization and water storage capacity of leaves while
preventing excessive transpiration and facilitating
photosynthesis. The result showed that leaf thickness in desert
areas can characterize water use efficiency and the thicker the leaf
thickness, the stronger the water use efficiency. The results of this
study showed that the application of plant retardant had a
thickening effect on plant leaf thickness (compared with the
control) which may be caused by other factors, such as our
research area located in a high-temperature and low-rainfall
area. All these factors may have an effect on the relatively
large number of epidermal cells on the leaf surface and further
reduce water transpiration to improve plant water storage
performance. The results of the present study also
demonstrated that the relative leaf length growth and relative
leaf width growth of leaves showed inhibition under different
regulation methods. The relative leaf length to width ratio
increased which indicated that the shape of the plant leaf was
long and narrow after the regulation.

Epidermal cells have good water retention and storage properties
which help to enhance plant water regulation and prevent excessive
water transpiration, thereby resisting external environmental stress
(Wyka et al., 2019). The study in this paper showed that the increase
in thickness of the upper epidermal cells of the leaves was growth-
promoting (positive growth compared to the control) while the
increase in the thickness of the lower epidermal cells delayed
growth (negative growth compared to the control). Palisade tissues
affect the absorption and use of light energy by plants, and well-
developed, closely arranged palisade tissues can effectively alleviate the
damage to plant leaves from stresses such as strong light and water
deficit. The relatively reduced spongy tissue and palisade tissue ratio
improves the efficiency of CO2 conduction from the lower stomatal
chamber to the photosynthesis site, while alleviating the phenomenon
of reduced CO2 conduction rate due to changes in leaf flesh tissues

TABLE 6 | Changes in the photosynthetic characteristics of Elaeagnus angustifolia Under different regulation methods.

Test Pn Gs Ci Tr

µmolCO2·m−2·s−1 μmol·m−2·s−1 μmol/mol g·dm−2·h−1

CK 0.22 ± 0.22f 0.02 ± 0.02e 0.68 ± 0.68d 4.64 ± 4.64e
T1 0.61 ± 0.61def 0.08 ± 0.08b 2.86 ± 2.86b 12.06 ± 12.06de
T2 0.41 ± 0.41ef 0.04 ± 0.04de 1.18 ± 1.18d 33.00 ± 33.00b
T3 2.47 ± 2.47a 0.13 ± 0.13a 2.54 ± 2.54bc 53.76 ± 53.76a
T4 1.05 ± 1.05bc 0.04 ± 0.04d 1.50 ± 1.50cd 20.87 ± 20.87cd
T5 0.95 ± 0.95cd 0.04 ± 0.04d 3.41 ± 3.41b 27.70 ± 27.70bc
T6 0.75 ± 0.75cde 0.06 ± 0.06bcd 4.94 ± 4.94a 12.05 ± 12.05de
T7 0.55 ± 0.55def 0.06 ± 0.06bcd 3.74 ± 3.74ab 6.12 ± 6.12e
T8 1.41 ± 1.41b 0.07 ± 0.07bc 3.84 ± 3.84ab 12.94 ± 12.94de
T9 0.86 ± 0.86cd 0.05 ± 0.05cd 1.48 ± 1.48cd 11.60 ± 11.60de

Note: Values in the table are mean ± standard deviation, different lowercase letters after the data in the same column indicate significant differences (p < 0.05).

FIGURE 2 | Characteristics of changes in meteorological factors in the
pilot area between March and October 2019.
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(Azoz, S. N. et al., 2020), enabling plants to achieve a high conduction
rate. The improvement of photosynthesis can make plants adapt to
arid environment. The well-developed thick-horn tissue and duct in
themain vein can storewater and also have protective function. At the
same time, developed guard cells can improve the transpiration rate of
plants and promote the transport of water by plants (Zaky, I. F. et al.,
2019). In this study, several characteristics of the transverse
anatomical structure of Elaeagnus angustifolia leaves (e.g., thickness
of palisade tissue, the thickness of spongy tissue, compactness, laxity,
etc.) increased under the treatments of nine plant retardants. The cell
volume of palisade tissue was reduced and the number of layers
increased while vascular tissue was well developed.

As can be seen from Table 6, photosynthesis in Elaeagnus
angustifolia leaves was significantly improved by the application
of plant retardants. This is consistent with the researchers’
conclusion that by altering leaf size, leaf anatomy can improve
the photosynthetic capacity of plants.

5 CONCLUSION

In summary, plant retardant treatments T1 to T9 at the early stage
of growth affected the morphological structure of plant leaves.
These changes reduced transpiration and improved
photosynthesis through reducing leaf area and increasing leaf
thickness, among which T7 treatment (A root application + leaf

application B one application C PP333 + adhesive D 600 mg/L) had the
best effect. At the same time, it can changed the surface of the leaf
blade, in which T8 treatment (A root application + B leaf
application with two applications of C PP333 + 600 mg/L) had
the best effect. The optimal combination of leaf regulation was

A3B2C1D2 (600 mg/L of PP333, using the root application + leaf
application method twice).
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The Optimum Calcium Concentration
for Seedling Growth of Mongolian Pine
(Pinus Sylvestris Var. Mongolica)
Under Different Soil Types in Northern
Semi-Arid Areas of China
Hui Li 1,2, Xiangjun Li1,2, Guangqi Zhang1,2, Xiaohang Weng1,2, Shenglan Huang1,2,
Yongbin Zhou3, Songzhu Zhang1,2, Liying Liu1,2 and Jiubo Pei4*

1College of Forestry, Shenyang Agricultural University, Shenyang, China, 2Research Station of Liaohe-River Plain Forest
Ecosystem, Chinese Forest Ecosystem Research Network (CFERN), Shenyang Agricultural University, Changtu, China, 3Institute
of Modern Agricultural Research, Dalian University, Dalian, China, 4College of Land and Environment, Shenyang Agricultural
University, Shenyang, China

Mongolian pine, as one of the major tree species of the Three-North Shelterbelt Project in the
northern semiarid region of China, is very important for ensuring ecological and environmental
security. Ca, as an imperative mineral element for plant development and a secondmessenger,
partakes in photosynthesis and affects the growth of plants. However, the optimal calcium
concentration for its growth in different soil types is still unclear. In this study, fifteen treatments
with combinations of three different soils (e.g., sandy soil, cinnamon soil, dark brown soil) and
five calcium concentration gradients (e.g., 0, 100, 200, 400, and 800mg·kg-1) were conducted
to investigate this effect by measuring the indices of growth, biomass, photosynthetic pigment,
gas exchange rate, photosynthates, chlorophyll fluorescence parameters and water use
efficiency (iWUE) based on a pot experiment. The results showed that the optimal calcium
concentration of Mongolian pine seedlings in sandy soil and cinnamon soil was 0–100mg·kg-1,
and the optimal calcium concentration of Mongolian pine seedlings in dark brown soil was
100–200mg·kg-1. In other words, the results showed that there was an optimal calcium
concentration for the growth of Mongolian pine seedlings, and the optimal calcium
concentration was different under different soil types. And if the calcium concentration in
the soil was too high, it would have an inhibitory effect onMongolian pine seedlings, low calcium
concentrationmaybe don’t work. The addition of an appropriate amount of exogenous calcium
could promote the growth of Mongolian pine seedlings in different soil types. The plant height,
basal diameter and biomass ofMongolian pine seedlings all increased significantly after applying
an appropriate amount of calcium (p < 0.05); the addition of an appropriate amount of
exogenous calcium could promote the photosynthetic characteristics of Mongolian pine
seedlings in different soil types. Under sandy soil and cinnamon soil, the peaks for Pn, Gs,
Tr, accumulation of soluble sugar and starch of Mongolian pine seedlings occurred at
0–100mg·kg-1, and the decreasing trend of the Fv/Fm value was significant in the case of
exceeding 200mg·kg-1 (p < 0.05), indicating that the growth of Mongolian pine seedlings was
affected when calcium concentrations higher than 200mg·kg-1 were applied. Moreover, under
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dark brown soil, the peaks for Pn, Gs, Tr, and accumulation of soluble sugar and starch of
Mongolian pine seedlings occurred at 100–200mg·kg-1; similarly, the growth of Mongolian pine
seedlings was affected when calcium concentrations higher than 200mg·kg-1 were applied.
Compared with the treatment without calcium, after applying an appropriate amount of
exogenous calcium, the water use efficiency of Mongolian pine seedlings in different soil
types was significantly improved, though it was significantly reduced at 800mg·kg-1 (p < 0.05).

Keywords: calcium, semi-arid regions, soil types, biomass, photosynthetic characteristics, mongolian pine
seedlings, chlorophyll fluorescence, water use efficiency

1 INTRODUCTION

The semiarid region has a dry climate, scarce precipitation,
uneven distribution and an extremely fragile ecological
environment that is very sensitive to human activities and
global climate change (Zhang et al., 2020). Artificial forest
plays a great role in preventing wind, fixing sand and
conserving water and soil in this area. However, under such
drought environmental stress, the problems of biological
instability and environmental sensitivity and vulnerability of
existing plantations are prominent. This can mostly be seen in
the inability to resist abnormal environments, vulnerability to
fungi and pest attacks, and susceptibility to soil fertility decline
(Wang et al., 2021; Wu, 2021), factors that seriously restrict the
development and sustainable management of plantations. Ca
is an essential nutrient element for plant growth. The main
functions of calcium in plant physiology include promoting
cell elongation and division, stabilizing cell wall and cell
membrane, balancing yin and yang ions, participating in
signal transduction as a second messenger, affecting the
absorption and utilization of other nutrient elements,
participating in multiple physiological metabolic processes
in plants, enhancing the ability of plants to resist stress, and
playing an important role in protecting and promoting plant
growth (Li, 2020; Mulaudzi et al., 2020; Liu, 2021). Therefore,
calcium application can be used as a means to alleviate the
decline of plantation, so as to realize the healthy development
of plantations in semi-arid areas and promote the coordinated
development of resources and environment in this area.

Having an appropriate calcium concentration can make plants
grow better (Liu et al., 2013; Xu et al., 2013; Muhammad et al.,
2015; Aras et al., 2021; Mazumder et al., 2021; Muhammad,
2021). The results showed that spraying calcium on leaves could
improve the tolerance of Maize and Sugar Beet to drought stress
(Naeem et al., 2018; Hosseini et al., 2019). By measuring the
effects of calcium on the growth, photosynthesis and antioxidant
response of Zoysia japonica, it showed that the application of
appropriate calcium concentration improved the drought
tolerance of Zoysia japonica to a certain extent (Xu et al.,
2017). However, In general, Ca-deficiency symptoms in most
plants manifest as rot or necrosis at the extremities, the leaf tips or
fruits. These symptoms are thought be due to the important role
Ca plays in membrane integrity and in cell wall strengthening
(Simon, 1978). For example, when the plant is short of calcium,
the normal physiological activities of ginseng roots, stems and

leaves will be disturbed, resulting in the weakening of its
resistance to adversity (Yang, 2015). Excessive Ca content may
also lead to Ca toxicity. Excessive Ca in plant cells can form
precipitation with phosphate, which will inhibit seed
germination, interfere with photosynthesis and reduce plant
growth rate (Li et al., 2021).

Mongolian pine (Pinus sylvestris var. Mongolica) is a pioneer
tree species in the construction of wind prevention and sand
control of the Three-North Shelterbelt. The introduction sites of
Mongolian pine are divided according to soil types and mainly
include zonal soils such as dark brown soil, brown soil, black soil,
chernozem, cinnamon soil, sandy soil, red soil and nonzonal soils
such as albic soil, meadow soil and saline alkali soil. Mongolian
pine does not have strict requirements for soil. Whether it is the
dark brown soil in the fertile Northeast Plain and mountains or
geologically barren desert sand dunes in the northwest plain,
Mongolian pine can grow normally. Nevertheless, in recent years,
Mongolian pine trees in the Three-North Shelterbelt have
declined earlier than those of the same age at other sites.
Their decline is manifested as early capping, a shortened
growth period, inhibition of normal physiological activities,
reduced growth, serious pests and diseases, etc. Moreover, the
land type with the decline in Pinus sylvestris in the Three-North
Shelterbelt was mostly sandy soil, while the decline in Pinus
sylvestris in other land types was not obvious (Zhu et al., 2003;
Zhang et al., 2020). In response to the decline of Mongolian pine
in semi-arid areas, many researchers put forward the reasons for
the decline of Mongolian pine in sandy land from the aspects of
climate, nutrients and water, diseases and pests, soil enzyme
activity and so on (Yu, 2019; Li et al., 2020; Cao, 2021; Li, 2022).
However, there are few studies on how calcium affects the decline
of Pinus sylvestris var. mongolica and the optimal calcium
concentration. This study is based on the fact that the
absorption of calcium by plants varies according to soil type.
After 2 years of planting young avocado trees, their dry weights of
shoots and roots were significantly higher in the SL and S soils
than in C soil (Bonomelli et al., 2019). Therefore, this study
measured and analyzed the effects of exogenous calcium on the
growth and photosynthetic characteristics of Mongolian pine
seedlings under different soil types in this area, and discussed
whether there was the best calcium concentration suitable for the
growth of Mongolian pine seedlings. This study will provide a
theoretical basis for systematically improving the decline of
Mongolian pine seedlings under zonal soil and realizing better
management of Mongolian pine forests in the future.
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2 MATERIALS AND METHODS

2.1 Cultivation of Mongolian Pine Seedlings
This experiment was carried out at the Beishan experimental
station of Shenyang Agricultural University. Three-year-old
seedlings of Mongolian pine with uniform growth were
selected as tested materials (the average plant height was
22.5 cm, and the average basal diameter was 7.1 mm). They
were colonized on 15 June 2018. Different soils were screened
to remove stones and impurities, and 3 kg of experimental soil
(air-dried soil weight) was accurately weighed and mixed with
2 kg of quartz sand (60 mesh) as pot experimental soil. The
substrates used were first mixed thoroughly and then washed with
dilute hydrochloric acid before filling the pots to remove the
possible Ca2+. The pH of the soil-sand mixture after washing with
hydrochloric acid was 6.3. The volume of each pot was 11.36 l,
with a lower diameter of 19.4 cm, an upper diameter of 24.3 cm
and a height of 26.5 cm (Zhu et al., 2005). One Mongolian pine
seedling was colonized in each experimental pot. Plastic trays
were set under the basin to prevent water loss. After half a month
of recovery, calcium treatment was carried out on July 1, 2018,
and the nutrient solution was changed every 7 days until the
seedlings were collected on June 17, 2019. The nutrient solution
was prepared with ultrapure water according to Xie’s (2014) sand
culture nutrient solution formula, and the pH value of the
nutrient solution was adjusted to five to six with NaOH. The
nutrients were 5 ml/L KNO3, 5 ml/L MgSO4, 5 ml/L KH2PO4,
5 ml/L NaNO3 and 5 ml/L EATA-Fe.

2.2 Experimental Design
In this experiment, Mongolian pine seedlings in each type of soil
were divided into 5 Ca treatments, and each treatment was
repeated 6 times. Three soil types: sandy soil, cinnamon soil
and dark brown soil. The calcium was applied at five levels: 0, 100,
200, 400 and 800 mg·kg-1. The CaCl2 solution was divided into
several equal parts, and the soil was then irrigated to ensure a
uniform distribution of CaCl2 in the soil. The test sandy soil was
taken from Tieling City, Liaoning Province (123°27′-125°06′E,
41°59′-43°23′N), the test cinnamon soil was taken fromChaoyang
City, Liaoning Province (122°25′-123°48′E, 41°12’-42°17′N), and
the test dark brown soil was taken from the Daxinganling region
(121°12′-127°00′E, 50°10′-53°33′N). This region is located in the
semiarid region of China and has an annual average temperature
of 5.5–8.4°C and an annual average precipitation of
approximately 400 mm. Soil samples between 0–40 cm soil
depth were randomly collected from multiple points based on
a standard site and then transported to the base of the university.
The basic properties of organic matter content, total calcium and
water-soluble calcium of mixed sandy soil samples were 5.51%,
1040 mg·kg-1 and 30 mg·kg-1, respectively. The basic properties of
organic matter content, total calcium and water-soluble calcium
of mixed cinnamon soil samples were 8.14%, 1980 mg·kg-1 and
60 mg·kg-1, respectively. The basic properties of organic matter
content, total calcium and water-soluble calcium of mixed dark
brown soil samples were 31.89%, 3580 mg·kg-1 and 80 mg·kg-1,
respectively.

2.3 Determination of the Growth Indices of
Mongolian Pine Seedlings
2.3.1Growth of Mongolian pine seedlings
The basic plant heights and diameters were measured after
planting in June 2018, and the plant heights and diameters of
Mongolian pine seedlings were measured again when the
seedlings were collected in June 2019. The plant heights
were measured with a tape, accurate to 0.10 cm; the basal
diameters were measured with a Vernier caliper, accurate to
0.01 mm.

2.3.2 Biomass of Mongolian pine seedlings
After the whole plant was completely removed from the pot,
the seedlings with whole roots were carefully washed to
remove the substrate. Subsequently, the whole plants were
divided into roots, stems and leaves with pruning shears and
were placed into envelopes for labelling. The envelopes were
then placed in an oven at 105°C for 30 min and dried to a
constant weight at 65°C. The dry weights of the roots, stems,
leaves and total plant biomass were determined with an
analytical balance.

2.4 Determination of the Photosynthetic
Characteristics and Water Use Efficiency of
Mongolian Pine Seedlings
2.4.1 Gas exchange rates
The net photosynthetic rate (Pn), transpiration rate (Tr) and
stomatal conductance (Gs) values of the plants were
measured with a LI-COR 6400 system (LI-COR Inc,
Lincoln, NE, United States) between 10:00 and 12:00 on
each sampling day. The effective light intensity was set at
1000 μmol·m-2·s-1 and repeated 3 times for each treatment for
each soil type.

2.4.2 Photosynthesis
To measure the soluble sugar content, oven-dried samples (50mg)
were macerated in 80% ethanol, and after centrifugation, the
supernatant was reacted with anthrone reagent following the
method of Shields and Burnett (1960). Calculation was performed
from the standard curve of glucose. For starch analysis, 0.5 ml of
starch extract and 4.5 ml of distilled water were added to a test tube.
The test tube was placed into an ice bath, and then 10ml of anthrone
reagent was slowly added into the test tube. The tubes were placed in a
boiling water bath for exactly 7.5min before being immediately
cooled in an ice bath. After cooling, the absorbance at 630 nm in
1 h using aUV-8000 spectrophotometer (Yuanxi, Beijing, China) was
measured (Doan et al., 2019).

2.4.3 Chlorophyll fluorescence
To examine the influence of calcium on the minimal fluorescence
F0, the maximum fluorescence Fm, the variable fluorescence Fv,
and the maximal photochemical efficiency of photosynthesis
system II, Fv/Fm=(Fm-F0)/Fm, were measured by using a
portable pulse modulated chlorophyll fluorescence metre (OS-
5P+, United States) between 16:00 and 18:00 on each sampling
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day. Before the measurements, the leaves were dark-adapted for
20 min by using light-exclusion clips.

2.4.4 Water use efficiency
The washed plant leaves were put in an oven at 105°C for 30min,
dried at 80°C for 2 h to a constant weight, and then ground through a
100-mesh sieve with a ball mill (Retsch200, Germany). Approximately
0.7mg of each samplewas taken, whichwas tightlywrappedwith a tin
boat, and 13°C was then measured using a stable isotope mass
spectrometer (DELTA V Advantage Isotope Ratio Mass
Spectrometer). Then, the long-term water use efficiency value
(WUEL) was calculated from 13°C and used to characterize the
overall water use efficiency (WUE) of the Mongolian pine seedlings.

2.6 Statistical Analysis
All results are expressed as the mean ± standard error (SE) of three
replications. The effects of different calcium treatments on the growth
and physiological characteristics of Mongolian pine seedlings were
analysed by one-way ANOVA and Duncan’s new multiple extreme
difference method. Different capital letters indicate the difference
between different calcium concentrations under the same soil type,
and different lowercase letters indicate the difference between different
soil types under the same calcium concentration. The software
packages SPSS 19.0 (IBM, Chicago, United States) and Excel 2019
were used to conduct the statistical analyses and to draw charts.

3 RESULTS

3.1 Growth Status of Mongolian Pine
Seedlings
The growth status of the Mongolian pine seedlings in different
soil types is shown in Figure 1a–c. For sandy soil and cinnamon

FIGURE 1 | Effects of exogenous calcium on the growth status of
Mongolian pine seedlings in different soil types.

FIGURE 2 | Effect of exogenous calcium on the growth of Mongolian
pine seedlings in different soil types. Note: Each column shows the average
value ± SE, n = 3. Different capital letters indicate the difference between
different calcium concentrations under the same soil type, and different
lowercase letters indicate the difference between different soil types under the
same calcium concentration (p < 0.05).
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soil, the growth status was good at 0–100 mg·kg-1, while for dark
brown soil, the growth status of the Mongolian pine seedlings was
good at 100–200 mg·kg-1. When the calcium concentration was
not appropriate in the different soil types, Mongolian pine
seedlings grew poorly or even died.

3.2 Growth and Biomass of Mongolian Pine
Seedlings
In general, the growth indicators (plant height and basal
diameter) of Mongolian pine seedlings of different soil
types increased first and then decreased with increasing
calcium concentration (Figure 2A,B). Calcium had different
effects on the organs and total biomass of Mongolian pine
seedlings in different soil types (Table 1).

The peaks for the average plant height increment and the average
basal diameter increment of sandy soil and cinnamon soil occurred
at 100 mg·kg-1, while the peaks for the average plant height
increment and the average basal diameter increment of dark
brown soil occurred at 200mg·kg-1 (Figure 2).

Regarding the biomass ofMongolian pine seedlings (Table 1), the
influence of calcium on the stems, leaves and total biomass of the
three soils was consistent. The peaks for sandy soil and cinnamon
soil occurred at 100mg·kg-1, and the peak for dark brown soil
occurred at 200mg·kg-1. Subsequently, the downwards trends for the
stem, leaf and total biomass of the three soils were shown with the
increase in calcium concentration (p < 0.05). The three lowest values
of stem, leaf and total biomass in sandy soil and dark brown soil
occurred at 800 mg·kg-1, while the three lowest values of stem, leaf
and total biomass in cinnamon soil occurred at 400mg·kg-1. The
peaks for root biomass in cinnamon soil and dark brown soil
occurred at 200mg·kg-1, while the peak in sandy soil occurred at
0–100mg·kg-1, and the three lowest values for the three soils
occurred at 800mg·kg-1. The peak for the longest root biomass
in sandy soil occurred at 0, that in cinnamon soil was at 200mg·kg-1,
and that in dark brown soil was at 100mg·kg-1, while the three
lowest values also appeared at different calcium gradients.

3.3 Gas Exchange Rates of Mongolian Pine
Seedlings
In general, the gas exchange rates (Pn, Gs, Tr) showed a trend
of first increasing and then decreasing with increasing calcium
concentration in different soil types (Figure 3A–C).

First, the peaks for the gas exchange rates (Pn, Gs, Tr) of sandy
soil all occurred at 100 mg·kg-1, which were 12.55 μmol·m-2·s-1,
0.12 molH2O·m-2·s-1, and 2.74 mmolH2O·m-2·s-1 and were
89.01%, 50.01% and 168.62% higher, respectively, than when
external calcium was not applied (p < 0.05); the peak
(17.21 μmol·m-2·s-1) for the Pn of cinnamon soil occurred at
100 mg·kg-1, which was 72.44% higher than that without external
calcium (p < 0.05). Nevertheless, the peaks for the Gs and Tr of
cinnamon soil occurred at 200 mg·kg-1, which were 0.23
molH2O·m-2·s-1 and 8.01 mmolH2O·m-2·s-1 and were 187.5%
and 125.63% higher, respectively, than when external calcium
was not applied (p < 0.05); dark brown soil was similar to
cinnamon soil, and the peak (22.71 μmol·m-2·s-1) for the Pn
occurred at 100 mg·kg-1. The peaks for Gs and Tr occurred at
200 mg·kg-1, which were 0.28 molH2O·m-2·s-1 and 8.59
mmolH2O·m-2·s-1 and were 154.54% and 112.1% higher,
respectively, than those without exogenous calcium (p < 0.05).

In addition, the downwards trends of Pn, Gs and Tr of
sandy soil were shown in the case of reaching and exceeding
100 mg·kg-1, and the downwards trends of Pn, Gs and Tr of
cinnamon soil and dark brown soil were shown in the case of
reaching and exceeding 200 mg·kg-1.

3.4 Photosynthesis of Mongolian Pine
Seedlings
In general, the photosynthates (soluble sugar, starch) showed a
trend of first increasing and then decreasing with increasing
calcium concentration in different soil types (Figure 4A,B).

First, the peaks for the soluble sugar and starch contents of
sandy soil occurred at 100 mg·kg-1, which were 55.65 μg/g and

TABLE 1 | Effects of exogenous calcium on the biomass of Mongolian pine seedlings in different soil types.

Soil Type Calcium Treatment
(mg·kg-1)

Root Biomass
(g)

Longest Root
(cm)

Stem Biomass
(g)

Leaf Biomass
(g)

Total Biomass
(g)

Sandy soil 0 26.91 ± 0.03Ab 67.65 ± 0.03Aa 17.867 ± 0.06Cc 24.904 ± 0.03Cb 69.681 ± 0.12Cc
100 26.845 ± 0.07Ac 50.74 ± 0.03Cb 23.745 ± 0.09Ab 31.14 ± 0.32Ac 81.73 ± 0.16Ac
200 23.015 ± 0.02Bc 53.59 ± 0.25Bb 23.218 ± 0.01Bb 28.975 ± 0.08Bc 75.208 ± 0.11Bc
400 18.498 ± 0.01Cb 43.3 ± 0.02Dc 13.618 ± 0.04Db 13.264 ± 0.05Db 45.38 ± 0.08Db
800 9.666 ± 0.01Dc 42.8 ± 0.64Db 8.561 ± 0.04Ec 9.267 ± 0.24Ec 27.494 ± 0.20Ec

Cinnamon soil 0 29.123 ± 0.08Ba 42.81 ± 0.04Db 22.359 ± 0.06Ba 24.653 ± 0.23Cb 76.1351 ± 0.21Cb
100 27.809 ± 0.18Cb 37.62 ± 0.02Ec 23.769 ± 0.01Ab 40.455 ± 0.04Ab 92.033 ± 0.16Ab
200 30.7 ± 0.06Ab 71.15 ± 0.08Aa 20.077 ± 0.01Cc 39.979 ± 0.11Bb 90.756 ± 0.17Bb
400 16.839 ± 0.01Dc 47.3 ± 0.09Bb 9.058 ± 0.06Ec 10.817 ± 0.09Ec 36.714 ± 0.04Dc
800 15.522 ± 0.03 Eb 46.21 ± 0.05Ca 10.007 ± 0.06Db 11.454 ± 0.11Db 36.983 ± 0.15Db

Dark brown soil 0 25.94 ± 0.05Cc 40.52 ± 0.10Dc 20.448 ± 0.08Db 46.363 ± 0.04Da 92.751 ± 0.02Da
100 34.561 ± 0.11Ba 75.92 ± 0.15Aa 28.498 ± 0.01Ba 53.103 ± 0.11Ca 116.162 ± 0.21Ba
200 44.958 ± 0.08Aa 44.61 ± 0.14Cc 48.287 ± 0.07Aa 72.82 ± 0.08Aa 166.065 ± 0.23Aa
400 24.585 ± 0.02Da 67.2 ± 0.03Ba 25.846 ± 0.04Ca 63.567 ± 0.07Ba 113.998 ± 0.09Ca
800 19.391 ± 0.12Ea 31.51 ± 0.18Ec 13.384 ± 0.07Ea 31.67 ± 0.05Ea 64.445 ± 0.00Ea

Each column shows the average value ±SE, n = 3. Different capital letters indicate the difference between different calcium concentrations under the same soil type, and different lowercase
letters indicate the difference between different soil types under the same calcium concentration (p < 0.05).

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 9235435

Li et al. The Different Optimum Calcium Concentration

70

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


7.35 μg/g and were 4.51% and 35.35% higher, respectively, than
those without external calcium. Cinnamon soil is similar to sandy
soil. The peaks for the soluble sugar content and starch content of
cinnamon soil occurred at 100 mg·kg-1, which were 52.39 μg/g
and 8.37 μg/g and were 55.18% and 33.92% higher, respectively,
than those without exogenous calcium. Unexpectedly, the peaks
for the soluble sugar content and starch content of dark brown

FIGURE 3 | Effects of exogenous calcium on gas exchange rates of
Mongolian pine seedlings in different soil types. Note: Each column shows the
average value ± SE, n = 3. Different capital letters indicate the difference
between different calcium concentrations under the same soil type, and
different lowercase letters indicate the difference between different soil types
under the same calcium concentration (p < 0.05).

FIGURE 4 | Effect of exogenous calcium on photosynthates of
Mongolian pine seedlings in different soil types. Note: Each column shows the
average value ± SE, n = 3. Different capital letters indicate the difference
between different calcium concentrations under the same soil type, and
different lowercase letters indicate the difference between different soil types
under the same calcium concentration (p < 0.05).

FIGURE 5 | Effects of exogenous calcium on chlorophyll fluorescence of
Mongolian pine seedlings in different soil types. Note: Each column shows the
average value ± SE, n = 3. Different capital letters indicate the difference
between different calcium concentrations under the same soil type, and
different lowercase letters indicate the difference between different soil types
under the same calcium concentration (p < 0.05).
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soil occurred at 200 mg·kg-1, which were 62.09 μg/g and
14.86 μg/g and were 29.3% and 82.33% higher, respectively,
than those without exogenous calcium.

In addition, under sandy soil and cinnamon soil, the
downwards trends of the soluble sugar content were shown in
the case of reaching and exceeding 400 mg·kg-1, and the
downwards trends of the starch content were shown in the
case of reaching and exceeding 200 mg·kg-1; under dark brown
soil, the downwards trends of the soluble sugar content and starch
content were shown in the case of reaching and exceeding
400 mg·kg-1.

3.5 Chlorophyll Fluorescence of Mongolian
Pine Seedlings
In general, the Fv/Fm values showed a decreasing trend with
increasing calcium concentration in the different soil types
(Figure 5).

First, the Fv/Fm values of sandy soil, cinnamon soil and dark
brown soil were close to those of exogenous calcium at 0, 100 and
200 mg·kg-1, and the changes were relatively gradual. Second, for
the three soils, when the exogenous calcium content was greater
than or equal to 400 mg·kg-1, the Fv/Fm values were all lower than
0.8, indicating that the seedling growth of Mongolian pine was in
a stressed state. The differences were that the Fv/Fm values of
sandy soil were reduced by 12.04% and 19.27% at 400 and
800 mg·kg-1, respectively, compared with no exogenous
calcium and showed significant differences (p < 0.05). The Fv/
Fm value of cinnamon soil was reduced by 13.58% at 800 mg·kg-1
compared with no exogenous calcium and showed a significant
difference (p < 0.05). The Fv/Fm values of dark brown soil were
reduced by 10.46% and 13.95% at 400 and 800 mg·kg-1,
respectively, compared with no exogenous calcium and
showed significant differences (p < 0.05).

3.6 Water Use Efficiency of Mongolian Pine
Seedlings
In general, the long-term water use efficiency (WUEL) showed a
trend of first increasing and then decreasing with increasing calcium
concentration in the different soil types (Figure 6).

First, the peak (88.66mmol·mol-1) for the WUEL of sandy soil
occurred at 400mg·kg-1, which was 16.32% higher than that without
exogenous calcium (p < 0.05); the peak (96.56mmol·mol-1) for the
WUEL of cinnamon soil occurred at 100 mg·kg-1, which was 21.75%
higher than that without exogenous calcium (p < 0.05); and the peak
(104.14mmol·mol-1) for the WUEL of dark brown soil occurred at
200mg·kg-1, which was 9.75% higher than that without exogenous
calcium (p < 0.05).

In addition, downwards trends of the WUEL of sandy soil,
cinnamon soil and dark brown soil were shown in the case of
reaching and exceeding 800, 200 and 400 mg·kg-1, respectively.

4 DISCUSSION

4.1 An Optimal Calcium Concentration for
the Growth of Mongolian Pine Seedlings
Calcium is essential not only for maintaining membrane integrity
and improving cell structure, but it is also a signal for protecting
plant cell walls and a second messenger for membrane stabilizers. At
the same time, according to changes in the external environment,
calcium can also provide timely feedback to the plants. (Singh and
Pandey, 2020; Martins et al., 2021; Raina et al., 2021; Zhao et al.,
2021). Our results showed that the appropriate amount of exogenous
calcium promotes the plant height, base diameter and biomass of
Mongolian pine seedlings in different soil types. Studies have shown
that when plants are deficient in calcium, they often show the
characteristics of blocked growth, short internodes, short and soft
plant heights, yellow leaves, necrotic growth points, and little or no
fruit (Liu et al., 2019; Hagagg et al., 2020; Aras et al., 2021). However,
our results are slightly different from this, showing that the leaves of
Mongolian pine seedlings are more likely to turn yellow at high
calcium, while the performance of Mongolian pine seedlings is not
obvious at low. Our results showed that an appropriate amount of
exogenous calcium could improve the photosynthetic characteristics
of Mongolian pine seedlings, and improve their adaptability to the
environment. This is consistent with previous research results.
Salinity radically slowed down growth of rice seedlings and Ca2+

noticeably improved growth performances. Exogenous application
of Ca2+ (10mMCaCl2) increased the total chlorophyll content, while
the 15mMCaCl2 sometimes showed negative effect on the aspect of
mitigating effect of salinity in rice (Rani et al., 2019). It may be that
when the calcium content in the external environment is too high,
the excessive calcium in the plant inhibits the absorption and
utilization of other elements, which causes the plant to receive
calcium stress, which leads to slow growth and development
(Madani et al., 2013; Peng et al., 2020; Feng et al., 2021; Wang,
2021). Foliar application of calcium reduces the effects of low night
temperature (LNT) stress on the growth and photosynthetic
characteristics of Arachis hypogaea and significantly improves its
cold resistance (Wu et al., 2020). Supplementationwith Ca2+ helps to

FIGURE 6 | Effects of exogenous calcium on the long-term water use
efficiency of Mongolian pine seedlings in different soil types. Note: Each
column shows the average value ± SE, n = 3. Different capital letters indicate
the difference between different calcium concentrations under the same
soil type, and different lowercase letters indicate the difference between
different soil types under the same calcium concentration (p < 0.05).
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alleviate the effect of Cd stress on the photosynthetic light response
of rice (Sebastian and Prasad, 2019). In the study of exogenous
calcium on plant chlorophyll fluorescence, it has been found that
supplementation with 20 or 25 mMCa2+ can increase themaximum
quantum yield (Fv/Fm) of PSII to greater than 0.8, thereby
enhancing the freezing resistance of spinach (Min et al., 2021). A
concentration of 5mM Ca2+ can significantly increase the Fv/Fm
value and most effectively alleviate the damage of drought stress to
Tung tree seedlings (Li et al., 2017). Our results showed that applying
an appropriate amount of exogenous calcium significantly increased
the photosynthates of Mongolian pine seedlings.This is consistent
with previous research results. Calcium can increase the activity
levels of various enzymes under cadmium stress by inducing the
biosynthesis of nitric oxide (NO) and hydrogen sulfide (H2S),
thereby increasing carbohydrate accumulation (Khan et al., 2020).
Similarly, in terms of water use efficiency, our results were consistent
with the previous research results. It was considered that exogenous
calcium could significantly improve the water use efficiency of
Mongolian pine seedlings (Ren et al., 2020). In summary, the
seedlings of Mongolian pine in our experiment had the most
suitable calcium concentration for growth. The optimal calcium
concentration can promote the growth of Mongolian pine seedlings
under different soil types and enable them to improve their own gas
exchange rates, increase the accumulation of their own
photosynthates, improve their own water use efficiency, and
enhance their own drought resistance.

4.2 The Optimal Calcium Concentration
Varies Among Different Soils
Our results showed that the surface of the sandy soil layer dries faster
under the same temperature and light conditions, the water in the soil
flows into the tray set at the bottom faster, and the water storage
capacity of dark brown soil is significantly stronger than that of
cinnamon soil and stronger than that of sandy soil. Although the three
soil types of Mongolian pine seedlings were uniformly watered and
irrigated in our experiment, due to the different soil aggregate
structures of sandy soil, cinnamon soil and dark brown soil, their
soil water retention capacities were also different. Studies have revealed
that soil water content plays a vital role in plant growth (Reich et al.,
2018; Zhou et al., 2019; Sutinen and Middleton, 2020). Studies have
emphasized that the observed soil moisture conditions are responsible
for the degradation of Mongolian pine (Dang et al., 2021). Therefore,
the phenomenon that Mongolian pine seedlings is more prone to
decline in sandy soil can be explained to a certain extent.

Our research finds that there is an optimal calcium concentration
for seedling growth of Mongolian pine, the optimal calcium
concentration of Mongolian pine seedlings is different under
different soil types, and the optimal calcium concentration
required by Mongolian pine seedlings in dark brown soil is higher
than those of sandy soil and cinnamon soil. The author speculates that
the occurrence of this phenomenon is related to the structural
properties of the soil itself (Cristina et al., 2020; Zhao et al., 2021;
Bonomelli et al., 2019); the reason may be that during the cultivation
of Mongolian pine seedlings, the seedlings grown in dark brown soil
show stronger water retention capacity. In the experiment, exogenous
calcium was added to the soil by dissolving it in water, which caused

more calcium to be stored in the soil in the dark. This is in line with
the experimental results: Mongolian pine seedlings have the longest
root system in the dark brown soil environment. The root system is an
important nutrient organ of the plant and plays important roles in the
absorption of water and nutrients in the plant body and in improving
the soil structure (Griffiths et al., 2021; Suzdaleva et al., 2021; Xiao
et al., 2021; Xiao et` al., 2020). The soil water retention capacity of
Mongolian pine seedlings on sandy soil is weak, which results in less
calcium content in the soil compared with dark brown soil. From the
data point of view, its root system growth is not as developed as that of
dark brown soil, and ultimately, the growth status is not as strong as
that of dark brown soil. Therefore, the tests show that the optimal
calcium concentration of Mongolian pine seedlings in sandy soil is
lower than that in dark brown soil. Many research results are similar
to our results, that is, plants need calcium within a certain
concentration range, and there is an optimal calcium
concentration to make plants grow better. For example,
80mmol·L-1 is the optimal calcium concentration to increase the
germination rate of corn under low-temperature stress, which is
conducive to the development of cold-tolerant corn varieties, and
20mmol·L-1 is an appropriate calcium concentration to increase corn
yield in coalmining areas under the synergistic effect of AMF (Li et al.,
2013; Zhang et al., 2020). In summary, during the cultivation of
Mongolian pine seedlings in semiarid areas, according to the physical
and chemical properties and structure of the soil itself, different
concentrations of exogenous calcium should be applied to the soil to
achieve the optimal growth effect.

5 CONCLUSION

Exogenous calcium promoted plant growth in semiarid regions.
Adding an appropriate amount of exogenous calcium could enhance
the plant height, basal diameter, biomass, photosynthetic
characteristics, photosynthates and water use efficiency of
Mongolian pine seedlings in different soil types. However,
excessive exogenous calcium inhibited the growth of Mongolian
pine seedlings and an insufficient concentration of exogenousmaybe
don’t work. The results showed that there was an optimal calcium
concentration for the growth of Mongolian pine seedlings, and the
optimal calcium concentration was different under different soil
types. The optimal calcium concentration of Mongolian pine
seedlings in sandy soil and cinnamon soil was 0–100mg·kg-1,
and the optimal calcium concentration of Mongolian pine
seedlings in dark brown soil was 100–200mg·kg-1.
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Spatio-Temporal Evolution of Sandy
Land and its Impact on Soil Wind
Erosion in the Kubuqi Desert in Recent
30Years
Xiaohong Dang1,2, Ya Na1,3*, Wenfeng Chi4,5*, Jiangjia Zhao6, Yuanyuan Zhao6, YueWang4,5,
Xiaoguang Wu1,7 and Yuetian Wang4,5

1Inner Mongolia Agricultural University, Hohhot, China, 2Inner Mongolia Hangjin Desert Ecological Position Research Station,
Ordos, China, 3Key Laboratory of Grassland Resources of the Ministry of Education, Key Laboratory of Forage Cultivation,
Processing and High Efficient Utilization of the Ministry of Agriculture and Rural Affairs, Inner Mongolia Key Laboratory of
Grassland Management and Utilization, Inner Mongolia Agricultural University, Hohhot, China, 4College of Resources and
Environmental Economics, Inner Mongolia University of Finance and Economics, Hohhot, China, 5Resource Utilization and
Environmental Protection Coordinated Development Academician Expert Workstation in the North of China, Inner Mongolia
University of Finance and Economics, Hohhot, China, 6Key Laboratory of Soil and Water Conservation and Desertification
Combating, Ministry of Education, School of Soil and Water Conservation, Beijing Forestry University, Beijing, China, 7Inner
Mongolia Autonomous Region Land and Space Planning Institute, Hohhot, China

Continuous remote-sensing monitoring of sand in desert areas and the exploration of the
spatio–temporal evolution characteristics of soil–wind erosion has an important scientific value
for desertification prevention and ecological restoration. In this study, the Kubuqi Desert was
selected as the study area, and the Landsat series satellite remote sensing data,
supplemented by satellite remote sensing data such as GE images, SPOT-5, ZY-3, GF-1/
2/6, etc., integrated object-oriented, decision tree, and auxiliary human–computer interaction
interpretation methods, developed the Kubuqi Desert area dataset from 1990 to 2020, and
established a soil erosion intensity database of the past 30 years based on the soil–wind
erosion correction equation. The results show that the application of the training samples
obtained by a high-score collaborative ground sampling to land use/cover classification in
desert areas can effectively improve the efficiency of remote-sensing mapping of sand
changes and the accuracy of change information identification, and the overall accuracy of
the classification results is 95%. In general, the sandy area of the Kubuqi Desert area has
decreased year by year, during which the mobile sand in the hinterland of the desert has
expanded in a scattered distribution. The overall soil–wind erosion intensity showed a
downward trend, especially since 2000; the ecological improvement trend after the
implementation of desertification control projects is obvious. Changes in the sand type
contributed the most to the reduction of soil–wind erosion intensity (contribution 81.14%),
ecological restoration played a key role in reducing the soil–wind erosion intensity (contribution
14.42%), and the increase of forest and grass vegetation covers and agricultural oases played
a positive role in solidifying the soil- and wind-proof sand fixation. The pattern of sandy land
changes in desert areas is closely related to the national ecological civilization construction
policy and the impact of climate change.

Keywords: sandy land change, soil wind erosion, spatio-temporal evolution, remote sensing, Kubuqi Desert
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1 INTRODUCTION

Desertification is one of the most critical problems in the global
ecological environment. The problems such as the reduction of
land resources, the decline of soil quality, and the frequent dust
storms seriously restrict the socio–economic development and
sustainable land use (Wang, 2003; Sachs, 2004; Schimel, 2010;
Pravalie, 2016). Desertified land is also affected severely by
soil–wind erosion. The area of wind erosion desertification in
China reaches 160.74 × 104 km2, accounting for 16.7% of the total
land area (Ci and Wu, 1997), which hinders the development of
regional resources and sustainable ecological development
(Zhang et al., 2018). Sandy lands and deserts are widely
distributed in northern China. The climate changes and
human activities have led to the aggravation of desertification
in arid regions and have increased the intensity of soil–wind
erosion (Wang et al., 2008; Uno et al., 2006; Liang et al., 2021). As
the area of drylands in the world is expanding (Koutroulis, 2019),
improving the desertification combating and adaption in
northern China is one of the effective ways to mitigate the
risks of climate change in the future (World Economic Forum,
2020). The development of the new era emphasizes the vision of
“beautiful China” in 2035 and 2050. The desertification
combating and ecological restoration project plays a vital role

in building a beautiful China. “Greening” and ecological
restoration in deserts can be realized through ecological
environment protection and ecological engineering
construction (Chen et al., 2019; Ge et al., 2020; Ma et al.,
2020). Over the past 30 years, the intensity of soil–wind
erosion in China has decreased, but the inter-annual wind
erosion intensity fluctuates greatly. The desertification caused
by soil–wind erosion cannot be ignored (Chi et al., 2019).
Desertification monitoring and assessment is an important
indicator to understand the impact of climate changes and
human activities on the ecological environment. Dynamic
monitoring is a significant way to combat desertification
scientifically. Therefore, to carry out desertification
monitoring, accurately grasping the scope and spatio–temporal
dynamics of desertification, and determining the evolution
process of soil–wind erosion intensity are critical prerequisites
for desertification land prevention (Hamed and Rao, 1998; Chen
et al., 2019).

The analysis of the land desertification pattern in evolution
and its influence on soil–wind erosion is not only an important
basis for exploring the simulation and prediction of ecological
environmental change, ecological protection and desertification
combating in northern China, but also one of the contents of the
current ecological environmental protection (Ouyang et al.,

FIGURE 1 | Location and elevation map of the study area.
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2016). Relevant research mainly focuses on remote sensing
monitoring and analysis, soil–wind erosion simulation, and
driving force analysis. In terms of desertification monitoring,
remote sensing technology has become an important means to
monitor land surface (Liu et al., 2020). With its
comprehensiveness, timeliness, and operability, remote
sensing technology has become one of the main and efficient
means to obtain desertification and ecological restoration data
(Liu and Deng, 2009; Jia et al., 2014), promoting desertification
combating and ecological environmental comprehensive
management. Based on remotely sensed monitoring data,
about a quarter of the global green area from 2000 to
2017 came from China, ranking first in terms of contribution,
42% of which comes from afforestation together with agricultural
oasis as an important manifestation (Chen et al., 2019).
Meanwhile, with the development of other new information
technologies including cloud computing, big data, and artificial
intelligence, remote sensing information extraction has become
more efficient and accurate (Liu et al., 2019). In terms of
monitoring and evaluating soil–wind erosion, the methods
adopted in China mainly include wind erosion profile and
relic observation, cutting method, wind tunnel experiment,
particle size analysis, mapping and remote sensing analysis,
sediment transport rate observation, 137Cs tracing method,
wind erosion model, etc. Among them, the combination of
ground investigation, experiment, and GIS simulation has
become widely used on a regional scale. Modified Wind
Erosion Equation (RWEQ) (Fryrear et al., 1996; Fryrear et al.,
2001) can provide a more reliable spatio–temporal pattern of soil
erosion, then explore the impact of a large-scale ecological
construction on the wind erosion process (Chi et al., 2019;
Zhao et al., 2020).

Kubuqi Desert is the seventh largest desert in China, the
nearest desert to the capital Beijing, and a crucial part of the
ecological barrier in northern China. Since the beginning of
the 21st century, Kubuqi Desert has vigorously implemented
the ecological protection and restoration policy, and has
successively conducted a series of major ecological
protection and restoration projects, such as the “Three
North” shelter forest, conversion of croplands to forests
and grasslands, Beijing–Tianjin Sandstorm Sources
Control, grassland protection and construction, and the
national closed reservation of desertification land, and
achieved satisfactory results. As the only desert that has
been treated in the world, the “Kubuqi Model” is a
textbook-level world miracle. Kubuqi Desert has been
identified as an “eco-economic demonstration zone in a
global desert” by the United Nations Environment
Program, and has gradually become a research hotspot
concerned by scholars at home and abroad (Wang, 2017;

Lin et al., 2020). Some domestic scholars have studied the
macroscopic pattern evolution and the scale of soil–wind
erosion sample points of the Kubuqi Desert ecosystem.
However, there is still a lack of research on desertification
process monitoring and spatiotemporal evolution of
soil–wind erosion based on the regional scale (Meng et al.,
2014; Zhao et al., 2017; Dong et al., 2019). Based on this study,
a new research method is proposed to carry out sand
classification in the Kubuqi Desert. The proposed method
presents good accuracy to extract sandy land distribution.
Then, exploring climate change and ecological engineering
play an important role in the change of sandy land area.
Therefore, quantitatively analyzing the spatio–temporal
variation of the sandy land in the Kubuqi Desert,
determining the evolution of soil wind erosion, and
understanding the driving factors as well as the influence
of the evolution of sandy land patterns are beneficial to better
evaluate the implementation of existing ecological protection
and restoration policies, finding out problems and putting
forward-targeted countermeasures, which is of great
significance for building an ecological security barrier in
northern China. In addition, it also plays a positive role in
promoting ecological protection and high-quality
development in the Yellow River Basin, and can also be
used as a reference for global desertification combating.

2 MATERIALS AND METHODS

2.1 Study Area
Kubuqi Desert is the seventh largest desert in China, which is
located in the Ordos Plateau. It is characterized by a zonal
distribution, extending from east to west. The length is about
40 km and its area is about 1.45 × 106 hm2, with geographical
coordinates of 107°–112° E and 39°–41° N. It spans parts of the
Hangjin Banner, Dalat Banner, and Jungar Banner in Inner
Mongolia, among which, the Hangjin Banner has the most
serious desertification (Figure 1). The study area is composed
of quicksand and semi-fixed dunes, dominated by crescent
mobile sand dunes with strong mobility. This area is a typical
continental climate area, which is located in the transition zone
between the temperate arid steppe and the desert steppe,
belonging to the semi-arid continental monsoon climate
zone. The area is characterized by strong arid winds and
annual gale days of 25–35 days. There is less precipitation
in this area, and the moisture conditions in the east are quite
different from the west. The average annual precipitation is
240–360 mm, and the average annual evaporation is 2,160 mm,
which is more than 8 times of the rainfall. The main vegetation
types are semi-arid steppe vegetation, meadow steppe

TABLE 1 | Detailed information of the selected images.

Year Sensor Path/row Acquired time

1990, 1995, 2000, 2005, 2010,
2015, and 2020

Landsat
5 TM

126/32, 126/33, 127/32, 127/33, 128/
32, 128/33, and 129/32

199,006-199,010, 199,506-199,510, 200,006-200,010, 200,506-200,510,
201,006-201,010, 201,506-201,510, 202,006-202,010
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vegetation, and dry steppe sandy vegetation. The forest
vegetation is mainly plantations.

2.2 Data
2.2.1 Landsat Data
Landsat satellite images are widely used in spatio–temporal
dynamic monitoring of desertification because of their wide
coverage, long time-series, and easy acquisition. In this study,
remote sensing image data were obtained every 5 years (1990,
1995, 2000, 2005, 2010, 2015, and 2020) since 1990, and at least
seven scenes were collected every 5 years (orbital parameters
are 126/32, 126/33, 127/32, 127/33, 128/32, 128/33, and 129/
32). In order to obtain the information of desert control and
vegetation restoration, the data of the growing season (from
June to October) were selected from remote sensing images
taken by Landsat 5 (Table 1).

2.2.2 Soil–Wind Erosion Model Parameters
Remote sensing monitoring of soil–wind erosion mainly collects
data like vegetation cover, meteorology, soil, snow cover, and a basic
geographical background for model inversion. Among them, the
maximum synthetic normalized vegetation index (NDVI) time-
series data of GIMMS and MODIS from 1990 to 2020 were
obtained through the NASA website (https://www.nasa.gov/),

using the general “dimidiate pixel model” (Shen et al., 2014) to
obtain the annual and monthly vegetation coverage datasets. The
meteorological data came from the National Meteorological Science
Data Center (http://data.cma.cn/), and the daily average
temperature, precipitation, average wind speed, wind direction,
sandstorm, and sunshine duration of the meteorological stations
in and around the study area were selected. The time scale of the
meteorological data was from 1990 to 2020. The station-based data,
interpolated based on the ANUSPLIN method, were subject to
quality inspection and control to obtain the spatial data with a
long time-series covering the entire study area. Snow cover factor
was obtained through NASA website. The topography, digital
elevation, soil type, vegetation type, basic geographic data, and
other environmental background data involved in this study were
obtained through the application from Resource and Environment
Science and Data Center of Chinese Academy of Sciences (https://
www.resdc.cn/).

2.2.3 Sampling Data
In order to construct the land use/cover classification method,
set training samples, and evaluate the classification accuracy,
this study adopted a human–computer interaction and field
investigation to sample the land use/cover types in different
years from Landsat TM, Google Earth historical image, SPOT-

FIGURE 2 | Distribution of the sampling points and the field survey points in different years.
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5 image, ZY-3 satellite image, and GF-1/2/6 image. Based on
geostatistical methods, 5,732 samples were selected in total,
which belonged to sandy land (4,806 samples) and non-sandy
land (926 samples). The field survey data involved
737 sampling points and 36 field verification points of
soil–wind erosion (Figure 2).

2.3 Classification Method and the Wind
Erosion Model
2.3.1 Land Use/Cover Classification
The main features of sandy land are high-surface reflectance,
low soil moisture, and low vegetation coverage. In order to
effectively identify sandy land and other types of land use

TABLE 2 | Validation of the classification results in 1990–2020.

Year Type Classified class Total

Sandy land Non-sandy land

1990 Actual class Sandy land 633 14 647
Non-sandy land 13 101 114
Total number 646 115 761
Producer’s accuracy 97.84% 88.60% -
User’s accuracy 97.99% 87.83% -
Overall accuracy 96.45% -
Kappa coefficient 0.86 -

1995 Actual class Sandy land 612 20 632
Non-sandy land 15 142 157
Total number 627 162 789
Producer’s accuracy 96.84% 90.45% -
User’s accuracy 97.61% 87.65% -
Overall accuracy 95.56% -
Kappa coefficient 0.86 -

2000 Actual class Sandy land 647 12 659
Non-sandy land 8 81 89
Total number 655 93 748
Producer’s accuracy 98.18% 91.01% -
User’s accuracy 98.78% 87.10% -
Overall accuracy 97.33% -
Kappa coefficient 0.87 -

2005 Actual Class Sandy land 676 26 702
Non-sandy land 14 129 143
Total number 690 155 845
Producer’s accuracy 96.30% 90.21% -
User’s accuracy 97.97% 83.23% -
Overall accuracy 95.27% -
Kappa coefficient 0.84 -

2010 Actual Class Sandy land 691 22 713
Non-sandy land 17 101 118
Total number 708 123 831
Producer’s accuracy 96.91% 85.59% -
User’s accuracy 97.60% 82.11% -
Overall accuracy 95.31% -
Kappa coefficient 0.81 -

2015 Actual class Sandy land 708 23 731
Non-sandy land 13 114 127
Total number 721 137 858
Producer’s accuracy 96.85% 89.76% -
User’s accuracy 98.20% 83.21% -
Overall accuracy 95.80% -
Kappa coefficient 0.84 -

2020 Actual Class Sandy land 697 25 722
Non-sandy land 16 162 178
Total number 713 187 900
Producer’s accuracy 96.54% 91.01% -
User’s accuracy 97.76% 86.63% -
Overall accuracy 95.44% -
Kappa coefficient 0.86 -
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(water body, cropland, forestland, and grassland, constructive
land and other types), spectral features, spatial features, and
thematic index features were selected to construct
classification methods (Zhan et al., 2021). The spectral
features adopted the average reflectance index (Takemura
et al., 2002), the spatial features adopted the area, shape,
and other indices (Zhan et al., 2021), and the thematic
index features adopted the normalized vegetation index
(NDVI) (Wang et al., 2013) and normalized water index
(NDWI) (Li et al., 2011). This study used the combination
of the decision tree and nearest neighbor classifier, together
with human–machine interactive interpretation to obtain land
use/cover change information (Figure 3): 1) pre-processing of
the remote sensing images and basic data, including
radiometric correction, geometric correction, atmospheric
correction etc., to obtain surface reflectance. 2) Using
NDWI and human–computer interactive interpretation (Liu
et al., 2009) to extract the water bodies in the Kubuqi Desert
from 1990 to 2020. Referring to auxiliary data like urban
annotation data and traffic distribution data, constructive
land is extracted by human–computer interaction. Select
the threshold with NDVI less than 0.2 to determine sandy
land and vegetation-free areas (Zhan et al., 2021). 3) Using the
data of sampling points, the object-oriented classification of

image segmentation and feature extraction (Camara et al.,
1996) was used to in each ground feature. 4) Selecting typical
land use/cover samples that are widely distributed in the
image to build and test the classification tree (Quinlan,
1986). Based on the feature information of the thematic
index, the heterogeneity of separated plots was analyzed;
then, the vegetation and unclassified information were
divided. Masking the unclassified information of the
extracted water bodies and constructive land, the remaining
unclassified objects were inputted into the nearest neighbor
classification process (Kuncheva and Jain, 1999), and finally
obtained sand, water body, cropland, forestland and
grassland, constructive land, and other types. 5) The
human–computer interactive interpretation method was
adopted to verify and correct the land use/cover
information in each period, and integrate the database of
the current land use/cover situation and dynamic change
information from 1990 to 2020.

2.3.2 Soil–Wind Erosion Model
The combination of ground investigation and the RWEQ
model was used to evaluate the annual soil wind erosion
intensity from 1990 to 2020. The model measured soil–wind
erosion by considering factors such as climate, soil erodibility,
soil crust, surface roughness, and vegetation residue cover. Its
basic expression was as follows (Fryrear et al., 1996; Fryrear,
2001):

Qwind � 2x
s2
Qmaxe

−(xs)
2

,

Qmax � 109.8(WF × EF × SCF × K′× COG),
s � 150.71(WF × EF × SCF × K′× COG)−0.3711,

where Qwind is the soil–wind erosion modulus used to
characterize the soil–wind erosion intensity; x is the actual
plot length; s is the critical field length; WF is the weather
factor calculated using data on wind velocity, precipitation,
temperature, and snow cover; EF is the soil erodibility factor;
SCF is the soil crust factor, and they depend on the contents of
organic matter content, sand, and clay; K′ is the soil roughness;
and COG is the combined vegetation factor including growing
vegetation canopy, flat cover, and standing residuals. We
localized the parameters based on land use/cover data and
field survey. The surface roughness on different land covers
was obtained by using the ruler measurement method with the
corresponding parameters corrected. Meanwhile, we conducted a
quadrat survey in different seasons to establish the relationship
between field-withered vegetation, standing residual, growing
vegetation and NDVI inversion coverage, and correct
vegetation factors (Chi et al., 2018).

2.4 Accuracy Evaluation
Accuracy verification is a quantitative analysis of land use/cover
data products obtained by computer classification and
human–computer interactive interpretation on the basis of a
qualitative evaluation. It is a process of evaluating the quality

FIGURE 3 | Land use/cover change information extraction technology
process.
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of land use/cover products using sampling data (Figure 2) as well
as remote sensing data with high-precision and high-resolution.
The method to quantitatively measure the classification quality

of land use/cover data adopted the confusion matrix method
(Stehman, 2009), which was counting the number of land-use
categories corresponding to the location of reference and

FIGURE 4 | Field sampling verification of the soil–wind erosion modulus. (A): Distribution of field sampling verification points, (B): RWEQ simulation value of the
soil–wind erosion modulus.
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verification points, and forming a n × n matrix, in which the
number of statistics on the diagonal was the number of samples
correctly classified after verification. Relevant indicators for
evaluating the accuracy of the whole and each category based
on the confusion matrix method included overall accuracy
(OA), producer accuracy (PA), user accuracy (UA) and kappa
coefficient (Congalton and Green, 2009).

3 RESULTS

3.1 Validation of the Classification Results
The confusion matrix of land use/cover classification
accuracy based on high-resolution remote sensing images/
field sampling data is showed in Table 2. A total of
5,732 sample points were randomly sampled from high-
resolution remote sensing images during 1990–2020,
including 4,806 in sandy areas and 926 in non-sandy
areas. In 2020, there were 737 sampling points in the field
survey, including 59 in sandy areas and 678 in non-sandy
areas. Through the object-oriented classification method, the
spectral features, spatial features, and thematic index features
were integrated to extract various types of ground features
hierarchically, and the human–machine interactive

interpretation was fully sampled for modification. The
classification of sandy land and non-sandy land (water
body, cropland, forestland and grassland, constructive
land, and other types) had achieved good results. The
overall accuracy of the seven classification results was over
95%, and the Kappa coefficient was more than 0.80.
Therefore, the results could be used for a spatiotemporal
pattern analysis as well (Zhan et al., 2021).

137Cs tracer technology was used to verify the soil–wind
erosion modulus (Chi et al., 2019). This study involved the
data of 36 sampling points. By comparing the verification
points with the model inversion data, the value of R2 reached
0.88 (Figure 4).

3.2 Spatial Distribution and Evolution of
Sandy Land
Figure 5 and Table 3 indicate the regional mapping and area
statistics of the Kubuqi Desert from 1990 to 2020, respectively.
According to the remote sensing monitoring, the area of the
Kubuqi Desert increased from 6,504.74 km2 in 1990–4,150.26 km2

in 2020, accounting for 11.99% of the total study area. The sandy land
was distributed as a belt along the Yellow River, which in Hangjin
Banner, was widely distributed, followed byDalat Banner, and Jungar
Banner in the East was less distributed. In terms of time, the area of
the Kubuqi Desert first increased and then decreased, with the largest
sandy area in 2000. In terms of space, the area around the Kubuqi
Desert was constantly decreasing, and the expansion of mobile sand
was scattered in the hinterland of the desert.

3.3 Spatio–temporal Characteristics of
Soil–Wind Erosion
In the past 30 years, the soil–wind erosion modulus in the
Kubuqi Desert has shown a downward trend as a whole.
Especially since 2000, the ecological environment
improvement has improved significantly after the
implementation of the desertification control project (p <
0.01) (Figure 6). From 1990 to 2020, the average value of the
soil–wind erosion modulus was 4,542 T/(km2·a) (Moderate). In
general, the change of soil–wind erosion from 1990 to
2010 fluctuated greatly, and had been relatively stable since
2010. In 2000, the soil–wind erosion reached the peak, and the
soil–wind erosion modulus was 12,703 T/(km2·a) (Very severe).
The intensity of the soil–wind erosion reached the second peak
in 2001 (11,728 T/(km2·a)). Figure 7 reflects the spatial

FIGURE 5 | Spatio–temporal pattern of the Kubuqi Desert that evolved
from 1990 to 2020.

TABLE 3 | Areas and changes in sandy land area between 1990 and 2020.

Year Area (km2) Period Change area (km2)

1990 6,504.74 1990–1995 1,442.20
1995 7,946.95 1995–2000 391.57
2000 8,338.51 2000–2005 −582.97
2005 7,755.54 2005–2010 −1770.62
2010 5,984.92 2010–2015 −1,124.17
2015 4,860.75 2015–2020 −710.49
2020 4,150.26 - -
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distribution of soil–wind erosion in the Kubuqi Desert during
the study period. Overall, the wind erosion intensity of Hangjin
Banner located in the eastern hinterland of the Kubuqi Desert
was the largest, Dalat Banner in the middle was the second, and
Jungar Banner in the west was the lowest. Although the
soil–wind erosion intensity in the Kubuqi Desert showed a

decreasing trend as a whole, there were regional differences
and a large spatial heterogeneity after the implementation of
desertification control and ecological engineering construction,
contributing to the improvement in vegetation coverage and the
significant decrease in the soil–wind erosion modulus.

3.4 Influence of Spatio–temporal Evolution
of Sandy Land on Soil–Wind Erosion
Intensity
Land use/cover change is an important factor for the formation
and intensity of soil–wind erosion. In order to study the
influence of different land use/cover types on soil–wind
erosion intensity and analyze the differences of soil–wind
erosion intensity (Zhang et al., 2018), this study counted the
soil–wind erosion intensity of different land use/cover types in
the Kubuqi Desert from 1990 to 2020 (Table 4). The
results showed that the changes of sandy land contributed
the most to the reduction of soil–wind erosion intensity
(81.14%), the restoration of vegetation played a key role
(14.42%), and the transformation of sandy lands into an
agricultural oasis led to the reduction of soil–wind erosion
(2.79%). The human–computer interactive interpretation (Liu

FIGURE 6 | Long time-series of the soil–wind erosion modulus from
1990 to 2020.

TABLE 4 | Land use/cover changes in the Kubuqi Desert from 1990 to 2020.

Land use/cover types 1990
(thousand km2)

2020
(thousand km2)

Land use/cover changes Soil wind erosion changes (%)

Area
(thousand km2)

Change
rate (%)

Amount
(million ton)

Contribution rate (%)

Sandy land 6,504.74 4,150.26 −2,354.48 −36.20% −57.13 81.14%
Vegetation 22,232.46 24,097.52 1865.06 8.39% −10.15 14.42%
Build-up land 801.2219 1,216.14 414.92 51.79% −0.03 0.05%
Water area 1,058.49 952.23 −106.26 −10.04% −0.71 1.00%
Cropland 3,378.154 3,663.13 284.97 8.44% −1.97 2.79%
Other land 633.2496 529.04 −104.21 −16.46% −0.42 0.60%

2020 Vegetation Build-up land Water area Cropland Other land -

1990 Area (thousand km2)

Sandy land 2099.13 85.64 12.10 148.57 9.01 -

Soil wind erosion changes (million ton)

−18.66 −0.85 −0.12 −1.22 −0.09 -

Contribution rate (%)

89.08% 4.05% 0.59% 5.83% 0.45 -

Typical area of Kubuqi
Desert

VFC(%) Soil wind erosion modulus (T/km2·a)

1990 2020 Change 1990 2020 Change Level change

a 7.07 16.88 9.81 15,490 13,428 −2062 Destructive- > Very
severe

b 5.96 15.12 9.16 14,539 8,153 −6,386 Destructive- > severe
c 9.15 40.89 31.74 18,449 5,138 −13811 Destructive- > severe
d 10.04 34.31 24.27 10,311 3,323 −6,988 Severe- > moderate
e 8.68 25.05 16.37 14,902 4,929 −9,373 Very severe- >

moderate
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et al., 2019) was used to extract the changes of sandy lands
from 1990 to 2020 (Figure 3; Table 4). The area of sandy lands
decreased by 2,354.48 km2. Among them, the area converted
from sandy lands to vegetation (forestlands and grasslands)
was the largest (2099.13 km2), accounting for 89.16% in the
reduced area. The area converted from sandy lands to
croplands was 148.57 km2, and from sandy lands to

constructive lands was 85.64 km2. The conversion from
sandy lands to forestlands and grasslands could effectively
inhibit soil–wind erosion (contribution for 89.08%), and the
increase of vegetation coverage could reduce soil–wind erosion
as well. The conversion from sandy lands to croplands slowed
down the soil–wind erosion by 0.85 million tons. According to
the research on the typical area in the Kubuqi Desert (Table 4;

FIGURE 7 | Spatial distributions of soil–wind erosion in the Kubuqi Desert region during 1990–2020.
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Figure 8), the desertification control project effectively
improved the vegetation coverage in the desert area,
solidified the soil, and played a positive role in wind
prevention and sand fixation.

4 DISCUSSION

4.1 Accuracy of Remote Sensing
Classification
Desertification restricts regional sustainable development, so the
quantitative study on sandy land is particularly important for
desertification control and ecological construction and restoration
(Liu and Dong, 1999). Based on Landsat satellite data, we sampled

the sandy land classification and dynamic change mapping with
object-oriented and human–machine interactive interpretation, and
analyzed the spatio–temporal evolution of the Kubuqi Desert’s
sandy lands from 1990 to 2020. Compared with previous studies
(Lei et al., 2021; Lin et al., 2021), the collaboration of object-oriented
classification (Zhan et al., 2021) and human–computer interactive
interpretation (Zhang et al., 2014; Liu et al., 2009) effectively
overcomes the problem of spectral similarity between sparse
vegetation areas and sandy areas, and comprehensively extracts
land use/cover information by using the spectral, spatial, and
thematic features of remote sensing images. On the other hand,
MODIS data sources with medium and low resolution are used in
the monitoring of vegetation cover changes in desert areas (Piao
et al., 2004; Feng et al., 2016; Zolch et al., 2018); however, the

FIGURE 8 | Schematic diagram of the vegetation cover and soil–wind erosion intensity in typical areas of sandy land change.
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problem of regional scale-mixed pixels directly affects the accuracy
of sandy land and vegetation cover monitoring. With the
development of remote sensing technology, the adoption of
medium- and high-resolution satellite data such as Landsat,
Sentinel 1/2, GF1/2 series is becoming more and more mature in
achieving high-precision and long time-series land use/cover
information. Meanwhile, with the development of new
information technology such as cloud computing, big data, and
artificial intelligence, remote sensing information extraction
technology is more efficient and accurate (Liu et al., 2019).

In the current study, sufficient sampling data and field survey
data can effectively improve the accuracy in extracting sandy land
changes. We have collected a large number of ground surveys and
field quadrat data of different seasonal phases, which can
effectively correct the heterogeneity of remote sensing spectra
and thematic parameters in the classification (Chi et al., 2019). In
addition, a lot of manpower is invested to deal with the position
error caused by the sawtooth effect of the grating vector
transformation, and the classification results are corrected by
human–computer interaction. The overall accuracy of the
method involved is more than 90%.

4.2 Sustainability of the Ecological Project
Desertification leads to ecological degradation, and land resources
show a trend from structural damage to functional disorder.
Ecological restoration and reconstruction has become a challenge
for human survival and sustainable development (Li et al., 2011; Fu
et al., 2017). In recent decades, a series ofmeasures have been carried
out in northern China to improve the ecological environment. The
ecological engineering construction has played an important role in
regional desertification control, vegetation restoration, and soil
erosion control (Chi et al., 2019; Wang et al., 2019; Li et al.,
2021), and has improved the main ecosystem services (Lv et al.,
2012; Fu et al., 2017; Zhao et al., 2020). However, unreasonable
ecological construction layoutmay threaten regional water resources
(Feng et al., 2016), food security (Chen et al., 2015), and ecological
sustainable development (Zastrow, 2019). Some scholars have found

that changes in precipitation are not the driving force of vegetation
greening in northern China, but rather, the construction of a
national large-scale ecological engineering is the key factor in
promoting the greening of desert lands. However, unreasonable
vegetation restoration in arid regions may lead to catastrophic
consequences (Chen et al., 2019; Wang et al., 2019).

According to the observational data of 8 meteorological stations
in the Kubuqi Desert area (Figure 1), we found that the climate
showed a warm and humid trend from 1990 to 2020 (Figure 9).
Ecological engineering and climate conditions have contributed to
the vegetation restoration in the Kubuqi Desert. Nevertheless, large-
scale afforestation may lead to a dry layer on local soil and aggravate
local water resource stress, especially in semi-arid areas sensitive to
climate change (Li et al., 2021). As a result, it is necessary to further
reveal the relationship between main ecological services and
vegetation restoration on the basis of clarifying vegetation
restoration, and to analyze the safety threshold of afforestation to
satisfy vegetation growth and sustainable water use under the
influence of climate changes and human activities (Wang et al.,
2019; Li et al., 2021), especially the research on the non-linear
response of an arid ecosystem to climate change and driving
mechanism, in order to provide support for ecological restoration
and sustainable development of resources and the environment.

5 CONCLUSION

Based on Landsat remote sensing data and the RWEQ model, we
obtained the information of land use cover change and soil–wind
erosion intensity in the Kubuqi Desert from 1990 to 2020, and
further analyzed the evolution of the Kubuqi Desert sand and its
impact on soil–wind erosion intensity in the recent 30 years.
According to the analysis of the spatio–temporal dynamic
pattern of sandy land and soil–wind erosion intensity, the change
of the Kubuqi Desert area was consistent with soil–wind erosion
intensity, showing a trend of first increasing and then decreasing.
Meanwhile, before 2000, the process of soil–wind erosion was more
intense than that of ecological restoration. From 1990 to 2020, the
area of sandy lands decreased by 2,354.48 km2, and since 2000, a
series of desert control and ecological restoration projects have been
implemented, and the area of sandy lands have decrease
continuously. In addition, the transformation of sandy lands and
the ecological restoration and improvement of vegetation coverage
can effectively inhibit and slow down the intensity of soil–wind
erosion. Among them, the transformation of sandy lands contributes
the most (81.14%), and the reduction of forestlands, grasslands, and
agricultural oases can effectively reduce soil–wind erosion. Overall,
this study provides important information for understanding the
desertification control and “Greening” process of sandy lands in this
region. These findings will help improve the cognition of decision-
makers, support the strategic decision-making of sustainable
development of the ecosystem in the Kubuqi Desert, scientifically
implement ecological protection and restoration projects, promote
the comprehensive treatment projects of mountains, rivers, forests,
fields, lakes, grass, and sand, build the virtuous cycle of the
ecosystem, and promote the sustainable development of land
resource utilization.

FIGURE 9 | Variation trend of the temperature and precipitation in the
Kubuqi Desert area from 1990 to 2020.
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Characteristics of Canopy
Conductance and Environmental
Driving Mechanism in Three Monsoon
Climate Regions of China
Rui-Qiao Wu1,2,3, Jian-Bo Jia1,2,3*, Wen-De Yan1,2,3*, Lei Hu1,2,3, Yi-Fan Wang1,2,3 and
Yu Chen1

1Central South University of Forestry and Technology, Changsha, China, 2Hunan Lutou Forest Ecosystem National Positioning
Observation and Research Station, Yueyang, China, 3National Engineering Laboratory of Forestry Ecological Application
Technology in Southern China, Changsha, China

Canopy conductance was an important index to measure the process of water exchange
between canopy and atmosphere interface of forest ecosystem, aswell as to judge the status
of water use or the degree of drought stress. Therefore, the accurate estimation of forest
canopy conductance was of great significance for the research of water-use efficiency. In the
past, canopy conductance was measured on vegetation types in a single-point region, but
there were few studies on systematic comparison in different climate zones. Based on the
data sets of EC flux and conventional meteorological elements from the eddy covariance (EC)
flux observation station during 2003–2010 in three typical climate zones (temperate
continental monsoon climate zone, south subtropical monsoon climate zone, and mid-
subtropical monsoon climate zone), Penman-Monteith model was used to calculate forest
canopy conductance in different climate regions and analyze the dynamic changes of canopy
conductance in different time scales. At the same time, combined with environmental factors
including temperature, net radiation, soil water content, and vapor pressure deficit to explore
their driving ability on the canopy conductivity of forest ecosystem in different climate regions,
we finally explored the mechanism driving the canopy conductivity of forest ecosystem under
different climates. The results showed that: 1) the driving ability of environmental factors in
different climate regions to the canopy conductancewas different, and the contribution rate of
soil water content to the canopy conductance in subtropical monsoon climate zone was the
largest. It was 36.01%, and the contribution rate of vapor pressure deficit to the canopy
conductance in mid-subtropical monsoon climate region was the largest. It was 29.4% and
the contribution rate of temperature to the canopy conductance in temperate monsoon
climate region was the largest; it was 28.14%. 2). Temperature was an important factor
limiting and driving canopy conductance, and there was a synergistic effect between water
and temperature, which jointly drove the change in canopy conductance. 3) Environmental
factors in different climate regions had threshold for the synergistic driving effect of canopy
conductance. When the factors were within the appropriate threshold, the factors had a
strong promoting effect on canopy conductance.

Keywords: canopy conductivity, Penman-Monteith model, driving mechanism, environmental factors, monsoon
climate zones
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1 INTRODUCTION

1.1 Overview of Canopy Conductance
Canopy was the core place of water vapor exchange between plant
and atmosphere in soil-plant-atmosphere continuum (SPAC)
(Evaristo et al., 2015), and the canopy–atmospheric water vapor
output process could be divided into canopy water vapor export
process and near-leaf turbulent water vapor output process. In the
process of canopy water vapor output, the resistance of water vapor
inside the canopy when it diffused outward through the stomatal
layer and boundary layer is called canopy resistance, which was
usually quantified by canopy conductivity (Wang et al., 2021).
Canopy conductance as an indicator of stomatal regulation at
ecosystem scale had been widely concerned (De Boer et al., 2011;
Deng and Ding, 2015; Bai et al., 2017), and dynamic changes
reflected stomatal behavior and water regulation mode of plants,
which was the overall index of material and energy exchange in the
plant canopy (Hu et al., 2019), and had been widely used in the study
of plant stomatal behavior regulation (Chen et al., 2021).

1.2 Effects of Environmental Factors on
Canopy Conductance at Different Scales
Canopy conductance was easily affected by different environmental
conditions which was an important biological factor indicating the
response of ecosystem to environmental factors (Igarashi et al., 2015).
Changes in canopy conductance and control mechanisms had been
applied to different ecosystems, such as poplar plantations (Song
et al., 2021), tropical rainforest (Yoshifuji et al., 2020), farmland
shelterbelt (Fu et al., 2016), and temperate deciduous forests (Wehr
et al., 2017) conduct research. In addition to tree species, the reason
for the difference in canopy conductance was that the regional
environment also played a particularly important role in driving
the change in canopy conductance (Saito et al., 2017). It was found
that canopy conductance had different responses to the changes of
vapor pressure deficit (VPD), net radiation (Rn), air temperature (T),
and soil water content (SWC) at different scales (Komatsu et al.,
2012). In addition to tree species, the cause may be related to regional
environment (Saito et al., 2017). On long time scales, soil moisture
was an important factor affecting canopy conductance. Soil water
content was the controller of canopy conductance on both seasonal
and interannual scales (Harris et al., 2004). When soil moisture was
higher, stomatal sensitivity to various environmental factors was
relatively small, and canopy stomatal conductance was high
(Kumagai et al., 2008). When soil water was subjected to drought
stress, with the increase of stress degree, stomatal sensitivity to vapor
pressure deficit and solar radiation increases, and canopy
conductance was inhibited (Mo et al., 2014). Therefore, by
exploring the change in canopy conductance, we can judge the
soil water status or the degree of drought stress, which played an
important role in the forest ecosystem to better adapt to the changing
environmental conditions under global climate change (Richardson
et al., 2013). On the daily scale, vapor pressure deficit was the main
dominant factor in environmental variables (Pataki et al., 1998.) As
an important factor affecting canopy conductance, vapor pressure
deficit can significantly affect the sensitivity of stomatal conductance
to transpiration, photosynthesis, and other physiological processes,

and had an important impact on evapotranspiration and water-use
efficiency of forest ecosystems (Wang et al., 2016; Rodriguez-
Dominguez et al., 2019). At high vapor pressure deficit, stomatal
conductance decreased and transpiration increased in most species
(Grossiord et al., 2020). Radiation was another important factor that
regulates the canopy conductance. Increasing solar radiation could
induce pore opening to some extent, resulting in increased tree
transpiration, while under high solar radiation, pores were
partially closed, causing reduced stomatal conductance (Martin
et al., 1997; She et al., 2013). In addition, studies have found that
high temperatures can lead to lower stomatal conductivity in the tree
canopy (Gillner et al., 2017). It was found that temperature more
often regulates canopy conductance on seasonal and interannual
scales (Yoshida et al., 2010). Therefore, it is crucial to explore the
response of canopy conductance to environmental factors at different
time scales to better understand the adaptation of ecosystems to
climate change. Although there were many studies on canopy
conductance of different vegetation types, there were few studies
on the characteristics of canopy conductance in the macro
perspective, such as the climate areas where different vegetation
types were located, and there were few studies on the relative
contribution rate of various environmental factors driving the
change in canopy stomatal conductance and the impact on the
change process of canopy stomatal conductance in different
thresholds.

1.3 Study Area Selection
Exploring the changes of canopy stomatal conductivity and its
response to environmental variables under different
environmental conditions not only could deepen the
understanding of the environmental control mechanism of
plant stomatal behavior but also be of great significance to
judge the water-use relationship of plants and select the
stomatal regulation mode of tree species. To achieve this goal,
long-term observations were indispensable. The National
Changbai Mountain temperate mixed forest (CBS),
Qianyanzhou subtropical plantation conifer (QYZ), and
Dinghushan subtropical mixed forest (DHS) Critical Zone
Observatory were distributed in the main forest areas and
climate zones in China; the three sites located in different
climate zones were all located in eastern China and belong to
the monsoon climate zone, and the hydrothermal conditions had
obvious latitudinal gradient characteristics from north to south.
Therefore, the selection of these three climate stations could form
a fully representative long-term forest flux observation network in
the monsoon climate region of eastern China.

1.4 Aims and Objectives
This study was based on the carbon water flux and conventional
meteorological element observation dataset of flux observation
station from 2003 to 2010 (Wu et al., 2021; Li et al., 2021; Dai
et al., 2021). Combined with environmental factors such as
temperature (T), net radiation (Rn), soil water content (SWC),
and vapor pressure deficit (VPD), we explored the variation
characteristics of canopy conductance in different climate regions
on different time scales and correlation with various environmental
factors, and quantitatively analyzed the contribution of
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environmental factors in different climate regions to canopy
conductance variation and forest water vapor exchange.

The aim of this study was to explore the main controlling factors of
canopy conductance change in forest ecosystem in different climate
areas, and reveal the environmental driving mechanism of canopy
conductance change of forest ecosystem in different climate areas.

The results of our study will hopefully provide a theoretical basis
for the study of water and heat exchange in forest ecosystems in
different monsoon climate regions in eastern part of China.

2 MATERIALS AND METHODS

2.1 Study Area
The distribution, location, and climate area of the research sites
are shown in Figure 1. The data of China’s climate zoning came
from the resource and environmental science and data center of
the Chinese Academy of Sciences. Dinghushan National Nature
Reserve (23°09′21″–23°11′30″N, 112°30 ′39″–112°33′41″E) was
located in Dinghu District, Zhaoqing City, Guangdong
Province, with an altitude of 100–700 m. The region has
south subtropical monsoon climate (Li et al., 2021). The
vegetation was mainly subtropical zonal vegetation, which
was abundant on the Tropic of Cancer, mainly composed of
Castanopis chinensis, Schim Asuperba, Cryptocarya Chinensis,
and other communities (Li et al., 2021). The eddy covariance
(EC) flux observation system of Qianyanzhou (115°04′E,
26°43′N) is located at Qianyanzhou Station, Guanxi Town,
Taihe County, Jiangxi Province, with an average altitude of

110.8 m. The station area has subtropical monsoon climate (Xu
et al., 2021). The station area belongs to the subtropical
evergreen broad-leaved forest area. The existing forests were
mainly artificial forests built around 1985, and the main tree
species were Pinus Massoniana, P. elliottii, and Cunninghamia
Lanceolata (Wen et al., 2005). Changbai Mountain Nature
Reserve is located in the southeast of Jilin Province
(41°41′49″–42°25′18″N, 127°42′5″–128°16′ 48″E). It belongs
to temperate continental monsoon climate, with distinct
seasonal alternations (Wang et al., 2016). The temperate
broad-leaved Korean pine forest in Changbai Mountain is the
main part of mountain forest system in northeast China (Wang
et al., 2016).

2.2 Data Observation and Processing
2.2.1 Observation of Eddy Covariance Flux and
Micrometeorological Elements
Each platform was equipped with micro meteorological observation
tower and open eddy covariance (EC) flux observation system (OPEC).
A set of microclimate gradient observation system was installed on the
observation tower to simultaneously observe conventional
meteorological elements such as wind speed, temperature, humidity,
precipitation, light, and effective radiation, aswell asCO2 andwater and
heat flux at the canopy–atmosphere interface. The main observation
deviceswere vorticity correlation systembyultrasonic anemometer and
OPEC system by ultrasonic anemometer (CAST3, Campbell Scientific
Inc., Logan,Utah,United States), and open-loopCO2/H2O infrared gas
analyzer (Li7500, Licor Inc., Lincoln, Nebraska) was used to measure
three-dimensional wind speed and CO2/H2O concentration pulse

FIGURE 1 | The distribution location and climate area of the research sites.
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(Alistair et al., 2017), sensible/latent heat flux (Li-7500A, Li-COR), air
temperature, relative humidity (HMP45C, VAISALA, Finlang), and
wind speed WS (A100R, Campbell, United States), effective radiation
(Li-190SB, Licor), soil water content (CS615-L, Campbell Scientific Inc.,
Logan, Utah, United States), and air temperature/humidity (HMP45C,
CR23X, Campbell) (Wu et al., 2021; Li et al., 2021; Dai et al., 2021).

2.2.2 The Data Collection
The flux observation data used in this paper were from the
continuous flux observation data of three EC flux observation
stations (DHS, QYZ, CBS) in recent 8 years (2003–2010) of China
terrestrial ecosystem flux observation network (ChinaFLUX).
The flux station adopts a unified open circuit vorticity
correlation system and observation technology to observe the
fluxes of CO2, water and energy between vegetation and
atmosphere for a long time. In order to ensure better
comparability between ecosystem carbon exchange data
obtained by different observation stations, instruments, data
collectors, and data storage formats of vorticity-related systems
at all flux observation stations of ChinaFLUX adopt unified
standards (Yu et al., 2006). The dataset was downloaded from
the National Science and Technology Basic Conditions Platform -
National Ecological Science Data Center (http://www.nesdc.org.
cn), and for a small number of missing records, linear
interpolation or the correlation between meteorological
elements and the internal relationship of physical quantities
were used for interpolation. Table 1 provides the basic
information of each research and observation station.

2.3 Calculation of Vapor Pressure Deficit
Vapor pressure deficit (VPD/kPa) refers to the difference between the
saturated vapor pressure and the actual vapor pressure at a certain air
temperature (Yu et al., 2006). It is one of the important driving factors
of evapotranspiration and one of the most important climatic factors
for simulating plant water and carbon fluxes in ecological models.
VPD could be estimated from atmospheric relative humidity (RH/%)
temperature (T/◦C) (Endler et al., 1999).

Calculation formula:

VPD � 0.611 × e
17.27×Ta
Ta+237.3 × (1 − RH

100
) (1)

2.4 Calculation of the Aerodynamic
Resistance
Aerodynamic resistance was caused by the turbulent motion in
the turbulent layer above the canopy, which was regarded as the
irregular fluctuation motion of an independent vortex. The
aerodynamic conductivity could be calculated according to
Monin–Obukov formula (Granier et al., 2000).

ga �
k2 · u[ln(z−d)z0

]2 (2)

Z0 is the surface roughness (about 0.1 h, h was forest average
tree height), d is the zero plane displacement (about 0.75 h); K is
the von Karman’s constant (0.4) and u (m/s) is the wind speed at
height Z (m).

2.5 Calculation of Canopy Conductance
In the flux tower, vorticity correlation technology was used to
measure latent and sensible heat fluxes of the two stands, and
instruments were installed for meteorological observation,
including air temperature (Ta/◦C), relative humidity (RH/%). H is
the sensible heat flux (W/M2), and λE is the latent heat flux (W/M2).

The canopy conductivity gs (mm/s) was calculated using
Penman–Monteith equations (Xu et al., 2018):

gs � (Δ
γ
· H
λE

− 1)ga + ρCp

γ
· VPD
λE

(3)

Δ is the function slope of saturated vapor pressure and
temperature (Pa/K); Cp is the specific heat of dry air at constant
pressure (J/(kgK)) and the value in this study was 1,005; γ is the dry
and wet gauge constant (Pa/K); and the value in this study was
0.067; VPD is the vapor pressure deficit (kPa); ρ is the air density
(kg/m3); H and λE are sensible heat flux and latent heat flux (W/
m2) calculated by vorticity covariance method; ga is the
aerodynamic resistance (m/s).

2.6 The Data Analysis
Based on the calculated canopy conductance, this study
analyzes the changes in canopy conductance in different

TABLE 1 | Basic information of site.

Site Dinghushan Qianyanzhou Changbai Mountain

Geographical
coordinates

23°09′21″–23°11′30″N,
112°30′39″–112°33′41″E

115°04E, 26°43N 41°41′49″–42°25′18″N, 127°42′5″–128°16′48″E

Altitude/m 100 110.8 738
Climate type South subtropical monsoon climate Mid-subtropical monsoon climate Temperate continental monsoon climate
Annual average
temperature/°C

22.5 17.9 3.6

Average annual
precipitation/mm

1714 1489 695

Vegetation types Coniferous and broad-leaved mixed forest Artificial coniferous forest Temperate primitive coniferous broad-leaved mixed
forest

Soil type Latosolic red Red earth Mountain dark brown soil
Dominant species Schima superba, Castanopsis chinensis,

Pinus Massoniana
Pinus Massoniana, P. Elliottii, and
Cunninghamia Lanceolata

Tiliaamurensis, Pinus koraiensis, Fraxinus
mandshurica, Quercusmongolica
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climate regions on different time scales, combined with
environmental factors such as temperature, net radiation,
soil water content, and vapor pressure deficit. SPSS
Statistics 23 was used to analyze the correlation between
canopy conductance change and environmental factors in
different climate regions. OriginPro2018 software
(OriginLab, Northampton, MA, United States) was used to
fit the generalized linear regression, logarithm, and logical
model of canopy conductance to each factor. Finally, the well-
fitting function with higher value and lower p-value was
selected, and the contribution rate of each factor to driving
canopy conductance was calculated. In this study, we used the
factor contribution rate to clarify the driving ability of
environmental factors on canopy conductance, and
quantitatively analyzed the contribution of environmental
factors in different climate regions to the change of forest
ecosystem canopy conductance and forest carbon and water
exchange.

3 RESULTS

3.1 Characteristics of Meteorological
Factors
The interannual variation characteristics of environmental
factors in different climate zones are shown in Figure 2. As
can be seen from the figure, canopy temperature has a
parabolic seasonal characteristics with an obvious peak
value. The temperature rises gradually from growing season
every year, reaches the maximum in June to July, and then in
non-growing season begins to decline. The temperature of
Dinghushan was higher than Qianyanzhou and Changbai
Mountain. The temperature of Changbai Mountain was
lower. The highest temperature appeared in July 2008, and
the temperature was 20.1°C, and the temperature fluctuates
greatly. Net radiation had a similar trend with temperature,
and net radiation in temperate climate zone was significantly
lower than that in Subtropical climate zone, which accorded

FIGURE 2 | Variation characteristics of environmental factors. (DHS: Dinghushan; QYZ: Qianyanzhou; CBS: Changbai Mountain)
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with the law of latitudinal gradient hydrothermal change. In
the non-growing season, the change and the value were small,
and reached the maximum value in summer, but Dinghushan
had a lag response to this, and the variation of soil bulk water
content also had obvious seasonality, which varies with the
change of precipitation with a small range. However, there
were also seasonal droughts with mismatched rainfall and
temperature, resulting in low soil water content.

3.2 Characteristics of Canopy Conductance
in Different Climate Zones
3.2.1 Variation Characteristics of Canopy
Conductance
There were significant differences in the interannual variation
characteristics of canopy conductance in different climate
types, which reflected the response of canopy conductance
to environmental factors in different climate regions. As
shown in Figure 3, on the whole, the seasonal variation of
subtropical canopy conductance was obvious, reaching the
peak in spring and the minimum in winter. In 2003 and
2007, the seasonal variation pattern of canopy conductance
in Qianyanzhou did not follow the general law, and decreased
in July. The vegetation phenology and climate conditions with
four distinct seasons of Changbai Mountain area made the
canopy conductance of temperate coniferous and broad-leaved
mixed forest ecosystem in Changbai Mountain and showed

obvious seasonal changes. The peak value of canopy
conductance in Changbai Mountain was from July to
August, and the change in canopy conductance was more
active in summer, followed by spring and autumn, and the
weakest in winter.

3.2.2 Characteristics of Monthly Canopy Conductance
The variation in average monthly canopy conductance in
different climatic regions is shown in Figure 4, which
shows that the canopy conductance value increased
gradually from May to September, while it decreased
gradually from October to next April. However, in the
subtropical climate area, the canopy conductance did not
reach the peak in July, and the value of canopy conductance
was small. The variation dynamics of canopy conductance in
Changbai Mountain was consistent with the seasonal variation
and the variation trend of meteorological factors. Specifically,
the canopy conductance began to increase gradually in spring,
and it showed that the canopy conductance gradually increases
in spring, fluctuates, and then decreases after reaching the
maximum in summer, and returns to a lower level in winter.
The mean variance of monthly canopy conductance was small
and the change was stable, that is, the coupling degree between
the change of canopy conductance and the change of
environmental factors was high in temperate monsoon
climate area. However, the subtropical monsoon climate
region showed an obvious changing trend similar to but not

FIGURE 3 | Interannual variation characteristics of canopy conductance. (DHS: Dinghushan; QYZ: Qianyanzhou; CBS: Changbai Mountain)
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completely corresponding to the seasonal change, which was
also related to the seasonal growth change of leaves and the
influence of forest’s underlying surface. The variation degree of
the average value of monthly canopy conductance in the
subtropical monsoon climate region was also high,
especially in Qianyanzhou, and the trend showed a
fluctuating decline.

3.2.3 Characteristics of Annual Canopy Conductance
In the variation of annual average canopy conductance
(Figure 5), the annual average canopy conductance in
subtropical monsoon climate area was higher than that in
the temperate monsoon climate area. The average canopy
conductance of Dinghushan was 4.82 mm/s−1, that of
Qianyanzhou was 5.3 mm/s−1, and that of Changbai
Mountain was 4.41 mm/s−1. The variation rate of
interannual canopy conductance in subtropical zone was
also higher than that in temperate monsoon zone, and the
interannual variability of canopy conductance in
Dinghushan, Qianyanzhou, and Changbai Mountain was
12.24, 13.94, and 5.51%, respectively. The average annual
variation of canopy conductance increases with passing years
on the whole. Global warming may lead to an overall trend of
temperature rise. Climate change will affect forest canopy
transpiration and increase the transpiration rate of forest
ecosystem.

3.3 Correlation Analysis Between Canopy
Conductance and Environmental Factors
Correlation analysis was conducted between canopy conductance
values and environmental factors such as temperature (Ta), net
radiation (Rn), vapor pressure deficit (VPD), and soil water
content (SWC) (as shown in Figure 6) in different climate
zones. The results showed that net radiation and temperature
had different responses to canopy conductance in different
climate regions. Although the change of canopy conductance
in subtropical monsoon climate region had a positive correlation
with the response of net radiation and temperature, the
correlation coefficient was small. The response of a single
factor to canopy conductance was weakened, and in 2003,
2004, and 2006, the change in canopy conductance was
inconsistent with the changing trend of net radiation and
temperature. They decreased with the increase in net
radiation. Similarly, the temperature also had such a changing
trend. In the temperate monsoon climate area, the canopy
conductance increased with the increase of net radiation and
temperature, and there was a significant correlation between it
and the change of canopy conductance, R2 was 0.715 and 0.780.
Therefore, the change of canopy conductance in the temperate
monsoon climate was sensitive to the change of temperature and
net radiation, that is, net radiation and temperature play an
important role in the change of forest canopy conductance in the
temperate monsoon climate area.

FIGURE 4 | Multiyear monthly canopy conductance averages with standard variations. (A): Dinghushan; (B) Qianyanzhou; (C) Changbai Mountain).

FIGURE 5 | Annual canopy conductance averages with standard variations. (A): Dinghushan; (B) Qianyanzhou; (C) Changbai Mountain).
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The canopy conductance also had a strong correlation with the
vapor pressure deficit, and the canopy conductance of subtropical
forest also decreased with the increase in vapor pressure deficit.

Therefore, the vapor pressure deficit was an important factor
affecting the change in subtropical canopy conductance. R2 of
Dinghushan, Qianyanzhou, and Changbai Mountain were 0.405,

FIGURE 6 | Correlation between canopy conductance and environmental factors. (A): Dinghushan; (B) Qianyanzhou; (C) Changbai Mountain).
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0.264, and 0.417,respectively, p < 0.01, while in Changbai Mountain,
under the obvious climate conditions of hydrothermal
synchronization, when the vapor pressure deficit was low, with
the increase in temperature and the increase in vapor pressure in the
substomatal cavity, water escaped from the plant leaves,
strengthened the transpiration rate, and increased the canopy
conductance. When the vapor pressure deficit was higher than
0.5 kPa, the canopy conductance decreased gradually.

Soil water content was a physical quantity indicating the
degree of soil dryness and wetness in a certain depth of soil
layer, and soil humidity determines the water supply of
vegetation. Canopy conductance in different climatic areas was
more sensitive to soil water content, R2 was 0.598, 0.579, and
0.365, p < 0.01.With the increase of soil water content, the canopy
conductance in subtropical monsoon climate area obviously
increased in logarithmic function. The influence of the change
of soil water content in Changbai Mountain on canopy
conductance was different from that in subtropical monsoon
area. The change of soil water content in Changbai Mountain had
a certain threshold. When the soil water content was lower than
0.3, the canopy conductance increased with the increase in water
content, but when the soil water content was higher than 0.3, the
canopy conductance decreased gradually with the increase in
water content.

3.4 Driving Ability of Environmental Factors
to Canopy Conductance Change
3.4.1 Estimation of Contribution Rate of Environmental
Factors to Canopy Conductance Change
In order to deeply study the driving force of various
environmental factors on canopy conductance under different
climate types, this study used the factor contribution rate to
clarify the driving ability of environmental factors on canopy
conductance. The contribution rate of various environmental
factors of different climate types to driving the change of canopy
conductance is shown in Figure 7. The factor with the strongest
driving force of Dinghushan environmental factors on canopy
conductance was soil water content, with a contribution rate of
36.01%, followed by temperature. In terms of net radiation and
vapor pressure deficit, the strongest driving force of Qianyanzhou
environmental factors on canopy conductance was vapor
pressure deficit, with a contribution rate of 29.4%, followed by
temperature, net radiation, and soil water content. The strongest
driving factor of environmental factors on canopy conductance in
Changbai Mountain was temperature, with a contribution rate of
28.14%, followed by net radiation, vapor pressure deficit, and soil
water content, that is, soil water content was the first driving
factor of canopy conductance change in subtropical monsoon
climate area, and vapor pressure deficit was the first driving factor
of canopy conductance change in subtropical monsoon climate
area, The first driving factor of canopy conductance change in
temperate monsoon climate area was temperature.

3.4.2 Synergistic Driving Effect Among Environmental
Factors
The driving effect of various factors on canopy conductance was not
invariable, and the change in canopy conductance was not only
driven by a single factor but also driven by other factors. Therefore,
we selected the environmental factors with the highest and second
highest contribution rate to the change in canopy conductance in
different climate regions, and conducted a three-dimensional two-
factor analysis (as shown in Figure 8) to explore the synergistic
driving ability of factors in different climate regions on the change in
canopy conductance. In this study, when the canopy conductance
value in the climate area was greater than 4mm s−1, it indicated that
the canopy conductance was high.

Soil water content was the factor driving the change in canopy
conductance in the South subtropical monsoon climate zone, and
temperature was the factor contributing the second; when soil water
contentwas 0.12–0.3m3m−3, and the temperaturewas 13–24°C, it had
a strong synergistic driving effect on the canopy conductance in the
south subtropical monsoon climate zone. However, with the increase
in water content and temperature, the canopy conductance increased.
When the temperature was too low, plants would be subjected to low-
temperature stress and the canopy conductance decreased.

Vapor pressure deficit is the environmental factor with the largest
driving contribution to the change in canopy conductance in themid-
subtropical monsoon climate area, and there was a significant
negative correlation between it and the change of canopy
conductance. The vapor pressure deficit will affect the opening of
stomata and the change of canopy conductance. Compared with the
south subtropical climate area, the suitable threshold of tree species
for temperature was wide in the mid-ssubtropical climate area, and
the suitable temperature threshold was 5–28°C. With the increase in
temperature, the canopy conductance increased, but when the
temperature exceeded the threshold range, it had a strong
inhibitory effect on the canopy conductance, and the canopy
conductance value was low. Therefore, when the vapor pressure
deficit was 0.2–1.5 kPa and the temperature was 5–28°C, it had a
strong synergistic driving effect on the canopy conductance in the
mid-subtropical monsoon climate area.

Temperature contributed greatly to driving changes of canopy
conductance in monsoon climate region. Changbai Mountain
belongs to the temperate monsoon climate zone, and the heat
conditions on the canopy conductance change driving effect was
greater than the water condition, and the optimum temperature
range was narrow and for 5–20°C, the suitable threshold of net
radiation was 80–180Wm−2. To the temperate monsoon climate
zone, canopy conductance synergy drive effect was stronger, as with
the increase in temperature and net radiation, canopy conductance
exponential function to increase, but the different climate zones
environmental factors driving action had a certain threshold, when
factor in climate zones outside environmental factors suitable
threshold value, lower canopy conductance instead. Therefore,
temperature in different climatic regions was an important factor
limiting and driving canopy conductance, and there was a strong
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synergistic driving effect among the factors, thus jointly affecting the
change in canopy conductance.

4 DISCUSSION

4.1 Differences of Canopy Conductance in
Different Climatic Regions
There were significant differences in canopy conductance at
different time scales in different climatic regions. On the
whole, canopy conductance increased gradually in rainy
season and decreased gradually in dry season. In the
temperate monsoon climate zone, the seasonal variation is
obvious, so the change of canopy conductance also conforms
to the trend of gradually increasing from spring, fluctuating
and decreasing after reaching the maximum in summer, and
finally recovering to a lower level in winter. However, the
subtropical regions of China had abundant annual rainfall
but frequent seasonal droughts (Xu et al., 2021). In summer,

high temperature and insufficient precipitation result in
mismatch between rainfall and temperature, and seasonal
droughts often occur. If drought stress occurs, for example,
when Qianyanzhou drought occurred in summer (2003 and
2007), the seasonal pattern of canopy conductance did not
follow the general law and decreased in July, which is
consistent with the results obtained by M. Xu et al. (Xu
et al., 2021). If the seasonal rainfall decreases, the leaf
stomata will close, and the transpiration rate will show a
downward trend, that is, the stomata tended to close under
water stress, resulting in the decrease of canopy conductance.
The peak value of canopy conductance in Changbai Mountain
was generally from July to August, which is consistent with
the research results of Xiaofei Lu’s study (Lu, 2018). When
the temperature increased, the increase of the vapor pressure
in the lower stomatal cavity was greater than that of the air
vapor pressure, so the increase of the vapor pressure deficit
marked the water escape in the leaves of plants and
strengthened the transpiration rate.

FIGURE 7 | Contribution of different forest environmental factors to canopy conductance change. (DHS: Dinghushan; QYZ: Qianyanzhou; CBS: Changbai
Mountain).

FIGURE 8 | Three dimensional two factor driven analysis. (A): Dinghushan; (B) Qianyanzhou; (C) Changbai Mountain).

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 93592610

Wu et al. Canopy Conductance and Driving Mechanism

99

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


The canopy conductance in different climatic regions had an
overall trend of increasing with the passing of the year on the
annual scale, which was related to the overall rising trend of global
warming temperature. Climate change will affect the canopy
transpiration of forest ecosystem and increase the plant
transpiration rate. Compared with the temperate monsoon
climate area, the growth trend of annual average canopy
conductance in the subtropical monsoon climate area was
more obvious. The three stations in different climate areas
were located in the east of China and belong to the monsoon
affected area. The hydrothermal conditions had obvious
latitudinal gradient characteristics from north to south.
Therefore, with the decrease in latitude, the temperature
increased and the forest structure was complex, which would
affect the plant transpiration rate.

The difference of canopy conductance was also related to the
structural characteristics of leaves and xyloids of tree species. The
annual canopy conductance of Dinghushan was lower than that
of Qianyanzhou, which was also related to the main vegetation of
Dinghushan, this being evergreen broad-leaved forest, and the
increase in canopy leaf area will hinder air flow, so the canopy
conductance will be affected. In Qianyanzhou, coniferous species
such asMasson pine and Cunninghamia lanceolatawere the main
species, and their stomata were round and large in diameter,
while in Dinghushan, there were more broad-leaved species such
as Schima superba and Castanea, and the broad-leaved stomata
were slender and small (Zhang et al., 2017). During the day,
coniferous forest showed a stronger stomatal sensitivity, and
stomatal conductance fluctuated greatly. In addition, the xylem
structure of coniferous forest was non-porous wood, which could
maintain higher water transport efficiency under high vapor
pressure deficit conditions (Peters et al., 2010).

4.2 Correlation Between Canopy
Conductance and Environmental Factors
Canopy conductance had a corresponding response to the changes in
various environmental factors, and themain driving factors of canopy
conductance were different with different vegetation types. For
example, in the subtropical monsoon climate zone, the response
of canopy conductance to net radiation and temperature was weak,
and the change of canopy conductance in 2003, 2004, and 2006 was
inconsistent with the changed trend of net radiation and temperature.
In case of high-temperature stress, the high-temperature stress will
cause photoinhibition, and the transpiration between canopy will be
weakened, thus affecting canopy conductance. Or when the net
radiation is too strong, leaves lose more water, trees will adjust
stomata to maintain their own water, so stomata opening threshold
become smaller, the canopy conductance decreases. However,
temperature and net radiation were the important factors affecting
the change of canopy conductance in the temperatemonsoon climate
zone, which showed that with the increase in temperature and net
radiation, the stomata of vegetation opened to exchange matter and
energy, and the canopy conductance increased.

The canopy conductance in subtropical climate area increased
significantly as the soil water content increased. In the dry season, less
rainfall and low soil humidity will lead to soil drought, less vegetation

water content, weak forest transpiration, and low canopy
conductance. However, with the change of seasons and the advent
of rainy season, the rainfall increased, the temperature increased, the
transpiration became stronger, and the canopy conductance also
increased. The temperate monsoon climate region had different
response to canopy conductance. Although the rainfall in the
subtropical monsoon region was more than temperate monsoon
region, the higher temperature in the subtropical region promotes the
increase of evaporation. Therefore, the soil water content promoted
the increase of canopy conductivity within an appropriate threshold.
When the soil water content was more than 0.3, the temperate
monsoon climate region will have the phenomenon of soil
overwetting due to thermal conditions, and the soil overwetting
will reduce the soil aeration, affect the activities of soil
microorganisms, inhibit the respiration, growth, and other life
activities of vegetation roots, and weaken the transpiration of
plants, thus affecting the change of canopy conductance, that is,
higher soil water content cannot promote the maintenance of large
opening or infinite increase of plant stomatal conductance.

The same was true for the vapor pressure deficit. Vapor pressure
deficit was easily affected by hydrothermal conditions. When the
vapor pressure deficit was low, with its increases, the vapor pressure
in the lower stomatal cavity increased, which made the water escape
from the plant leaves, strengthened the transpiration rate, increased
the transpiration rate of the forest ecosystem, and the canopy
conductance gradually increased. When high temperature stress
occurred in summer, the vapor pressure deficit increased, resulting
in the closure of some stomata and the decrease of canopy
conductance. When high-temperature stress was easy to occur in
summer, the vapor pressure deficit increased, resulting in the closure
of some stomata, andwhen the vapor pressure deficit was higher than
0.5, the canopy conductance no longer increased with the increase of
the vapor pressure deficit. The vapor pressure deficit was the key
factor limiting the opening and closing of pores. Therefore, an
appropriate vapor pressure deficit ensured the appropriate
threshold of pore opening and maintained a large degree of pore
opening to ensure the efficient flow of water vapor.

4.3 Synergistic Driving Effect Among
Environmental Factors
In this study, the factor contribution rate was used to clarify the
driving ability of environmental factors on canopy conductance in
different monsoon climate regions. The results showed that in
different climate regions, the driving ability of environmental
factors on canopy conductance change was different, but
temperature was an important factor limiting and driving canopy
conductance, and there was a synergistic effect between water and
temperature factors to jointly drive the change of canopy
conductance. The driving ability of heat factor on the change of
canopy conductance in temperate climate area was greater than that
of water factor. There was a synergistic driving effect between
temperature and net radiation, which jointly affected the change
of canopy conductance. The first factor driving the change of canopy
conductance in the South subtropical monsoon climate area was soil
water content. There was a significant correlation between the change
of canopy conductance and the change of soil water content, and the
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synergistic driving effect was obvious.When the value of temperature
or soil water content was not within the threshold that was conducive
to driving the increase of canopy conductance, as the factor changed,
its driving effect on canopy conductance would be inhibited. During
the study period, Qianyanzhou was subjected to more drought stress,
resulting in increased evapotranspiration and increased vapor
pressure deficit. In order to reduce water dissipation, plants will
close some stomata and reduce canopy conductance. Therefore, the
first factor driving the change of canopy conductance in the mid-
subtropical monsoon climate area was vapor pressure deficit;
temperature was still a synergistic factor, which drove the change
of canopy conductance together. When the temperature was at a
threshold favorable to drive the change in canopy conductance, the
canopy conductance also increased with increasing temperature. But
when the temperature was above or below this threshold, the driving
effect of temperature on canopy conductance was suppressed.
Therefore, the change of the canopy conductance in each climate
area did not depend on only onemain factor, but there are significant
synergistic driving phenomena among all factors, which jointly affect
the change of canopy conductance.

5 CONCLUSIONS

1) The driving ability of environmental factors in different climate
regions to the canopy conductancewas different. The contribution
rate of soil water content to the canopy conductance in South
subtropicalmonsoon climate regionwas the largest, it was 36.01%,
and the contribution rate of vapor pressure deficit to the canopy
conductance in mid-subtropical monsoon climate region was the
largest, and it was 29.4%, and the contribution rate of temperature
to the canopy conductance in temperate monsoon climate region
was the largest, it being 28.14%.

2) For different climate regions, temperature was an important
factor limiting and driving canopy conductance, and there was
a synergistic effect between moisture and temperature factors to
jointly drive the change of canopy conductance. In the south
tropical monsoon climate region, the synergistic effect of soil
water content and temperature on canopy conductance was
stronger. In the mid-subtropical monsoon climate region,
vapor pressure deficit and temperature played a synergistic
role in driving canopy conductance. In the temperate
monsoon climate region, the net radiation and temperature
synergistically drove the change of canopy conductance.

3) The synergistic driving effects of environmental factors in
different climatic regions all had a certain threshold. When
the soil water content was 0.12–0.3 m3m−3 and the
temperature was 13–24°C, there was a strong positive
synergistic driving effect on the canopy conductance in the
subtropical monsoon climate zone. In the mid-subtropical
monsoon climate zone, when the water vapor pressure deficit
was 0.2–1.5 kPa and the temperature was 5–28°C, there was a
strong synergistic driving effect on the canopy conductance,

which showed that the canopy conductance increased with the
increase of temperature. When the temperature was 5–20°C and
the net radiation was 80–180 w•m−2, the temperature and net
radiation had a stronger effect on the canopy conductance in the
temperate monsoon climate zone.
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Desert ecosystems are vulnerable to climate change because of their fragile environment
and poor self-regulation ability. Exploring the land–surface energy balance and the water/
heat transfer processes of such regions for water resource management purposes is
critical. The processes of surface water and heat transfer throughout the desert
ecosystems and the effects of environmental factors on the energy distribution remain
poorly studied. In this study, we used an eddy covariance system and surface
meteorological data (2019–2021) to investigate the characteristics of the energy
balance of Dengkou Desert ecosystem located in Inner Mongolia, northern China.
Also, we evaluated the effects of different environmental factors on the energy
distribution in this desert ecosystem. We found that the temporal patterns of both
sensible heat flux (H) and latent heat flux (LE) with time are consistent with that of net
radiation (Rn), and Rn is dominated by H. The sum of the daily average soil heat flux during
the observation period was positive, indicating that soil was a heat sink and that the
atmosphere transfers heat to the soil. During the observation period, the energy
distribution of H/Rn fluctuated greatly, presenting a general U-shaped trend, while LE/
Rn presented an inverted V-shaped trend. The main factor affecting H was Rn, followed by
saturated vapor pressure, air temperature (Ta), and relative humidity. For LE, the main
influencing factors were Ta, and Rn. The energy closure of the half-hour flux in the Inner
Mongolian desert ecosystem during the observation period was 48%–68%, and the
energy balance ratio was 0.54–0.74. The energy closure at the daily scale was higher than
that at the half-hour scale, and the energy closure during daytime was higher than that
at night.

Keywords: desert ecosystem, eddy covariance method, energy balance, environmental factors, energy closure

1 INTRODUCTION

As the main energy source in an ecosystem, solar radiation is mostly returned to the atmosphere in
the form of latent heat and sensible heat (except for the small part used for plant photosynthesis,
internal heat reserves of crops, and heating of soil) (Brown and Rosenberg, 1973). Surface radiation
and the energy balance, which are the core components of land–surface processes and land–air
interactions, are used to describe the exchange process of matter and energy between the ground and
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the atmosphere (Yue et al., 2013). In recent years, many studies
investigated the characteristics, distribution, and closure of the
energy flux using flux towers in different ecosystems in China
(Ma et al., 2014; Yuan et al., 2015; Li et al., 2018; Niu et al., 2018;
Zhou et al., 2019). Energy distribution can promote material
exchange, and the influence of water exchange is particularly
important because it is manifested in the promotion of the water
cycle by increasing sensible heat flux (H). A clear understanding
of the transport processes of water vapor and energy in the
boundary layer is very important for understanding the regional
climate and water cycle.

The eddy covariance (EC) method is considered as a reasonable
standard for measuring evapotranspiration, because it can directly
measure water, heat, and CO2 fluxes between various underlying
surfaces and atmosphere and achieve long-term continuous
observations. The obtained results can represent the overall
average exchange rate between the surface and the atmosphere
over a certain area (Zhao et al., 2011). In recent years, EC
technology has been widely applied to the study of material and
energy transmission and exchange in the field of ecology (Wu et al.,
2018; Reddy et al., 2020; Wang et al., 2020), and many studies
focused on the energy distribution within different ecosystems (Li
et al., 2014; Jiao et al., 2018; Zhou et al., 2019). These studies found
notable differences in the energy distribution within different
ecosystems of different regions. Even for the same ecosystem, the
characteristics of the energy distribution will vary on different
temporal and spatial scales. Many studies conducted in-depth
analyses on various factors affecting water and heat transport
between ecosystems and the atmosphere (Majozi et al., 2017; Yue
et al., 2018; Huang et al., 2019), and the results indicate that
differences in the energy distribution are mainly affected by
environmental factors and vegetation growth factors. Energy
closure refers to the balance between the turbulent flux and the
effective energy measured by an EC system. According to the basic
assumption of EC system observations and the law of energy
conservation, energy closure can be used as an effective method
to evaluate the performance and data quality of an observation
system. In a study of forest in the Amazon, Renata et al. (2019) found
that an increase of the energy balance closure residual indicates that
the EC technique underestimates the energy flux.

Desert ecosystems exhibit special geographical, climatological,
hydrological, and geological conditions. Owing to the lack of
water, vegetation in desert areas is generally sparse, plant species
are monotonous, biological production is low, energy flow and
material circulation are slow, and environmental regulation and
adaptability are poor. Because of the unique geographical
environment and special characteristics of the surface albedo,
the underlying surface of a desert is unique in terms of the energy,
water, and material circulation rules, and its response to solar
radiation is also distinct from that of other ecosystems. The
exploration of both land–surface processes and land–air
interactions in desert regions has long been the focus of
climate research in arid regions (Qi et al., 2020). The radiation
balance, energy balance, and their distributions represent the
basis of the formation of a microclimate (Tan et al., 2015).
However, in arid desert regions, because of the special climate
and the underlying surface conditions, the microclimatic

characteristics are different to those of other ecosystems. Few
studies investigated the energy balance in desert ecosystems.
Therefore, to comprehensively understand the energy and
water vapor cycles and the effects of climate change in arid
regions, exploring the radiation budget and the energy
distribution of desert ecosystems is important.

The objectives of this study were to analyze the characteristics of
energy and energy closure in desert ecosystems over different time
scales and to preliminarily explore the causes and influencing
mechanisms of the imbalance of surface energy budget and
expenditure. The findings of the present study deepen the
understanding of the energy imbalance in the near strata, unify
the influence of flow characteristics on energy non-closure in desert
areas, contribute to the understanding of the energy cycle
mechanism in desert ecosystems, and lay a foundation for the
evaluation of the regional water and energy balance.

2 MATERIAL AND METHODS

2.1 Site Description
The experimental area is located in the northeast of the Ulan Buh
Desert in Dengkou County, Bayannaoer City, Inner Mongolia,
China (Figure 1A). The field measurements were conducted at a
desert comprehensive observation station (40°24′N, 106°43′E,
1,050 m above sea level, Figure 1B) in the second experimental
field at the Desert Forestry Experimental Center of the Chinese
Academy of Forestry. The area exhibits a temperate continental arid
climate, with an annual average temperature of 7.8°C and annual
average rainfall of approximately 145mm. Precipitation falls mainly
during June–September, accounting for 70%–80% of the annual
total. Annual evaporation in the study area is approximately
2,327 mm, and the soil type is wind-sand soil. Nitraria
Tangutorum is the dominant plant within the study site. The
Nitraria population exists in the form of Nitraria nebkhas, which
are approximately 1–3m high and 6–10m in diameter. The main
associated dominant plants are Artemisia sphaerocephala, Artemisia
ordosica, Psammochloa villosa, and Agriophyllum squarrosum, and
the overall community coverage is 10%–20%.

2.2 Energy Flux and Meteorological
Measurements
The fluxes and meteorological data of the desert oasis transition zone
were measured simultaneously using an EC system and an auxiliary
meteorological element gradient monitoring system. The EC system
installed at the center of the desert comprehensive observation station
(Figure 1C) composed a closed-path CO2/H2O analyzer (EC155,
Campbell, United States), 3D ultrasonic anemometer (CSAT-3,
Campbell scientific Inc., United States) and data logger (CR3000,
Campbell scientific Inc., United States). The predominant wind
direction in this region is from the northwest, and the fetch
length is considered adequate for EC measurements. The
observations consisted of both mean and high-frequency turbulent
measurements. The gradient monitoring system comprised a soil
temperature sensor (CS616, Campbell Scientific Inc., United States),
four-component radiation sensor (NR-LITE, Kipp & Zonen,
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Netherlands), and a temperature and humidity sensor (HMP45C,
Vaisala Inc., Finland). Four soil heat flux plates (HFP01, Hukseflux,
Netherlands) were installed at the depth of 0.1m. Fluxmeasurements
were taken at a sampling frequency of 10 Hz. Further details
including the specifications of the instruments are presented in
Table 1. Also, all sensors used were previously subjected to
calibration at the factory, and their performance was thoroughly
evaluated. Measurements collected during 2019–2021 were used in
the present study. Owing to failure of observation instruments and
the influence of certain weather conditions, some data were
recognized as abnormal, and some data were missing.

Meteorological parameters were observed simultaneously
on the daily scale by using the meteorological station located

in the study area (Figure 1D). The main observation elements
included average temperature, maximum temperature,
minimum temperature, relative humidity (RH), and
precipitation. Next, daily averages of the recorded data
were calculated for the period from January 2019 to
October 2021.

2.3 Parameter Calculation and Data
Analysis
2.3.1 Data Processing
The formulas for the calculation ofH and latent heat flux (LE) are
as follows (Swinbank, 1951):

FIGURE 1 | (A) Overview of the study area; (B) The experimental site; (C) Eddy covariance (EC) system; (D) The meteorological station.

TABLE 1 | Summary of the specifications of the instruments integrated on the eddy covariance flux tower. All measurements are averaged over 30-min interval.

Name Instrument model Observation elements Depth/height (m)

Close-path H2O/CO2 analyzer EC155, Campbell Scientific Inc., United States Water vapor content; latent heat flux 2
3D ultrasonic anemometer CSAT-3, Campbell Scientific Inc., United States Wind speed and direction 2
Four component radiation sensor NR-LITE, Kipp & Zonen, Netherlands Surface radiation fluxes 2
Temperature and humidity sensor HMP45C, Vaisala Inc., Finland Air temperature and relative humidity 2.0, 1.5
Soil heat flux plate 4xHFP01, Hukseflux, Netherlands Soil heat flux −0.1
Soil temperature sensor CS616, Campbell Scientific Inc., United States Soil temperature and humidity 0.02, 0.05, 0.1, 0.15, and 0.2
Data logger CR3000, Campbell Scientific Inc., United States — —
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H � ρCpw′ T′, LE � ρλw′q′, (1)
where ρ is air density (kg·m−3), CP is the heat capacity of air
(J·kg−1°C−1), λ is the latent heat of evaporation (J·kg−1), w′ is
vertical wind speed (m·s−1), T′ is air temperature (°C), and q’ is
specific humidity.

The original turbulent data with sampling frequency of 10 Hz
were preprocessed using the EddyPro software developed by the
LI-COR company. First, the original observational data of the EC
system were rotated twice for 30 min, an ultrasonic virtual
temperature correction was performed for H, and a WPL
correction was performed for LE (Webb et al., 1980). On this
basis, the outliers were eliminated. Through data correction and
noise elimination, valid data accounted for 75% of the total. To
understand the dynamic changes of water and heat fluxes over
time, continuous water and heat flux data are needed. Deleted
data and missing data were replaced using either of the following
two interpolationmethods: missing data over a period of less than
2 h were interpolated using the linear interpolation method, and
missing data over a period of greater than 2 h were interpolated
by means of the diurnal variation method (Falge et al., 2001).

2.3.2 Evaluation of Surface Energy Budget
The weather–climate system is a dynamic system driven by the
absorption of sunlight and emission of longwave radiation. These
two fluxes are an integral part of the surface energy balance (SEB)
from which the ground temperature is estimated in weather
prediction models (Mihalakakou et al., 1997; Curry and
Webster, 1999). In general terms, the SEB can be expressed as
follows:

Rn − G � LE +H, (2)
where Rn is net radiation flux (W·m−2), G is ground heat flux
(W·m−2), and H and LE are sensible heat and latent heat fluxes,
respectively (W·m−2). The convention used here is that all
radiative fluxes (non-radiative fluxes) directed toward the
surface are positive (negative).

Lack of closure of SEB fluxes measured by EC systems is a
known issue that remains unresolved (Wilson et al., 2002), and it
appears in terms of discrepancies between the turbulent heat
fluxes (H + LE) and available energy (Rn−G). In this paper, the
energy balance ratio (EBR) and ordinary least squares (OLS) were
used to analyze the closure degree of the energy balance.

EBR, which refers to the ratio of turbulent energy and effective
energy measured directly by the EC system, can be expressed as
follows:

EBR � ∑(LE +H)∑(Rn − G) (3)

A value of EBR = 1 indicates perfect closure of the SEB.
Although using 30-min averaged measurements demonstrates
the advantage of smoothing out random errors and higher-
frequency fluctuations, it can also lead to overestimation of
upward (downward) fluxes during the day (night) (Mahrt, 1998).

The OLS method calculates the regression slope (S) and
intercept (b) of the turbulent flux and the effective energy to

analyze the closure degree of the energy balance, in which S can
reflect the balance of instantaneous energy. The basic assumption
of OLS regression is to minimize EOLS, and the OLS regression
equation can be expressed as follows:

LE +H � S (Rn − G) + b (4)
where (LE + H) is the turbulent flux, (Rn−G) is the effective
energy, S is the slope of the linear regression, and b is the
intercept. Under ideal conditions, the value of S of the linear
regression of the effective energy (Rn−G), the turbulent flux (LE +
H) is 1, and the value of b is 0.

2.3.3 Data Analysis
All the monitoring data were sorted using Excel 2013, and the
parameters were calculated and analyzed with R software and
MATLAB software. Curve fitting and the comparisons of
different subsets of the data were performed using Origin
2019b (Origin Lab Corporation, Northampton, MA,
United States).

3 RESULTS

3.1 Variations in Environmental Factors
The observational data obtained by the gradient meteorological
system and the conventional meteorological station showed that
the variations of all the daily meteorological factors demonstrated
obvious seasonal patterns (Figure 2). Both air temperature (Ta)
and vapor pressure deficit (VPD) showed a single-peaked trend of
change. In contrast to the above meteorological variables, RH
fluctuated with a jagged pattern. During the observation period,
the maximum value of daily Ta was 29.6°C (13 July 2021), the
minimum value of daily Ta was −20.6°C (6 January 2021), and the
values of VPD and Ta were similar. Although the daily average
VPD showed significant seasonal variation, it did not show
significant interannual variation, with the annual average VPD
of 0.58, 0.58, and 0.71 kPa in 2019, 2020, and 2021, respectively.
Compared with 2019, 2020, and 2021, the annual average RH was
43.3%, 44.6%, and 38.1%, respectively, and the daily average
relative humidity in 2021 was slightly lower. Next, the study area
is arid and demonstrates little rainfall, and the average
precipitation in the three studied years was 101 mm.
Precipitation is usually concentrated in May–September, and
May–September precipitation in 2019 and 2020 accounted for
71.6% and 97.2% of the total annual precipitation, respectively.
Additionally, precipitation is distributed extremely unevenly in
terms of quantity and time.

3.2 Dynamic Characteristics of Energy
Component and Energy Partitioning
3.2.1 Seasonal Variations of Energy Flux and Energy
Partitioning
In the process of surface energy exchange, net radiation (Rn), H,
and LE are the main variables, and their characteristics and
variation rules are affected by many local factors. Figure 3
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shows the seasonal variation characteristics of the daily average of
half-hour energy flux in the Inner Mongolian desert ecosystem
during the observation period. The seasonal variation of Rn is
obvious, and the annual average daily Rn approximates single-
peak variation. Owing to the change of mesoscale climatic
conditions, Rn presents a serrated fluctuation, especially in the
case of rainfall, and a large diurnal difference is found in Rn. The

sum of the daily average soil heat flux (G) in the observation
period of 2019, 2020, and 2021 was positive, indicating that the
soil was a heat sink and that heat was transferred from the
atmosphere to the soil. In 2019, 2020, and 2021, the mean values
were 5.93, 2.84, and 1.07 W·m−2, respectively.

The seasonal variation trend ofH in the study area was broadly
consistent with that of Rn. The fluctuation range of daily average

FIGURE 2 | Seasonal dynamics of (A) daily average relative air temperature (Ta), (B) vapor pressure deficit (VPD), (C) humidity (RH) and (D) interannual distribution
of total daily precipitation (P) in the study area.
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H during the observation period was −3.64 W·m−2 (23 October
2019) to 120.98 W·m−2 (8 June 2020), and the average value was
57.22W·m−2. In conditions of underlying surface drought and
sparse vegetation, the magnitude of the values of LE in the study
area was small, but there was notable seasonal variation for which
the main trend was similar to that of Rn. LE fluctuated markedly

in the rainy season during the growing period, which is consistent
with the fluctuation of the time of precipitation and Rn. In 2019,
2020, and 2021, the mean values of LE were 4.89, 8.84, and
3.73W·m−2, respectively.

Table 2 shows the calculation results of the annual monthly
total value of the energy flux components in the Inner Mongolian

FIGURE 3 | Seasonal and interannual variation of energy flux of the desert ecosystem in Dengkou County, Inner Mongolia.

TABLE 2 |Monthly total amount of daily average energy components (W m−2) and energy distribution in a desert ecosystem in Dengkou County (Inner Mongolia) during the
observation period.

Time G H LE Rn H/Rn G/Rn LE/Rn

2019 March 118.03 1520.84 11.97 2304.51 0.72 0.05 0.01
April 219.59 1726.36 89.58 3223.97 0.54 0.07 0.03
May 222.55 2233.87 146.15 3982.57 0.58 0.06 0.04
June 264.29 2008.80 212.52 4638.34 0.47 0.06 0.05
July 214.89 2343.77 265.21 6037.54 0.39 0.03 0.05
August 148.26 2023.25 273.83 3557.19 0.59 0.06 0.08
September 85.42 1546.72 122.13 2245.25 0.69 0.04 0.05
October 152.70 1099.54 32.62 1471.24 0.75 0.15 0.02

2020 June 231.65 2131.77 158.52 4106.24 0.53 0.05 0.04
July 147.93 1918.07 327.64 4330.67 0.45 0.03 0.08
August 33.11 1741.98 337.79 3452.25 0.51 0.00 0.10
September −52.93 1251.23 239.69 2044.61 0.64 −0.06 0.13

2021 May 248.67 2255.72 258.66 3722.04 0.61 0.05 0.08
June 249.85 2365.83 184.50 3787.70 0.62 0.06 0.05
July 202.32 2544.29 223.39 4045.86 0.63 0.04 0.06
August 75.40 2223.05 288.61 3173.12 0.72 0.01 0.03
September −2.98 1383.75 100.12 2299.31 0.61 0.00 0.05
October −144.83 1089.53 34.53 1414.75 0.80 −0.13 0.02
November −179.55 682.88 13.78 788.28 0.90 −0.24 0.02
December −187.10 404.09 8.62 546.98 0.74 −0.37 0.02
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desert ecosystem during 2019–2021. Overall, Rn, H, and LE all
show a monthly trend of initial increase and then decrease during
the year. The maximum values appeared in the growing season,
and the fluctuation of the monthly total was slightly different
from the month in which the maximum value occurred. Also, the
monthly total amount of G increased with the increase of Rn, but
marked positive and negative changes were found in different
months. In 2019, the monthly total amount of G was positive,
whereas in 2020 and 2021, the monthly total amount of G was
negative during September–December, indicating that the
direction of heat transfer in the Inner Mongolian desert
ecosystem was from the soil to the atmosphere.

The seasonal variation of the distribution of H and LE can be
used to determine the dry/wet conditions of the underlying
surface. The Rn allocation of the Inner Mongolian desert
ecosystem is mainly dominated by H (Figure 4). During the
observation period, the energy allocation of H/Rn fluctuated
greatly, and the change curve presents a U-shaped trend. The
value in the non-growing season was larger than that in growing
season. In 2019, 2020, and 2021, the mean values were 0.58, 0.52,
and 0.70, respectively. Next, according to comparative analysis of

H/Rn in different months (Table 2), H/Rn reached the peak value
of 0.72 at the initial stage of vegetation growth (March) in 2019.
Subsequently, with further vegetation growth, part of Rn was
absorbed and reflected by the canopy, and the H/Rn value began
to decrease gradually. At the end of vegetation growth, the H/Rn

value began to increase and then decreased after November. The
monthly average H/Rn value ranged from 0.39 (July) to 0.75
(October) in 2019, and the H/Rn values in 2020 and 2021
remained high (> 0.5). During the observation period, LE/Rn

exhibited obvious seasonal variation, and the overall change curve
presents an inverted V-shaped distribution. The average daily LE/
Rn values in 2019, 2020, and 2021 were 0.04, 0.09, and 0.04,
respectively. Next, the ratio of G to Rn fluctuated by less than 0.1
in the growing season, and the daily average G/Rn values varied
from −0.01 to 0.96, −0.29 to 0.14 and −0.91 to 0.14 in 2019, 2020,
and 2021, respectively.

3.2.2 Diurnal Variations of Energy Flux and Energy
Partitioning
According to soil temperature and the phenological period of N.
tangutorum, the observation time was divided into four periods:

FIGURE 4 | Seasonal and interannual variation of energy distribution of the desert ecosystem in Dengkou County, Inner Mongolia.
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pre-growth period (March–April), growth period
(May–September), declining period (October), and freezing
period (November–February). In this study, H, LE, Rn, and G
data at 30-min intervals during 2019–2021 were analyzed, and the
mean and standard deviation of the energy flux were extracted for
the same time for all days in each period. The daily average value
of the diurnal variation of the energy components in different
years in the same period demonstrated little variation (Table 3).
The obtained average daily variation of the energy flux of the
Inner Mongolian desert ecosystem in each of the different periods
is shown in Figure 5.

In each period, Rn showed a single peak in the daily trend
with low values in the morning and evening and high values at
noon. The peak value of Rn appeared during 12:00–12:30 local
time, and no notable difference was found between different
years and periods. The maximum value of daily variation of Rn

in each period was as follows: growth period > pre-growth
period > declining period > freezing period. The daily dynamic
change of G was consistent with that of Rn, although its peak
time lagged Rn, i.e., it usually occurred during 15:00–15:30
local time. The diurnal variation of G in each period was
obvious, being mostly positive during the day and negative at
night. The changes of H were highly consistent with that of Rn,
but the trend was gentler, and the daily change trend of each
period was similar. Except for the fluctuation of LE in the
vigorous growth period, it changed little in other periods, and
it was approximately zero. LE was mostly positive during the
day but negative at night when the temperature was <0°C,
indicating frost or condensation.

The daily dynamics of the energy distribution in the
different periods showed that H played a dominant role in
energy consumption (Figure 6). Moreover, the energy
distribution during the day and at night was different. The
energy distribution during the day was H/Rn > G/Rn > LE/Rn,
and the energy distribution at night was G/Rn > H/Rn > LE/Rn.
The dominant factor was G. Both H/Rn and G/Rn showed a
gradual increasing trend during the day and fluctuated greatly
at night, while LE/Rn changed slightly at night, fluctuated
violently before and after sunrise and sunset, and was
relatively stable during the day, when the value was higher
than that at night. Also, the diurnal variation trend of LE/Rn in
the early growth period, declining period, and freezing period
was very stable, when it fluctuated above and below zero.
However, it fluctuated greatly in the vigorous growth
period, and obvious positive and negative changes occurred
before and after sunset.

3.3 Influencing Factors of Energy Flux and
Energy Distribution
To analyze the relationship between LE, H, the energy
distribution, and environmental factors, correlation analysis
was performed between the daily average flux data from
March–October 2019 and the data of environmental factors
(Rn, VPD, Ta, RH, Ts-10cm: soil temperature at 10 cm depth,
and SWC10cm: soil water content at 10 cm depth) in the same
period (Table 4). The results revealed thatH demonstrated a very
significant positive correlation with Rn, VPD, Ta, and SWC10cm

and a very significant negative correlation with RH; LE
demonstrated a very significant positive correlation with Rn,
VPD, RH, Ta, Ts-10cm, and SWC10cm; LE/Rn demonstrated a
very significant positive correlation with Ta, RH, Ts-10cm, and
SWC10cm; H/Rn was negatively correlated with Ta, VPD, RH, Ts-
10cm, and SWC10cm.

3.4 Energy Closure
3.4.1 Half-hour Scale Energy Closure
According to the linear regression analysis of effective energy and
turbulent flux and the analysis results of the energy balance ratio
(Figure 7;Table 5), the energy closure rate of the half-hour flux of
the Inner Mongolian desert ecosystem in different periods was
different, with a variation range of 48%–68%. Generally, the
intercept of the obtained linear regression line cannot pass
through the origin. Therefore, in the analysis process, this
paper gave linear regression S1, intercept b, determination
coefficient R2

1, linear regression S2, and determination
coefficient R22 forced through the origin. In the different
periods, the variation range on the half-hour scale of
regression slope S1 was 0.48–0.68, S2 was 0.50–0.77, b was
2.72–27.95Wm−2, and R2 was 0.56–0.78, which can better
explain the results of the linear regression between effective
capacity and turbulent flow. Additionally, S2 was greater than
S1 in each period, indicating that the energy closure is improved
slightly by forced linear fitting across the origin.

According to the half-hour flux data, the EBR range in the
different periods was 0.54–0.74. The EBR value in the vigorous
growth period was the largest, followed by that in the early growth
period, while the EBR value in both the declining period and the
freezing period was small. The number of observation samples in
2019 and 2021 was broadly the same. Next, the comparative
analysis showed no significant difference in energy closure
between the 2 years. The EBR value calculated from all
observation data in 2019 was 0.67, i.e., the annual average
energy closure was 67%, and the EBR in 2021 was 0.69. In

TABLE 3 | Daily mean values of energy components in different periods.

Pre-growth period Growth period Declining period Freezing period

2019 2019 2020 2021 2019 2021 2021

Rn(W·m−2) 98.04 129.93 97.55 102.04 44.79 42.14 20.53
G (W·m−2) 5.55 4.23 2.32 4.67 −4.51 −4.93 −6.18
H(W·m−2) 57.57 63.98 56.17 67.97 32.56 34.21 16.56
LE (W·m−2) 1.52 14.32 15.14 10.41 0.77 0.58 0.29
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2019, the energy closure during the day and at night was 65% and
20%, respectively, and in 2021, the energy closure during the day
was also higher than that at night (76% and 37% respectively).
Additionally, it can be seen from Table 5 that the energy closure
obtained using the EBR method was greater than that calculated
using the correlation method.

3.4.2 Daily Scale Energy Closure
If the observation time is short and the energy balance
component and distribution are not synchronized, a lag

effect will occur that results in energy non-closure. If the
time scale is properly extended, the energy closure can be
improved. Therefore, the energy closure calculated from the
half-hour scale flux data was lower than that on the daily scale.
To study the influence of different time scales on energy
closure and reduce the error of a large number of nighttime
flux data on the half-hour scale, two methods were also used to
analyze the energy closure under the calculation of daily
average flux data. The slopes of the linear regression of the
3-year effective energy and turbulent flow were slightly higher

FIGURE 5 | Diurnal variation of energy flux in the Inner Mongolian desert ecosystem in different periods.
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than those calculated for the half-hour scale in the same
period. The energy closure of the daily average flux in 2019,
2020, and 2021 was 67%, 66%, and 67%, respectively (energy
closure on the half-hour scale was 64%, 66%, and 63%,
respectively). The energy closure on the daily scale in 2021
increased by 3%, and the R2 of the linear regression equation
also increased significantly (i.e., 0.96). On the daily scale, the
EBR values in 2019, 2020, and 2021 were 0.77, 0.80, and 0.70,
respectively. In comparison with the half-hour data (0.67, 0.74,
and 0.69 in 2019, 2020, and 2021 respectively), the average
energy closure increased by approximately 6% (Figure 8;
Table 6).

4 DISCUSSIONS

4.1 Energy Distribution Characteristics
Sensible heat exchange depends on the turbulent heat exchange
coefficient and the Ta gradient difference. The greater the
gradient difference, the rougher the ground, the stronger the
surface heat exchange, and the greater the sensible heat. This
study found that the sensible heat was greater than the latent heat,
which was similar to the energy balance characteristics reported
for the growing season of the Inner Mongolian Desert Grassland
(Yang and Zhou, 2010) and the hinterland of the Taklimakan
Desert (Qi et al., 2020) all year round. Next, the variation trend of

FIGURE 6 | Diurnal variation of energy distribution in the Inner Mongolian desert ecosystem during different observation periods.
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bothH andGwas consistent with that of Rn in three periods, i.e., a
single-peaked diurnal variation, but with a curve that was not as
smooth as that of Rn, which might reflect indirect turbulent

transmission (Zhang et al., 2002). Because the specific heat of soil
is much greater than that of air and because the change of soil
temperature occurs later than that of Ta, the time forG to reach its

TABLE 4 | Correlation between energy flux and environmental factors in the same periods.

Ta VPD RH Ts-10cm SWC10cm Rn H LE LE/Rn H/Rn

Ta 1 0.804** 0.068 0.970** 0.272** 0.549** 0.311** 0.470** 0.259** −0.309**
VPD 1 −0.466** 0.745** 0.097 0.573** 0.456** 0.185** −0.026 −0.200**
RH 1 0.132* 0.166** −0.159* −0.363** 0.341** 0.422** −0.167**
Ts-10cm 1 0.258** 0.560** 0.369** 0.477** 0.259** −0.254**
SWC10cm 1 0.214** 0.155* 0.352** 0.265** −0.152*
Rn 1 0.618** 0.370** −0.082 −0.527**
H 1 0.116 −0.173** 0.250**
LE 1 0.768** −0.297**
LE/Rn 1 −0.083
H/Rn 1

FIGURE 7 | Relationship between energy turbulent flux (H + LE) and effective energy (Rn−G) in different periods under the half-hour data set. (A) 2019;
(B) Pre-growth period in 2019; (C) Growth period in 2019; (D) Declining period in 2019; (E) Growth period in 2020; (F) 2021; (G) Growth period in 2021;
(H) Declining period in 2020; (I) Freezing period in 2020.
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peak lags behind Rn, and the time lag is affected by the sunrise
time. Although the ratio of G to Rn is very small, the
characteristics of G absorbing energy during the day and
releasing energy at night and storing energy in summer and
releasing energy in winter play a role of an “energy buffer” in the
surface energy budget. Therefore, when studying the energy
balance of desert ecosystems in Inner Mongolia, the influence
of G cannot be ignored.

During the observation period in the study area, LE/Rn was
always very small, i.e., < 0.1 most of the time. This is because
in the Ulan Buh desert area, soil water is scarce, vegetation
transpiration is slow, LE is less than H, and the soil type is

sandy soil, which is conducive to rapid vertical drainage,
thereby reducing the potential impact of soil water on LE.
The differences in the energy distribution of desert
ecosystems are determined by climatic characteristics, soil
moisture status, and the underlying vegetation (Liu and Feng,
2012; Majozi et al., 2017; Yue et al., 2018; Ren et al., 2022). The
results of this study showed that water resource status is the
key factor affecting energy distribution in extremely arid
desert areas. If the water supply of the ecosystem is
sufficient, the energy consumption is mainly LE. If the
water supply of the ecosystem is insufficient, the energy
consumption is mainly H.

TABLE 5 | Characteristics of energy closure of the Inner Mongolian desert ecosystem at the half-hour scale.

Data set Number of samples S1 S2 b R2
1 R2

2 EBR

2019 Pre-growth period 2,641 0.57 0.60 11.35 0.71 0.76 0.60
Growth period 7,345 0.66 0.71 24.06 0.68 0.76 0.73
Declining period 1,682 0.48 0.50 10.01 0.72 0.76 0.54
Daytime 5,829 0.61 0.68 28.53 0.53 0.83 0.65
Night 5,829 0.40 0.36 8.93 0.58 0.55 0.20
Whole year 1,1661 0.64 0.67 19.22 0.70 0.77 0.67

2020 Growth period 5,793 0.66 0.74 27.95 0.56 0.68 0.74

2021 Growth period 7,345 0.68 0.75 27.67 0.69 0.76 0.67
Declining period 1,489 0.59 0.65 25.03 0.78 0.78 0.63
Freezing period 2,929 0.53 0.54 2.72 0.74 0.76 0.58
Daytime 5,881 0.65 0.68 39.45 0.65 0.79 0.76
Night 5,881 0.23 0.26 16.14 0.53 0.58 0.37
Whole year 11,761 0.63 0.67 19.35 0.71 0.76 0.69

FIGURE 8 | Relationship between energy turbulent flux (H + LE) and effective energy (Rn−G) in different periods under the daily average data set. (A) 2019; (B)
2020; (C) 2021.
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4.2 Influence of Environmental Factors on
the Energy Distribution
The correlation analysis revealed that the main factor affecting
sensible heat is Rn. The previous analysis established that H
increases with increasing Rn and that it shows similar dynamic
changes with Rn on daily and seasonal scales, followed by VPD,
soil temperature, Ta, and RH. Soil water content exhibits little
effect on latent heat. For latent heat, Ta, soil temperature and Rn

are the main influencing factors, followed by VPD, RH, and wind
speed. Many earlier studies showed that climatic factors (e.g.,
precipitation, radiation, temperature, and VPD) and biological
factors (e.g., leaf area index) affect the energy distribution
(Matsumoto et al., 2008; Launiainen, 2010; Jia et al., 2016;
Launiainen et al., 2016). For the desert ecosystem of Inner
Mongolia with its arid climate, sparse vegetation, and fragile
ecological environment, the key factors affecting the energy
distribution are water conditions and the underlying surface
conditions (Yue et al., 2019).

4.3 Energy Closure
In the process of observing the carbon, water, and heat fluxes
using an EC system, the closure of energy balance is an important
index with which to measure the data quality (Mahrt, 1998; Li et
al., 2004), but energy non-closure is a common phenomenon in
EC observation. In terms of data processing, different time scales
and energy balance evaluation methods obtain different energy
closure results. At the FLUXNET site, the slope range is
0.53–0.99, the average value is 0.79, the intercept range is
−32.9 to 36.9 Wm−2, and the average value is 3.7 Wm−2,
including grassland, farmland, and forest (Wilson et al., 2002).
At the ChinaFLUX stations, the slope variation range is
0.49–0.81, the average value is 0.67, the intercept value range
is 10.8–79.9 Wm−2, and the average value is 28.9 Wm−2 (Li et al.,
2005). The EBR of FLUXNET sites is between 0.34 and 1.69, with
an average value of 0.84; the EBR range of ChinaFLUX sites is
0.58–1.00, with an average value of 0.83 (Li et al., 2005). The water
and heat fluxes of different underlying surfaces are very different.
Next, depending on the characteristics of the underlying surface,
the degree of surface energy closure varies. The closure rate of
desert and the desert underlying surface is 63%–96% (Beyrich,
et al., 2002).

In the observation period of 2019 (2021), the energy
closure of the Inner Mongolian desert ecosystem was 64%
(63%). However, the phenomenon of energy non-closure in
the study area always existed, and the range of energy loss is
30%–40%. According to the half-hour flux data, the EBR
range in different periods was 0.54–0.74. The EBR value in
the growth period was the largest, followed by the pre-

growth period, and the EBR value in both the declining
period and the freezing period was small. By comparing
the results of the two methods, it was found that the slope
of the OLS method can reflect the closure of the energy
balance only when the correlation coefficient of the
regression equation is effective. The EBR method needs to
average the random error of the measured half-hour values
to analyze the equilibrium ratio of all energy over a certain
period of time.

5 CONCLUSION

The maximum value of the daily average of Rn during 2019–2021
was 251.73, 208.17, and 193.65Wm−2, respectively. The energy
distribution showed obvious seasonal and diurnal changes. The
distribution of Rn in the Inner Mongolian desert ecosystem is
mainly dominated by H. The energy distribution of H/Rn
fluctuated greatly, showing a U-shaped change trend, while LE/Rn
generally presents an inverted V-shaped distribution, and LE/Rnwas
low in winter, fluctuating above and below zero. Next, G/Rn
fluctuated slightly in the growing season and was < 0.1. The
energy component and energy distribution showed reasonable
correlation with various environmental factors. The main factor
affecting sensible heat was Rn, followed byVPD, soil temperature,Ta,
and RH. For latent heat, the main influencing factors were Ta, soil
temperature, and Rn.

The energy closure rate of half-hour flux data in the Inner
Mongolian desert ecosystem in different periods was different,
with a variation range of 48%–68%. In different years, little
difference occurred in the degree of energy closure. According
to the half-hour flux data, the EBR range in the different
periods was 0.54–0.74. The EBR value in the vigorous
growth period was largest, followed by that in the early
growth period, and the EBR value in both the declining
period and the freezing period was small. The energy
closure during the day was higher than that at night.
Comparison and analysis of the energy closure at the half-
hour and daily average scales revealed that the energy closure
of the daily average flux in 2019, 2020, and 2021 was 67%, 66%,
and 67%, respectively, i.e., higher than that at the half-hour
scale (64%, 66%, and 63%, respectively).

The special location of the desert ecosystem in Inner
Mongolia increases the complexity of the spatial
distribution and temporal variation of the physical
quantities on the surface. Additionally, this study did not
consider the energy closure caused by the loss of energy
flux, heat storage in the vegetation canopy and air,
measurement errors, and other issues. Furthermore, the

TABLE 6 | Characteristics of energy closure of the Inner Mongolian desert ecosystem at the daily scale.

Data set Number of samples S1 S2 b R2
1 R2

2 EBR

Year Month

2019 3–10 244 0.67 0.61 17.66 0.77 0.88 0.77
2020 6–9 122 0.66 0.77 12.80 0.75 0.97 0.80
2021 5–12 246 0.67 0.63 -4.11 0.89 0.96 0.70
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continuity and integrity of the data need to be improved.
Analysis of the energy balance during other weather
conditions and seasons or on longer time scales is lacking
for this region. Therefore, the heat and water transfer in the
Dengkou Desert ecosystem in Inner Mongolia needs
further study.
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Knowledge of the microclimate and wind regimes of different land landscapes can be used
to support natural resource development and agricultural productivity in desert areas. The
aim of this study is to provide a theoretical basis and technical support for themanagement
of Ulan Buh Desert Oasis and the comprehensive prevention and control of sandstorms
from the surrounding desert in northern China. We examined the microclimate and wind
regime of three landscapes—desert, desert–oasis ecotone, and oasis—and discussed the
factors underlying the observed variations. Similar patterns were found in annual
temperature, annual relative humidity, and wind speed between the desert,
desert–oasis, and the oasis. Compared with the desert and the desert–oasis ecotone,
the average annual temperature and wind speed in the oasis were lower by 2.56%–5.38%
and 32.99%–37.05%, respectively. Average annual relative humidity in the oasis was
higher than in other areas by 1.31%–2.57%. The desert, desert–oasis ecotone, and the
oasis were dominated by westerly winds. Wind direction was relatively stable in the oasis
and variable in the desert and desert–oasis ecotone. There were intermediate wind energy
fields in the desert and the desert–oasis ecotone and a lowwind energy field in the oasis. In
the desert–oasis ecotone, drift potential (DP), resultant drift potential (RDP), and resultant
drift direction (RDD) were 231.87 VU, 97.21 VU, and 104.33°, respectively. In the desert,
DP was 228.45 VU, RDP was 92.65 VU, and RDD was 76.05°. In the oasis, the DP was
61.85 VU, RDP was 38.04 VU, and RDD was 92.97°. In the desert and the desert–oasis
ecotone, sediment transport potential was the highest in spring, second highest in autumn,
third highest in winter, and lowest in summer. In the oasis, it was the highest in winter,
second highest in autumn, third highest in spring, and lowest in summer. There are
complex variations in the dominant sediment transport directions in the desert and
desert–oasis ecotone in the study area. Variations in the dominant sediment transport
direction in the oasis are less complicated and are associated with the seasons. The oasis
is primarily threatened by sandstorms from the south-southeast in spring.

Keywords: Ulan Buh desert, oasis, desert-oasis ecotone, meteorological data, wind and sand activity, drift potential
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1 INTRODUCTION

Oasis exists in the desert but is different from the desert. Under
certain conditions, matter and energy are exchanged between
oases and deserts (Zhang and Hu, 2002). The desert–oasis
ecotone is an important part of the ecological barrier between
an oasis and the surrounding arid areas. There is a complex
relationship between landscapes and microclimate (Feng et al.,
2006). Sandstorm intensity plays a crucial role in oasis evolution
(Wang, 2009). The microclimate serves as a quantitative indicator
of the degree of desertification and the intensity of the feedback
mechanisms in the desertification process (Shen et al., 1993).
Wind is an important factor that affects landforms and causes the
movement of sand in the arid regions of Northwest China
(Skidmore, 1986). Sandstorms can cause a series of problems,
including continued expansion of deserts, which constantly
threatens the survival of oases (Lal, 2001). Desert and desert-
oasis ecotone are distributed around the oasis with a fragile
ecological environment. It is the main source of sandstorms in
the oasis, which directly affects the stability and sustainable
development of the oasis. In oases, humans have been
conducting land development projects on unreasonable scales.
Around oases, there have been frequent occurrences of
sandstorms in recent years. As a result, the carrying capacities
of oases have been declining year to year. Therefore, sand control
and the protection of the oasis environment are becoming
increasingly urgent priorities (Wen et al., 1996). Therefore, it
is very important to study the synchronous wind conditions of
the desert, desert–oasis ecotone, and oasis.

Most studies on desert wind and sand activity havemainly focused
on evolution mechanisms, particle size, intensity of sand activity, and
aeolian sand environments (Zu et al., 2005; He et al., 2009). An
increasing number of studies are starting to examine oasis evolution,
mechanisms, and wind field characteristics (Li et al., 2004; Yang et al.,
2012; Mao et al., 2019). These studies provide important reference
information for the control of sand activity and the protection of the
oasis environment. In China, Ulan BuhDesert is an important source
of sand. There has been a series of severe winds and sand activity
events, and the desert is expanding eastward and southward (Du
et al., 2012). The normal function of the transportation network and
water conservation facilities of the adjacent oasis is affected. In the
oasis, agriculture, animal husbandry, human health, and
environmental security are being threatened (Du et al., 2012; Liu,
2013; Wang et al., 2015). The Ulan Buh Desert Oasis comprises
mainly farmland and planted forests that act as shelterbelts. As an
important part of the Three-North Shelter Forest Program, the Ulan
BuhDesert Oasis plays an important role in promoting the economic
development of the Hetao region as well as reducing the frequency
and intensity of disasters associated with severe wind and sand
activity events. Over the years, many studies have been carried
out on the ecological effects of the shelterbelt (Hao, 2007; Luo
et al., 2019) and the microclimate (Aussenac, 2000; Jin et al.,
2017). However, there have been few systematic studies on the
annual characteristics of the microclimate and wind regime of the
different landscapes in the same region. There have been no
comparison studies because of lack of synchronous data from
different sites.

In this study, we collected meteorological data, including
temperature, relative humidity, and wind speed and direction
from Ulan Buh Desert, the oasis in the northeastern part of the
desert, and the desert–oasis transition zone. We conducted a
preliminary quantitative analysis of the differences between the
three landscapes in terms of microclimate and wind regime.

2 MATERIALS AND METHODS

2.1 Study Area
Ulan Buh Desert is a transition zone between the arid and
semiarid regions in northern China (Figure 1). It covers a
total area of about 1.0 × 104 km2. It has an elevation of
1,028–1,054 m and an elevation decrease in the direction of
Hetao Plain (Du et al., 2012). The region has a temperate
continental monsoon climate, which is under the effects of the
southeastern monsoon in summer and autumn and the control of
the Siberian–Mongolian cold anticyclone in winter and spring.
The main natural disasters in the study area are associated with
severe wind and sand activity events (Luo et al., 2019). The tower
in the desert has a distance of 14.55 km from that in the
desert–oasis, and the tower in the desert–oasis has a distance
of 2.85 km from that in the oasis. The desert mainly comprises
mobile and semi-fixed dunes. The desert–oasis ecotone comprises
fixed and semi-fixed dunes, which are dominated by Nitraria
tangutorum at a height of 1.2–3.6 m. The oasis area is protected
by a shelterbelt, which covers an area of 1,487.3 ha. The
shelterbelt is 32 m wide and comprises eight rows of trees.
Spacing of auxiliary and miniature forest belts is 98 and
398 m, respectively (Figure 2).

2.2 Data Acquisition
Meteorological data were simultaneously collected using
Windsonic two-dimensional ultrasonic wind speed and
direction sensors (1590-PK-020, Campbell, USA) and
temperature and humidity sensors (1590-PK-020, Campbell,
USA). The anemometer has a minimum detectable wind speed
of 0.01 m/s. Accuracy, operating range, and output resolution
are ±3°, 0–359°, and 1° for wind direction and ±2%, 0–60 m/s, and
0.01 m/s for wind speed, respectively.

The instruments were installed on three towers located in the
desert, desert–oasis, and oasis. The tower in the desert has a
distance of 14.55 km from that in the desert–oasis, and the tower
in the desert–oasis has a distance of 2.85 km from that in the
oasis. Measurements of temperature and relative humidity were
made at a height of 8 m. Wind speed and direction were
monitored at a height of 12 m. To ensure data quality, we
calibrated the instruments on the three towers simultaneously,
examined extreme data values, and verified the time consistency
of the non-conforming data. In this study, following the
conventional definition of seasons used by the meteorology
community in China (Zhu et al., 2005), March to May was
defined as spring, June to August as summer, September to
November as autumn, and December to February as winter.
The data were collected between January 1 and
31 December 2018.
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FIGURE 1 | Location of the study area.

FIGURE 2 | Map of three landscapes in the northeastern Ulan Buh Desert. (A) Desert area, (B) Desert-oasis ecotone, and (C) Oasis.
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2.3 Data Analysis
We used wind speed and direction and sandstorm frequency data,
which were available in 10-min units. Following Du et al. (2015),
months with the sand-driving wind (≥5 m/s) were identified, and
the average and maximum wind speeds were calculated for these
months. It is calculated as follows:

ut � upt

k
ln

z

z0
, (1)

where u*t is critical friction speed, k is Karman constant (0.4), z is
the height (2.0 m), and z0 is the dynamic roughness (3.265 ×
10−3 m).

We calculated the frequency and speed of sand-moving wind
from each of the 16 cardinal, intercardinal, and secondary
intercardinal directions (N, NNE, NE, ENE, E, ESE, SE, SSE, S,
SW, SSW,WSW,W,WNW, NW and NNW), and wind speed (V)
was classified into four categories including 5 m/s ≤ V < 7 m/s,
7 m/s ≤V < 9 m/s, 9 m/s ≤V < 11m/s, and V ≥ 11m/s. The results
were represented on sandstorm rose diagrams (Fan et al., 2006).

The sand drift potential (DP) is an important parameter
that reflects the potential sand transport capacity of a region
(An et al., 2018). It represents yearly total wind power and
therefore describes the potential maximum amount of sand
transport for each wind direction that includes values above
the threshold velocity, and it is in a vector unit (VU).
According to the calculation of the DP
equation proposed by Fryberger and Dean (1979), the DP
in different periods can be obtained. It is calculated as follows:

DP � V2(V − Vt)t, (2)
where DP is the sand transport potential or drift potential,
expressed in vector unit VU; V is the sand-driving wind speed
in knots (1 knot≈0.5 m/s); Vt is the critical sand-driving wind
speed in knots; t is the sand-driving wind time, which is the
duration of sand-driving wind observed during the observation
period as a percentage of the duration of the observation period.

Resultant drift potential (RDP) represents the net DP
(magnitude and direction) based on a summation of the DP
values in each compass direction. It is calculated as follows (Al-
Awadhi et al., 2005):

RDP � (C2 −D2)0.5, (3)
C � ∑(VV) sin(θ), (4)
D � ∑(VV) cos(θ), (5)

where VV represents the DP in each wind direction (in this
article, we grouped winds into 16 sand transport directions), in
vector units, and θ is the angle measured clockwise from 0 (north)
for the midpoint of each wind direction class.

The resultant drift direction (RDD) represents the direction in
which sand will be transported. It is calculated as follows (Al-
Awadhi et al., 2005):

RDD � arctan(C/D). (6)
Directional variability (RDP/DP) is the ratio of the resultant

drift potential (RDP) to the drift potential (DP). RDP/DP values

close to 1 indicate a narrowly unidirectional wind regime, with a
single dominant drift direction, whereas values close to 0 indicate
a multidirectional wind regime with multiple significant drift
directions.

According to DP values, the regional wind energy field was
classified as high (>400 VU), intermediate (200–400 VU), or low
(<200 VU). The directional variability index was also classified as
high (≥0.8), intermediate (0.3–0.8), or low (≤0.3) (Zhang et al.,
2011).

3 RESULTS

3.1 Annual Variations
For the desert, desert–oasis ecotone, and the oasis, the annual
average temperatures were 9.66, 9.38, and 9.14°C, respectively.
The annual average relative humidity was 40.07, 40.58, and
41.11%, respectively. The annual average wind speeds were
4.13, 3.88, and 2.60 m/s, respectively (Figure 3). The oasis
reduced the average annual temperature by 2.56%–5.38%,
increased the average relative humidity by 1.31%–2.57%,
and reduced the average annual wind speed by 32.99%–
37.05%. The annual temperature curves were similar in the
desert, desert–oasis, and oasis (Figure 3A). In July, the
temperature in the oasis was 0.38°C lower than that in the
desert and 1.17°C lower than that in the desert–oasis ecotone.
In January, the temperature in the oasis was 1.00°C higher than
that in the desert and 0.31°C higher than that in the
desert–oasis ecotone. The annual relative humidity curves
were similar in the three areas (Figure 3B). The relative
humidity was the highest in August and the lowest in
March. The three annual wind speed curves were similar in
the three areas (Figure 3C). The wind speed was the highest in
the desert (the annual average wind speed was 4.13 m/s) and
the lowest in the oasis (the annual average wind speed was
2.60 m/s). The differences between the three landscapes were
considerable in terms of wind speed but were small in terms of
air temperature and relative humidity. Monthly distributions
of air temperature and relative humidity are highly similar for
the three ecosystems monitored. However, wind speed in the
oasis is notably lower than in both desert-oasis and desert
systems.

The desert, desert–oasis ecotone, and the oasis were
dominated by westerly winds (W, WSW, SW, and SSW)
(Figure 4). In the desert, the main wind directions were SW
and SSW. In the desert–oasis ecotone, the main wind direction
was SW. The frequency of winds fromNEwas also relatively high,
but speeds were low (5–7 m/s). In the oasis, the main wind
directions were W and WNW. Wind direction was relatively
stable in the oasis and was variable in the desert and in the
desert–oasis ecotone.

Among the three landscapes, the drift potential (DP) was the
highest (231.87 VU) in the desert–oasis ecotone. This indicates
the presence of a low wind energy field (Figure 5). The resultant
drift potential (RDP) and resultant drift direction (RDD) were
97.21 VU and 104.33°, respectively. The directional variability
index (RDP/DP) was medium (0.40). Northwest and northeast
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were the dominant DP directions. DP in the NWwas the highest,
with a value of 115.74 VU, accounting for 49.92% of the annual
DP. The DP was the second highest in the desert, with a value of
228.45 VU, indicating the presence of a low wind energy field. In
the desert, the RDP was 92.65 VU, and RDD was 76.05°. The

RDP/DP was medium (0.43). There was more variability in the
direction of sediment transport in the desert than that in the
desert–oasis ecotone. In the desert, SW, WSW, W, and WNW
were the dominant DP directions. DP values were 35.15, 41.61,
47.18, and 28.52 VU, respectively, and collectively accounted for

FIGURE 3 | Monthly variations of (A) air temperature, (B) relative humidity, and (C) wind speed.

FIGURE 4 | Wind speed and direction rose chart for the (A) desert, (B) desert–oasis ecotone, and (C) oasis during the experimental period of time. The different
parts of wind rose represent the proportion of different wind speed segments in different directions.

FIGURE 5 | Sand drift potential for the (A) desert, (B) desert–oasis ecotone, and (C) oasis during the experimental period of time. The calculated resultant drift
potential (RDP) and resultant drift direction (RDD) are shown in black arrow.
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66.74% of the annual DP. The DP was the lowest in the oasis, with
a value of 61.85 VU, indicating the presence of a low wind energy
field. In the oasis, the RDP was 38.04 VU and RDD was 92.97°.
The RDP/DP was medium (0.61). There was little variability in
the direction of sediment transport; W and WNW were the
dominant DP directions.

3.2 Seasonal Variations
For all three landscapes, average temperatures were the highest in
summer, second highest in spring, and the third highest in autumn.
The lowest average temperature was in winter. The average
temperature was the highest in the desert–oasis ecotone and the
second highest in the desert. The lowest average temperature was in
the oasis. The difference between the average temperature in the
desert–oasis ecotone and that in the desert was small (Figure 6). For
all three landscapes, average relative humidity was the highest in
summer, second highest in autumn, and third highest in winter. The
lowest average relative humidity was in spring. The average relative
humiditywas the highest in the oasis and second highest in the desert.
The lowest average relative humidity was in the desert–oasis ecotone.
The difference between the relative humidity in the desert–oasis
ecotone and that of the desert was small. There were large differences
between the average wind speeds associated with the three
landscapes. For each season, the average wind speed was the
highest in the desert, the second highest in the desert–oasis
ecotone, and the lowest in the oasis. For the three landscapes,
average wind speeds were the highest in spring. In the desert and
the desert–oasis ecotone, average wind speeds were the second
highest in winter, the third highest in summer, and the lowest in
autumn. In the oasis, the average wind speed was the second highest
in winter, the third highest in autumn, and the lowest in summer. The
summer lush vegetation weakens the wind. As a result, the average
wind speed in summer is lower than that in autumn.

In the desert, seasonal variations were observed in DP. The DP
and RDP in spring were considerably higher (67.68 VU and
35.34 VU, respectively) than those in other seasons (Figure 7). In

spring, the RDDwas 104.40° (ESE) and the RDP/DP was medium
(0.52). In autumn, the DP and RDP were the second highest
(62.12 VU and 33.82 VU, respectively), the RDD was 63.15°

(ENE), and the RDP/DP was medium (0.54). In winter, DP and
RDP were 53.34 VU and 27.42 VU, respectively, the RDD was
68.35° (ENE), and the RDP/DP was medium (0.51). In summer,
the DP and RDP were the lowest (45.30 VU and 8.16 VU,
respectively), the RDD is 33.17° (NNE), and the RDP/DP was
low (0.18).

In the study area, the average wind speed is relatively high in
spring (Figure 5). Relatively high wind speed, low precipitation,
melting of frozen surface soil, surface exposure, and the combined
action of multiple factors create favorable dynamic conditions and
abundant sand sources for surface sand migration in spring. As a
result, sandstorm activity in the study area is the highest in spring.

In the desert–oasis, seasonal variations were observed in DP.
In the desert–oasis ecotone, the DP and RDP in spring were
considerably higher (81.81 VU and 36.78 VU, respectively) than
those in other seasons (Figure 8). In spring, the RDD was 131.55°

(SE) and the RDP/DP was medium (0.45) and the DP and RDP in
the autumn (56.37 VU and 34.53 VU, respectively) were the
second highest. In autumn, the RDD was 90.17° (E) and the RDP/
DP was medium (0.61). In winter, DP and RDP were 52.89 VU
and 27.71 VU, respectively, the RDD was 104.33° (ESE), and the
RDP/DP was medium (0.52). In summer, the DP and RDP were
the lowest (40.80 VU and 0.19 VU, respectively), the RDD was
10.79° (NNE), and the RDP/DP was low (0.00).

In the oasis, DP was the highest in winter, second highest in
autumn, third highest in spring, and lowest in summer
(Figure 9). In winter, the DP and RDP were 19.70 VU and
11.12 VU, respectively, the RDD was 83.56° (E), and the RDP/DP
was medium (0.57). In autumn, the DP and RDP were 18.26 VU
and 13.25 VU, respectively, the RDD was 86.85° (E), and the
RDP/DP was medium (0.73). In spring, the DP and RDP were
17.94 VU and 11.94 VU, respectively, the RDD was 108.32° (ESE)
and the RDP/DP was medium (0.67). In summer, the DP and

FIGURE 6 | Seasonal variations of (A) air temperature, (B) relative humidity, and (C) wind speed.
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FIGURE 7 | Drift potential in the desert in (A) spring, (B) summer, (C) autumn, and (D) winter. The calculated resultant drift potential (RDP) and resultant drift
direction (RDD) are shown in black arrow.

FIGURE 8 | Drift potential in the desert–oasis ecotone in (A) spring, (B) summer, (C) autumn, and (D) winter. The calculated resultant drift potential (RDP) and
resultant drift direction (RDD) are shown in black arrow.

Frontiers in Environmental Science | www.frontiersin.org July 2022 | Volume 10 | Article 9397397

Luo et al. Sand Control in Desert Regions

125

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


RDPwere 5.96 VU and 2.32 VU, respectively, the RDDwas 83.57°

(E) and the RDP/DP was medium (0.39).
In the desert and desert–oasis ecotone, DP was the highest in

spring, second highest in autumn, third highest in winter, and lowest
in summer. In the oasis, DP was the highest in winter, second highest
in autumn, third highest in spring, and lowest in summer. In the
desert, the dominant DP direction shifted over the seasons It was ESE
in spring, NNE in summer, ENE in autumn, and ENE in winter. In
the desert–oasis ecotone, the dominant DP direction also shifted over
the seasons. It was SE in spring, NNE in summer, E in autumn, and
ESE in winter. In the oasis, the dominant DP direction was ESE in
spring and remained E throughout summer, autumn, and winter.
Our results indicate complex variations in the dominant sediment
transport directions in the desert and desert–oasis ecotone. Variations
in the dominant sediment transport direction in the oasis are less
complex and are associated with the seasons. The oasis is primarily
threatened by sandstorms from the south-southeast in spring.

4 DISCUSSION

In this study, we analyzed meteorological data obtained
simultaneously at three observation sites located in the desert, the
desert–oasis ecotone, and the oasis to improve our understanding of
atmospheric circulation. The three sites differ in terms of terrain and
thermal characteristics. Therefore, we also found differences in terms
of local meteorological elements, including wind speed and direction.
Our results show that microclimate and wind regime vary with
landscapes.

The sand drift potential reflected the ability of sand transport
by wind in a certain period. It is an important measure of the

intensity of regional sand activity and aeolian landform evolution
(Fryberger and Dean, 1979). There are complex interactions and
feedback mechanisms between sand activity and landscapes (Mao
et al., 2017). Factors such as atmospheric circulation, landscape,
and topography result in considerable variations between wind
regimes of different regions. The wind regime is an important
determinant of the characteristics of aeolian landforms (Zu et al.,
2005). Knowledge of the wind regime is essential for estimating
the intensity and regularity of sand activity and formulating
measures to prevent and control sandstorm damage. Because
wind speed is greatly reduced by the blocking effect of the tall
trees and crops in the oasis, the average monthly wind speed in
the oasis is much lower than that in the desert and desert–oasis
ecotone (Mao et al., 2017). Differences in wind speed in the three
landscapes result in considerable differences in the drift potential.
Wind frequency and drift potential are the highest in the desert
and desert–oasis ecotone, where there are medium wind energy
fields. Drift potential is the lowest in the oasis, where there is a low
wind energy field. Similar characteristics were found in the wind
dynamic environment between the typical surface in the
Dunhuang. Due to the difference of wind speed, the sand
transport potential of desert, oasis, and Gobi is significantly
different. Gobi has the highest sand-driving wind frequency
and sand transport potential and belongs to the high wind
energy field. The desert and oasis have lower sand transport
potential than the Gobi and belong to the low wind energy field.

In the desert and desert–oasis ecotone, wind and drift
potential are higher in spring and autumn. In the oasis, wind
and drift potential are higher in spring, autumn, and winter. In
the desert and the desert–oasis ecotone, the drift potential is the
highest in spring. In the oasis, the drift potential is the highest in

FIGURE 9 |Drift potential in the oasis in (A) spring, (B) summer, (C) autumn, and (D)winter. The calculated resultant drift potential (RDP) and resultant drift direction
(RDD) are shown in black arrow.
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winter; the difference between the drift potential in winter and
that in spring is small. Therefore, it is necessary to implement
measures to prevent and control sandstorms in spring in the
study area.

Differences in surface vegetation types, vegetation coverage,
topography, water distribution, surface soil composition, and
seasonal variations result in considerable differences between the
climate in the desert and the climate in the oasis (Zhu et al., 2005; Yu
et al., 2020). Vegetation improves the local microclimate in deserts
and has a positive impact on regional climate regulation (Pan et al.,
2004; Shi et al., 2015). The effects of desert plant species on
microclimate vary and can include cooling, humidification, and
windbreaking (Pang et al., 2011). The oasis in northeastern Ulan
Buh Desert reduced the average annual temperature and wind speed
by 2.56%–5.38% and 32.99%–37.05%, respectively, and increased the
average annual relative humidity by 1.31%–2.57%. The shelterbelt
clearly improved the local microclimate by reducing the temperature
and increasing the humidity in the oasis (Hu et al., 1992; Zhang et al.,
1996). Our results show the positive effects of oasis shelterbelts in
regulating microclimate include cooling, humidifying, and reducing
wind speed. Oasis shelterbelts support the sustainable development of
oases. Heat is transferred from the ground to the atmospheric
boundary layer via radiation, turbulence, convection, and latent
heat transfer. Vegetation absorbs and reflects solar radiation and
reduces atmospheric heating and air temperature. Transpiration and
the shading effect of plants result in lower temperature and higher
humidity in the oasis and contribute toward the cold island effect of
oases (Du et al., 2015). The tall shelterbelt blocks airflow and leads to
lower wind speed in the oasis.

The difference in landscape between the desert and the oasis results
in strong local atmospheric circulations and interactions (Zuo andHu
1994). In northeasternUlan BuhDesert, there are also local exchanges
of water and heat between the desert and the oasis. Vegetation cover
and soil moisture are the main factors affecting the difference in
microclimate between the oasis and the desert (Lv et al., 2005).
Therefore, to improve the microclimate, ensure agricultural
productivity, and protect human health, vegetation coverage
should be increased, in both natural and planted vegetation. If
conditions permit, measures to reduce the amount of water used
in agricultural irrigation can be strengthened to improve the
microclimate and ensure agricultural productivity in the oasis.

Studies of the characteristics of sand activity in different regions in
northern China and their relationships with aeolian landform
formation can provide a theoretical basis for the evaluation of
future sand activity intensity. The findings contribute to the field
of aeolian landform research and provide reference information that
can be used to design measures to control sandstorm hazards in
different areas. To evaluate the intensity of regional surface sand
activity, we need to analyze field observations of wind and sand
activity in addition to wind speed and direction data.

5 CONCLUSION

1) The annual temperature curves were similar between the
desert, desert–oasis, and oasis. Similarity in the annual
relative humidity and wind speed curves was also found

between the three sites. The oasis reduced average annual
temperature and wind speed by 2.56%–5.38% and 32.99%–
37.05%, respectively, and increased the average annual relative
humidity by 1.31%–2.57%.

2) The desert, desert–oasis ecotone, and oasis were dominated by
westerly winds. Wind direction was relatively stable in the
oasis and was variable in the desert and in the desert–oasis
ecotone.

3) There were large differences between the annual drift
potential of the three landscapes. There were
intermediate wind energy fields in the desert and the
desert–oasis ecotone and a low wind energy field in the
oasis. In the desert–oasis ecotone, drift potential (DP),
resultant drift potential (RDP), and resultant drift
direction (RDD) were 231.87 VU, 97.21 VU, and
104.33°, respectively. In the desert, DP was 228.45 VU,
RDP was 92.65 VU, and RDD was 76.05°. In the oasis, the
DP was 61.85 VU, RDP was 38.04 VU, and RDD was
92.97°.

4) In the desert and the desert–oasis ecotone, sand transport
potential was the highest in spring, second highest in autumn,
third highest in winter, and lowest in summer. In the oasis, it
was the highest in winter, second highest in autumn, third
highest in spring, and lowest in summer. There are complex
variations in the dominant sediment transport directions in
the desert and desert–oasis ecotone in the study area.
Variations in the dominant sediment transport direction in
the oasis are less complex and are associated with the seasons.
The oasis is primarily threatened by sandstorms from the
south-southeast in spring.
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Soil Seed Bank Characteristics of
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Understanding soil seed banks (SSBs) of Nitraria tangutorum nebkhas is critical for
vegetation restoration and ecological management in desert–oasis ecotones. In this
study, we conducted a survey in the field and a seed germination experiment in the
laboratory to investigate the characteristics of SSB in different sizes and parts of nebkhas
and to examine their relationship with aboveground vegetation. The results showed that
there were 17 species of plants in six families in the SSB of Nitraria tangutorum nebkhas in
a desert–oasis ecotone, dominated by Chenopodiaceae. The life forms weremainly annual
herbs, accounting for 58.82%–71.43%. The number of species in the SSB were in the
order of large nebkha > medium nebkha > small nebkha, and there was no significant
difference in SSB density. However, SSB densities in different parts of each nebkha were in
the order bottom > middle > top. The densities were significantly different and showed a
decreasing trend as soil depth increased. Most of the plant seeds were distributed in the
0–5 cm soil layer. The similarity coefficient between the SSB of each nebkha and the
aboveground vegetation was high. From the bottom to the top, the number of common
species and similarity coefficient between the aboveground vegetation and the SSB
decreased, and the number of species in the SSB was greater than that of the
aboveground vegetation. Vegetation plays a decisive role in the initial development of a
nebkha. When the nebkha develops to a certain extent, it reacts to the vegetation, thereby
intensifying the differences in the composition of vegetation species in different parts of the
nebkha and further affecting the SSB.

Keywords: Nitraria tangutorum nebkhas, soil seed bank, spatial distribution, aboveground vegetation, desert–oasis
ecotone

1 INTRODUCTION

The term soil seed bank (SSB) refers to the sum of all viable seeds present on and in the soil (Roberts,
1981). As a potential population, it provides provenance for plant species renewal, community
succession, and dispersal processes (Bakker et al., 1996; Zhang et al., 2021b). SSBs are fundamental to
the process of plant population settlement, survival, reproduction, and diffusion. They play an
important role in reshaping and maintaining biodiversity and can indicate the vegetation on the
ground (Bakker et al., 1996; Peterson and Baldwin, 2004; Schwienbacher et al., 2010; He et al., 2018).
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For this reason, analyzing the regularity and succession of
vegetation growth and development in SSBs is a critical
component of vegetation reconstruction and restoration
studies (Yang et al., 2010).

Nebkhas are aeolian landforms produced by sand deposited
near to and obstructed by shrubs, and their development is
mainly affected by plants, aeolian sand deposition, and
hydrogeological conditions (Li and Ravi, 2018). In China,
nebkhas are widely distributed in desert–oasis ecotones, desert
steppe marginal zones, interlaced agricultural–pastoral zones,
and other regions (Wang et al., 2006). Natural factors and
human activities interfere with their formation and
development to a large extent, and their appearance has a
great impact on the ecological environment (Tengberg and
Chen, 1998; Langford, 2000; Li and Ravi, 2018). A large
number of Nitraria tangutorum thickets grow in the transition
zone between the desert oases in the northeastern part of the Ulan
Buh Desert, and nebkhas of different sizes are formed by the
annual accumulation of sand. These form a natural “sand
prevention wall” around the desert oasis, effectively preventing
quicksand from invading the ecological environment of the oasis
and playing a positive role in the stability of its environment
(Dang et al., 2019). As important sand-fixing vegetation in the
transition zone of desert oases, N. tangutorum shrub
communities, however, have gradually declined, and some
parts have even been activated and disintegrated (Xu et al.,
2008a). This has greatly weakened the ecological function of
the community, increased the vulnerability of the oasis, and
jeopardized associated industrial and agricultural production
of the oasis (Jia et al., 2002).

There has been considerable research into the development
and evolution of nebkhas: morphological changes, soil
physicochemical properties, vegetation biomass predictions,
reasons for vegetation degradation, restoration techniques,
conservation measures, and wind erosion (Zhang et al., 2021a;
Abdurimithi and Yusuf, 2016; Du et al., 2010; Li et al., 2010).
However, a majority of these studies have ignored the ecological
function of nebkhas. Additionally, studies of species composition
and size, species diversity characteristics, spatial distribution
characteristics, and plant succession of the underground SSB
of potential plant provenance on the horizontal scale of N.
tangutorum nebkhas are also limited. Here, we examined a
suite of N. tangutorum nebkhas with different sizes in the field
and conducted seed germination experiments in the laboratory to
analyze the characteristics of SSB and their relationship with
aboveground vegetation. The goal of this study is to reveal the
relationship between SSBs and the establishment, evolution, and
degradation of nebkhas in a desert–oasis ecotone, which is critical
for vegetation restoration and land degradation prevention in
desert areas.

2 MATERIALS AND METHODS

2.1 Study Area
The study area was located in the northeastern part of the Ulan
Buh Desert (40°18′–40°30′, 106°34′–106°58′ E), Inner Mongolia,

northern China, which is a transition zone from steppe desert to
desert steppe. It has a temperate continental monsoon climate,
with an annual average temperature of 7.6°C and annual
precipitation of 100–145 mm. About 80% of the annual
precipitation occurs from July to September. Strong
northwestern winds are common in spring and winter seasons.
In the study area, brown calcium and gray desert soils with
quicksand are common. Native vegetation in the study area is
dominated by communities of N. tangutorum, which exist in the
form of nebkhas. The height of nebkhas ranges from
approximately 1 to 3 m. The nebkhas are moderately dynamic
and advance from west to east at a speed of 3–5 m every year. The
nebkhas are characterized by mixed species with three to eight
species per 1 m2. The plant communities have a height of
34–74 cm and cover 25–80% of the dune surface. A total of
22 species of plants were identified in the study area, belonging to
six families and 18 genera. More information about vegetation
species composition in the study area is listed in Table 1.

2.2 Methods
2.2.1 Experimental Setup and Vegetation Survey
In April 2021, a continuous distribution of N. tangutorum in the
northeastern part of the Ulan Buh Desert, covering an area of
1 km2, was selected as the experimental quadrat. We randomly
surveyed 100N. tangutorum nebkhas in the quadrat. The nebkhas
selected were classified based on the height of the nebkhas into
large (height >1.5 m), medium (1 m < height <1.5 m), and small
(height <1 m). We also selected nine similar typical nebkhas from
each of the three types for a vegetation survey and SSB sampling,
which yielded a total of 27 nebkhas surveyed (Table 2).

The height, volume, long axis, short axis, slope, vegetation
coverage, and vegetation height of these nebkhas were measured.
Nine 50 cm × 50 cm sampling points were set up at the bottom,
middle, and top of each nebkha in the four directions (east, west,
south, and north), and the composition and quantity of
aboveground plant species were investigated. Among them,
vegetation survey was not carried out in the middle of the
small nebkha (Figure 1; Table 2).

2.2.2 Soil Sampling and Greenhouse Experiment
A metal soil sampler (8 cm in diameter) was used to collect soil
samples at depths of 0–10 cm (divided into two layers: 0–5 cm,
5–10 cm) in the center of the bottom, middle, and top of each
nebkha. A total of 486 soil samples were collected and brought to
the laboratory for further analysis.

The seed bank density and species composition were
determined by the indoor seed germination method. The
germination test was carried out at the Inner Mongolia
Dengkou Desert Ecosystem National Observation Research
Station in May 2021. Soil samples for the seed bank
determination were placed on 30 cm × 20 cm sample trays
at room temperature. Non-soil components were removed
(e.g., residual roots and animal and plant debris), and
sufficient water was added to keep the soil moisture. The
types and number of seeds germinating in each soil sample
were recorded daily. After the species were identified, we
moved the germinated but unidentified seedlings to pots
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and placed them at a certain depth until they were identified
and removed, as their root systems were too long to fit in the
sample tray. This avoided distortion of the accuracy of the

experimental results compared with the seedlings of desert
vegetation. The germination culture continued for 2 months
(Table 2).

TABLE 1 | Vegetation species composition in the study area.

Life form Species Genus Family

Annual herb Bassia dasyphylla Bassia Chenopodiaceae
Salsola collina Salsola Chenopodiaceae
Agriophyllum squarrosum Agriophyllum Chenopodiaceae
Corispermum patelliforme Corispermum Chenopodiaceae
Corispermum candelabrum Corispermum Chenopodiaceae
Corispermum stauntonii Corispermum Chenopodiaceae
Corispermum declinatum Corispermum Chenopodiaceae
Halogeton glomeratus Halogeton Chenopodiaceae
Aristida adscensionis Aristida Poaceae
Setaria viridis Setaria Poaceae
Eragrostis pilosa Eragrostis Poaceae
Echinops gmelinii Echinops Compositae

Perennial herb Psammochloa villosa Psammochloa Poaceae
Pugionium cornutum Pugionium Cruciferae
Scorzonera divaricata Scorzonera Compositae
Inula salsoloides Inula Compositae
Phragmites australis Phragmites Poaceae

Shrub Artemisia ordosica Artemisia Compositae
Artemisia sphaerocephala Artemisia Compositae
Nitraria tangutorum Nitraria Zygophyllaceae
Haloxylon ammodendron Haloxylon Chenopodiaceae
Reaumuria soongorica Reaumuria Tamaricaceae

TABLE 2 | Characteristics of the nebkhas measured in this studya.

Nebkha classification Volume (m3) Height (m) Major axis (m) Minor axis (m) Plant height (cm) Number of vegetation
survey samples

Number
of soil samples

Large (n = 9) 1.75 (0.4) 0.44 (0.4) 3.35 (1.1) 3.08 (1.1) 50.64 (0.3) 81 162
Medium (n = 9) 17.45 (0.2) 1.18 (0.5) 7.41 (0.8) 5.94 (0.9) 52.34 (0.3) 81 162
Small (n = 9) 48.25 (0.3) 1.95 (0.6) 9.32 (1.2) 7.95 (1.2) 62.74 (0.4) 45 162

aValues are means and standard deviations in parentheses.

FIGURE 1 | Schematic diagram of sampling sites in Nitraria tangutorum nebkhas. ① West bottom, ② West middle, ③ Top, ④ East middle, ⑤ East bottom, ⑥
South middle, ⑦ South bottom, ⑧ North middle, ⑨ North bottom.
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2.3 Data Analysis
In this study, the density of an SSB was expressed by the number
of viable seeds per unit area of soil, obtained by converting the
seeds in the sampling area into the number of 1 m2. The counted
plants were divided into four types: annual herbs, perennial herbs,
shrubs, and trees, and the percentage of each type of species in the
total number of species was calculated separately. The Margalef
richness index, Simpson diversity index, Shannon–Wiener
diversity index, and Pielou evenness index were used to
describe the characteristics of species diversity (Jia et al.,
2017), and the Jaccard similarity coefficient was used to
characterize the similarity of species (Jaccard, 1908) as follows:

Margalef richness index:

R � (S − 1)/lnN .

Simpson diversity index:

H � 1 −∑S
i�1
Pi2.

Shannon–Wiener diversity index:

D � −∑S
i�1
(Pi)lnPi.

Pielou evenness index:

E � D/lnS.
Jaccard similarity coefficient:

Cj � j
a + b − j

.

Here, S is the total number of species in the aboveground
vegetation or SSB; N is the number of plants or SSBs of the
total species; Pi is the ratio of the number of SSBs or plants of the
ith species to the total number of all species; a is the total number
of species in SSB; b is the total number of species in aboveground
vegetation; and j is the number of species common to SSB and
aboveground vegetation.

Soil seed bank density at different locations of the nebkhas was
analyzed using the one-way analysis of variance (ANOVA) with a
significant level at 0.05. Finally, correlation analyses were
performed to reveal the relationship between the
characteristics of nebkha, plant species, and SSB.

3 RESULTS

3.1 Species Composition and Floristic
Compositions of Soil Seed Banks
A total of 17 plant species in six families were identified through
the seed germination test. Among them, the family of
Chenopodiaceae comprised the largest proportion, with seven
species accounting for 41.18% of the total species. There were five
species in the family of Compositae, accounting for 29.14% of the
total species. Species in the families of Poaceae and Cruciferae
account for 11.77% and 5.88% of the total species, respectively. It

should be noted that the study area is not suitable for trees.Ulmus
pumila seeds are likely carried by the wind in a farm shelter 3 km
away from the study area.

There were 17, 16, and 12 species of plants at the bottom,
middle, and top of the large nebkhas, respectively. There were 16,
16, and 13 species of plants at the bottom, middle, and top of the
medium nebkhas, respectively. For small nebkhas, we found 14,
14, and 15 species of plants at the bottom, middle, and top,
respectively. It was clear that the larger the nebkha, the fewer the
SSB species at the top. The SSB density of companion species such
as Bassia dasyphylla, Salsola collina, and Agriophyllum
squarrosum was relatively large. In addition, the seeds of
Halogeton glomeratus, Pugionium cornutum, Psammochloa
villosa, and Scorzonera divaricata were only present at the
bottom and in the middle of the nebkhas.

We did not find notable difference of life forms in the SSBs of
different nebkhas (Figure 2). Irrespective of the nebkha size, the
proportion of annual herbs was the highest (58.82%–71.43%),
followed by shrubs (17.65%–23.08%), perennial herbs (0%–
17.65%), and trees (0%–5.88%). Similar to nebkhas with
different sizes, SSBs in nebkhas with the same size category
but different location are also dominated by annual herbs, and
the proportion generally increased from the bottom to the top of
the dunes, except for the small nebkhas.

3.2 Spatial Distribution of Soil Seed Bank
3.2.1 Horizontal Distribution Characteristics
The SSB density at the bottom of large and medium nebkha sites
was higher than that at the top (p < 0.05). The SSB density
between the middle and top locations of the nebkhas was not
statistically significant, regardless the size of the nebkhas. We did
not observe consistent patterns of SSB density for the same
relative locations of the nebkhas with various sizes (Figure 3).

3.2.2 Vertical Distribution Characteristics
The number of species in the top 5 cm of the soil profile fell in the
range of 6–14, with a general trend that bottom parts of the nebkhas
have a higher number of species than those of the top ones (Table 3).
A similar pattern was found for the SSB at a deeper soil profile
(5–10 cm), with the largest number of species of 16 found at the
bottom of the large nebkhas and the smallest number of species of
seven found at the top of both large and small nebkhas.

Most plant seeds were distributed in the 0–5 cm soil layer
(Figure 4). The average SSB density in the 0–5 cm and 5–10 cm
soil layers was medium nebkha > large nebkha > small nebkha,
and the difference between the three types of nebkha was not
significant (p > 0.05). In the range of 0–10 cm soil layer, the SSB
density at the bottom of large, medium, and small nebkha sites
was higher than that at the top (p < 0.05). We did not detect a
consistent pattern of SSB density between the top 5 cm and
5–10 cm of the soil profiles, regardless of the size of the nebkhas.

3.3 Relationship Between Soil Seed Bank
and Aboveground Vegetation
The survey found 14 species of aboveground vegetation in N.
tangutorum nebkhas, belonging to 5 families and 12 genera.
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Among them, Chenopodiaceae accounted for the largest
proportion with six species, accounting for 42.86% of the total
species. In addition, Compositae (four species), Poaceae (two
species), Cruciferae (one species), and Tribulus (one species)
accounted for 28.57%, 14.29%, 7.14%, and 7.14% of the total
species, respectively. In general, SSBs in nebkhas are similar to the
number of aboveground vegetation species (Table 4).

The vegetation survey also showed that at the bottom of the
nebkhas, the number of aboveground vegetation species is the
highest, followed by middle and then top, regardless of the size of
the nebkhas (Table 5). A similar pattern was found for the
commonly owned species at different locations of the nebkhas.
Overall, we found some strong similarities for the bottom of the
nebkhas for all the nebkhas we measured.

In all parts of the nebkhas, the number of species in the SSB
was more than that of the aboveground vegetation. N.
tangutorum, Bassia dasyphylla, and Salsola collina appeared
both on the ground and in the soil. Some species appeared
only in the SSB and did not appear in the aboveground
vegetation, such as Corispermum patelliforme, C. candelabrum,
C. stauntonii, Aristida adscensionis, Pugionium cornutum,
Psammochloa villosa, Scorzonera divaricate, and Artemisia

ordosica (Table 5). The Jaccard similarity coefficients between
the SSB and the aboveground vegetation species of different types
of nebkha were 0.82 (large nebkha) > 0.56 (medium nebkha) >
0.50 (small nebkha) (Table 4). In addition, the difference of the
Jaccard similarity coefficient between different parts of large
nebkha and medium nebkha was obvious (range: 0.23–0.52),
while the difference between the top and bottom of small nebkha
was only 0.038. From the bottom to the top of the nebkhas, the
number of common species and similarity between the
aboveground vegetation and the SSB showed a decreasing
trend (Table 5).

3.4 Influence of Morphological
Characteristics of N. tangutorum Nebkhas
on Vegetation and Soil Seed Bank
This study used the Pearsonmethod to analyze the morphological
parameters, vegetation, and SSB parameters of 27 N. tangutorum
nebkhas (Table 6). There were significant differences in the
volume, height, long axis, and short axis of different nebkhas
(p < 0.05). There were different degrees of correlation between the
morphological parameters of N. tangutorum nebkhas and

FIGURE 2 | Life forms of soil seed banks in Nitraria tangutorum nebkhas. (A) Comparison of life forms of soil seed banks in large, medium and small nebkha. (B–D)
Comparison of the life forms of soil seed banks at the top, middle and bottom of the large, medium and small nebkha.
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vegetation parameters. The species number in the SSB at the top
of the nebkhas was significantly negatively correlated with the
volume, height, long axis, short axis, and slope of the nebkhas (p <
0.01). There was a significant positive correlation between the
vegetation coverage of a nebkha and its volume, long-axis slope,
and short-axis slope (p < 0.05). The number of vegetation species
of a nebkha had a strong and significant positive correlation with
the nebkha volume, height, long axis, short axis, long-axis slope,
and plant height (p < 0.05). It was shown that the morphological

parameters of N. tangutorum nebkhas affected the plant height,
the number of species in the nebkha vegetation, and the number
of species in the SSB at the top of a nebkha. Vegetation plays a
decisive role in the initial development of a nebkha. When the
nebkha develops to a certain extent, it will react to the vegetation,
thereby intensifying the differences in the composition of
vegetation species in its different parts and further affecting
the SSB.

4 DISCUSSION

We found that annual herbaceous plants, primarily Bassia
dasyphylla, Salsola collina, Agriophyllum squarrosum, and
Aristida adscensionis, accounted for the largest proportion of
species on nebkhas in a desert–oasis ecotone in northwestern
China. This finding was consistent with the studies of SSBs in the
Alxa Desert region (Zeng et al., 2003), the central desert of the
Hexi Corridor (Lu et al., 2019), and the Gurbantunggut Desert
(Zhang and Li, 2018), which also reported that the species life

FIGURE 3 | Soil seed bank density (grain/m2) in Nitraria tangutorum nebkhas. The letters in the figure indicate significant differences (p < 0.05). (A–C) Comparison
of soil seed bank density in different parts of the same size nebkha. (D–F) Comparison of soil seed bank density of different nebkhas in the same place.

TABLE 3 | Vertical distribution of soil seed banks (number of species) in Nitraria
tangutorum nebkhas.

Nebkha type Soil depth Bottom Middle Top

Large 0–5 cm 14 14 6
5–10 cm 16 14 7

Medium 0–5 cm 14 15 13
5–10 cm 12 14 11

Small 0–5 cm 13 14 12
5–10 cm 12 11 7
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FIGURE 4 | Soil seed bank density at different soil depths. The letters in the figure indicate significant differences (p < 0.05). (A) Comparison of soil seed bank
density in large, medium and small nebkha. (B–D)Comparison of soil seed bank density at the top, middle and bottom of the large, medium and small nebkha at different
soil depths.

TABLE 4 | Similarity of soil seed bank (SSB) and aboveground vegetation in Nitraria tangutorum nebkhas.

Nebkhas type Number of aboveground
vegetation species

Number
of SSB species

Commonly owned species Jaccard
similarity coefficient

Large s 17 14 0.82
Medium 9 16 9 0.56
Small 9 15 8 0.50

TABLE 5 | Similarity between soil seed bank (SSB) and aboveground vegetation in different parts of nebkhas.

Nebkha type Position Number of
aboveground vegetation

species

Number of
SSB species

Commonly owned
species

Jaccard similarity
coefficient

large Bottom 14 16 13 0.88
Middle 11 17 11 0.65
Top 5 12 5 0.42

Medium Bottom 12 16 12 0.75
Middle 9 16 8 0.47
Top 3 13 3 0.23

Small Bottom 9 14 8 0.53
Top 7 15 8 0.57
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forms were mainly annual herbs. This is not surprising as annuals
have strong drought tolerance and larger niche breadth (Jia et al.,
2017). Additionally, the rainfall in our study area was low and
mostly concentrated in July–September, allowing most annual
herbs to complete their entire life cycle during this period and to
produce a large number of seeds.

In this study, the SSB density is relatively high and is consistent
with studies conducted in a South American warm desert (Luis
et al., 1998) and a desert–oasis marginal zone in middle reaches of
Heihe River, China (Li and Fang, 2008). The density of SSB plants
is different from the SSB density observed in other arid and
extremely arid deserts (Yu et al., 2015; Zhang and Li, 2018;
Hadinezhad, et al., 2021). This difference may be caused by the
fact that nebkhas, with various shrub species, increase buried seeds
in soil by directly trapping seeds or by indirect mechanisms
through an intermediary animal or plant species (Giladi et al.,
2013). More importantly, abiotic factors such as wind regime,
landform, and soil condition also affected SSB density (Chambers
and MacMahon, 1994). There were also significant differences in
the spatial distribution patterns of SSB in different nebkha sites
because of the strong habitat heterogeneity in the study area.
Previous studies have shown that at the bottom of nebkhas, the
light intensity is relatively weak, the soil water storage capacity is
relatively strong, and thus soilmoisture and nutrient conditions are
better, which favor seed germination, survival, and establishment
of plants (Xu et al., 2008b; Liu et al., 2011; Wang, 2021). However,
compared with the middle and bottom of nebkhas, the light
intensity is higher at the top, and the plants cannot obtain the
soil moisture and nutrients needed for their growth, so there are
relatively few species. Likewise, in the southern margin of the
Gurbantunggut Desert, the density of each dune slope was found to
decrease in sequence at the bottom, lower middle, upper middle,
and top (Jia et al., 2017). Plant seeds generally fall on the soil surface
or enter the surface layer after they mature, and only a small
proportion enter deeper soil layers as a result of wind erosion and
sand burial (Yang et al., 2016; Liu et al., 2021).

The study area is located in a windy desert area, and a majority
of the windy conditions occur in spring (Cui et al., 2010; Gao

et al., 2014). When the wind passes through the nebkhas, areas of
low wind speed form in the lower-middle parts of the nebkhas
because of the influence of the shrubs on the wind–sand flow.
When the wind speed decreases, the ability of the wind–sand flow
to carry seeds decreases, so that more seeds will accumulate in the
lower-middle parts (Qian et al., 2016; Ma et al., 2021).
Consequently, at the bottom of nebkhas, the SSB density in
the surface layer is relatively high. Due to the fluctuation of
nebkha height, soil moisture, light radiation, soil nutrients, and
sand buried by wind erosion would change slightly in small local
areas (Jia et al., 2021); at the bottom of nebkhas, wind erosion was
not too severe. More plant litter accumulates, which reduces the
loss of soil water and nutrients (Shao et al., 2001; Haas, 2004), and
the increase in soil fertility improves vegetation growth, resulting
in an increase in the number of species in aboveground vegetation
(Zhang et al., 2006; Hadinezhad et al., 2021).

Previous studies have shown that in desert regions, more than
one-half of all species were found in SSB as well as in the
aboveground vegetation (Ma, et al., 2015; Teng et al., 2020; Lv
et al., 2021). In this study, 14 species appeared both in the
aboveground vegetation and in the SSB, three species appeared
only in the SSB, and no species appeared only in the aboveground
vegetation. These observations were similar to those reported in a
previous study (Teng et al., 2020). The main reason for this was
that the study area was located in the transition zone of desert and
oasis and there were few plant species, which increased the
probability of the same species appearing both in SSB and in
aboveground vegetation in the different parts of the nebkhas.
Bassia dasyphylla, Salsola collina, and N. tangutorum appeared
in the aboveground vegetation and SSB. Thus, B. dasyphylla and S.
collina could be the dominant species on nebkhas because their
reproductive ability was very strong. In addition to seed
germination, the main propagation method of N. tangutorum,
as a constructive species in this area, is to bury its own branches by
intercepting sand by itself and carrying out clonal propagation with
branches or root tillers under suitable water and heat conditions.

The succession process of N. tangutorum nebkhas is strongly
related to the process of plant growth, development, and change.

TABLE 6 | Correlation analysis of nebkha, vegetation, and soil seed bank (SSB) parameters in Nitraria tangutorum nebkhas.

Volume Height Major
axis

Minor
axis

Horizontal
scale

Long-
axis
slope

Short-
axis
slope

Vegetation
cover

Plant
height

Species
number

of
sandpile

Species
number
of SSB

Height 0.77** 1
Long axis 0.65** 0.86** 1
Stub axle 0.65** 0.90** 0.95** 1
Horizontal scale 0.66** 0.89** 0.99** 0.98** 1
Long-axis slope 0.59** 0.80** 0.42* 0.52** 0.47* 1
Short-axis slope 0.62** 0.77** 0.51** 0.47* 0.50** 0.89** 1
Vegetation cover 0.42* 0.22 −0.10 −0.09 −0.10 0.47* 0.51** 1
Plant height 0.44* 0.54** 0.49** 0.63** 0.57** 0.31 0.17 −0.04 1
Species number of sandpile 0.44* 0.60** 0.58** 0.65** 0.62** 0.40* 0.30 −0.11 0.54** 1
Species number of SSB 0.20 0.30 0.35 0.32 0.34 0.25 0.30 0.21 0.14 0.14 1
Species number of SSB at the top
of nebkhas

−0.60** −0.66** −0.50** −0.57** −0.54** −0.57** -0.49* −0.19 −0.34 −0.36 −0.39*

** indicates a significant correlation at the 0.01 level and * indicates a significant correlation at the 0.05 level.
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With sufficient sand supply under the same wind conditions,
vegetation with different ecological characteristics creates
different wind speed and wind flow fields, thus developing
different forms of nebkha (Yin et al., 2017). Plant morphology,
quantity, structure, and litter affect the development of nebkhas
through their impact on the environment and ability to block
sandstorms (Miao et al., 2020; Han et al., 2021). Some studies
have found that the changes in nebkha morphology are
determined by the coverage, distribution, abundance, and
height of plants (Hesp and McLachlan, 2000; Hesp, 2002). A
study of nebkha morphology in Ulan Buh Desert by Gao et al.
(2015) found that crown size and plant height affected the
development of nebkhas. The nebkha slope may also affect the
distribution of nebkha SSB. Seeds on a steep slope are more likely
to slide to the bottom of the slope under the action of wind and
rainfall (Pa et al., 2016; Li et al., 2018). Our results showed that the
morphological characteristics of N. tangutorum nebkhas can
affect the number of aboveground vegetation and SSB species
and the vegetation height. During the development of N.
tangutorum nebkhas, the growth and development of
vegetation can inversely affect nebkha morphology. This
reflects the decisive role that vegetation plays in the initial
development of nebkhas. When they develop to a certain
extent they react to the vegetation, thus intensifying the
difference in the vegetation species composition in different
parts of the nebkhas and further affecting the SSB.

5 CONCLUSION

We recorded 17 species of plants in six families in the SSB of N.
tangutorum nebkhas in a desert–oasis ecotone, dominated by
Chenopodiaceae. The life forms were mainly annual herbs,
accounting for 58.82%–71.43%. The number of species in the
SSB followed the sequence large nebkha > medium nebkha >
small nebkha, and there was no significant difference in SSB
density. However, the SSB densities in different parts of each
nebkha were in the sequence bottom > middle > top. The SSB
densities were significantly different and showed a decreasing trend
with the increase in soil depth. In the range of 0–10 cm soil layer,
most of the plant seeds were distributed in the 0–5 cm layer, which

decreased with the increase of soil depth. The similarity coefficient
between the SSB of each nebkha and the aboveground vegetation
was high. From the bottom to the top, the number of common
species and similarity coefficient between the aboveground
vegetation and the SSB decreased, and the number of species in
the SSB was more than that of the aboveground vegetation.
Vegetation plays a decisive role in the initial development of a
nebkha. When a nebkha develops to a certain extent, it reacts to the
vegetation, thereby intensifying the differences in the composition of
vegetation species in its different parts and further affecting the SSB.
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Evapotranspiration and land
surface temperature of typical
urban green spaces in a
semi-humid region: Implications
for green management
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Ecological deterioration and water scarcity motivate people to seek a balance

between ecological reserves and water consumption in cities located in Semi-

humid regions. This study is designed to develop a method for evaluating

cooling water-saving characteristics of green space structures. Land surface

temperature (TS), vegetation quantity (VQ) and evapotranspiration (ET) of typical

green vegetation structures in 50 plots with an average area of 10,000m2 were

studied. Parameters were obtained based on data from three temporal remote

sensing images; the surface energy balance algorithm for land (SEBAL) model,

single-channel algorithm, and normalized difference vegetation index (NDVI)

were utilized in the calculation. The relationships between the TS, VQ, and ET of

green land were explored using regression analysis. A comprehensive index

(EWI) was proposed to evaluate the cooling and water-saving abilities of

different green space structures. Based on assessment results, species were

classified into three: good (EWI ≥ 0.795), common (0.795 > EWI ≥ 0.419), and

weak (EWI < 0.419). The characteristics of 17 species or species compositions

with good cooling and water-saving abilities were summarized as: 1) a mix of

the arbor, shrub, and herb, and 2) complete cover of green space by shrub.

KEYWORDS

urban green space, vegetation structure, remote sensing inversion, heat island effect,
water-saving

Introduction

Water is the source of life; efficient water use has significant implications for people

who live in regions with little precipitation. Approximately 53% of China’s territory is

made up of arid and Semi-humid regions. Ranked 121th in the world, China has annual

per capita water resources of only 2,200 m3, and with over 400 cities, there is a serious

water deficiency especially in the north. Currently, deficits existing between the water
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demand and supply are becoming the principal bottleneck to

sustainable development. To alleviate the pressure on water

resources, the Chinese government has implemented several

significant water transfer and water-saving projects (Cai,

2008). However, with rapid urbanization, people have to cope

with the problems brought about by the deterioration of the

ecological environment in cities, such as water pollution, hazy

weather, and heat island effect etc. This has resulted in economic

losses.

As an important part of the urban ecosystem, urban green

spaces can provide vital services to humans (World Resources

Institute, 2005), and make both the ecosystem and society

sustainable (Katherine et al., 2010). Although urban green

spaces might be smaller in size compared to other land uses,

the value of its ecosystem services is likely to be

disproportionately higher depending on their locations

(Perino et al., 2014). Maximizing the ecological value of green

spaces partly dependents on a reasonable mix of landscape plants

(Katherine et al., 2010). In 2011, the green coverage rate reached

38.62% in the cities of China (The National Afforestation

Committee, 2019), but there are still problems such as

unreasonable green space structure and inefficient use of

water. Take Beijing as an example; in 2009, the green space

area was 617 km2, urban green coverage rate was 43.5%, and

annual irrigation water requirement was 2.2 m3 × 108 m3, nearly

10% of the gross city water consumption (Beijing Municipal

Bureau of Statistics, 2019). The great water requirement of green

space irrigation further aggravates the pressure on water supply

in the cities, especially in the arid and Semi-humid regions. It is

critical to understand the potential tradeoffs between service

functional values of ecology and city water usage. In this regard, it

is necessary to conduct a study on water consumption and

ecological functions of vegetation structures. We also hope

that our work can bridge the gap between ecological

environmental quality and water resources in the arid and

Semi-humid regions.

Hydrology is regarded as an important technological path in

the study of water utilization and vegetation management

(Masoud et al., 2007; Cheng et al., 2009; Yan et al., 2010;

Zhao et al., 2010). This method laid the foundation for

understanding plant water consumption. However, only a few

studies focused on different green space structures with

monoculture species. Also, the hydrology method is difficult

when comparing large quantities of objects because of the

unbearable cost (Li et al., 2009). Analogously, existing studies

on service function of vegetation are mostly single case studies

that focused on carbon sequestration, dust-retention, and oxygen

releasing abilities, etc. (Katri et al., 2011; Yen and Lee, 2011; Liu

et al., 2013; Zhao et al., 2013). Thus, there is a lack of comparative

analysis. Meanwhile, spatial gradient analysis was widely used in

landscape ecology studies, but it was not suitable for a plot scale

(Kong et al., 2005; Tohru et al., 2011). The vegetation

evapotranspiration, leaf quantity, and temperature of

50 different green space communities in the Beijing urban

area can reflect the regional ecological carrying capacity to a

certain extent. Above all, there would be some disadvantages of

the above research methodology in a comparative study of

ecological functions and water consumption of various urban

green space structures.

The capacity and efficiency of environmental information

collection for the Earth’s surface have been greatly improved by

the development of remote sensing (RS) technology. Many

algorithms have been applied to estimate vegetation

evapotranspiration, structure, and land surface temperature at

multiple spatial scales (Liu et al., 2007). Historically, there are

three methods applied in the estimation of evapotranspiration:

statistical methods (Jackson et al., 1977), energy residual methods

(Granger and Gray, 1989; Hobbins et al., 1999), and numerical

models. Recently, many quantitative RS studies have been

conducted with SEBAL (Surface Energy Balance Algorithm for

Land), SEBS (Surface Energy Balance System), and S-SEBI

(Simplified-Surface Energy Balance Index) models (SEBS

model and S-SEBI model were generated based on SEBAL

model) (Idso et al., 1975; Bastiaanssen et al., 1998a; Roerink

et al., 2000; Su, 2002), and good results were obtained. Since 1960,

several algorithms including single-channel, split-window,

multi-view single-channel, and multi-channel and multi-angle

algorithms, have been proposed for the calculation of surface

temperature with different RS data. (Becker, 1987; Roerink et al.,

2000; Dash et al., 2002; Su, 2002; Jiménez Muñoz and Sobrino,

2003; Qin et al., 2010) used different algorithms to estimate the

temperature of underlying surfaces.

This study investigated the vegetation evapotranspiration,

leaf quantity, and temperature of 50 different green space

communities in the Beijing urban area. The study sought to

explore a method for evaluating the cooling and water-saving

abilities of typical green space structures using RS and GIS and to

provide a reasonable focus on green space structure and

information in the management of urban green space, and

research results are of significance in improving the ecological

carrying capacity of the Semi-humid Region.

Materials and methods

Study site

The study sites were located in Beijing, northern China

(Figure 1). Beijing, an ancient city with over 1,000 years of

history, is a rapidly developing city, with more than eight million

urban residents. The city consists of 14 administrative districts and

four counties. In downtown, there are approximately 40 main parks.

The main study area, located in the northwest of the city

(116˚14′38.6″E–116˚24′29.34″E, 39˚57′7.36″N–40˚2′51.3″N),
includes parts of Haidian, Chaoyang, Changping, Dongcheng, and

Xicheng district, with a gross area of 147.5 km2; the annual total
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rainfall ranges from 544.7 to 575.6 mm (Figure 1). The green space is

mainly located in the National Olympic Park, Old summer Palace

Park, summer Palace Park, Bajia Park, Haidian Park, Beitucheng

Park, etc. Buildings, roads, water, green land, and bare land are the

main land cover types present. Monoculture and mix-species arbor

forests, shrubbery, grass and multi vegetation structures of tree-

shrub-grass typically make up the green vegetation types.

Remote sensing data

Three temporal remote sensing Landsat-8 images, which

were generated on 12 May 2013, 13 June 2013, 1 Sep 2013,

respectively, were used. The standard Landsat eight data products

provided by the USGS EROS Center (http://landsat.usgs.gov/

index.php) consist of multispectral image data acquired by both

the Operational Land Imager (OLI) and Thermal Infrared Sensor

(TIRS). One image scene consists of nine spectral bands with a

spatial resolution of 30 m for bands one to seven and 9. Thermal

bands 10 and 11 are useful in providing more accurate surface

temperatures and are collected at 100 m.

Meteorological data

The meteorological data were collected on 12 May 2013,

13 June 2013, 1 Sep 2013, respectively, and the hourly

meteorological data involved in this study were collected from

the Beijing Weather Observatory website (http://cdc.bjmb.gov.

cn/shuju.asp), and this included solar radiation, rainfall, wind

speed, temperature, and relative humidity. The collected

meteorological data were used to evaluate the cooling and

water-saving abilities of typical green space structures.

Sample plots

50 plots with different vegetation communities were selected

in the study area; their areas ranged from 6,400 to 12,100 m2

(average size, 100 m × 100 m), and away from buildings and

water. Vegetation structure can be classified into pure arbor type,

arbor-grass type, arbor-shrub type, arbor-shrub-grass type,

shrub-grass type, and grass type. The vegetation structure

information was collected by field survey, and it included:

dominant plant species, species coverage, and sand density (as

shown in Table 1).

Vegetation quantity

There is a reasonable relationship between vegetation

quantity and NDVI in pixel scale (Di et al., 2012) for the

study area, and this was expressed as:

VQi � 1( 1
30000 + 0.0002 × 0.03NDVIi) (1)

FIGURE 1
Study area (bold-red bordered line).
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TABLE 1 Sample plot status.

Serial
number

Arbor layer Shrub layer Herb layer

Dominant
species

Coverage (%) Sand
density

Dominant species Coverage (%) Dominant
species

Coverage (%)

(Stem/ha)

1 Sophora japonica,
pinus tabuliformis

81 404 Deutzia parviflora
Bunge

61 Liriope graminifolia 40

2 Populus, sophora
japonica

69 631 Weigela florida 53 Liriope graminifolia,
Bambuseae

51

3 Populus 32 326 Lonicera maackii 44 Buchloe dactyloides 63

4 Salix babylonica 29 531 Ligustrum lucidum 23 Buchloe dactyloides 41

5 Populus 50 632 Sabina vulgaris
Lonicera maackii

59 Liriope graminifolia 46

6 Sophora japonica 86 615 Syinga reticulata 23 Buchloe dactyloides 82

7 Platanus orientalis 23 319 Sabina vulgaris 27 Buchloe dactyloides 55

8 Platycladus orientalis 75 1,501 Lonicera maackii 43 Commelina
communis

53

9 Ailanthus altissima,
Sophora japonica

51 817 Lonicera maackii,
Amygdalus triloba

39 Viola pekinensis 60

10 Pinus tabuliformis 22 401 Syinga reticulata 57 Poa annua, Viola
pekinensis

40

11 Salix babylonica 59 322 Prunus cerasifera 54 Viola pekinensis 82

12 Acer truncatum bunge 47 336 Magnolia denudata 41 Poa annua 77

13 Acer truncatum bunge 92 636 Rosa xanthina 53 none 0

14 Pinus tabuliformis 12 229 Rosa chinensis 0 none 100

15 Fraxinus sogdiana
Bunge

53 435 none 0 Buchloe dactyloides 100

16 Populus 49 863 none 0 Setaria viridis 100

17 Populus 65 1,006 none 0 Liriope graminifolia 100

18 Salix babylonica 44 869 none 0 Poa annua 24

19 Pinus tabuliformis 55 1,193 none 0 Poa annua 50

20 Populus, metasequoia
glyptostroboides

51 1,229 none 0 Viola pekinensis 100

21 Pinus bungeana 4 645 none 61 Trifolium repens 21

22 Ulmus pumila, sabina
chinensis

62 1,021 none 0 Viola pekinensis 40

23 Koelreuteria
paniculate, pinus
bungeana

78 996 none 0 Liriope graminifolia 39

24 Pinus tabuliformis,
Pinus bungeana

82 1,100 none 0 Viola pekinensis 61

25 Populus 70 638 none 0 Viola pekinensis 55

26 Sophora japonica, salix
babylonica

87 656 none 0 Viola pekinensis 31

27 Sophora japonica 93 673 none 0 Humulus japonicus 71

28 Sophora japonica 83 687 none 0 Poa annua 61

29 Populus 61 913 none 0 Liriope graminifolia 19

30 Salix babylonica 72 1,006 none 0 Potentilla chinensis,
Viola pekinensis

37

31 Populus 70 961 none 0 Poa annua 95

32 Sophora japonica 68 811 none 0 Poa annua 79

33 Populus 82 863 none 0 Poa annua 66

34 Sabina chinensis 49 1,139 none 0 Poa annua 77

(Continued on following page)
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Where VQi (m
2/900 m2) is the vegetation quantity in pixels,

which were covered by sample plots, and NDVIi is the

normalized difference vegetation index in pixels; the

NDVIi estimation model was obtained from Eq. 2 (Di

et al., 2012).

NDVIi � ρ5 − ρ4
ρ5 + ρ4

(2)

Where ρ5 is reflectivity in OLS-5 band, and ρ4 is reflectivity in

OLS-4 band.

Mean VQ per-plot was calculated as follows:

VQRS � 1
n
∑1

n�1VQi (3)

Where n is the number of pixels covered by a sample plot.

On 12 May 2013, 13 June 2013, and 1 Sep 2013, the VQ of

10 plots were measured with a LAI-2200 canopy analyzer (LI-

COR, United States) to verify the accuracy of calculation

of VQRS.

Land surface temperature

In this paper, The land surface temperature (Ts) of different

land-use types was calculated with a single-channel algorithm

(Di et al., 2012), including road, urban water body, residential

area, high vegetation quantity area and low vegetation quantity

area, as shown in Eqs 4,5. The mean Ts of a sample plot was

expressed as an average of the temperature values of all the pixels

covered by the sample plot in 3 days, which corresponded to days

when the three remote sensing images were taken. These were

defined by the equations below.

T10 � K2

ln(K1
L10

+ 1) (4)

TS � T10

ε0.25
(5)

Where T10 is radiant brightness temperature (K) in TIRS-10

band, °C, Ts (K) is land surface temperature, °C, K1 (m
2 sr μm)

and K2 (K) are constants, ε is thermal emissivity, and L10 is

radiant brightness (m2 sr μm) in TIRS-10 band.

TABLE 1 (Continued) Sample plot status.

Serial
number

Arbor layer Shrub layer Herb layer

Dominant
species

Coverage (%) Sand
density

Dominant species Coverage (%) Dominant
species

Coverage (%)

(Stem/ha)

35 Koelreuteria
paniculata, salix
babylonica

78 996 none 0 Poa annua 91

36 Pinus tabuliformis 67 937 none 0 Poa annua 89

37 Ginkgo biloba 49 233 none 0 none 0

38 Sophora japonica 78 921 none 0 none 0

39 Koelreuteria 91 833 none 0 none 0

40 Sophora japonica,
Fraxinus chinensis

83 563 none 0 none 0

41 Sophora japonica 95 1,114 none 0 none 0

42 Sabina chinensis 73 1,661 none 0 none 0

43 Cedrus deodara 55 812 none 0 none 0

44 none 0 0 Malus spectabilis,F.
atropu tpurea

21 Poa annua 81

45 none 0 0 Prunus persica
Chrysanthemoides

78 Poa annua 43

46 none 0 0 Amygdalus triloba 77 Poa annua 60

47 none 0 0 Magnolia denudata 23 Poa annua 95

48 none 0 0 none 0 Buchloe dactyloides 100

49 none 0 0 none 0 Poa annua 100

50 none 0 0 none 0 Poa annua, buchloe
dactyloides

91

Note: “none” in the table means there is none or few of this type of plant (arbor or shrub or herb) in a sample plot.
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Evapotranspiration

The calculation of evapotranspiration (ET) was based on SEBAL,

which was established by (Bastiaanssen et al., 1998b) and widely used

in the retrieval of ET by RS (Mohammad and Samaneh, 2012). The

processes involved in SEBAL utilization can be summarized as the

instantaneous latent heat fluxes of every pixel that can be gotten by

surface energy balance, as expressed in equation Eq. 6. The

instantaneous evaporative fraction is shown in the literature to be

similar to the 24-h evaporative fraction (Shuttleworth et al., 1989), and

thus daily average value of ET can be calculated through time scale

transformation (Brutsaert and Sugita, 1992; Crago, 1996), as expressed

in Eqs 7,8. The mean ET of a sample plot was expressed as an average

of the ET values of all the pixels that were covered by the sample plot

in 3 days, and this corresponded to days when the three RS images

were taken. In Bajia Park, the actual ETsweremeasured in seven plots

based on the principle of water balance to verify its accuracy.

ETins � Rn − G −H
λ

(6)

Ains � Rn − G −H
Rn − G

� λET
Rn − G

� A24 (7)

ET24 � Rn24 × Λ24 × 86400

[2.501 − 0.002361 × (T − 273.15s)] × 106
(8)

where Rn is the instantaneous net radiation (Wm−2); G is the

instantaneous soil heat fluxes (Wm−2); H is the instantaneous

sensible heat exchange between air and land surface (Wm−2); λ is

the latent heat of vaporization of water (Wm−2 mm−1), and Ains and

A24 are the instantaneous and 24-h evaporative fractions. The

algorithms of the above parameters are similar to those

established by (Du et al., 2013).

Model evaluation criteria

Using satellite data andmeteorological data, the coefficient of

determination (R2), mean absolute relative error (MARE) and

average relative error (�Re) were used to measure the performance

of the estimates of ET andVQ. In general, the R2 value, which was

calculated by linear regression analysis, is an indicator of the

strength of relationship between the observed and simulated

values. If the R2 values are less than or very close to zero, the

prediction of the modeling system is considered unacceptable or

poor. TheMARE and (�Re) indicate the model’s ability to predict

the values of a given prediction. They were defined as follows:

MARE � ∑n
i�1
∣∣∣∣xpi /xi − 1

∣∣∣∣
n

(9)

�Re � ∑n
i�1(xpi − xi)

n
× 100% (10)

where xi is the ith observation, xpi is the ith simulation value, and

n denotes the total number of data points (observations) in the

record. Lower values of MARE and (�Re) are preferred.

Evaluation of vegetation eco-water-
saving ability

A comprehensive eco-water-saving ability index of

vegetation (EWI) was proposed to evaluate vegetation cooling

and water-saving abilities of different vegetation structures. EWI

can be defined as:

EWIi � 1 − Ti

�T
×
ETi/LAIi
ET/LAI (11)

Where EWIi is the comprehensive eco-water-saving ability index

value of the ith vegetation structure, and it is dimensionless value

greater than 0; Ti is the land temperature of the ith vegetation

structure, °C; �T is the mean land temperature of all 50 sample plots

in °C; LAI is leaf area index, and both LAI and VQ can reflect the

leaf volume of plants. ETi/LAIi is the ith daily evapotranspiration

per unit LAI of the ith vegetation structure inmm/d; and ET/LAI is

the mean daily evapotranspiration per unit LAI of all 50 sample

plots in mm/d. A high EWI indicates that the comprehensive eco-

water-saving ability of the vegetation is preferred.

Result

Surface temperature of the study area

The results showed that temperature between different land use

types in the growing season varies (Figure 2). The Ts of the road was

the highest, followed by those of the residential area, low vegetation

quantity area, high vegetation quantity area, and urban water body,

respectively. Compared with other land use types, the temperatures

of the urban water body and high vegetation quantity area are

9–18 degrees lower. This indicates that vegetation can help to relieve

the urban heat island effect, and vegetation index appears to be an

indicator of environmental temperature (Gallo et al., 1993).

Evapotranspiration of study area

After an evaluation of the ET results calculated using the SEBAL

model and that measured based on the water balance principle of

four sample plots onMay-12-2013, June-13-2013, and Sep-1-2013, a

linear relationship was observed between the calculated ET and

measured ET; R2 was 0.445, MARE was 0.16, and (�Re)

was −21.3%. This indicated that the accuracy of the model

calculation is acceptable. Errors may arise due to interference in

the pixel data of sample plots by land objects in the surroundings of

these sample plots, such as buildings and roads.

The distribution of ET on May-12-2013 and June-13-2013 is

shown in Figure 3; the highest ETwas observed in water bodies such

as the Kunming Lake, Fuhai, Jing-Mi water diversion canal, and

Olympic lake (7.2 ± 1.6 mm). The second highest ET value was
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observed in places with greater vegetation coverage. For instance, the

Olympic Forest Park, the summer Palace, and Dongsheng country

parks were in the area bounded by the dotted line (4.3 ± 2.1 mm).

The third-highest ET regions were the residential areas and

greenbelts along the city roads with lower vegetation coverage

(3.3 ± 1.7 mm). Dense human settlements and commercial

FIGURE 2
Dynamics of Ts patterns in the study area in (A) May and (B) June 2013 based on the surface energy balance method using Landsat-8 satellite
data. Each date had different ranges.

FIGURE 3
Dynamics of evapotranspiration patterns in the study area during (A) May and (B) June, 2013 based on surface energy balance method using
Landsat-8 satellite data. Each date had different ranges.
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districts had the lowest ET value which shows that vegetation played

a significant role in the water consumption of the soil-plant-

atmosphere system. In different months, ET in June is lower

than that in May, because May is the dry season, with less

rainfall and less air humidity, while June is the rainy season, with

more rainfall and higher air humidity, resulting in smaller ET.

Vegetation quantity of study area

Based on an evaluation ofVQ results calculated using theNDVI

and actual VQ observation of 12 sample plots on May-12-2013,

June-13-2013, and Sep-1-2013, a linear relationship was detected

between the calculated VQ and observed VQ; R2 was 0.66, MARE

was 0.21, and (�Re) was 13.5%, which indicated that the accuracy

This of the model calculation is acceptable. The main sources of

error resource may be similar to that of the ET inversion. The mean

vegetation quality of the study area is presented in Figure 4; the green

land area is 56.87 km2, which is 38.6% of the total study area.

Vegetation quality area is 822.1 km2.

Relationships between surface
temperature, evapotranspiration, and LAI

The mean Ts, ET, and LAI of 50 sample plots were presented

in a scatter plot (Figure 5). A negative correlation was observed

between mean Ts and mean LAI; an increase in mean LAI by 1,

can reduce Ts by 0.62-degree centigrade. However, a positive

correlation was observed between mean ET and mean LAI; an

increase in mean LAI increase by 1 mm/d can increase mean ET

by 0.073 mm/d.

To analyze the effect of species, the mean ET of sample plots

were expressed as ET per LAI (ET/LAI), and the relationship

between mean Ts and ET/LAI was determined as Figure 6.

There were 11 species (indicated by the points in a solid line

ellipse) with a mean Ts < 30°C. Their corresponding serial

numbers are 8, 9, 10, 16, 22, 23, 24, 25, 29, 45, and 48 (Table 1),

respectively, accounting for 22% of the total. Eleven species

(indicated by points in a dashed ellipse) had ET/LAI < 0.23 mm/

d, accounting for 22% of the total. Their corresponding serial

numbers are 1, 2, 11, 12, 13, 16, 32, 39, 40, 44, and 47,

respectively (Table 1).

As shown in Table 2, the EWIs of species or species

compositions in 50 sample plots were divided into three

categories based on the natural breakpoint method by

their EWI value: Good (EWI ≥ 0.795), Common (0.795 >

FIGURE 4
Distribution of vegetation quality per pixel; the area of a single
pixel is 900 m2.

FIGURE 5
Relationships between mean Ts, mean ET and mean LAI.
Regression line for mean ET and mean LAI can be expressed as:
ET = 3e0.019LAI, R2 = 0.127; p < 0.01 (unfilled circles, unbroken line).
Regression line for mean Ts and mean LAI can be expressed
as: ET = −0.62LAI + 41.42, R2 = 0.49; p < 0.01 (filled circles, broken
line).

FIGURE 6
Relationships between Ts and ET/LAI.
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EWI ≥ 0.419) and Weak (EWI < 0.419). Each category

included 5–29 species or species compositions. The

species or species compositions were classified as Good, it

means that the species or species need less water for per

unit LAI.

Discussion

Two characters of vegetation structures with lower Ts can

be found: 1) those with higher arbor density, 2) warm-season

turf grasses. This because the arbor has higher vegetation

quantity and more water is used in cooling air by

transpiration compared to that used by shrubs and herbs.

Furthermore, the evapotranspiration of warm-season grasses

is higher than that of cool-season grasses (Aronson et al.,

1987; Xiao et al., 2006). The vegetation structures with lower

ET can be summarized as 1) thin native trees with

greater species composition, such as Sophora japonica and

Pinus tabuliformis, 2) cool-season turf grasses. Since the

average water consumption of native vegetation is lower

than that of extrinsic vegetation in arid areas, it is difficult

to have optimal cooling and water-saving abilities for

green spaces. However, because of water shortages, green

space managers in Semi-humid areas have to compromise

with ecological benefit for less irrigation. In that case,

species or species compositions which can balance

ecological benefit and water-saving for urban green space

should be used.

In this study, 50 typical vegetation structures were

divided into three categories according to EWI; the main

difference can be found by a comparison of the different

categories: the proportion of vegetation structures which

include the arbor, shrub, and herb is 28% in the category

with good comprehensive eco-water-saving ability; and the

proportion is 21% and 29%, respectively, for the remaining

two categories. In addition, the proportion of vegetation

structures without shrub is 79% and 71% in the categories

with common and weak eco-water-saving ability,

respectively, and these are significantly higher than that of

the category Good. It is indicated that, generally, the arbor-

shrub-herb mix and complete coverage by shrubs gave

vegetation structures a better comprehensive eco-water-

saving ability. This ability can be explained by the features

of their vegetation structures such as great heat capacity and

high reflectivity, and relatively low water consumption (Zhou

et al., 2005; Song et al., 2007).

Conclusion

Urban ecological environment and water resources are key

issues of concern. In this study, RS inversion methods were

utilized to calculate the land temperature, evapotranspiration

and vegetation quantity of 50 typical green space vegetation

structures. According to verification tests, the accuracy of

calculation is acceptable. The relationships between Ts, VQ,

and ET of green land were determined with regression

analysis. An eco-water-saving abilities index (EWI) was

proposed to evaluate different green space structures. Fifty

species or species compositions were classified into good

(EWI ≥ 0.795), common (0.795 > EWI ≥ 0.419) and weak

(EWI < 0.419) categories, respectively, based on the

assessment results. The characteristics of 17 species or

species compositions with good cooling and water-saving

abilities were summarized as 1) a mix of arbor, shrub and

herb, 2) complete coverage of green space by shrub. The

method and eco-water-saving species or species

composition can be utilized in developing possible models

of urban green space management, and were of significance in

improving the ecological carrying capacity of the Semi-humid

Region.

TABLE 2 EWI of species or species compositions of 50 example plots.

Good Serial number 39 24 9 47 2 16 8 40 29 12 11 48 38 22 10

EWI 0.99 0.985 0.984 0.975 0.957 0.956 0.956 0.955 0.955 0.951 0.946 0.943 0.942 0.936 0.934

Good Serial number 44 45 17 13 23 32 25 19 1 46 5 49 18 26

EWI 0.924 0.918 0.917 0.912 0.899 0.899 0.885 0.88 0.86 0.856 0.825 0.824 0.803 0.795

Common Serial number 27 4 20 30 50 14 21 43 33 15 31 7 36 41

EWI 0.762 0.734 0.734 0.688 0.683 0.674 0.65 0.64 0.61 0.603 0.553 0.496 0.443 0.419

Weak Serial number 6 3 42 37 28 34 35

EWI 0.376 0.21 0.192 0.172 0.118 0.098 0

Note: Serial numbers here corresponds to the serial numbers in Table 1 of 50 sample plots.
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driven by livestock grazing does
not affect soil properties in
semiarid steppe rangelands
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The soil–vegetation relationships are reciprocal and fundamental for terrestrial

ecosystem integrity. However, the long-term degradation of vegetation cover

alters edaphic conditions, which can lead to degradation of habitats, and

obstructs proper ecosystem functioning. This study aimed to assess the

effects of the degradation of perennial steppe vegetation due to overgrazing

(i.e., continuous and free grazing) on the physicochemical characteristics and

soil fertility in the steppe rangelands of Halfa (Macrochloa tenacissima syn. Stipa

tenacissima) of semi-arid areas in Algeria. The edaphic parameters of the

superficial horizons of degraded steppes and other undegraded steppes

were compared in order to suggest adequate strategies for rangeland

management and remedy the degradation of vegetation and thereby ensure

the sustainability of these agro-pastoral systems. The soil, collected from the

surface horizons (A1 and A2) of pedological profiles, was analyzed according to

standard methods of soil physicochemical analyses to determine the particle

size fractions (clay, silt, and sands), pH, electrical conductivity (EC), total and

active CaCO3, organic matter (SOM), organic carbon, total nitrogen, and the C:

N ratio. The distribution and variation of soil parameters between horizons and

the two types of steppes were examined using generalized linear mixed models

and redundancy analysis. Findings of this study revealed that the degradation of

steppe vegetation cover by short-term overgrazing did not cause a significant

variability in soil physicochemical parameters between degraded and

undegraded steppes and the horizons A1 and A2. The sites studied have

clayey–silty textures in non-degraded steppes and coarse textures

dominated by sands in degraded steppes. The edaphic environment of the

Halfa grass steppes was characterized by a calcareous substratum with high

carbonate content (total CaCO3 = 36.8–41%, active CaCO3 = 17.5–18.5%), with

an alkaline pH (8.09–8.19) and EC averaging 0.99 ± 1.24 dS/m. Soils had low

SOM contents (1.42–2.93%), organic carbon (0.82–1.64%), and nitrogen

(0.1–0.15%). The strong positive correlations recorded between the fine-size

fractions, SOM, total CaCO3, nitrogen, and EC indicated good soil structural

stability in undegraded steppes, while the negative correlations between these

same variables with sand and pH substantiate the structural degradation of the
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soil. The negative correlation betweenC:N ratio and SOM indicated that the rate

of SOMmineralization was rapid in semiarid steppes, with a higher fertility state

in the undegraded steppe. Our findings suggest and urge to implement a

restoration plan against the degradation of semi-arid Halfa steppes in order

to avoid the irreversible state of soil and habitat destruction in the future

because even the degradation of rangeland plant cover due to livestock

overgrazing—in the short term—has not affected the edaphic characteristics

of steppe rangelands.

KEYWORDS

land degradation, Mediterranean steppes, rangeland soil, soil fertility, soil organic
matter, livestock grazing, haplic calcisols, drylands

Introduction

Soil degradation results from the combination of factors

which drive the soil to an evolution different from the natural

evolution linked to the local climate and vegetation (Osman,

2018; Dragović and Vulević, 2020; Smith et al., 2020). Land

degradation is generally directly linked to the action of human

activities via, for example, 1) the replacement of the native

diversified vegetation (known as climax) by a secondary

vegetation, a monoculture in the worst case, which modifies

the humus and soil formation processes (Fialho and Zinn, 2014);

2) decrease in the soil organic carbon pool induced by

overexploitation of the organic matter in the soil (non-return

or insufficient return of the exported matter) and/or its leaching

(Joosten, 2015; Garcia et al., 2018); 3) destruction of humus and

insoluble clay–humic complexes of the soil due to inappropriate

agricultural practices such as plowing which buries and destroys

the living upper layers of the soil, or by excessive tillage, i.e., too

intensive or too frequent (Baranian Kabir et al., 2017; Garcia

et al., 2018); 4) acidification, salinization, and desertification

which can be induced or exacerbated not only by climate

change but also by irrigation and drainage (Dragović and

Vulević, 2020; Smith et al., 2020); 5) water and wind erosions,

which are facilitated by plowing, vegetation clearing, and

overgrazing, which leaves the soils bare for too long;

therefore, they become prone to deconstruction and

degradation by the impact of droughts and/or rains which

trigger surface runoff and sheet erosion instead of infiltration

(Benabderramane and Chenchouni, 2010; Arar and Chenchouni,

2014; Belala et al., 2018); 6) pollution by heavy metals or biocidal

substances which harm soil essential organisms (fungi and

earthworms) and thus disrupt the cohesion and capillarity of

the soil (Singh et al., 2020); and 7) soil compaction, which is one

of the most serious and common forms of soil degradation; it

induces a sharp drop in the natural porosity of the soil and causes

soil asphyxiation. Soil compaction is most often related to

agricultural and forestry machinery, but overgrazing and over-

frequentation of an environment by humans can contribute

locally to vegetation trampling (Osman, 2018). The

degradation of a given soil can ideally be assessed by

comparisons of physicochemical and biological parameters

with identical undegraded soil (Yong-Zhong et al., 2005;

Neffar et al., 2013; Fialho and Zinn, 2014; Bouaroudj et al.,

2019; Chenchouni et al., 2019).

The arid and semi-arid regions of North Africa are currently

experiencing a severe degradation of natural resources (Le

Houérou, 2009; Slimani et al., 2010). The region comprises

various plant formations including forests, shrublands,

matorrals, and steppes, which are experiencing a regression

under climatic and anthropogenic influences (Aidoud and

Touffet, 1996; Chenchouni, 2010; Kouba et al., 2021). This

dual action induced physiognomic and landscape changes

which are at the origin of long-term dynamics and major

changes in the region’s resources (Le Houérou, 2009; Negm

et al., 2020).

With about tenth of the Algerian territory, the steppe

rangelands sustain the livelihood of the agro-pastoral

population (~12% of the total population), which depends

essentially on the proper functioning and integrity of these

ecosystems (Hadeid, 2006; Nedjraoui and Bedrani, 2008;

Hamel, 2018). The degradation state of the Algerian steppe

rangelands is translated via the decline in natural resources

observed in several regions throughout the country (Nedjraoui

and Bédrani, 2008; Moulay et al., 2012). Climate changes

combined with overgrazing and an increase in the number of

livestock are the main sources of steppe vegetation degradation,

causing land desertification and serious decline in steppe areas of

Macrochloa tenacissima (L.) Kunth (syn. Stipa tenacissima L.)

named in Arabic Alfa or Halfa (Macheroum and Kadik, 2015;

Merdas et al., 2021). Free grazing with a high number of animals

adversely affects the natural resources of these rangelands already

weakened by climatic hazards, including severe droughts and

intense heatwave events (Nedjraoui and Bédrani, 2008; Belala

et al., 2018; Kouba et al., 2021). Already, the productivity and

regeneration of the Algerian steppes have reached a critical state

of degradation (Martínez-Valderrama et al., 2018), where the

degradation islands constantly expand across the considerable

diffuse surfaces, whereas in the past, these localized patches of

degradation were spatially limited (Kadi-Hanifi, 1998;

Macheroum and Kadik, 2015). Steppe degradation was
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amplified and aggravated by the anarchic clearing and plowing

combined with inadequate development of steppe areas and poor

grazing management by farmers and pastoralists in the context of

aids granted by the state for exploitation of the steppes (Hadeid,

2006). These degradation conditions favor the establishment of

plants of low forage value that do not meet the needs of the

animal load, but rather this accentuates the pressure of

overgrazing on non-degraded areas (Hasnaoui and Bouazza,

2015; Merdas et al., 2021).

In steppe ecosystems, soil physicochemical properties play a

key role in soil–vegetation relationships because the distribution

of the vegetation is closely linked to the characteristics of the

abiotic environment, especially the edaphic and climatic

parameters (Chenchouni, 2017; Bezzalla et al., 2019) and also

biotic interactions (Bansal and Sheley, 2016; Merdas et al., 2021)

including livestock grazing (Liu et al., 2020), which also has

various feedback influences on the soil itself (Haynes and

Williams, 1992; Dormaar and Willms, 1998; Yong-Zhong

et al., 2005; Cheng et al., 2016; Ye et al., 2016). Several studies

have extensively investigated environmental-related problems of

North African steppes in terms of soil erosion, desertification,

droughts, plant community diversity, and vegetation cover

dynamics in relation to livestock grazing and various land

managements (Aidoud and Touffet, 1996; Benabderramane

and Chenchouni, 2010; Belala et al., 2018). However, the

situation of the soils of North African steppe ecosystems, and

in particular those of Algeria, is poorly understood and very little

studied in the context of different temporal scales of land

degradation due to grazing pressures inducing plant cover

changes, which are constantly increasing in order to meet

growing socioeconomic needs. In North Africa, studies that

have investigated the fate of soil properties in degraded

steppes are very rare (Aidoud et al., 1999; Jeddi and Chaieb,

2010; Amghar et al., 2012; Neffar et al., 2013; Hasnaoui and

Bouazza, 2015; Neffar et al., 2022). The scientific questions

addressed in this study are as follows: 1) does the degradation

of steppe vegetation induce degradation or significant change in

soil characteristics? 2) Is this change dependent on the time

during which the steppe was subjected to degradation? 3) In

response to land degradation, will steppe soil parameters react in

the same way at the different horizons? 4) How do soil

parameters interact with each other for different degradation

conditions of semi-arid steppes (degraded vs. undegraded)?

Thus, this study aimed to determine and compare the

variations in edaphic properties in different soil horizons and

between degraded and undegraded steppes of Halfa (M.

tenacissima) in semi-arid areas of Algeria. Under degradation

conditions of the steppe plant cover, it is expected that a decrease

in soil fertility is observed and a depletion of soil organic matter

(SOM), which determines the amount of soil organic carbon

(SOC), phosphorus and nitrogen and therefore the C:N:P ratio

that was taken as a reliable indicator of soil fertility (Boudjabi and

Chenchouni., 2021; (Boudjabi and Chenchouni., 2022).

Nevertheless, while the above-ground biomass and litterfall

are expected to experience a significant and rapid decrease in

degraded rangelands (Snyman, 2005), the effect of vegetation

degradation on soil carbon and nitrogen stock dynamics is a slow

process where tangible changes are expected to be observed at

long-term (Chapin et al., 2009; Chenchouni and Neffar, 2022).

Therefore, the current study seeks to first determine whether

short-term degradation could induce significant deterioration of

soil conditions, and subsequently, it aims to suggest

recommendations for restoring the habitat to a state with

balanced and well-functional soil.

Materials and methods

Study area and sampling sites

The study area “Region of Tebessa” is located in the

highlands of northeast Algeria (Figure 1). Included between

35°29′N and 35°40′N latitudes and 07°35′E and 08°23′E
longitudes, the region involves agro-sylvo-pastoral systems

where agricultural lands occupy 56%, forests and shrubs 26%,

and steppe rangelands 11% of the studied area (Macheroum and

Kadik, 2015). The rainfall data for the period 1972–2016 (Tebessa

weather station) showed that the rainiest month was September

(40.9 mm) and the driest month was July (14.9 mm). The

seasonal regime showed a maximum in spring (112.96 mm)

and a minimum in summer (43.21 mm). Annual precipitation

was highly variable (mean = 372 mm/year), with a coefficient of

variation of 27.62%. This interannual variation is a characteristic

of arid climates, but it is here slightly below the level given for the

arid zones of North Africa (Le Houérou, 2001, 2009). The mean

of minimum temperature of the coldest month (January) was

1.7°C, and the maximum temperature of the hottest month was

35°C, recorded in July. The study area has a Mediterranean semi-

arid bioclimate with cool winter. The Emberger’s pluviothermal

aridity index (Q2) was estimated to be 38.85. According to the

Köppen climate classification (Supplementary Appendix S1), the

region falls under a cold semi-arid (steppe) climate (Köppen

code: BSk). Two seasons marked the climate each year, a cold and

humid season (November‒April) and the second is hot and dry

(May‒October). The impact of drought is accentuated by

frequent events of the sirocco (southerly hot and dry wind)

which occur in late spring and summer. With haplic calcisols

(Boudjabi and Chenchouni, 2022), three different steppe regions

dominated by Halfa grass were studied in the Tebessa region.

Within each of these regions, the soil of two types of steppes,

i.e., degraded recently ( < 2,3 years) and undegraded (Figure 2)

was sampled. The various characteristics of degraded and

undegraded steppes studied and sampling sites are listed in

Table 1.

Site 1: El-Houidjbet (35°17′50″N, 08°17′36″E, altitude:

1,000–1,200 m a.s.l.) is located 23 km south-east of Tebessa
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City. The relief has a moderate topography with varied slopes

(0–12%), and is characterized by limestone and hard dolomitic

geological substrates (74.1% of the total surface), alluvium and

sands (24%), and marls (1.9%) (HCDS-BNEDER, 2007).

Climatically, the average annual precipitation rate was

342 mm with 54 days of rain, where March was the rainiest

month (43 mm) and June was the driest (10 mm). The minimum

temperature (6.5 ± 0.8°C) was recorded in January, while July was

the hottest month with a mean maximum temperature of 35 ±

3.5°C (Supplementary Appendix S2). The climate was cool (lower

zone) semi-arid, according to the Emberger classification (Q2 =

35.2) with De Martonne aridity index = 14 and a continentality

index = 36.9 (Supplementary Appendix S1).

Site 2: Gourigueur (35°25′22″N, 07°35′36″E, altitude:

863–1456mm a.s.l.) is located 47 km north-west of Tebessa.

Geomorphologically, the site includes gullied slopes (average slope

~10–25%), glacis dominated by limestone and hard dolomite

substrates (54.5% of the surface), alluvium, sands, and limestone

crust (22.12%), and marl (11.05%) (HCDS-BNEDER, 2007). The

average annual rainfall was 377mm (63 rainy days), the large amount

of rainfall was recorded during May (50 mm), and the lowest was

recorded in June (10 mm); the lowest temperature was recorded in

January (5.5 ± 2°C), and it reached a maximum of 35 ± 2°C in July

(Supplementary Appendix S2). This region is located at the upper

zone of cool semi-arid bioclimate (Q2 = 38.85), with De Martonne

aridity index = 16 and a continentality index = 34.7 (Supplementary

Appendix S1). At the landscape scale, a homogeneous structure

characterized the steppe surface (4,520 ha); however, it presented

locally a discontinuity due to the presence of scattered patches of

cultivated and/or degraded areas.

Site 3: Morsott (35°40′06″N, 08°00′26″E, altitude:

600–1,000 m a.s.l.) is located 38 km north of Tebessa. The

geomorphological forms corresponded to low to medium

slopes (5–20%), glacis (0–4% of the surface), and marl‒

limestone geological substratum (63.24%) (HCDS-BNEDER,

2007). Climatically, annual precipitation averaged 351 mm

recorded on 59 days of rain. The highest amount of rain was

recorded in March (37 mm) and the lowest in July and August

(17 mm). The mean minimum temperature was recorded in

January (6.5 ± 2.2°C), while the maximum was measured in

July (35 ± 3.1°C). This sampling site falls within the lower zone of

the cool semi-arid bioclimate (Q2 = 36.17), with De Martonne

aridity index = 15 and a continentality index = 32.6

(Supplementary Appendix S1 and Supplementary Appendix S2).

Soil sampling

In this study, the analysis of soil characteristics in the

sampling sites aimed at demonstrating whether the

FIGURE 1
(A) Altitude map of Algeria in North Africa, (B)map of climate zones of the Province of Tebessa, northeastern Algeria, displaying the geographic
locations of the steppe rangelands studied, (C) ombrothermic diagrams of Gaussen and Bagnouls of the three study sites in Tebessa, where mean
temperature (T in °C) and precipitation (P in mm) are monthly averages.
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degradation of the Halfa vegetation cover in the short term is

accompanied by serious modifications in soil essential

components. According to the study by Kadi-Hanifi (1998),

each phytoecological study should be completed by the

analysis of edaphic variables and vice versa. Therefore, this

study focused on the comparison of soil physicochemical

characteristics between degraded and undegraded Halfa

steppes in each of the three sampling sites. The soil sampling

was carried out during the fall of 2016. Using a pickaxe, three soil

profiles in each type of steppe (degraded vs. undegraded,

Figure 2) were dug vertically to a maximum depth of 1 m,

and six soil samples with three replicates were recovered from

each sampling site. The thickness of the surficial soft layers of

each profile was determined, and then a soil sample was taken

from each of the horizons A1 and A2 of each type of steppe. The

distinction between the A1 and A2 horizons was mainly based on

color, layer thickness, and morphological appearance. The soil

samples were collected in a paper bag labeled with the sample

information. The samples were dried in open air for a week. After

desiccation, the soil was sieved using a sieve with a 2-mmmesh to

separate the coarse elements from the fine earth, which was used

for soil analyses following standard soil analysis techniques

(Mathieu and Pieltain, 2003; Baize, 2018).

Soil physicochemical analyses

All soil physicochemical analyses were performed using fine

earth (Ø < 2 mm). For each soil sample, the particle size

distribution was determined after the destruction of soil

organic matter (SOM) using an energetic oxidant (oxygen

water), and then the mineral particles were dispersed using an

alkaline dispersant (sodium hexametaphosphate). Coarse-size

particles larger than 0.05 mm in diameter were separated by

sieving, and medium-size and fine-size particles were measured

by sedimentation rate. The type of soil texture was determined

following the USDA textural soil classification (Duchaufour,

1997). Soil pH (pHw) was measured in a soil/solution

suspension prepared with distilled water with a ratio of 1/5 (s/

w) by the electrometric method using a pH meter (Mathieu and

Pieltain, 2003). The electrical conductivity (EC) was estimated

with a conductivity meter in the soil extract prepared by stirring a

mixture of sol/water (ratio s/w = 1/5) for 15 min (Mathieu and

Pieltain, 2003). Total carbonate calcium equivalent (TCCE) was

calculated using the Bernard calcimeter method (Baize, 2018).

The Drouineau–Galet’s method (Mathieu and Pieltain, 2003) was

used to determine the active carbonate calcium equivalent

(ACCE), which was neutralized with oxalates. Organic matter

was quantified from SOC content (i.e., SOM = SOC×1.724),

which was evaluated using the method of Anne (Duchaufour,

1997). Total nitrogen was determined following the Kjeldahl

method (Mathieu and Pieltain, 2003; Baize, 2018). The C:N

stoichiometry of soil was appraised, using the ratio of SOC to

nitrogen content as a good indicator of nitrogen and humus

richness (Duchaufour, 1997; Mehalaine and Chenchouni, 2022).

Statistical analyses

Soil physicochemical parameters were expressed as means and

standard deviations, whereas descriptive statistics of the data were

plotted for soil horizons A1 and A2 for both degraded and

undegraded steppe rangelands. The coefficient of variation (CV)

FIGURE 2
Photographs of semi-arid steppes rangelands ofMacrochloa
tenacissima syn. Stipa tenacissima in northeastern Algeria. (A)
Undegraded steppe with healthy and dense Halfa vegetation, (B)
degraded steppe rangeland due to overgrazing by sheep and
goats, (C) a close-up view showing the morphological aspect of a
tuft of Halfa containing necromass of roots and small-size living
leaves lasting after livestock overgrazing.
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was computed to measure the dispersion of the frequency

distribution for soil grain fractions (clay, silt, and sand). The

variation of each soil parameter between soil horizons and

rangeland steppe conditions (degraded and undegraded) was

tested using generalized linear mixed models (GLMMs). In each

model, steppe conditions, soil horizons, and their interactionwere the

fixed effects, whereas the three sampling sites (Figure 1) were

considered random effects. Linear interrelationships between all

soil physicochemical parameters were examined separately for

degraded and undegraded steppes using Pearson’s correlation

tests. The results of correlations (Pearson coefficients and

p-values) were mapped in the form of a correlation matrix. The

Mantel test was applied between the two correlationmatrices in order

to demonstrate how the pattern of soil parameter interactions was

similar between degraded and undegraded steppes. The distribution

of the Pearson coefficient between two matrices and p-value were

estimated from 10,000 permutations. Statistical significance of all

tests was set at p < 0.05. In order to visualize the correlative relations

between soil fertility indicators (i.e., organic carbon, total nitrogen,

and C:N ratio) and the rest of soil physicochemical parameters

(i.e., clay, silt, sand, pH, EC, ACCE, and TCCE) at each soil horizon

and for degraded and undegraded steppes, a redundancy analysis

(RDA) was implemented. All statistical analyses and graphic plotting

of the current study were carried out using the packages {nlme},

{ggplot2}, {vegan}, and {corrplot} of the free statistical software R (R

Core Team, 2020).

TABLE 1 Characteristics of degraded and undegraded steppes in sampling sites of Halfa grass (Macrochloa tenacissima syn. Stipa tenacissima)
rangelands in northeastern Algeria.

Characteristics Study sites

El-Houidjbet Gourrigueur Morsott

Undegraded steppe rangelands

Dominant plant species M. tenacissima,
Ampelodesma mauritanicum,
and Artemisia herba-alba

M. tenacissima
(pure steppe, Figure 2A)

M. tenacissima,
Rosmarinus officinalis,
and Genista microcephala

Total vegetation cover (%) 45–80 45–75 40–70

Vegetation cover of Halfa (%) 30–60 30–55 20–35

Plant litter cover (%) 5–15 5–10 1–5

Sand deposit sheets (%) 25–10 — —

Bare ground cover (%) — 20–05 20–10

Coarse-grained materials (%) 0–5 5–30 15–35

Bedrock outcrop (%) 0–5 — 0–5

Maximum height of Halfa (cm) 40–100 35–70 30–55

Animal load (ha/sheep unit) 2.0–3.0 2.73–1.69 2.32–1.91

Degraded steppe rangelands

Dominant plant species Artemisia campestris, M. tenacissima
(degraded, Figure 2B)

M. tenacissima

Thymelaea hirsuta,

Carthamus pinnatus, Atractylis humilis (degraded, Figure 2B)

M. tenacissima
(present as necromass, Figure 2C)

Thymus algeriensis Pituranthos scoparius

Total vegetation cover (%) 20–35 10–35 10–30

Vegetation cover of Halfa (%) 5–10 5–20 5–15

Plant litter cover (%) 5–25 10–15 5–10

Sand deposit sheets (%) 40–50 — —

Bare ground cover (%) — 20–55 25–45

Coarse-grained materials (%) 5–10 40–50 45–50

Bedrock outcrop (%) 0–10 1–5 5–15

Maximum height of Halfa (cm) 10–25 10–30 10–25

Animal load (ha/sheep unit) 3.43–4.17 3.41–3.87 3.94–6.57

Grazing pressure (heads) 36,612 59,356 36,098

Total agricultural land area (ha) 15,400 39,684 21,923
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Results

Classification of soil texture

The texture of soil samples in degraded steppes ranged from

medium-size types (silty clay loam, clay loam, and loam) to

coarse-grain type (i.e., loamy sand) compared with the soil

texture observed in undegraded steppes, where the soils in the

north of the study area at Morsott and north-west at Gourigueur

had medium-size (i.e., clay loam) and moderately fine textures

(i.e., silty clay), respectively. The soils in the southeast of the

study area at El-Houidjbet were coarse and included sand, loamy

sand, and sandy loam (Figure 3). For the same sampling site and

the same steppe type (degraded vs. undegraded), there was no

vertical variation in the distribution of grain size between the

horizons (degraded or undegraded).

Distribution of particle size fractions

The content of the clay fraction was higher in the undegraded

steppes for both A1 and A2 horizons with 24.5 ± 20.5% (mean ±

standard deviation) and 28.1 ± 18.2%, respectively, than in the

degraded steppes where clay averaged 16.7 ± 12.5% and 19.1 ±

17.6%, respectively (Figure 4). The level of the silt fraction was

relatively unvarying between the soil horizons of the two types of

steppes; it ranged from 31.8 ± 10.9% to 36.5 ± 11.2%. Sand levels in

degraded steppes (51.5 ± 22%) were significantly higher than those of

undegraded ranges (43.9 ± 40%), especially at the A1 horizon

compared with A2 (47.6 ± 33.5%). The large values of the

coefficients of variation (CVs) indicated a high heterogeneity in

the spatial distribution of the particle size fractions of the texture of

the studied soils. According to CV, the distribution of particle

fractions was more unbalanced in the A1 horizon of undegraded

steppes than in the A2 horizon of degraded steppes.

Soil physicochemical characteristics

Figure 5 illustrates the variation of the soil physicochemical

parameters of the A1 and A2 horizons for degraded and

undegraded steppes. The pH values measured at the two types

of steppes (degraded vs. undegraded) showed some stability and

indicated that the soils where Halfa exists were alkaline, with

pH ranging from 8.09 ± 0.21 to 8.19 ± 0.4 (mean ± standard

deviation). Soil EC indicates that the study area

had—generally— low saline soil in all the steppes studied, while

the highest values were recorded in the undegraded sites on the

FIGURE 3
Soil textural triangles (following the USDA classification) of study sites for degraded and undegraded steppe rangelands in northeastern Algeria.
Symbols plotted within each triangle represent soil samples of horizon A1 (▲), horizon A2 (■), and the average (C). (ClLo: clay loam, Lo: loam, LoSa:
loamy sand, Sa: sand, SaLo: sandy loam, SiCl: silty clay, and SiClLo: silty clay loam).
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A2 horizon (EC = 0.99 ± 1.24 dS/m). Regardless of steppe

degradation status, the levels of TCCE, ranging from 36.8 ±

30.2% to 41 ± 33%, revealed that the analyzed soils were

moderately rich in CaCO3. The content of active CaCO3 was

almost stable in all soil samples. It fluctuated between 17.5 ± 2.1%

and 18.5 ± 0.3%. The analyzed soils were considered rich in ACCE.

Because of the vegetation heterogeneity between the degraded and

undegraded steppes, the content of SOC was moderately low

throughout the study area, where the lowest (0.82 ± 0.13%) and

highest (1.64 ± 1.14%) values were observed in the A2 and

A1 horizons, respectively, of the undegraded steppes. Overall,

the nitrogen content was very low in the steppe rangelands

sampled as it varied between 0.1 ± 0.01% and 0.15 ± 0.06%.

However, the highest values were recorded in the A1 horizon for

both degraded (0.15 ± 0.06%) and undegraded (0.13 ± 0.07%)

steppes. The C:N ratio revealed that the SOM decomposition was

slower in the A2 horizon of undegraded steppes (12 ± 3%) and the

A1 horizon of degraded steppes (10 ± 4%) when compared to the

moderately fast SOM decomposition in the rest of soil horizons of

sampled steppes.

Variations of soil parameters

The GLMMs testing the variation of soil parameters between

degraded and undegraded steppes at the soil horizons A1 and

A2 revealed significant differences in the clay fraction (p = 0.011)

and sand fraction (p = 0.042) between degraded and undegraded

steppes (Table 2). However, there was no significant variation (p =

0.093–0.972) in the rest of the soil parameters between the different

soil horizons, steppe degradation status, and for horizons in

interaction with steppe degradation conditions.

Relationships between soil parameters for
degraded and undegraded steppes

In general, the soil parameters were poorly correlated with

each other throughout the study area (Table 3). The significant

positive correlations found in the two steppe cases included the

following: clay‒silt, silt‒TCCE, and SOM‒SOC, whereas

significant negative correlations were observed between sand

(clay, silt, and TCCE) and pH‒EC. Soil parameters that

showed strong positive correlations in degraded steppes were

clay‒EC (r = 0.93, p = 0.006), sand‒pH (r = 0.82, p = 0.046), and

N‒TCCE (r = 0.83, p = 0.039), while the strong negative

correlations included clay‒pH (r = −0.93, p = 0.008) and

sand‒EC (r = −0.84, p = 0.037). In steppe rangelands with

undegraded vegetation, strong significant correlations were

observed between clay‒TCCE (r = 0.94, p = 0.005), SOM‒N

(r = 0.95, p = 0.003), and N‒SOC (r = 0.96, p = 0.003). However,

the C:N ratio was negatively correlated with SOC and SOM

(r = −0.87, p = 0.023). Mantel’s test showed that soil correlation

matrices of degraded and undegraded steppes were significantly

correlated (two-tailed test: r = 0.704, p < 0.001), which specified

that the patterns of interrelations observed between soil variables

for each steppe were very close.

Influence of soil properties in degraded
and undegraded steppes on soil fertility

The redundancy analysis (RDA) investigating the

relationships between soil fertility indicators (i.e., organic

carbon, total nitrogen, and C:N ratio) and the rest of soil

physicochemical parameters in degraded and undegraded

FIGURE 4
Violin plots displaying the range of soil grain fractions (clay, silt, and sand) and the coefficient of variationmeasured at soil horizons A1 and A2 for
degraded and undegraded steppe rangelands of the Halfa grass (Macrochloa tenacissima) in northeastern Algeria. Solid white circles represent the
mean of observed data.
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FIGURE 5
Boxplots showing the variation of soil physicochemical parameters measured at horizons A1 and A2 for degraded and non-degraded steppe
rangelands of the Halfa grass (Macrochloa tenacissima) in northeastern Algeria. White diamonds within boxplots represent the mean of observed
data.

TABLE 2 Generalized linear mixed-effect models (GLMMs) testing the variation of soil physicochemical parameters between soil horizons (A1 and A2)
and habitat conditions “degraded and undegraded” of steppe rangelands of Halfa grass (Macrochloa tenacissima) in northeastern Algeria.

Variables Df χ2 p χ2 p χ2 p χ2 P χ2 p χ2 p χ2 P

Clay Silt Sand CV grain pH EC

Steppe conditions 1 6.55 0.011 0.33 0.567 4.13 0.042 0.001 0.972 0.51 0.477 3.45 0.063

Soil horizons 1 0.84 0.359 1.48 0.224 1.60 0.205 0.003 0.960 0.07 0.784 0.69 0.407

Condition × horizon 1 0.03 0.859 0.44 0.507 0.22 0.637 1.353 0.245 0.97 0.324 0.09 0.759

TCCE ACCE SOM SOC N C:N ratio

Steppe conditions 1 3.06 0.080 1.68 0.195 1.47 0.225 1.29 0.255 0.73 0.392 1.28 0.258

Soil horizons 1 0.31 0.576 0.29 0.589 1.09 0.296 1.47 0.225 3.27 0.070 0.01 0.910

Condition × horizon 1 0.61 0.435 0.02 0.886 1.67 0.197 1.48 0.224 0.08 0.775 2.82 0.093

(CV: coefficient of variation of soil grain fractions (clay, silt, and sand), EC: electrical conductivity, TCCE: total CaCO3, ACCE: active CaCO3, SOM: soil organic matter, SOC: soil organic

carbon; and N: total nitrogen).
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steppe rangelands totaled 75.11% of explained variance in the

first two axes of the RDA triplot that accounted for 79.62 and

19.68% of the constrained inertia, respectively (Figure 6). Both

total and active CaCO3 were the main edaphic variables

explaining the change in soil fertility of degraded and

undegraded steppes (Table 4). Total CaCO3 was positively

correlated (r = 0.660, p = 0.019) on the first axis of RDA and

influenced both organic carbon and total nitrogen in degraded

steppes, whereas the active CaCO3 was negatively correlated

(r = −0.627, p = 0.029) of the same axis and significantly

affected the C:N ratio in undegraded steppes, especially is soil

samples collected from the A2 horizon. Total nitrogen and SOC

were associated with soil samples collected from the A1 horizon,

mainly in degraded steppes (Figure 6). The contribution of the

second axis of RDA (19.68%) was marginal as soil variables were

not significantly correlated (Table 4), and there was no clear

scheme in the distribution of these variables between soil

horizons nor steppe degradation status (Figure 6).

TABLE 3 Matrices of Pearson’s correlations between soil physicochemical parameters measured in degraded (above diagonal) and non-degraded
(below diagonal) steppe rangelands in northeastern Algeria (see the subsection “2.3. Soil physicochemical analyses” for abbreviations of soil
properties). Pearson’s correlation coefficients shown in boldface text are significant at p < 0.05.

Soil physicochemical parameters of degraded steppe rangelands

Soil physicochemical parameters of non-degraded steppe rangelands Clay 0.87 −0.97 −0.93 0.93 0.78 0.56 −0.14 −0.07 0.37 0.57

0.98 Silt −0.96 −0.64 0.67 0.96 0.09 0.34 0.41 0.69 0.28

−0.99 −0.99 Sand 0.82 -0.84 -0.90 -0.35 -0.09 −0.16 −0.54 −0.44

−0.63 −0.60 0.62 pH -0.95 -0.58 -0.75 0.34 0.31 -0.15 -0.60

0.71 0.69 −0.70 -0.98 EC 0.53 0.67 −0.40 −0.35 0.03 0.53

0.94 0.90 -0.93 −0.39 0.46 TCCE 0.03 0.49 0.55 0.83 0.25

0.15 0.21 −0.18 −0.30 0.40 0.01 ACCE −0.77 −0.76 −0.27 0.74

0.50 0.54 −0.53 −0.20 0.13 0.61 −0.39 SOM 0.99 0.70 −0.57

0.50 0.54 −0.53 −0.20 0.13 0.61 -0.39 1.00 SOC 0.76 −0.50

0.48 0.55 −0.51 0.01 −0.04 0.62 −0.35 0.95 0.96 N 0.18

−0.72 −0.72 0.72 0.64 −0.58 −0.71 0.17 −0.87 −0.87 −0.73 C:N

FIGURE 6
Tri-plot of redundancy analysis displaying relationships between soil physicochemical parameters and soil fertility indicators (i.e., organic
carbon, total nitrogen, and C:N ratio) in soil horizons A1 and A2 for degraded and undegraded steppe rangelands of the Halfa grass (Macrochloa
tenacissima) in northeastern Algeria.
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Discussion

This study investigated the influence of the short-term

degradation of the steppe vegetation on some edaphic

parameters in the Halfa (M. tenacissima) rangelands where

grazing is practiced freely throughout the year. The results

suggest that this land degradation can be corrected if

appropriate management measures are implemented because

the comparisons of edaphic parameters between degraded and

undegraded rangelands of the three sampled steppes revealed a

state of non-deterioration in soil conditions. Therefore, in the

short term, the soil has been able to maintain its good state of

fertility and functioning, which indicates that the restoration of

the vegetation cover will allow the recovery of the initial state of

the Halfa steppe. In the steppes of the high plains of Algeria, the

Halfa, a Mediterranean perennial species, represents an iconic

and emblematic species that stretches over vast areas. It plays the

role of “keystone” within the steppe ecosystem in semi-arid and

arid zones (Kadi-Hanifi, 1998; Jeddi and Chaieb, 2010; Merdas

et al., 2021). Acting as a biological barrier against the advance of

the desert through its highly developed root system, the species

provides better soil fixation and protection against erosion

(Moulay et al., 2012). In recent decades, the Halfa has

undergone an advanced degradation triggered mainly by

human activities, in particular overgrazing, which is the first

driver for the disappearance of very large areas of Halfa and the

extension of rainfed crops that further aggravated the effects of

desertification (Aidoud and Touffet, 1996; Belala et al., 2018;

Martínez-Valderrama et al., 2018). However, the decline in the

vegetation cover of Halfa steppes in the short term, especially by

grazing, does not seem to induce significant and immediate

edaphic changes. According to the study by Aronson et al.

(1995), the degradation of vital soil attributes, such as SOM

or soil nutrients and fertility, can only be effectively detected after

a period of about 10 years. But according to the study by

Albaladejo et al. (1998), soil degradation was found to be

somewhat faster; in fact, they estimated that after about

5 years, the reduction in plant cover can have a significant

impact on soil characteristics through the decrease in SOM

and soil fertility and even the deterioration of soil physical

properties.

The results relating to the percentage of clay from sampling

sites confirm that in degraded steppes, the level of clay was low

compared to the dominance of coarse elements, i.e., sand. This

particular state is due to the soil structure degradation at the level

of clay–humic complexes and especially resulted from the sand

encroachment and accumulation of coarse grains transported by

the wind following the destitution of the soil and the reduction of

vegetation cover, which represent the most efficient shield against

wind and water erosions. Therefore, we can deduce that the

presence of a good cover of Halfa favors the conservation of

steppe soils by maintaining a balanced soil with high resilience to

various forms of land degradation. The climatic conditions of the

last decades, characterized by long periods of intense drought

(Belala et al., 2018; Kouba et al., 2021), have been at the origin of

the degradation of the vegetation cover of steppe formations

dominated by M. tenacissima, Atriplex halimus, and Artemisia

herba-alba, where large areas have been covered with thorny

plants and/or species of low forage quality. With regard to soil

productivity, the degradation of pastoral areas in Algeria from

the 1980s to date shows a decrease in the indices of the productive

value of pastures. In fact, plant cover represents 40% of the total

pastoral area, while 3–4% of this area has been invaded by grazing

areas; hence, the plant area declined to 20%, while the density of

grazing livestock reached 12 heads per hectare which exceeds the

carrying capacity (Macheroum and Kadik, 2015; Macheroum

and Kadik, 2018). Moreover, among the most common and

frequent forms of degradation that threaten the steppe

TABLE 4 Intraset correlation coefficients (r) and probability values (p) of soil physicochemical variables with the first three axes of RDA ordination.
Percentages between brackets are constrained inertia of each axis. Significant correlations (p < 0.05) are indicated in boldface font.

Soil variables RDA axis 1 (79.62%) RDA axis 2 (19.68%) RDA axis 3 (0.70%)

r p R p R p

Clay fraction 0.248 0.437 0.262 0.410 −0.618 0.032

Silt fraction 0.561 0.058 0.269 0.398 −0.469 0.124

Sand fraction −0.399 0.198 −0.272 0.393 0.563 0.056

pH −0.110 0.734 0.189 0.557 0.726 0.008

Electrical conductivity −0.048 0.882 −0.128 0.693 -0.638 0.026

Total CaCO3 0.660 0.019 0.371 0.236 −0.328 0.299

Active CaCO3 −0.627 0.029 0.471 0.122 −0.589 0.044

Organic carbon 0.887 < 0.001 −0.011 0.972 0.094 0.771

Total nitrogen 0.812 0.001 0.400 0.198 −0.066 0.840

C:N ratio −0.590 0.043 0.533 0.075 0.051 0.874
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rangelands of Algeria are desertification, invasion of sand dunes,

plowing of steppe lands and creation of new agricultural

perimeters, clearing of natural vegetation, depletion of surface

and underground water, land salinization, soil fertility loss, fires,

water, and wind erosion, and uncontrolled discharge of solid

waste and wastewater (Figure 7).

Overall, our findings suggest that land degradation driven by

short-term heavy grazing of vegetation did not cause a significant

variation of soil physicochemical parameters between degraded

and undegraded steppes and between the soil horizons A1 and

A2. The particle size classification of soil textures shows a fairly

contrasting composition. In degraded steppes, the level of clay

was low compared to undegraded steppes. The comparison of

soil textures shows an overall decrease in the fine grain fraction,

and at the same time, the texture becomes coarser and sandy due

to degradation of the plant cover by overgrazing and trampling,

which promotes soil erosion, destruction of soil aggregates,

transport particles, and sand encroachment (Aidoud et al.,

1999; Slimani et al., 2010; Schmalz et al., 2013). The negative

correlations observed between sands and fine grain particles (clay

FIGURE 7
Photographs showing different forms of degradation and threat of Halfa (Macrochloa tenacissima syn. Stipa tenacissima) steppe rangelands in
NE Algeria. (A) Plowing within extensive undegraded Halfa steppe, (B) uncontrolled discharge of solid wastes, (C) cultivation of rainfed cereal crops
(Hordeum vulgare, Triticum durum, and Triticum aestivum), (D) overgrazing due to free grazing with an animal load exceeding the livestock carrying
capacity, (E) rangeland fires, often associated with forest fire, (F) clearing of natural vegetation and water erosion, (G) sand encroachment and
sand dune movement, and (H) Aeolian and water erosion.
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and silt) confirmed this, as is the case in degraded habitats

(Douaoui et al., 2001; Aliat et al., 2016). Therefore, the

presence of dense Halfa tufts in undegraded steppes

(Figure 2A) promotes soil fixation against erosion (Hasnaoui

and Bouazza, 2015). This kind of plant constitutes a real “nebka-

trap” in windy open environments (Slimani, 1998; Bradai et al.,

2015; Chenchouni et al., 2019; Chenchouni et al., 2022). The

abundance of the fine grain fraction in the Halfa steppes of North

Africa results from its origin, which belongs to the marl-

limestone geological substratum (Kadi-Hanifi, 1998). It is

noteworthy mentioning that the superficial horizons A1 and

A2 of the same soil profile have high physicochemical

homogeneity despite their morphological heterogeneity.

All soil samples studied had an alkaline pH according to the

study by Baize (2018). In semi-arid lands, this parameter is

considered among the most important indicators of soil

changes (Li and Shao, 2006). In rangelands, it is strongly

influenced by parental material (Rezaei and Gilkes, 2005) than

the low biological activities of hot arid soils. Indeed, the studied

soils are classified as strongly calcareous (Baize, 2018) because of

the limestone origin of the region (Djebaili, 1984; Halitim, 1988),

where the active fraction of CaCO3 varied between 17.5 ± 2.1 and

18.5 ± 0.3%. This high level of CaCO3 explains the soil alkalinity

(Neffar et al., 2013); indeed the sampled soils were rich in active

CaCO3 (> 10%). Soil pH generally encompasses the synthesis of

several chemical interactions between edaphic variables

(Douaoui et al., 2001). The alkalinity of the pH is also

attributed to animal trampling and the alkalizing effect of

sheep urine, which has a high pH of about 8.7 (Haynes and

Williams, 1992). During the hydrolysis of urea of urine into NH4
+

in the soil, the release of OH− causes an increase in pH and also

enrichment of inorganic nitrogen in the soil (Ma et al., 2007).

This explains the level of nitrogen in degraded steppes which was

quite equal to N levels in undegraded steppes (mainly generated

from SOM) and thus specifies the origin of nitrogen in each type

of steppe. Indeed, there is a strong positive correlation between N

and SOM (r = 0.95, p = 0.003) and C (r = 0.96, p = 0.003) in

undegraded steppes (i.e., nitrogen has mainly an organic origin)

and between N and total CaCO3 (r = 0.83, p = 0.039) in degraded

steppes (i.e., nitrogen has mainly an inorganic origin). More

generally, however, the measured concentrations of mineral

nitrogen in all soil samples studied were low (Cortina and

Maestre, 2005). These low levels of mineral nitrogen are

attributed to competition for nitrogen consumption between

microorganisms active in the rhizosphere of pastures and the

roots of steppe plant species (Huntjens, 1971). Indeed, the

contents of all the nutrients in the soil solution are generally

low in steppes and, therefore, the ionic strength is low as reported

in the study by Edmeades et al. (1985) in prairies. These

observations between CaCO3 and SOC, N, and C:N ratio were

confirmed by the RDA where the rate of mineralization (i.e., C:N

ratio) was associated with alkalization (i.e., active CaCO3),

whereas the low contents of SOC and nitrogen are considered

a typical characteristic of the calcareous soils (i.e., rich in total

CaCO3) in semiarid steppes of N Africa where the haplic calcisols

dominate. According to the study by Duchaufour (1997), the soil

is considered rich in SOM when its level is higher than 2%, and

according to the assessments of Djebaili (1984) this rate does not

exceed 3% in steppe soils. Accordingly, the studied soils are

moderately rich in SOM, except for the A2 horizon of

undegraded Halfa steppes which was the poorest in SOM

(1.42 ± 0.22%). However, according to the study by Kadi-

Hanifi (1998), the studied soils can be classified as low in

SOM. The statistical analyses showed that there is no

significant difference in SOM and SOC content when

changing from an undegraded steppe to a degraded steppe.

The relatively high levels of SOM and SOC in the undegraded

steppes are due to Halfa tufts, which form small mounds and

contribute actively in improving soil properties by providing

SOM and intercepting and then fixing soil fine grain elements

(Aidoud et al., 1999). This explains the richness with SOM of the

surface horizon of the soil. While the traces of SOM in the

degraded steppes are justified by the importance of the

necromass (Figure 2C) released from Halfa tufts after

trampling and/or grazing by livestock in the form of plant

litter and animal excreta.

Often an alkaline soil pH indicates the presence of salinity

and correlates with electrical conductivity (Mehalaine and

Chenchouni, 2020). But in our case, the EC correlates

negatively with pH and sand and positively with clay, while

the increase in pH value and level of sand is accompanied by a

proportional decrease in salinity and clay fraction. This may be

related to the nature of the salts (Chenchouni, 2017) and the

moisture level of the land (Mihi et al., 2019). The comparison of

the electrical conductivity of sampled soils in this study with the

classification proposed in the study by Mathieu and Pieltain

(2003) shows that the surface horizon (A1) of the soil in degraded

steppes is non-saline, whereas the rest of the soil samples were

slightly salty. The low EC of the A1 horizon is due to the coarse

grain texture which induces an influence that makes grains

unable to retain cations because of its permeability and favors

it to accumulate in the A2 horizon, which was more saline than in

A1. Although the EC was low, the presence of slight salinity in the

undegraded steppes can be explained by the high level of clay

which makes the soil less or impermeable and favors the

stagnation of water laden with cations (Chenchouni, 2009,

2017), which slightly increases the salinity once the salts

accumulate on the surface after water evaporation or by the

capillary rise of saline solution to the surface (Osman, 2018). This

indicates that EC does not always imply structural degradation of

the edaphic environment (Douaoui et al., 2001).

This study revealed strong positive correlations between the

fine fraction (clay and silt) and SOM (Slimani, 1998), total

limestone (Mbagwu and Bazzoffi, 1998), nitrogen, and low

salinity (electrical conductivity), which seem to be indicators

of the improvement of the structural stability of the soil (Douaoui
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et al., 2001). The negative correlations observed between these

same variables with the coarse fractions (Slimani, 1998) and the

alkaline pH can be considered indicators of processes favoring

the structural degradation of the soil (Douaoui et al., 2001). The

strong negative correlation between the level of SOM and the C:N

ratio indicates the rapidity of SOM mineralization, which is a

characteristic of arid and semiarid North African steppes

(Djebaili, 1984; Boudjabi and Chenchouni, 2022).

The results of this study showed that the short-term

degradation of the steppe vegetation cover by grazing did not

lead to a large significant difference in the soil chemical

parameters between the degraded and undegraded Halfa

steppes because short-term grazing has impact on the biotic

order, which causes the destruction of perennial species (Aidoud

and Touffet, 1996). Therefore, significant changes in the soil are

considered the final stage in the degradation of the ecosystem and

a threshold of irreversibility in the long-term decline of natural

habitats (Slimani, 1998). In this sense, several studies have shown

that long-term grazing negatively affects the vegetation, soil

physicochemical properties, and ecosystem services of

grasslands and steppes (Zeng et al., 2015; Dlamini et al., 2016;

Pulido et al., 2017; Zhang et al., 2017; Gao et al., 2018). But, on the

other hand, the implementation of appropriate exclosure land

management systems, such as grazing exclusion, drives

significant improvements in both soil and vegetation

properties in degraded rangelands (Jeddi and Chaieb, 2010;

Linstädter and Baumann, 2013; Mekuria and Aynekulu, 2013;

Kouba et al., 2021). In addition, the rehabilitation of arid and

semiarid steppe rangelands using plantations “plant nurses” has

proven to efficiently trigger increases in soil fertility, plant

diversity, and vegetation cover (Neffar et al., 2013, 2015,

2018). Also, Cheng et al. (2016) showed that the exclusion of

pastures significantly increased biodiversity, litter, and soil

fertility (total nitrogen and SOC). But, they also found that

long-term grazing exclusion had a negative effect on the

diversity and abundance of soil bacteria. The comparison of

soil physicochemical parameters and the floristic richness

between grazed and short-term grazing exclusion in arid

degraded steppes showed significant variations in coarse

elements, sand, and biodiversity (Amghar et al., 2012; Kouba

et al., 2021). But, there was no variation in soil chemical

characteristics. The results of the study by Ye et al. (2016)

showed that the effects of grazing during 18 months were not

important on the functioning (i.e., chemical and biological

parameters) of the soil. Shrestha and Stahl (2008) also

observed no change in SOC. Moreover, by studying the effect

of grazing on the soil, Dormaar and Willms (1998) observed

similar results to our study, in which SOC contents did not vary

significantly between grazed meadows and non-grazed lands,

with very little change in the C:N ratio associated with light

grazing. But, long-term heavy grazing pressures induced a

significant decrease in SOC levels, while increasing pH, CaCl2,
and total nitrogen. High grazing pressure reduces soil fertility by

significantly inhibiting soil respiration rates (Chen et al., 2017).

Therefore, long-term grazing causes slow and continuous

changes in both vegetation and soil, inducing persistent land

degradation of the ecosystem (Porensky et al., 2016). In the

steppes of West Algeria, Aidoud et al. (2011) observed a decrease

in the level of clay of 57% and in SOM of 61% in steppes grazed

for 30 years, while the decrease was not significant for the two soil

variables in steppes with grazing exclusion. The long-term

degradation of the Halfa steppe was accompanied by severe

deterioration of edaphic properties.

Conclusion and recommendations

The degradation of vegetation by livestock grazing in the short

term (up to 2 years) did not cause significant variations in soil

physicochemical properties in the different soil horizons of the

semi-arid steppes of Halfa. This demonstrated that the degradation

of vegetation by grazing has not affected the edaphic environment,

and thus this short-term degradation can be corrected by urgent

land restoration actions. The soils analyzed in the Halfa steppes of

NE Algeria are characterized by moderately fine textures in the

undegraded steppes and coarse textures in the degraded steppes.

The high accumulations of CaCO3 in the soils in these areas are

linked to the type of substrate. The low contents of SOM, carbon,

and nitrogen resulted from the rate of mineralization, which is

faster in alkaline and slightly salty habitats, especially under hot

semi-arid conditions. North African steppe rangelands are prone

to land degradation because of their high sensitivity to

desertification, severe drought events, erosion, and livestock

overgrazing. Given the current ecological situation of steppe

ecosystems in semi-arid zones, it is necessary to promote a

homogeneous steppe management program with the

participation of local populations in the long and medium

term. In order to solve the problems of land and steppe

vegetation degradation and accordingly avoid soil degradation

in the future, the actions of land management to be

implemented in the near future in degraded and/or vulnerable

steppes are, in particular, 1) rehabilitation by planting degraded

areas and enclosure of rangelands that are too affected, sensitive,

and/or very degraded in order to stimulate natural regeneration, 2)

adoption of a rotational grazing system that considers short

periods of free grazing alternated with grazing exclusion in

order to sustain the productivity of the rangeland, and 3)

consideration of livestock carrying capacity of the grazed

rangeland in the grazing management in order to prevent

overgrazing and soil trampling (Chenchouni and Neffar, 2022).
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Different branching architectures reflect the adaptation strategies of different

plants and affect their resistance to wind erosion. This study presents field-

based observations that demonstrate the relationship between the branching

architecture of Artemisia ordosica and its resistance to wind erosion. This

species is the dominant plant species in the semi-fixed and fixed dunes of

the Mu Us Sandy land. The overall bifurcation ratio (OBR) of semi-fixed sandy

land is higher than the fixed sandy land 0.27; Similarly, the total stepwise

bifurcation ratio (SBR) is higher than the fixed sandy land about 0.74; The

length of first levels of total branches is also higher than 8.07. The aerodynamic

roughness was greater than the A. ordosica community in the fixed and semi-

fixed sandy land than in the bare sandy land. The airflow fields in the cross-wind

direction were strongly affected by the windward shape of the plants, which

became gradually narrower from the base to the top, while in the leeward

direction, the wind speed at different heights behind the plant returned to the

incoming airflow velocity. The result confirms that the influence of the

windward shape of the plant on the surrounding airflow field is much larger

than the influence of plant thickness, porosity or other factors.

KEYWORDS

branching architecture, wind erosion, growing locations, psammophyte, Mu Us
sandland

1 Introduction

Psammophytes are adapted to growing in special habitat conditions. Their adaptation

characteristics include resistance to wind erosion, sand burial, aridity and soil infertility,

and these adaptations play an important role in maintaining the stability of the fragile

ecosystem and in reconstructing damaged ecosystems (Zhou, 2001). Psammophytes

influence the protection of surface soil in complex ways. Previous research has focused on

the effect of plant groups rather than individual plants. However, the morphological

characteristics of single plants have a great influence on sand resistance and fixation.
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A plant can be regarded as a collection of modules. There

are variety modules having different architecture

characteristics due to their arrangement in space, so a plant

presents diverse morphological structures (Harper, 1977;

White, 1979; Barlow, 1989). The concept of the architecture

characteristics of the plant, which in a narrow sense mainly

refers to branching architecture, was advanced by Halle and

others in 1978. Different branching architectures not only

reflect the utilization of space, light and other resources by

plants, but also indicate different adaptation strategies of

plants at different growth stages. At the same time,

branching architectures affects a plant’s resistance to wind

erosion.

With respect to the branching architecture of plants,

woody plants and herbs growing in tropical or humid areas

have been relatively well studied. Research both in China and

abroad has mainly focused on the morphological

characteristics of plant branches and the quantitative study

of the meristem dynamic relationship (Sprugel et al., 1991;

Ohsawa and Nitta., 1997; Nitta and Ohsawa. 1998; Sun and

Chen., 1999). For woody plants, studies have often focused on

the crown and trunk studying the development, morphology

and growth dynamics of branching, and dynamic changes and

mutual relations among other components of the branches.

Studies of herbs have mainly addressed the adaptation

strategies of clonal ramets as reflected in their placement

mode in different habitats. However, studies of the

branching architecture of psammophytes have been much

less common. Existing research has primarily focused on

the quantitative study of plant populations at the

component level, as well as adaption strategies to different

environments as reflected in different branching architectures

(Anwar and Yin, 1997; Sun et al., 1997; He et al., 2005, He

et al., 2006; Zhang et al., 2009). Few studies have concentrated

on the influence of psammophyte branching architecture on

resistance to wind erosion.

The Mu Us Sandy land is located in the transition zone

between arid or semi-arid areas and sub-humid areas of

northern China. The region is a typical multi-level ecotone

in terms of geography and geology and is one of the areas most

seriously affected by desertification in China (Wu and Ci.,

1998). Due to these special features, the Mu Us Sandy land has

a variety plant types, and shrubs are the dominant species. The

psammophytic semi-shrub community, dominated by the

species Artemisia ordosica, is the most developed type,

playing a significant role in desert ecosystem reconstruction

and rehabilitation. A. ordosica, which commonly appears at

the southern edge of the Mu Us Sandy land, was selected as the

subject of this study. This study investigates the resistance of

A. ordosica to wind erosion through its architecture

characteristics. The result of this study has important

scientific and practical significance: quantitative

determination of the mechanisms used by psammophytes

to resist wind erosion, and the exploration of plant

variety in the semi-fixed and fixed dunes of the Mu Us

Sandy land.

2 Materials and methods

2.1 Experimental site

The study was conducted during the 2016 windy season, in the

site of an A. ordosica community for windbreak and sand-fixation

at the southern edge of the Mu Us Sandy land in northern China

(37°38′42”~37°47′54″N, 108°50′54”~108°58′00″E) (Figure 1). This
location is in a semi-arid region with a temperatemonsoon climate

characterized by hot summers andmild winters. Desert shrubs and

herbs comprise the primary plant communities in the research

area. A. ordosica is the most developed type, and its communities

occupy most of the sand dunes and sand ridges. The site receives

approximately 400 mm annual average rainfall, mostly during the

summer (www.cdc.cma.gov.cn). Annual pan evaporation exceeds

2,400 mm, which is over 6 times greater than annual average

precipitation (www.cdc.cma.gov.cn). Thirty-year average annual

wind speed is 3.2 m s−1. Aeolian sand activity occurs

mainly between March to May, when wind speeds are greater

than 4.0 m s−1 (the threshold velocity of sand), and this period

accounts for 50.2% of total annual aeolian activity. Vegetation

recovery began in the 1970s. Most drifting dune activity ceased

after afforestation, and semi-fixed dunes and fixed dunes are now

the prevailing landforms.

2.2 Experimental design

2.2.1 Plot design and determination of branching
architecture

Two areas were chosen on the semi-fixed and fixed dunes,

where A. ordosica is concentrated within the research area.

Ten mature plants were selected as the research samples in

each site. The plant selection criteria included similar size,

good growth, no pest or man-made damage, and a distance far

enough from other plants to reduce the impact on plant

modules of intraspecific and interspecific competition for

space resources. A steel tape (with a precision of 0.1 cm)

was used to measure the height, diameter at chest height,

branch lengths at all levels, the interval between branches and

other parameters of each plant. A protractor was used to

measure the inclination of the branches and a caliper was used

to measure the base diameter of the branches at all levels. The

branch sequence was defined on the basis of the Strahler

method (Sun and Chen, 1999), which is used to determine

the branch sequence from the outside to the inside of the

canopy layer. The first external branch is the first level, the

branch formed by intersection of the two first levels is
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the second level, and so forth. If different branch levels

intersect, then the one that is higher is regarded as the

branch level.

2.2.2 Determination of flow field characteristics
Wind profile observation was conducted in the two study

areas mentioned above. At the same time, one bare sandy area

with no vegetation cover, was selected within the study site as

a control plot. Wind speed was measured continuously at

9 different heights in the center of the communities using

anemometers connected to a data logging system. The wind

cup heights of the measuring points were 5 cm, 25 cm, 50 cm,

75 cm, 100 cm, 150 cm, 200 cm, 300 cm and 400 cm. Wind

speed was recorded with a 30 s frequency, and each group of

data was recorded for 5 min, making a total of

10 measurements in each data group. We ensured that the

atmosphere was relatively stable while the test was being

conducted. Data collected below the threshold velocity of

sand (4 m s−1) were selected for regression analysis (Wu,

2003). Wind profiles were drawn, and wind roughness was

calculated.

An individual shrub on a gentle slope in the semi-fixed

sandy terrain was selected for airflow visualization. There

were 67 total measuring points located at the windward

side, leeward side and crosswind side of the plant. Three-

cup wind speed sensors for each measuring point were located

at the base, the mean height, the top of the plant and at a

height of 200 cm. Simultaneously, one control site was set at

an open location on the windward side, and the wind velocity

at a height of 200 cm was used as a control. Each point was

continuously measured for 5 min. After taking the average, the

data were standardized according to the values obtained

during the corresponding period at the control site, so that

the data from all of the measuring points were converted to the

average wind speed during the same 5 min period. The airflow

fields at the other three heights were then obtained.

2.3 Statistical analysis

2.3.1 Statistical method of branching
architecture

Branching architecture was analyzed using the following

indicators: bifurcation ratio, the ratio of branch diameters,

and the fractal dimensions of branching. The ratio of branch

diameter (RBD) is given by

RBD � Di+1/Di (1)

where Di+1 and Di are the diameter (in cm) of the i+1 and i

branch levels, respectively. The bifurcation ratio describes the

branching capability of the branches and the quantitative

configuration of each branch. It can be measured by the

overall bifurcation ratio (OBR) and the stepwise bifurcation

ratio (SBR), which were proposed by Whitney, (1976) and

modified by Steingraeber and Waller, (1986). OBR is

expressed by

FIGURE 1
Location of the study area on the southern fringe of the Mu Us Sandy land, China (37°38′42”~37°47′54″N, 108°50′54”~108°58′00″E).
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OBR � (NT −NS)/(NT −N1) (2)

where NT is the total number of branches at all branch levels

(i.e., NT � ∑Ni), NS is the number of branches at the highest

level and N1 is the number of branches at the first level. SBR is

expressed by

SBRi: i+1 � Ni/ −Ni+1 (3)

where Ni+1 and Ni are the total number of i+1 and i level

branches, respectively. The relationship between the number of

branches (SB), branch length (LB), and the fractal dimension of

branching (D) of each level of branches of different

psammophytes can be described by

SB � C × LBD (4)
where C is a constant proportionality coefficient. After

transformation, the above equation can be written as follows:

ln SB � lnC +D ln LB (5)

There is a good visible linear relationship between SB and LB

when plotted on double logarithm coordinates, and D, the fractal

dimension, is the slope of the resulting line.

2.3.2 Standardization of wind speed
The collected wind speed data was analyzed by converting

data to the average wind speed within 5 min from the beginning

of observations. The standardized method adapted from Zhang

et al., (2006) is as follows:

U
∧
Z � U(t�5,z�2.0)

U(t,z�2.0)
× U(t,z) (6)

whereU
∧
Z is the standardized wind speed of an arbitrary measuring

point at the height z, U(t�5,z�2.0) is the average wind speed of the

control point between t and t+5 min at a height of 2.0 m,U(t,z�2.0) is
the average wind speed of the control point from the beginning of

the observation to 5 min at a height of 2.0 m and U(t,z) is the wind
speed of the measuring point from t to t+5 min at a height of z. To

ensure that no sand airflow was generated during the test, data

showing a wind speed below the threshold velocity of sand were

selected. A graph of the airflow field near the surface was drawn

using the standardized wind speed data.

3 Results and discussion

3.1 Analysis of branching architecture
characteristics

The average plant height of the sampledA. ordosica on the semi-

fixed sandy land was 55 ± 0.4 cm with a porosity of 48%, and an

average crown size of 150 ± 2 cm × 140 ± 2 cm. However, the

average plant height on the fixed sandy land was 50 ± 0.3 cm with a

porosity of 49%, and an average crown size of 130 ± 2 cm × 120 ±

2 cm. A. ordosica grows better on semi-fixed dunes, sandy land and

soil covered with sand and grows particularly well on loose sand

dunes. However, on fixed dunes, due to enhanced soil compaction,

A. ordosica is less suited to the environmental conditions. Although

the number of plants can be large, the plant sizes are generally small.

The number of dry branches increases and growth declines

gradually. The seeds are small and light, and it is difficult for

seeds to be retained in sand dunes, thus A. ordosica has a

relatively smaller distribution in mobile sandy environments.

3.1.1 Branching angle of branches
Branching angles are not only important indicators of

plant spatial distribution, but are also a factor in the plants’

erosion resistence. A. ordosica has a wide base and a gradually

narrowing middle-upper part and is visualized as a

hemisphere based on this morphology. The outside

branches of the plant are weak branching angles, with

branching angles between 35° and 50°. Partial branches may

grow nearly horizontally in a creeping manner. This structure

is beneficial for forming adventitious roots for clonal growth,

generating new plants, and enhancing vegetation coverage of

the covered sandy land. The interior branches of the plant are

mostly middle branching angles, with branching angles

between 50° and 70°, along with some strong branching

angles between 70° and 85°. This structure means that the

growth of each branch does not disturb the growth of the other

branches, thereby maximizing the use of space. There was

little difference in the inclinations of the highest level of

branches on the windward, leeward and crosswind sides,

which demonstrates that they were not influenced by the

force of the wind. However, the angles of the penultimate

levels of branches had different values (Table 1).

The branching angles of the penultimate levels of branches

on the windward side were between 30° and 80°, with a

relatively large range, and included weak branching angle

types and middle branching angle types. Due to the more

direct exposure to wind on the windward side, branching

angles of the outside penultimate levels of branches gradually

increased. However, the angles on branches on the internal

penultimate levels were closer to the angles at the highest level,

and the branching angles decreased. Branching angles of the

branches on the leeward side, were weak branching angles.

The branching angles on the crosswind side, which was less

affected by the wind, were in between the angles on the

windward and leeward sides.

3.1.2 Bifurcation ratio and ratio of branch
diameter

The branch diameter ratio (RBD) is an indicator of the

bearing capacity of different levels of branch. The larger the

branch diameter, the greater the loading on branches at the

next level. In general, if the plant has a large branch diameter,

the bifurcation ratio is relatively large. The bifurcation ratio
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describes the branching capability of the branches, as well as

the number of configurations among all branch levels. The

value of the bifurcation ratio is closely related to the branching

angle and the branch diameter ratio. A higher bifurcation ratio

shows a higher level of a plant’s utilization of its spatial

resources.

The average number of the highest level of branches of A.

ordosica on the windward side was equal to the number on the

leeward side, and both were less than that of the crosswind side.

The branches on the windward and the leeward sides accounted

for 27% of the total number of branches on each side, while the

branches on the crosswind side accounted for 46% of the total

number. The distribution of the branches in all four directions

was similar, leading each individual plant to resemble a

symmetrical semicircle. Wind had no significant effect on the

distribution of the branches of A. ordosica.

The branches ofA. ordosicawere divided into 4-5 levels in the

fixed sandy land and 3 levels in the semi-fixed sandy land. The

index statistics for the branching architecture on the windward,

leeward and crosswind sides, and for branches divided according

to the azimuth of the highest levels of branches, are given in

Table 2.

The overall branching ratio of A. ordosica on the semi-

fixed sandy land was greater than that of plants on the fixed

TABLE 1 The branching angle of samples of Artemisia ordosica.

Sequence
number

The inclination of the highest level of branches The angles of the penultimate levels of branches

Windward side Leeward side Crosswind side Windward side Leeward side Crosswind side

1 Outside 22 33 8 81 56 34

2 19 46 17 79 23 39

3 23 35 30 78 26 47

4 31 30 36 59 31 35

5 41 26 33 72 36 50

6 Inside 70 83 85 41 39 56

7 51 70 60 44 54 36

8 65 72 66 32 35 64

9 76 67 73 30 31 59

10 79 65 82 36 55 40

TABLE 2 Analysis of the branching architecture of Artemisia ordosica.

Windward side Leeward side Crosswind side Total

Semi-fixed sandy land OBR 2 1.68 2.46 2.05

SBR1:2 2.11 1.08 3.07 2.09

SBR2:3 4.5 4.17 1.88 3.52

RBD2:1 1.47 1.51 2.35 1.78

RBD3:2 2.65 3.08 2.28 2.67

Length of first levels of branches (cm) 16.10 25.60 23.70 21.80

Fixed sandy land OBR 2.21 1.26 1.86 1.78

SBR1:2 1.78 0.51 1.77 1.35

SBR2:3 3.08 1.68 1.41 2.06

SBR3:4 4.17 5 3.36 4.18

SBR4:5 2.67 3.67 3.17

RBD2:1 1.55 1.34 1.81 1.57

RBD3:2 2.30 1.94 1.91 2.05

RBD4:3 3.43 2.04 1.94 2.47

RBD5:4 2.19 1.88 2.04

Length of first levels of branches (cm) 16.10 13.30 11.80 13.73
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sandy land, but both were less than 5 and had low branching

rates. The overall branching ratio on the leeward side was less

than that on the windward and crosswind sides. The

branching number of the highest level of branches was the

greatest at each azimuth on the semi-fixed sandy land.

However, in the fixed sandy land, the number of the

highest level of branches was greatest on the windward and

crosswind sides, while the number of second level branches

was the greatest on the leeward side. The ratio of branch

diameter in the semi-fixed sandy land was larger than that in

the fixed sandy land, and the base diameter of the highest level

of branches on the crosswind side was the largest. The branch

diameter ratio of branches in all directions in the semi-fixed

sandy land showed little difference, while in the fixed sandy

land the ratio in the windward direction was larger than that

on the leeward and crosswind sides. These characteristics of A.

ordosica not only reflect the impact of blown sand activities,

but also indicate a type of adaptive strategy that

simultaneously plays an effective role in controlling wind

erosion and desertification.

3.1.3 Fractal dimension of branching
The fractal dimension of branching (D) is an important

parameter for measuring the spatial distribution pattern of plant

branches. If D is less than 1.4000, the plant has a weak fractal

dimension (WD), indicating that the branching pattern of the plant

is simple. If D is larger than 1.8000, the plant would have a strong

fractal dimension (SD), showing that the branching pattern of the

plant is complex. If D is between 1.4000 and 1.8000, the plant has a

moderate fractal dimension (MD). After fitting each level of branch

numbers (SB) and branch lengths (LB) of the sampled A. ;ordosica

plants in the semi-fixed and fixed sandy lands, the straight lines and

fractal dimensions are shown in Figure 2.

A. ordosica exhibited different D values in the three directions.

On fixed sandy land, A. ordosica was WD on the leeward and

crosswind sides, and SD on the windward side. In semi-fixed sandy

land, they were MD on the windward and the leeward side, and SD

on the crosswind side. Because growth ofA. ordosicawas poor in the

fixed sandy land, D was smaller than in the semi-fixed sandy land

and the branching pattern was relatively simple. Because blown sand

activities in the semi-fixed sandy land is stronger than in fixed sandy

land, branches on the windward side were more strongly affected by

in the fixed sandy land. However, in the semi-fixed sandy land, the

branches on the windward and the crosswind side developed a more

complex branching pattern, which enlarged the upwind projected

area of the plant, so as to adapt to the blown sand.

3.2 Wind speed profile and aerodynamic
roughness of the Artemisia ordosica
community

When air flows over a surface covered by vegetation, the

projected upwind shape of the plants plays a key role in

FIGURE 2
Linear fitting of the fractal dimension of branching of Artemisia ordosica in sandy land [(A) Semi-fixed sandy land; (B) Fixed sandy land].
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their resistances to wind-blown sand. The shape of the

plants can be expressed by differences in their

morphological structures, including their height, width,

and porosity. The width of the windward side at

different heights of the plants under investigation is

shown in Figure 3.

The average height of the plants was 0.53 m, and the

average width on the windward side was 0.90 m. The

widest part of the windward side was located within 0–20 cm

of the base and gradually decreased with height. This

hemispherical shape is conducive to sand accumulation at the

base of the plant.

FIGURE 3
The width of Artemisia ordosica on the windward side at different heights.

FIGURE 4
Wind profiles of the Artemisia ordosica community on sandy land under non-sand-drivingwind [(A) Semi-fixed sandy land; (B) Fixed sandy land].
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Aerodynamic roughness (z0) is defined as the height where

surface wind velocity decreases to zero. It represents the

aerodynamic characteristics of the surface and reflects the

decreasing effects of wind speed on the ground surface and the

influence of ground surface on wind airflow (Liu and Dong,

2003). The most common method for calculating

FIGURE 5
Airflow fields at three heights around an individual Artemisia ordosica.
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aerodynamic roughness is using a least squares method with a

logarithmic profile equation for the measured wind profile

(Dong et al., 2001). Given stable and neutral atmospheric

stratification, the velocity profile has a logarithmic

relationship as follows:

uz � a + b ln z (7)

where uz is the velocity at height z (m·s−1), and a and b are fitted

constants. If uz = 0, then:

z0 � exp(−a/b) (8)

A. ordosica communities with similar plant heights,

numbers and uniform distributions were selected on the

fixed sandy land and semi-fixed sandy land. Coverage of

the fixed sandy land with generated crusts was 35%, while

coverage of the semi-fixed sandy land was 20%. According to

wind velocity observations, four groups of wind speed, at a

height of 2 m, were lower than the threshold velocity of the

surface that was used to fit the wind profiles (Figure 4), and

these wind speeds were then used to calculate the aerodynamic

roughness (z0).

The logarithmic curve fitting result of wind profile is

relatively accurate, and the fitting coefficient (R2) is close to

0.9. z0 of the A. ordosica community in the fixed sandy land

was between 2.70 and 3.36 cm, and that in the semi-fixed

sandy land was between 2 and 2.78 cm. Both were larger than

the value in the bare sandy land, which was 0.04 cm (Qiu

et al., 2004). Roughness of the fixed sandy land was

enhanced, which supports positive succession of plants

and soils.

3.3 Airflow field characteristics of
individual Artemisia ordosica

An individual shrub, that was 55 cm high and located on

a gentle slope in semi-fixed sandy land, was selected for

airflow visualization. Three-cup wind speed sensors at each

measuring point were located at heights of 5 cm, 30 cm and

55 cm, respectively. The results from the airflow fields at

each of the three heights are shown in Figure 5. From the

figure, it can be observed that the airflow fields change

drastically because wind velocity in the cross-wind

direction was affected by the windward shape of the

plant, which became gradually narrower from the base to

the top. Two wind acceleration regions formed on both

sides of the plants. Those at the base were larger and

affected a range of 2.50 m behind the plant, while at the

mean of the range, 1.50 m behind the plant was affected,

and at the top only a range of 0.50 m behind the plant was

affected. The wind acceleration regions at the base and the

mean were located at the post-lateral side of the plant and

1 m away from the center of the plant. However, the wind

acceleration regions at the top were located at both sides of

the plant and 2 m away from the center of the plant.

Although the plant widths became gradually narrower

from bottom to top, the wind speed in the windward

direction at different heights behind the plants returned

to the incoming airflow velocity approximately 2 m from

the plant. This result confirms that the influence of the

windward shape of a plant on the surrounding airflow field

is much larger than the influence of plant thickness,

porosity or other factors.

4 Summary and conclusion

Research on the impact of the branching architecture of

psammophytes on the prevention of wind erosion is still in

its early stages. Although this study has presented a number

of results, there are many issues that require further

research.

The architecture of psammophytes is not only the result

of their growth, development and adaptation, but is also a

restrictive condition that affects their further development

at certain architectural growth stages. Not only does the

difference in architecture influence resistances to wind

erosion, but sand airflow also plays a role in formation

of the architecture. Elimination of other environmental

factors is the key to analyzing the effect on wind erosion

control of the architecture under field conditions. However,

a good method has still not been developed to achieve this

goal. Pot experiments can simulate environmental

conditions to a certain extent, but there are still

significant shortcomings with this method. One

limitation is that cultivation requires an extended period

of time. Also, differences have been reported between pot

experiments and field studies because the experiments do

not entirely represent the field conditions. Therefore, better

methods to overcome this problem need to be developed

through future studies.

The classification of psammophyte architecture is the basis

for researching the mechanisms of resistane to wind erosion.

He et al., 2005 divided desert plants into four types according

to their architecture index, based on statistics relating to

branching architecture, including all levels of branching

angles, branch length, branch diameter ratios and other

indicators. However, they did not consider the effects of

environmental conditions on the differences in architecture.

To describe the architecture characteristics fully, one needs to

describe, for instance, the change in psammophyte

architecture with growth stage, the external space-time

difference, the climate characteristics and the geographical

differences in soils to establish a psammophyte architecture

index system to enable comprehensive classification of

psammophytes.
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Carbon dioxide fluxes of
cyanobacterial crusts and
underlying soil under different
precipitation patterns in the Ulan
Buh Desert, China

Lili Wang, Ying Gao, Xiaoming Cao* and Weiwei Lu

Institute of Ecological Conservation and Restoration, Chinese Academy of Forestry, Beijing, China

Cyanobacterial crusts, sensitive to changes in the moisture content, are widely

distributed in the Ulan Buh Desert. Changes in precipitation patterns due to

global climate change are expected to influence the carbon emission and

photosynthetic carbon fixation of soil in areas covered with cyanobacterial

crusts. We assessed how changes in precipitation amount and frequency affect

carbon processes of Cyanobacterial Crusts. Taking average precipitation

amount and frequency in August during the past 30 years as control, we

established nine precipitation patterns (three amounts × three frequencies).

The net carbon flux (NCF) and dark respiration rate (DRR) of cyanobacterial

crusts and underlying soil were investigated. Precipitation could stimulate NCF

and DRR immediately. With increasing water application times, the peak values

of NCF, DRR and 12 h cumulative carbon emissions gradually decreased. Both

precipitation amount and frequency significantly affected cumulative carbon

emissions but without an interactive effect. Under the same frequency,

cumulative carbon emissions increased with increasing precipitation

amounts. Under the same total precipitation amount, cumulative carbon

emissions caused by high-frequency events were the highest, followed by

those of low-frequency precipitation and the control. However, such changes,

against the background of a changing global climate, will result in increased

carbon emissions of cyanobacterial crusts and underlying Soil, suggesting that

cyanobacteria should be considered in projections of the future carbon budget.

KEYWORDS

cyanobacterial crusts, carbon dioxide fluxes, precipitation amount, precipitation
frequency, biological soil crusts

Introduction

According to various climate models, global and local precipitation patterns will

change in the context of climate change (Feng and Fu, 2013; Stocker et al., 2014).

Precipitation will increase in high-latitude areas and the tropical Pacific areas, similar to

the average precipitation in many mid-latitude humid areas; in contrast, average
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precipitation will decrease in mid-latitude and subtropical dry

areas (Stocker et al., 2014; Yongping and Guoya, 2013); in many

areas, changes in precipitation intensity and time distribution

(rainfall frequency and interval time) will further be aggravated,

and more extreme precipitation events will occur (Solomon et al.,

2007; Stocker et al., 2014). Precipitation determines the soil

moisture, thus further regulating carbon cycling in terrestrial

ecosystems (Huxman et al., 2004; Reed et al., 2012; Zelikova et al.,

2012; Maestre et al., 2013; Peng et al., 2013; De Guevara et al.,

2014; Escolar et al., 2015). In turn, such changes may feed back to

the climate system, exacerbating or slowing down climate

changes.

Precipitation drives resource availability and productivity. In

arid and semi-arid regions, which account for 41% of the total

land area (Reynolds et al., 2007), the soil carbon reserves account

for 27% of the global total reserves (Roy and Saugier, 2001).

Though not the highest, the carbon flux rate of arid and semi-arid

ecosystems contributes significantly to the global carbon budget

(Wohlfahrt et al., 2008; Piao et al., 2009; Xie et al., 2009; Peng

et al., 2013). Moisture-limited arid and semi-arid ecosystems are,

however, unable to support uniform and continuously

distributed vegetation with high coverage, while they show a

wide distribution of biological soil crusts (BSCs) (Belnap and

Lange, 2003). Such crusts, which are the main components of

desert ecosystems, are heterogeneous complexes formed by

cryptogams (such as cyanobacteria, desert algae, lichens, and

mosses) and soil microorganisms, as well as other related

organisms, which are cemented with soil surface particles

through mycelium, rhizoid, and secretions (Belnap and Lange,

2003; Xinrong et al., 2009; Yuanming and Xueqin, 2010). On the

surface of desert areas, BSCs cover approximately 40% of the total

area, reaching 70% or more in some regions. They are sensitive to

changes in the external environment, especially moisture levels,

and their weak source or sink characteristics are prone to

directional reversal under the disturbance of rainfall, resulting

in great uncertainty in carbon source and sink functions.

Several studies have focused on the effects of precipitation

pattern changes (e.g., amount, intensity) on net primary

productivity of BSCs, soil respiration and carbon process in

arid and semi-arid regions. However, the impact of

precipitation time distribution (rainfall frequency and interval

time) on carbon processes was largely neglected, and there is a

lack of field observations of fixed stations to support studies

about carbon processes of BSCs caused by precipitation pattern

changes.

The cyanobacterial crust is the primary development stage of

BSCs, which is composed of pioneer species in desert areas. The

cyanobacterial crust is characterized by high tolerance to extreme

environmental conditions, such as drought, strong radiation and

low in nutrients. It is widely distributed in harsh environments in

arid regions and is one of the important surface cover landscape

features of the Ulan Buh Desert, western Inner Mongolia Plateau.

In this study, we used the cyanobacterial crust of the Ulan Buh

Desert as the research object to explore the carbon flux process of

cyanobacterial crust-covered soil under nine precipitation

patterns, involving three frequencies at three amounts, with

the aim to provide a scientific basis for the accurate

estimation of carbon emission and sequestration by

ecosystems in arid regions.

Materials and methods

Site description

The study site was located in Dengkou County

(40°9′N~40°57′N, 106°9′E~107°10′E), at the source of the

Hetao Plain in western Inner Mongolia, China, and on the

eastern edge of the Ulan Buh Desert. The prevailing climate is

a temperate continental monsoon climate, with an annual

average temperature, precipitation, and evaporation of 7.6°C,

144.5 mm, and 2,397.6 mm, respectively. The soils in the study

region are mainly gray-brown desert soil and sandy soil [Cambic

Arenosols and Luvic Gypsisols in FAO (Food and Agriculture

Organization of the United Nations) taxonomy]. The area is a

transitional belt between a desert and steppe, covered with

psammophytic vegetation of desert areas.

The BSCs covered above 80% of desert land. The types of

BSCs in this region includes cyanobacterial crusts, lichen crusts,

and moss crusts. Cyanobacterial crusts account for the largest

proportion in the vast majority of sandy land without plant cover.

The dominant species in the cyanobacterial crusts are

Microcoleus vaginatus.

Research methods

Experimental design
According to the assessment report (Stocker et al., 2014), it is

estimated that by the end of the 21st century, the annual

precipitation in Northwest China will increase by 10–60%, and

the changes in precipitation intensity and time distribution in

many places will be further aggravated. Therefore, three

precipitation amounts were tested: an increase by 30%

(6.84 mm), an increase by 60% (8.12 mm), and the average

precipitation (5.26 mm) in August during the 30 years from

1986 to 2015 (control). For each of the aforementioned three

precipitation amounts, three frequencies were established: a

frequency increase by 50% (12 times), a frequency reduction by

50% (3 times), and the average frequency (6 times) in August

during the 30 years from 1986 to 2015 (control). A total of nine

precipitation patterns (three sizes × three frequencies) were studied

(Table 1), with three repetitions for each treatment. On an average,

a frequency increase by 50% divided a single precipitation into two,

while a frequency reduction by 50% superimposed two adjacent

precipitations. The total precipitation amount was the same under
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different frequency treatments at the same amount. To avoid

interference of natural precipitation, the samples were covered

with transparent plastic cloth.

Sample collection
Flat areas, far away from vegetated areas and with well-

developed cyanobacterial crusts, were sampled in July 2018. For

this, 27 undisturbed soil cores covered with cyanobacterial crusts

were collected using a self-made PVC sampler with a diameter of

20.3 cm (area: 0.032 m2) and a height of 20 cm. Prior to sample

collection, the crust surface was moistened with distilled water to

ensure sample integrity.

Monitoring of NCF and DRR
From the end of July 2018 to the end of August 2018,

simulated precipitation experiments were conducted, and the

net carbon flux (NCF) and dark respiration rate (DRR) were

determined. Six water application experiments were conducted

under patterns A0F0, A30F0, and A60F0, with NCF and DRR

being determined for each experiment. Three water application

experiments were conducted under patterns A0F-, A30F-, and

A60F-, with NCF and DRR being determined for each

experiment. Twelve water application experiments were

conducted under patterns A0F+, A30F+, and A60F+, with

NCF and DRR being determined for nine of them (the other

three experiments were conducted with water only, and NCF and

DRR were not determined).

At 6:00 a.m. on the day of water application, the soil

respiration measurement system LI-8150 (LI-COR) was

connected to the transparent air chamber to determine NCF

prior to water application, and subsequently, the transparent air

chamber was covered with opaque cloth to determine DRR.

Starting from 7:00 a.m., the calculated amount of water was

sprayed slowly and evenly into the soil cores using a watering can

to largely avoid runoff. Immediately after watering and after 0, 1,

2, 4, 8, 12, and 24 h, NCF and DRR were determined. For each

sample, light and dark measurements were paired, and the paired

measurements were taken as simultaneously as possible to avoid

a shift in the environmental conditions.

Statistical analysis
The time-weighted method was adopted to calculate the

12-h cumulative net carbon flux (12-h NCF) and the total net

carbon flux (TNCF), as well as the 12-h cumulative carbon

release flux (12-h DRR) and the total carbon release flux

(TDRR) under nine precipitation patterns. A one-way

ANOVA was adopted for variance analysis of 12-h NCF

and 12-h DRR. A two-way ANOVA was adopted for

variance analysis of TNCF, TDRR, and total photosynthetic

carbon sequestration (TPCS). For statistical analysis and

mapping, we used the software packages SPSS 20.0, Excel

2010, and R statistical software.

The photosynthetic rate (PR) is calculated based on NCF

and DRR:

PR � DRR −NCF, (1)

where PR is the photosynthetic rate value; the greater the value,

the greater the photosynthetic rate and the stronger the carbon

sequestration capacity.

Results

Effects of different precipitation patterns
on NCF

After water application, the NCF values of all precipitation

patterns increased rapidly and peaked at 1 h, followed by a

gradual decrease and a return to background levels after 12 h.

Among the NCF values before and 24 h after water application,

some values were negative, indicating that the cyanobacterial

crust sequestered carbon and functioned as a carbon sink

(Figure 1).

After the first time of water application, the peak values of

NCF under the nine precipitation patterns were 5.09 (A0F−),

5.46 (A30F−), 7.26 (A60F−), 5.31 (A0F0), 5.61 (A30F0), 5.87

(A60F0), 3.83 (A0F+), 3.62 (A30F+), and 3.93 (A60F+) μmol m−2

s−1, respectively. Nevertheless, after the last time of water

application, the peak values were 2.19 (A0F−), 2.1 (A30F−),

1.75 (A60F−), 2.28 (A0F0), 1.75 (A30F0), 2.9 (A60F0), 0.71

(A0F+), 1.15 (A30F+), and 1.48 (A60F+) μmol m−2 s−1,

respectively, showing a large reduction (50–80%) compared to

the first time.

For clearly comparing the changes of net carbon flux among

different precipitation patterns, we calculated the 12-NCF after

every water application and took the average. We found the 12-h

TABLE 1 Factors of the experimental design.

Pattern 30-year average amount Amount
increase by 30%

Amount
increase by 60%

Frequency reduction by 50% A0F- A30F- A60F-

30-year average frequency A0F0 A30F0 A60F0

Frequency increase by 50% A0F+ A30F+ A60F+
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FIGURE 1
Dynamics of NCF in soil covered with cyanobacterial crust. -1 is the value determined before water application, and 7.26, and 8.1, etc., are the
experimental dates. NCF: net carbon flux.

FIGURE 2
(a) 12-h NCF of soil covered with cyanobacterial crust; (b) TNCF of soil covered with cyanobacterial crust; statistically significant differences in
precipitation amount are denoted with capital letters whereas statistically significant differences of precipitation frequency are denoted with
lowercase letters. 12-h NCF: 12-h cumulative net carbon flux; TNCF: total net carbon flux.
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NCF had a negative relationship with precipitation frequency

(−50% > normal > +50%) (Figure 2). Under −50% frequency

treatment, the 12-h NCF of +30% and +60% amount were

significantly higher than normal (p < 0.05). However, under

+50% frequency and normal frequency treatments, the 12-h NCF

were not significantly different (p > 0.05). With the increase of

water application times, the 12-h NCF showed a decreasing trend

under all precipitation patterns. Compared with the first time, the

12-h NCF after the last time water application was decreased by

38–63%.

To compare the carbon flux across the whole experiment

period, we use the weighted average method to calculate TNCF.

We found that the TNCF values of +50% frequency and −50%

frequency treatments were significantly higher than that in

normal frequency (p < 0.05) whereas there is no significant

difference between +50% frequency and −50% frequency

TABLE 2 Variance analysis of effects of precipitation amount and frequency on TNCF, TDRR, and TPCS.

Source TNCF TDRR TPCS

df F P df F P df F P

Frequency 2 8.090 0.003 2 13.78 0.00 2 0.144 0.867

Amount 2 3.915 0.039 2 6.60 0.01 2 0.109 0.897

Frequency * amount 4 0.285 0.884 4 0.74 0.58 4 0.070 0.990

Note: TNCF: total net carbon flux; TDRR: total carbon release flux; TPCS: total photosynthetic carbon sequestration.

FIGURE 3
Dynamics of DRR in soil covered with cyanobacterial crust. -1 is the value determined before water application; 7.26, and 8.1, etc., are the
experimental dates. DRR: dark respiration rate.
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(p > 0.05). At the same frequency, the TNCF in treatments of

+60% amount was significantly higher than normal amount (p <
0.05) (Figure 2). However, two-way anova analysis showed that

individual precipitation amount and frequency has significant

effects on TNCF (p < 0.05), but they did not show significant

interactive effects (Table 2, p > 0.05).

Effects of different precipitation patterns
on DRR

Precipitation can significantly stimulate soil respiration.

Under the nine different precipitation patterns, DRR

significantly increased after water application, reaching a peak

value within 1 h and then gradually decreased, reaching

background levels about 12 h after water application (Figure 3).

With the increase of water application times, peak values of

DRR under the nine patterns had a similar decreasing trend to that

of NCF. After first time water application, the peak values of DRR

were 4.29 (A0F−), 6.52 (A30F−), 7.18 (A60F−), 3.82 (A0F0), 3.98

(A30F0), 4.38 (A60F0), 2.51 (A0F+), 3.42 (A30F+), and 4.20

(A60F+) μmol m−2 s−1, respectively. After last time water

application, the peak values of DRR were 2.17 (A0F−), 2.66

(A30F−), 5.66 (A60F−), 2.32 (A0F0), 1.89 (A30F0), 2.08 (A60F0),

1.40 (A0F+), 1.27 (A30F+), and 2.23 (A60F+) μmol m−2 s−1, with a

reduction of 40–60% compared to the first time (Figure 3).

Similar to NCF, the 12-h DRR also had a negative

relationship with precipitation frequency (−50% > normal >
+50%). Under normal and +50% frequency treatment, the 12-h

DRR increased along with increasing amount, and the 12-h DRR

of amount +60% was significantly greater than that +30% and

normal (p < 0.05). Under −50% frequency treatment, the

following order was observed: +60% amount > +30% amount >
normal amount, and the difference between the amounts was

statistically significant (p < 0.05) (Figure 4). With the increase of

water application times, the 12-h DRR showed a decreasing trend

under all precipitation patterns. Compared with the first time, the

12-h DRR after the last time water application was decreased by

33–52%.

At the same amount, the TDRR at the three frequencies

showed the following order: +50% frequency > −50% frequency >
normal frequency; the levels significantly differed among the

different frequencies. At the same frequency, The TDRR

increased with increasing amount, the TDRR in treatments of

+30 and +60% amount were significantly greater than normal

amount (p < 0.05) (Figure 4). However, two-way anova analysis

showed that individual precipitation amount and frequency

significantly affected TDRR (p < 0.05), but without an

interactive effect (p > 0.05) (Table 2).

Effects of different precipitation patterns
on carbon sequestration

As shown in Figure 5, PR generally showed an upward trend

after water application, reaching the maximum value about 4 h

after water application and gradually falling to background levels

after 12 h. Among them, the values of PR at 0 h after water

application were positive under A30F-, A60F-, and A60F+, with

the carbon sequestration rate first decreasing and reaching the

minimum value at the first hour, followed by a gradual increase.

There was no significant difference in the effects of amount,

FIGURE 4
(a) 12-h DRR of soil covered with cyanobacterial crusts; (b) TDRR of soil covered with cyanobacterial crust; statistically significant differences in
precipitation amount are denoted with capital letters whereas statistically significant differences in precipitation frequency are denoted with
lowercase letters. 12-h DRR: 12-h cumulative carbon release flux; TDRR: total carbon release flux.
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frequency, and their interaction on TPCS (p > 0.05) (Figure 6,

Table 2).

Discussion

In arid regions, moisture is the main limiting factor for

biological activities. Precipitation can directly alternating soil

moisture, which will affect the soil carbon cycling and cause

the changes of soil carbon stock. In this study, the results

showed that precipitation could stimulate NCF and DRR and

then they gradually decreased to background level. This

finding is consistent with previous observations

(Sponseller, 2007; Xiaohong et al., 2016). This could be

attributed to two main reasons: first, organisms in

cyanobacterial crust were very sensitive to water. Under

the dry condition, cyanobacterial crust will enter to a

dormant state, but after water application, physiological

activities and respirations of it could quickly recover.

Secondly, arid region has the loose soil, so amount of CO2

might potentially accumulate in soil gaps, which would be

discharged when rainwater infiltrated.

Previous studies have found that the carbon emissions of

biological crust areas increased with increasing precipitation

amounts (Housman et al., 2007; Thomas et al., 2008; Thomas

and Hoon, 2010; Castillo-Monroy et al., 2011; Feng et al.,

2013). Consistently, in our study, 12-h NCF and 12-h DRR,

TNCF and TDRR of cyanobacterial crust and underlying soil

also showed increased with the increase of individual water

application amount at the same frequency. However, when the

amount increased to a certain extent, it no longer had an

obvious acceleration effect on soil carbon emissions. In our

experiment, for 12-h NCF and 12-h DRR under −50%

frequency treatment and TDRR, +30% (A30F−) and +60%

(A60F−) amount were significantly greater than normal

amount (A0F−) (p < 0.05), but the difference between

A30F− and A60F− was not significant (p > 0.05). There is

an optimal level of hydration for biocrust organisms (NASH

III, 1996; Lange, 2001), high precipitation amounts increase

diffusional resistance and decrease CO2 availability to crust

(Grote et al., 2010).

In addition to precipitation amount, precipitation frequency

also had significant effects on the carbon processes of BSCs.

Precipitation frequency disturbs carbon exchange modes by

FIGURE 5
Dynamics of PR of the cyanobacterial crust. -1 is the value determined before water application; 7.26, and 8.1, etc., are the experimental dates.
PR: photosynthetic rate.
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affecting the dry-wet alternation of the soil (Reed et al., 2012). In

this study, we observed that 12-h NCF and 12-h DRR decreased

with increased water application frequency, which was mainly

due to the large evaporation in arid regions. In this region, lower

water application amount in high water application frequency

can only moisten the soil surface and the water from water

application will be evaporated in a short time, so soil and

cyanobacterial crust could not utilize it, causing the decrease

of carbon emission. However, for the entire experiment period,

under the same precipitation amount, TNCF and TDRR did not

showed a decreased trend with increased water application

frequency. Specifically, TNCF and TDRR in high-frequency

treatments were highest, followed by low-frequency and then

normal-frequency treatments. This may be due to a synergetic

effect between the individual precipitation amount, the

precipitation frequency, and other environmental factors such

as antecedent moisture, temperature (Baldauf et al., 2018).

Precipitation significantly promoted the soil carbon emission

rate and increased cumulative carbon emissions, but with the

increase in precipitation times, that is, with more

dry–wet alternations, this effect was gradually weakened. Our

results has found that most of the increased water application

amount treatments significantly promoted soil carbon emission

rate (represented by NCF and DRR), and cumulative carbon

emissions (represented by 12-NCF, TNCF, 12-DRR and TDRR).

However, with the increase of water application time, the peak

values of NCF, DRR, 12-h NCF, and 12-h DRR decreased along

with the increase in dry-wet alternation times. This significant

increased effect was gradually weakened. This may be due to the

changes in available organic matter, microbial biomass, and

microbial community structure in the soil through continuous

dry–wet alternations. On the one hand, after repeated

dry–wet alternations, the stability of soil aggregates was

improved, and the amount of organic matter released

therefrom was reduced (Denef et al., 2001). On the other

hand, with further dry–wet alternations, the composition of

the microbial community reestablished in the soil changed as

a response to changes in the soil water potential (Mikha et al.,

2005), reducing its sensitivity to changes in water potential. As a

consequence, the mortality of microorganisms was reduced, thus

reducing the active organic matter available to microorganisms.

Previous studies have found that BSCs responded quickly to

precipitation. The photosynthetic process of BSCs could start within

10 min even under a small amount of precipitation and could

maintain photosynthetic capacity. In addition, the photosynthetic

rate is very likely to show an increased trend first and then decrease

(Lange et al., 1994; Brostoff et al., 2005; Grote et al., 2010; Feng et al.,

2014). Consistently, in our study, the photosynthetic rate of

cyanobacterial crusts also peaked about 4 h after water

application and then gradually decreased to background levels.

This is likely because cyanobacterial crusts are generally in a

dormant state under water limitation condition and metabolism

of photosynthetic process would start rapidly once the environment

becomes wet. However, photosynthetic carbon sequestration

capacity is weak and discontinuous. In addition, the crusts also

respire while photosynthesizing, and its respiration rate is greater

than its photosynthetic rate at the early stage after water application.

With regard to NCF between soil and the atmosphere, our

result showed that NCF value was positive, indicating that CO2

which was fixed from atmosphere could not offset its emission.

However, we also found NCF values of some crusted areas were

negative, indicating that carbon fixation process existed in these

areas. In addition, we found this phenomenon always occurred in

the morning. Previous research has found that BSCs can rapidly

restore their metabolism with 0.1 mm of water (Lange et al.,

1994). In dry region, dew, fog, and even greater air humidity

could be main water sources for photosynthetic process (Lange

et al., 1997). Thus, this is probably due to condensed water and

lower temperatures in the morning. Specifically, condensed water

facilitated photosynthetic process, while the lower temperatures

inhibited soil respiration in the morning. Consequently, carbon

could be sequestered in the morning.

Furthermore, with the increase in annual precipitation, the

annual carbon sequestration of BSCs showed an increasing trend

(Yoshitake et al., 2010; Coe and Sparks, 2014; Feng et al., 2014).

Similarly, the TPCS which represented annual carbon

sequestrations in our study also increased with increasing

precipitation amounts, but the individual effects of precipitation

and frequency, and interaction effects of these two factors were all

not significant on TPCS. This may be due to the low carbon

sequestration capacity of cyanobacterial crusts, as well as the

experimental period.

FIGURE 6
TPCS of cyanobacterial crusts. TPCS: total photosynthetic
carbon sequestration. Statistically significant differences in
precipitation amount are denoted with capital letters whereas
statistically significant differences in precipitation frequency
are denoted with lowercase letters.
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Conclusion

Precipitation had a significant stimulating effect on soil

carbon emission. Both precipitation amount and frequency

significantly affected cumulative carbon emissions, but

without an interactive effect. Under the same precipitation

frequency, cumulative carbon emissions increased with

increasing precipitation amount. However, when

precipitation amount increased to a certain extent, it no

longer accelerated soil carbon emission. Under the same

precipitation amount, cumulative carbon emissions caused

by high-frequency events were highest, followed by those of

low-frequency precipitation and the control. For individual

water application, the carbon emissions caused by low-

frequency heavy events were significantly greater than those

caused by high-frequency light events. Another important

finding was that the stimulating effect of precipitation to

soil carbon emissions decreased with the increase of water

application times. Changes in precipitation amount and

frequency caused by global climate change will increase

carbon emissions of cyanobacterial crusts and underlying

Soil, suggesting that cyanobacteria should be considered in

projections of the future carbon budget.
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Dynamic of sandy alpine grasslands affect the progress and reversal of

desertification in source regions of the Yangtse Rivers. To understand

geomorphic driving mechanism of species distribution pattern, we examined

the species compositions and delineated the most important landform factors

influencing species distribution of sandy alpine grassland using two-way indicator

species analysis (TWINSPAN), detrended correspondence analysis (DCA), and

canonical correspondence analysis (CCA). Field survey were conducted in

summer of 2016 using stratified random methods in hilly sloped lands,

floodplains, foothills, and valley land of study region. In total, 29 plant species

grouped into 27 genera and 16 families were identified. Leymus secalinus, Elymus

dahuricus and Corispermum declinatum are the dominant species of sandy

alpine grassland communities in different microtopography. The present

vegetation reflected xerosere character, which indicated that desertification of

alpine grassland is in progress. Standard frequency distribution of species varied

with different microtopography, the proportion of dominant species was

generally lower than rare species, and the vegetation community was in a

highly successional stage. Seven groups were distinguished through

TWINSPAN, distribution of which in the DCA ordination graph showed species

with similar ecotype is clustered together. The results of the CCA ordination

revealed that slope and aspect are the dominant factors amongmicrotopography

determining the species distribution of sandy alpine grassland.
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Introduction

The Qinghai-Tibet Plateau is the concentrated and largest

distribution area of Alpine Grassland in the world (Miehe et al.,

2011). It is also an important gene pool of alpine biological resources

and one of the 34 hot spots of global biodiversity conservation.

Alpine grassland is not only an important pasture for herdsmen in

Qinghai-Tibet Plateau, but also has many ecological services, such as

soil and water conservation, climate regulation and so on, which

affect the ecological security of the surrounding areas and even the

central and eastern part of China. However, affected by global

climate change and human activities, the Tibetan Plateau has

become the key area of desertification development in recent

decades (Dong, 1999; Yan et al., 2000; Cui and Graf 2009; Gao

et al., 2015). Specifically, climate warming, permafrost thawing,

over-grazing and drainage of water systems all have been

responsible for the aeolian desertification (Xue et al., 2009; Dong

et al., 2010; Yang et al., 2010). Vegetation is the most common and

most reliable stabilizer of shifting sand. Its dynamics are essential to

the development and adverse processes of desertification in the

Tibetan Plateau (Yan et al., 2004; Duran and Herrmann 2006). The

degradation of soil and vegetation in decertified grassland interacts

with negative feedback effects (Zhao et al., 2012). With the

development of desertification, species compositions and

productivity of vegetation change obviously (Zhao et al., 2011).

Meanwhile, soil coarsening, looseness, organic matter, and nutrient

content decreased, habitat heterogeneity increased, shrub invasion

was obvious, and community structure tended to be simplified (Xu

and Lv, 2011). Degeneration of grassland led to desertification and

frequently induced dust storms (Wang et al., 2008). In 2010, the area

of wind erosion land was 374,785 km2, accounting for 15% of the

total plateau (Dong et al., 2017). The degradation of alpine grassland

and decline of productivity caused by desertification seriously

threatened the ecological security of the Tibetan Plateau.

The interaction between landforms and vegetation processes are

more developmentally intertwined at multiple spatial and temporal

scales (Okin et al., 2006; Stallins 2006). The fluidity of sand draft

activity in the aeolian landform affects the succession of vegetation

by reshaping the micro-geomorphology (Zhao and Wang, 2005).

Topography determines the strategies of colonization and survival of

plant communities (Hernández-Cordero et al., 2015), vegetation

association and succession patterns (Hesp et al., 2011). Under

certain small-scale conditions of climate and soil, topographical

elements (slope, aspect, slope position) indirectly affect plant growth

dynamics and species distribution through redistribution of light,

accumulated temperature, soil moisture and nutrients (Fand et al.,

2012). The micro-geomorphological changes in the grassland have

obvious effects on habitat heterogeneity (Urant et al., 2008). The

difference of sand draft activity and soil moisture, pH, and total salt

content in different parts of dune is an important influencing factor

for the difference of plant communities in paradise sand dunes and

Nitraria tangutorum brushwood (Zhang, et al., 2017). The fixation

of dunes resulted in a closer interspecific relationship between the

lowland plants (Wang, et al., 2010). However, the relationship and

mechanism between physical processes of desertification, especially

aeolianmicro-geomorphology and biological processes, are not clear

(Wang J. B. et al., 2013). Thus, it is pressing need to examine species-

landforms relationship of sandy alpine grassland for combating the

desertification in source regions of the Yangtse rivers.

To this end, this paper focused on the compositions and

distribution of desertified alpine grassland in different

microtopography with methods of quantitative ecology. We hope

to reveal the most important topographic factor affecting the patterns

of sandy alpine grassland, and provide scientific basis for the

restoration of sandy alpine grassland in the Yangtze River source.

Data and methods

Discription of the study area

Since the implementation of ecological protection and

construction project, the regional ecological environment of three

river sources area have been significantly improved, and the

degradation trend of grassland has been basically controlled.

However, the degradation of grassland in the Yellow River and

the Yangtze River is still relatively severe. Grassland degradation in

Maduo County and Qumalai County being the most obvious (Xu,

et al., 2017). Located in the southwestern part of Qinghai Province,

Qumalai County is themain source of water conservation in the two

major river systems in China. The average elevation in the county is

more than 4,500 m, the annual average temperature is −3.3°C, and

the average annual precipitation is 380–470 mm, which is an alpine

continental climate. The degradation of alpine grassland caused by

desertification in Qumalai county is serious. Based on the

demonstration project of desertification control of Qinghai

Provincial Forestry Department in 2016, the comprehensive

recovery experiment of engineering and seeding was carried out

in the desertification area of Qidukou alpine grassland. According to

the law of sand draft activity in the study area, the HDPE sand

barrier was laid to fix the mobile sand dunes. In the spring, Poa

annua, Elymus sibiricus, and Elymus dahuricus were planted in the

sand barrier area to artificially restore sandy grassland. The grassland

types are mainly Stipa steppe and alpine meadow. The dominant

species are Kobresia pygmaea, Stipa breviflora, Stipa purpurea, and

Orinus kokonorica, accompanied by Potentilla bifurca, p. annua,

Carex tristachya, Leontopodium nanum, Oxytropis ochrocephala

(Du et al., 2010).

Experiment design

The field survey was carried out in the hilly sloppy lands,

floodplain, foothill and valley land of typical micro-landform in

sandy alpine grassland (Figure 1). Three repeated transect were

set for each typical micro-geomorphology area. The length of the
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transect is determined by the size of the micro-geomorphic unit.

1 m × 1 m quadrat was set every 5 m in each transect, and a total

of 60 quadrats are investigated. The compass is used to record the

slope, slope aspect. Latitude, longitude, and altitude of the

quadrat were measured by GPS.

Data processing

The importance value (IV) is used as the dominance index of

species in the community and calculated as:

Iiv � (Rc + Rf + Rd)/3, where Iiv is the importance value

index, Rc is the relative cover, Rf is the relative frequency, and

Rd is the relative density. The frequency is defined as the number

of squares appearing the plant species in the transect divided by

the total number of squares, and the species appearing only in

one or two squares is defined as a rare species. Referring to the

Danish scholar C. Rainier’s research method, the standard

frequency distribution map of the species is drawn, and the

species with a standard frequency of 1%–20% are classified into

the A grade, and 21%–40% are classified into the B grade, 41%–

60% is C, 61%–80% is D, and 81%–100% is E (Simpson, 1949).

The terrain factor includes elevation, slope, aspect and slope

position, and a matrix of 60 × 4 environmental factors is

established. The slope position assignment rules: 1-river valley

flat beach; 2-downhill position; 3- mid-slope position; 4 -upper

slope position; The aspect assignment rules: 1-represent leeward

slope, 2-windward slope, 3-flatland. The slope is measured

directly by the compass.

The classification was based on the important values of the

species represented by the average values of the three samples.

The vegetation assemblages were classified by TWINSPAN (two-

way indicator species analysis) in WinTWINS version 2.3. To

identify the correlation of floristic data with environmental

gradients, DCA (Detrended correspondence analysis), CCA

(Canonical Correlation Analysis) ordination was carried out

using the program Canoco5.0 for Windows. Species important

values and environmental variables, including elevation, slope,

aspect, and slope position, which were log transformed before

statistical analysis to ensure homogeneity of variance. Manual

forward selection through a Monte Carlo permutation test with

499 permutations (p < 0.05 significance) was performed to select

the environmental variables explaining species composition.

Species which occurred once only were omitted from the

analysis.

Results

Characteristics of plant communities

In total, 29 plant species belonging to 27 genera and

16 families were identified (Table 1). At the family level,

Gramineae, Compositae, Scrophulariaceae were larger

families, accounting for 17.24% (5 species), 11.1%

(3 species), 11.1% (3 species). Vegetation composition varies

significantly under different topographic conditions. The

number of plant species in hilly sloppy is up to 18 and in

foothill is at least 14. L. chinensis, E. dahuricus and C.

declinatum are the dominant species of sandy alpine

grassland in the source regions of Yangtze River.

The standard frequency distribution of species based on the

C. Raunkiaer methods is shown in (Figure 2). The number of

grade species in hilly sloppy land, floodplain, foothill, valley

land ranked as A > B > D, A>C>B = D = E, A > B=C > E, A >
B > C = D = E respectively. The lack of E-class species is

implying that the community of hilly sloppy land is in a high

succession stage. In terms of species composition, the

proportion of dominant species is lower than rare species.

There are 2 species appearing in C, D, and E grades of four

landforms, which is L. secalinus and E. dahuricus, the average

frequency of which are 40% or more, respectively. There are

four kinds of B-class species with an average frequency between

20% and 40%, which are E. altotibetica, K. royleana, C.

declinatum, and A. tenuifolia. The rare species accounted for

48.23% of the total species.

FIGURE 1
Locations of study area.
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Classification of plant community

Based on the 3rd level of division in TWINSPAN

classification, seven interpretable groups of plant communities

were discriminated (Figure 3). The plant communities were

separated into main associations: AssI. L.secalinus+H.

altaicus+S. woodiana mainly distributed on the bottom and

leeward of sandy hilly sloppy land, accompanying species

include E. altotibetica, P. bifurca, and P. annua. AssII. L.

secalinus+K. royleana+ C. declinatum mainly grow on upper

part and windward of sandy hilly sloppy land, accompanying

species include E. altotibetica, P. bifurca, and Lancea tibetica.

AssIII. L. secalinus+E. dahuricus+A. tenuifolia represented the

habitat of sandy floodplain, accompanied by C. declinatum, A.

cyaneum, P. sibiricum, S. woodiana, and K. royleana. AssIV. L.

secalinus+Thermopsis alpina mainly distributed in top of sandy

hilly sloppy land, and accompanied by C. declinatum, P.

longiflora. AssV. E. sibiricus+P. annua grow on the leeward of

sandy foothill, accompanying species include L. secalinus, E.

dahuricus, C. declinatum and K. royleana. AssVI. Elymus

sibiricus+E. dahuricus mainly distributed in the leeward of

sandy gully land, and companied by C. declinatum, C.

trachycarpa and L. brevituba. AssVII. C. declinatum

distributed in the windward of sandy gully land

Ordination of plant community

It was well known that DCA can be used to estimate the

variation of species composition along the environment gradient,

TABLE 1 Species important value of sandy alpine grassland community in different microtopography.

Species names Family Micro geomorphic type Foothill Valley land

Hilly_sloppy lands Floodplain

Leymus secalinus Poaceae 31.27 50.62 43.36 44.20

Avena sativa Poaceae 1.39 — — —

Elymus sibiricus Poaceae 10.94 0.37 — 6.41

Elymus dahuricus Poaceae 8.56 13.99 10.44 4.09

Poa annua Poaceae 0.68 — — 8.47

Saussurea woodiana Compositae 4.68 3.00 5.70 1.36

Heteropappus altaicus Compositae 3.48 1.59 — 2.66

Ajania tenuifolia Compositae 0.24 6.35 4.07 0.65

Lagotis brevituba Scrophulariaceae 0.88 0.41 — —

Pedicularis longiflora Scrophulariaceae 1.27 — — 2.09

Lancea tibetica Scrophulariaceae — — 10.72 —

Corispermum declinatum Chenopodiaceae 16.30 2.87 — 8.44

Chenopodium iljinii Chenopodiaceae — — — 0.27

Polygonum sibiricum Polygonaceae — 3.25 1.30 1.04

Polygonum macrophyllum Polygonaceae — 0.94 — —

Hedinia tibetica Brassicaceae — 0.26 1.89 —

Arabis pendula Brassicaceae 2.61 — — —

Thalictrum alpimun Ranunculaceae 0.14 — — —

Ranunculus tanguticus Ranunculaceae — — — 0.33

Corydalis trachycarpa Papaveraceae 1.63 — — —

Hypecoum leptocarpum Papaveraceae — 2.16 — 2.78

Lonicera minuta Caprifoliaceae — 1.77 1.86 —

Thermopsis alpina Leguminosae 1.61 5.35 2.84 0.98

Dracocephalum heterophyllum Labiatae — — 1.22 —

Euphorbia altotibetica Euphorbiaceae 5.56 — 2.21 3.51

Potentilla bigurca Polygonaceae 3.29 3.15 5.15 —

Moicroula tangutica Boraginaceae — — — 0.60

Allium cyaneum Liliaceae — 2.29 0.94 —

Kobresia royleana Cyperaceae 5.75 1.71 8.29 12.12

Total number of species 18 17 14 17
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providing gradient length reference for communities’ ordination.

The cluster types obtained by TWINSPAN classification are

basically consistent with the DCA ordination. The DCA

results show that the eigenvalues of the four ordination axes

are 0.56, 0.28, 0.23, and 0.17, respectively. The eigenvalues of the

first two ordination axes are large, showing important ecological

significance (Figure 4). The DCA ordination of sandy alpine

communities shows that the maximum gradient length is 3.93

(Table 2). When the DCA gradient length was between 3 and 4,

there was no difference between linear and unimodal models in

the community’s ordination. Therefore, CCA was selected to

identify the relationship between species distribution and

environmental factors.

The results of Monte Carlo test show that all the canonical

ordination axes pass the statistical test (F = 1.85, p = 0.002),

indicating that the topographic factor has a significant impact on

FIGURE 2
The distribution of standard frequency of species referring to the Raunkiaer’s law.

FIGURE 3
Dendrogram of TWINSPAN (two-way indicator species analysis) classification for plant species. (Note: Eig = Eigenvalue).
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the distribution of plant species in the Qidukou sandy alpine

grasslands. The axes of CCA ordination represent the gradient

changes of different topographic factors. According to the

correlation between topographic factors and CCA ordination

axis, altitude, slope, aspect and slope position are significantly

positively correlated with the CCA axis I. The correlation size is

graded as slope > slope position > altitude > aspect, indicating

that the CCA axis I mainly reflects the gradient change of the

slope. The aspect, altitude, slope, and slope position were

significantly positively correlated with the CCA axis II. The

correlation order was sorted as aspect > altitude > slope >

slope position, indicating that the CCA axis2 mainly

represented the aspect gradient (Table 3). The results of

forward selection show that the slope is the most important

topographical factor for the distribution of plant species in the

sandy alpine grasslands, followed by the aspect, altitude, and

slope position (Table 4).

The CCA ordination of species-environmental factor visually

indicates the relationship between the species distribution of

sandy alpine grassland and topographic factors (Figure 5). The

first two axis of CCA ordination represents the slope and aspect

gradient. A. pendula, E. altotibetica, K. royleana and P. longiflora

FIGURE 4
DCA two-dimensional ordination diagram for samples of sandy alpine grassland community.

TABLE 2 The DCA analysis of the species variance of sandy alpine grassland communities.

Axis Axis I Axis II Axis III Axis IV

Eigenvalues 0.56 0.28 0.23 0.17

Explained variation (cumulative) 16.4 24.71 31.46 36.44

Gradient length 3.24 3.93 2.44 2.06
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TABLE 3 The CCA analysis of the species variance of sandy alpine grassland communities.

Axis Axis I Axis II Axis III Axis IV

Environmental variables

Altitude 0.65** 0.64** −0.062 0.4**

Slope 0.91** 0.29* 0.26* -0.16

Aspect 0.39** 0.83** 0.39** 0.05

Slope position 0.78** 0.27* 0.50** 0.27*

Eigenvalues 0.22 0.14 0.08 0.03

Species-environment correlations 0.64 0.71 0.45 0.40

Cumulative percentage variance of species 5.6 9.2 11.2 11.8

Cumulative percentage variance relation between species and environment factors 47.6 77.8 94.3 100

Test of significance of all canonical axes F = 1.848 p = 0.002

**p < 0.01; *p < 0.05.

TABLE 4 Rank of importance and significance test of environmental factors.

Environmental factor Importance rank Variance explains of
environmental factors

F p

Slope 1 0.2 3.11 0.002**

Aspect 2 0.13 2.2 0.022*

Altitude 3 0.06 0.98 0.436

Slope position 4 0.07 1.04 0.412

*p < 0.05, **p < 0.01.

FIGURE 5
CCA two-dimensional ordination diagram for species and environmental variables of alpine grassland communities. Note: Arrows represent
environmental factors, Asp: Aspect; Alt: Altitude; Pos: Slope Position; Slo: Slopes. Triangle represents plant species, Les:Leymus secalinus; Avs: Avena
sativa; Els:Elymus sibiricus; Eld: Elymus dahuricus; Poa:Poa annua; Saw:Saussurea woodiana; Hea:Heteropappus altaicus; Ajt:Ajania tenuifolia; Lab:
Lagotis brevituba; Pel:Pedicularis longiflora; Lat:Lancea tibetica; Cod:Corispermum declinatum; Chi:Chenopodium iljinii; Pos:Polygonum
sibiricum; Pom:Polygonummacrophyllum; Het:Hedinia tibetica; Arp:Arabis pendula; Tha:Thalictrum alpimun; Drh:Dracocephalum heterophyllum;
Eua:Euphorbia altotibetica; Pob:Potentilla bigurca; Mot:Moicroula tangutica; Alc:Allium cyaneum; Kor:Kobresia royleana.
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are distributed on the upper right side of the CCA ordination

diagram, which is greatly affected by slope and aspect. The D.

heterophyllum, P. bifurca, and L. tibetica are distributed at the left

end of the first axis, its distribution is less affected by slope. TheC.

declinatum and L. brevituba are distributed on the lower right

side of the CCA ordination diagram, which is greatly affected by

the slope. P. annua,M. tibetica, A. cyaneum, A. tenuifolia and L.

minuta are located at the lower and left of the CCA ordination,

which is less affected by slope and aspect, and is mainly

distributed in the flat floodplain.

Discussion

Characteristics of sandy alpine grassland
communities

Plants are the most sensitive and intuitive signs in all stages of

desertification development. The development of desertification

is closely linked to the changes in vegetation and succession

simultaneously (Shao, et al., 1988). The retrograde and

progressive succession of plant communities essentially

correspond to the positive and negative processes of

desertification (Zhao and Zhao 2000). With the increase of

desertification degree, the density of soil seed bank decreased,

the community diversity decreased significantly, and the

grassland vegetation showed ecological adaptability to cold,

drought and grazing stress (Zhao et al., 2003). The

community structure tends to be simple, and the dominant

species and associated species of typical alpine meadows

gradually withdraw from the community, while the species

adapted to sandy deserts gradually occupy the dominant

position in the community, and the shrub invasion is obvious

(Li et al., 2014). Succession transition pattern of hygrophytes,

mesophytes, and xerophytes was appeared in the communities

(Wang T. et al., 2013). With the increase of grassland

desertification, the vegetation composition changed, the

perennial herb plants gradually decreased, and the annual

herbaceous plants showed a trend of increasing. The moderate

desertification stage is an important turning point for the change

of grassland plant community characteristics (Mao et al., 2014).

The sandy alpine grassland community in Qidukou of the

Yangtze River source region showed similar law: 29 plant

species belonged to 16 families and 27 genera, and single

species families accounted for 27.59%. Drought-tolerant plant

species such as L. chinensis, A. tenuifolia, and C. declinatum have

gradually replaced zonal grassland plants such as S. woodiana,

p. bifurca, and P. longiflora, and the proportion of dominant

species is lower than that of rare species and annual herb. Mainly,

the vegetation community is in a high succession stage. The

gradual decrease of edible pastures such as Gramineae and

Cyperaceae and the sharp increase of forb cover reflect the

basic characteristics of vegetation changes during the

degradation succession of alpine meadows (Wang X. M.,

2013). The dominant species of L. chinensis in the desertified

grassland of Qidukou is distributed in large quantities, which is

similar to the law of vegetation differentiation of the sandy alpine

grassland in the Ruergai (Li et al., 2013). The desertification of

grassland has led to the expansion of semi-fixed sand area and

patchy distribution. As a typical clonal plant, L. chinensis is a

representative and widely distributed rhizomatous grass in sandy

habitat, and the bare sand patchy formed by wind erosion is used

as a resource for rhizome expansion. As the grassland

degradation process intensifies, the L. chinensis population is

dominated by the aggregative pattern, which reflects the

cooperative relationship between the species (Ren and Zhao,

2013). The expansion of L. chinensis, the emergence of indicator

species such as the poisonous weeds A. tenuifolia, and

psammophyte C. declinatum, indicate that the desertification

of the alpine grassland in Qidukou is progressing, and the

vegetation community is succeeding in the direction of

xerophytes.

Relationship between vegetation and
desertification

The desertification of alpine grassland is a process of soil

coarse texture, desiccation and poor fertility, accompanied by a

decrease in soil carbon sequestration potential (Jin et al., 2015).

The wind erosion and aeolian landforms formed by sand drift

activity are important carriers for the survival and development

of sandy vegetation. During the strong sand activity period, fine

particulate matter is transported, eroded, surface roughened,

fixed, and semi-fixed dunes evolve to semi-flow and mobile

dunes, and wind erosion takes away the fine particulate

matter required for vegetation growth (Chepil and Woodruff

1963). During the weak sand activity period, fine particulate

matter slowly accumulates around the vegetation, and promotes

the development of vegetation (Lancaster and Baas 1998). Wind

erosion and sand burial regulate photosynthetic and

transpiration rate through leaf water potential, leaf water

content and stomatal conductance, and ultimately affect the

water use efficiency of Alhagi sparsifolia, As the degree of

sand fixation increases, Corispermum patelliforme tend to use

more resources and energy for reproductive growth (Ma et al.,

2014). The aeolian landform process is closely related to soil and

vegetation succession changes at different spatial and temporal

scales (Okin et al., 2006), forming a complex dynamic and

crossfeed biogeography system (Hesp et al., 2011).

Driving mchanism of vegetation sucession

Soil seed banks play an important role in community

succession, renewal, and ecological restoration in desert steppe
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areas. In the same climatic zone, topography has a direct impact

on soil seed bank, which ultimately leads to changes in vegetation

patterns. The reserves of soil seed bank from the top to the

bottom slope show an overall increase trend (Han et al., 2014).

With the fixation of sand dunes, the density of soil seed banks

gradually increased, species diversity increased, and species

distribution became more uniform. Dune types and slope

positions lead to different soil seed bank densities (Zhao et al.,

2007; Yu et al., 2015). With the increase of desertification degree,

the density of soil seed bank decreased, the community diversity

decreased significantly, and the grassland vegetation showed

ecological adaptability to cold, drought and grazing stress

(Zhao et al., 2003). The contribution rate of seed bank to

vegetation restoration of sand dune ecosystem varies with

dune types. The coupling relationship between natural

physical process of dune ecosystem and seed bank is an

important research direction in the future (Tang and Liu

2012). The aeolian landform process regulates the species

distribution of grassland vegetation communities by affecting

soil nutrients, leaf water physiology, individual survival strategies

and seed bank density (He et al., 2009). This study found that the

standard frequency distribution of species varies in different

topography. The proportion of dominant species is lower than

that of rare species. The species diversity in study region ranked

as hilly sloppy lands > floodplain = valley land > foothill,

reflecting an important role of the micro-geomorphology in

the species distribution of sandy grassland communities.

In general, topographic factors include altitude, slope,

aspect, slope position affecting the distribution pattern of

species through the redistribution of matter and energy

(Cantón et al., 2004), and is also an important factor

affecting the process of aeolian landforms. Slope is the

driving force of water and soil nutrient flow in the

horizontal direction, and has a significant impact on soil

thickness and physical and chemical properties. The slope

increases the component force of the soil particles along the

slope, which affects the wind erosion of the slope surface (He

et al., 2010). The rate of wind erosion increases with the slope,

which caused the spatial heterogeneity of vegetation in the

windward of fixed dune (Zhao et al., 2011). The results of the

research on alpine meadows in the source area of the Lantsang

is consistent with this paper that slope is the most important

topographic factor for the distribution of plant species in the

sandy alpine (Zhang et al., 2012). Aspect affects the

composition and distribution of vegetation community by

affecting light, temperature, and soil nutrients (Xu 2016).

The quantitative characteristics and diversity index of

herbaceous vegetation on the leeward slope were larger

than that of the windward slope in the Hunshadake Sandy

Land (Bai et al., 2015). The aspect and slope position of the

dunes have significant effects on the alpha diversity of the

herbaceous plants and the spatiotemporal pattern of β
diversity in the Gurbantunggut desert (Jia et al., 2018). The

soil moisture conditions in the interdune are the best, followed

by the middle slope and the lowest on the top slope (Huang

et al., 2009). Due to the influence of microtopography, rainfall

recharge is the highest in the lowland. Soil water at dune top

and up slope was in deficit during no rain for long time (Zhou

et al., 2017). In the alpine meadow of Tibetan Plateau, the

physical and chemical properties of soils under different

topography have significant effects on the functional traits

and diversity of plant communities (Li 2016). This study

showed that slope and aspect have a significant impact on

the species distribution of desertified grassland. In summary,

due to the differences in research scales and regional natural

geographical conditions, the topographical factors of altitude,

slope, aspect, and slope position have different effects on the

distribution of plant species.

Conclusion

The community structure of desertified grassland is simple.

L. chinensis, E. dahuricus and C. declinatum are the dominant

species of sandy alpine grassland in the source regions of Yangtze

River. The species composition of sandy grassland is varied with

microtopography. The proportion of dominant species is lower

than rare species, suggesting that the community is in a high

succession stage. The expansion of C. declinatum indicates that

the desertification of the alpine grassland is progressing, and the

vegetation community is succeeding in the direction of

xerophytic. CCA ordination reflected that slope and aspect are

the dominant factors among microtopography determining the

species distribution of sandy alpine grassland.

The artificial restoration and reconstruction of sandy alpine

grassland should firstly pay attention to the selection and

utilization of native species, and then fully exploit the

potential of soil seed bank in grassland restoration. Finally,

the relationship between aeolian landform process and

vegetation succession and favorable natural landforms for

grassland restoration should be considered. Based on the

aeolian landform, the comprehensive measures of engineering

and biology are combined to achieve the restoration of sandy

alpine grasslands.
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The relationship between
succession and reclamation of
desertified areas in artificial
forests of Calligonum spp. in an
arid desert of southeastern Iran

Mahdieh Ebrahimi* and Morteza Saberi

Department of Range and Watershed Management, Faculty of Water and Soil, University of Zabol,
Zabol, Iran

This research investigates the association between the succession and

restoration of degraded land in the southeast of Iran with artificial

Calligonum forests regarding vegetation changes, soil properties, carbon (C)

and nitrogen (N) pools in vegetation and soil. Eight forestry sites were selected,

aged 1, 4, 6, 9, 11, 16, 25, and 30 years. Observations indicated that vegetation

percentage, density, frequency, richness, and diversity of species substantially

increased (p < 0.01). The highest percentage of vegetation (80.30%), density

(62.70 n ha−1), richness (14.15), and diversity (0.90) was observed in the 30-year

site. At the end of the succession phase under study (the 25- and 30-year sites),

the variation trend of vegetation was steady. As the age of the forests increased,

the soil nutrient values increased significantly during succession (p < 0.01), even

though acidity and electrical conductivity (EC) did not change significantly over

time (p > 0.01). In the early stages of succession, the soil’s C and N pools (aerial

biomass, root, and litter) did not increase significantly (p > 0.01). Over time,

however, C and N pools of the soil and plants increased (the highest amounts

were seen in the 30-year site). The results indicated a significant difference in

the soil and vegetation properties in the forestry sites. In general, planting native

species and the succession of vegetation can play an effective role in preserving

the environment in degraded lands and increasing the C and N pools.

KEYWORDS

arid rangelands, vegetation succession, species richness, carbon pool, soil degradation

Introduction

The Iranian Plateau’s arid and semi-arid regions’ climatic characteristics have led to

sensitive and fragile conditions. In these areas, soil erosion and desertification are among

the processes directly or indirectly threatening water and soil resources strongly. The

restoration of vegetation in degraded rangelands can have a considerable effect on

reducing soil erosion and preventing further land degradation (Ebrahimi et al., 2019).
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Accordingly, forestry plans have been conducted throughout

Iran to revive desert rangelands and degraded lands (Rigi

Pardad et al., 2021).

Forestry practices in Iran involve covering the soil surface

using plant species adaptable to arid climatic conditions. For

instance, several species, such as Calligonum polygonoides, L., C.

bungei Boiss, and C. comosum (L`Her), have been widely

cultured for forestry and desertification control (Amiraslani

and Dragovich, 2011; Rigi Pardad et al., 2021). However,

cultivating native, non-native, and adaptable species in arid

lands to revive vegetation requires a great deal of analysis and

assessment (Ebrahimi et al., 2019). These programs should study

the effect of cultivated species on the soil and vegetation where

they are planted. Selecting the appropriate species for forestry to

revive vegetation and conserve soil and water resources are the

main components of forestry (Hashemi Rad et al., 2018). Plants

affect soil by altering its physical and chemical properties. The

soil properties and food reserves strongly depend on the type of

vegetation (Rigi Pardad et al., 2021).

Programs for restoring vegetation in arid areas have multiple

objectives: creating secondary succession (Ebrahimi et al., 2019;

Udayana et al., 2019), curbing wind and water erosion,

improving soil quality and fertility, increasing carbon (C) and

nitrogen (N) storage in aerial and below-ground plant biomass,

cleaning the air, reducing greenhouse gases, and ultimately

increasing the plant production. Therefore, restoring

vegetation can play a substantial role in sustainable

development and ecosystem health (Cao et al., 2011; An et al.,

2019; Udayana et al., 2019; Hu et al., 2020). Given the insufficient

precipitation in arid areas and the subsequent lack of plant

biomass, increasing biomass volume by cultivating adaptable

plants can boost the ecosystem’s power to elevate C and N

pools in the soil, reinforce vegetation and soil, and contribute

to C and N sequestration (UNDP, 2000; Ritchie, 2020; Tessema

et al., 2020).

CO2 and NO are among the most well-known greenhouse

gases, whose atmospheric concentration increases due to

increased industrial activities, leading to abnormal global

warming and depletion of the Earth’s ozone layer (Conant

et al., 2017; Hashemi Rad et al., 2018). The slightest change in

the amount of C and N pools increases the amount of

atmospheric C and N levels (Chapuis-Lardy et al., 2007; Hu

et al., 2020; Tessema et al., 2020; Yang et al., 2020). Accordingly,

the global community entered into the Kyoto Treaty in

December 1997 in an extensive effort to reduce greenhouse

gas emissions. One of the stressed ideas in this treaty is the

attempt to reduce the atmospheric levels of greenhouse gases by

preserving and creating vegetation and sequestration of C and N

(Mehdipour et al., 2007; Rigi Pardad et al., 2021). C and N

sequestration refers to a set of processes in which additional

atmospheric concentrations of C and N are captured and stored

in plant biomass and soil (Rigi Pardad, 2021). Semi-arid and arid

rangelands are a great option for C and N sequestration.

Moreover, increasing biomass in these areas has several

advantages by reducing sequestration costs. With these

advantages, international organizations such as the FAO and

the UNDP have selected these areas as sites for implementing C

sequestration programs (Veramesh et al., 2010). In preliminary

studies in Iran, the UNDP reported that the C sequestration

volume by forestry in arid and desert rangelands predominantly

vegetated with Haloxylon spp equals 14 ton ha−1 after 20 years,

reaching 21 ton ha−1 in 50 years by proper management (Abedi

et al., 2008).

Arid rangelands have excellent potential for storing C and N

(Conant et al., 2017; Tessema et al., 2020). Studies on the changes

in C and N pools in arid rangelands cultivated with woody plants

indicate that compared to other lands, arid rangelands display a

significant increase in C and N pools due to biological reactions

(Ritchie, 2020; Tessema et al., 2020). This increase can be

attributed to the direct relationship between fluctuations in

biomass generation with C and N pools in a region and the

influential role of related management models (Tessema et al.,

2020). Shams Abad is a desert region and one of the prominent

locations known for wind erosion in Sistan and Baluchestan,

Iran. Large parts of Shams Abad have been cultivated with

perennial species, leading to considerable changes in the local

ecosystem. Nonetheless, research on the effect of forestry in

Iran’s degraded and desert regions on conserving biodiversity,

soil properties, and C and N pools is rare.

This study was carried out to find out how afforestation

changed the vegetation cover and the C and N pools of plant-soil

in the vegetation communities in the arid desert steppe of Iran.

We aimed to evaluate the plant variety and richness of

afforestation succession in the arid area of southeastern Sistan

and Baluchestan, Iran, and to investigate the influence of

afforestation on native plant species, C. polygonoides L., C.

bungei Boiss and C. comosum L`Her., on plant-soil C and N

reservoirs. Our hypothesis is that 1) Calligonum planting aids in

the development of plant species and soil fertility, and 2) soil

fertility in the initial phase does not change significantly

compared to the middle phase.

Material and methods

Study area

The artificial forests in the Shams Abad Desert (between

latitude 27°9′31″–27°29′10″N and between longitude

60°10′32″–60°37′19″E), Sistan and Baluchestan, Iran, were

selected as the study site, with an area of 112,350.30 ha

(Figure 1). With less than 80 mm of annual rainfall, the area

has a hot and dry environment. There have been drastic

variations in rainfall over the years. Extreme rainfall volatility

leads to severe instabilities of annual fodder production. A large

portion of rainfall occurs during December, January, and
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February in the form of rainstorms, leading to torrents as water

cannot penetrate the soil due to the region’s light soil texture and

lack of vegetation. In other months, especially during spring and

summer, the region suffers absolute aridity, a condition where

only deep-rooted plants with extensive roots capable of

maintaining their relationship with in-depth soil moisture can

survive. It is only natural that under such conditions, the

seedlings of native plants, which experience significant growth

following the generous winter rainfalls, stop growing as they are

deprived of access to the moisture below the surface when the

rainfalls stop and cause the soil to lose its surface moisture. The

seedlings thus shrivel and perish in hot weather and summer

aridity. Thus, it is challenging to replace native plants perishing

due to various factors. The average temperature of the area is

30°C. The minimum and maximum temperature the region

experiences is −8°C and 57°C, respectively, recorded in

December and July. On most summer days, the temperature

exceeds 50°C, hampering any form of vital plant activities for a

relatively long period. In addition to rainfall and temperature,

winds and storms are factors that can restrict vegetation (Report

of Rangeland Improvement, 2018).

The assessment of forestry area

In this study, the selected forestry sites were cultivated with

the following species: C. polygonoides L., C. bungei Boiss, and C.

comosum (L`Her). The species were aged 1, 4, 6, 9, 11, 16, 25, and

30 years. The vegetation was thoroughly analyzed in a specific 1-

ha area in each site. In March 2019, data were gathered using a

randomized complete block design (RCBD). The plant species

were identified and named in the Botany Laboratory of the

University of Zabol. The identified plants and assigned

nomenclatures were matched with those in the studies by

Rechinger et al. (1984), Rechinger et al. (1988). The chorotype

of plants was matched with that in the study by Zohary (1963).

Low-age sites (1, 4, 6, and 9 years) were protected against

livestock grazing. However, livestock grazing was permissible

in sites aged 11, 16, 25, and 30 years (sheep and goats). A total of

40 sample stands with 100 m × 100 m dimensions were selected

to determine the changes in plant populations (five stands were

assigned to each site). Quadrats (2 m × 3 m, 5 m × 5 m, 5 m ×

5 m, 6 m × 6 m, 8 m × 8 m, 10 m × 10 m, 15 m × 15 m, 20 m ×

20 m for 1, 4, 6, 9, 11, 16, 25, and 30 ages, respectively) were used

FIGURE 1
Sampling sites in the Shams Abad artificial forest, Iran. The black squares indicate the sampling sites, and the numbers below the squares
indicate the ages of the sites.
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to measure vegetation characteristics in each stand along 100-m

transect lines by the systematic random sampling method

(75 quadrats per stand). In general, 120 transects were

sampled. The distance between the transect lines was 10 m.

The visual estimation method was used to estimate the

percentages of vegetation and bare soil. The number of species

in a sampled area was used to calculate the density of species

(Ebrahimi et al., 2016). The relative density factors (RD),

relative cover factors (RC), and relative frequency factors (RF)

were used to compute the importance values (IV) of species.

The characteristics of a dominant plant species may be derived

from these characteristics. The relative density of a plant

species is the ratio of its density to the overall density. An

area or sample of vegetation may be defined as having a

relative cover of a certain species in proportion to the

cover of total plant species. Species frequency as a

percentage of total plant cover is known as the relative

frequency (Khosravi et al., 2017). Species richness was

estimated by quantifying species per quadrate.

The formula H′ = −∑s
i�1pi · lnpi was used to determine the

plant species’ diversity. In this formula, pi is the percent of points

in a line where plant species i was found (Khosravi et al., 2017).

Pielou’s J index (H′/lnS) was used to measure evenness, where S

is the number of species that were sampled in each quadrat.

Plant C and N pools measurement

In each age class, inside the quadrate, the aerial parts (stems

and leaves) related to the growth of the current year’s

Calligonum, related species, and all the litters under the

canopy cover were extracted. To ensure minimum

degradation of vegetation, plant species were collected in three

quadrats in each age class. At 45-cm soil depth in each quadrate,

below-ground biomass was collected using the root auger (25 cm

diameter). The samples were spread on a tray to remove the soil

around the roots. In each age class, all aerial organs, roots, and

litters were dried (70°C for 48 h) to determine dry mass. Total

plant N was measured using the modified Kjeldahl method

(Bremner, 1996), and organic plant C was measured using the

method of Nelson and Sommers (1982).

Measuring soil properties

Soil samples at 45-cm depth were collected from under the

shrubs’ canopy cover. At the same time, biomass samples were

collected from roots and the lines between the shrubs (10–15 m

distance) inside the quadrates. In case the quadrats had no

shrubs, the plants nearest to the quadrats were selected. In

each age class, a total of 15 soil samples were collected at

random. A 2-mm sieve plate was used to separate soil

samples that had been air-dried.

The laser diffractometry method (LDM) was used to

determine the soil texture (Wang et al., 2012). The

saturated soil-paste method (Thomas, 1996) was used to

determine the acidity (pH) using a pH meter. The EC was

measured using an EC meter (Rhoades, 1996). Total nitrogen

(N) was measured using the Kjeldahl method (Bremner,

1996). The available phosphorus (P) was determined using

the Olsen method via a spectrophotometer (Bray and Kurtz,

1954). The available potassium (K) was measured using a

flame photometry device (Knudsen et al., 1982). Soil organic

matter (OM) was measured based on the method of Lo et al.

(2011), and the bulk density (BD) of soil was measured using

the volumetric ring method (Wu et al., 2010). The soil organic

C pool was determined using the equation: Cp = BD × SOC ×

D (Deng et al., 2013; Wang et al., 2014). In this equation, Cp is

the soil organic C pool (kg m−2), BD (g cm−3) denotes the bulk

density of the soil, SOC is an abbreviation for soil organic C

content (g kg−1), and D (cm) denotes the thickness of the soil

layer tested. The soil N pool was calculated using the following

equation: Np = BD × TN × D (Deng et al., 2013; Wang et al.,

2014). In this equation, Np (kg m−2) is the soil N pool, BD (g

cm−3) is soil bulk density, and TN (g kg−1) is the total soil N

content.

Data analysis

After studying the outlier values, verifying normal

distribution, and testing homogeneity of variance, data

analysis was conducted with a randomized complete block

design (RCBD) in SPSS (Ver. 20.0) to investigate any

significant difference among the age groups. To compare

mean pairs, Duncan’s multiple range test (DMRT) was used.

The values of indexes, including richness, evenness, and diversity,

were calculated using the PAST data analyzer. Themain trends in

reclamation ages were described by fitting polynomial functions

to vegetation indices using the curve fit feature in the SPSS (Ver.

20.0) software package.

Results

Vegetation changes

In the study sites, 15 plant species, including ten families and

three genera, were listed (Table 1). The maximum number of

plant species (15 species, Figure 2A), genera (13 genera,

Figure 2B), and family (ten families, Figure 2C) was in the

25- and 30-year age classes. The lowest number of species

(five species, Figure 2A), genus (three genera, Figure 2B), and

family (three families, Figure 2C) was related to the age class of

1 year. The highest frequency was, respectively, seen in

Polygonaceae (20%), Amaranthaceae (20%), and Fabaceae
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TABLE 1 Plant species composition in the eight study areas (1, 4, 6, 9, 11, 16, 25, and 30 years after afforestation).

Species Family Growth
form

Life
history

Chorotype 1 year 4 years 6 years 9 years 11 years 16 years 25 years 30 years

Presence/
Absence

IV
(%)

Presence/
Absence

IV
(%)

Presence/
Absence

IV
(%)

Presence/
Absence

IV
(%)

Presence/
Absence

IV
(%)

Presence/
Absence

IV
(%)

Presence/
Absence

IV
(%)

Presence/
Absence

IV
(%)

Hammada

salicornica
(Moq.) Iljin

Amaranthaceae Ph P IT-SA 1 31.57 1 12.31 1 33.18 1 37.39 1 27.48 1 29.31 1 30.49 1 44.48

C.

polygonoides L.

Polygonaceae Ph P IT-SS 1 32.40 1 40.00 1 60.10 1 65.59 1 69.10 1 72.13 1 75.10 1 77.10

Calligonum
bungei Boiss.

Polygonaceae Ph P IT-SS 1 34.14 1 39.11 1 51.19 1 66.59 1 76.10 1 79.12 1 80.19 1 82.24

Calligonum
comosum
L’Hér.

Polygonaceae Ph P IT-SS 1 33.26 1 42.28 1 50.43 1 67.59 1 74.25 1 76.15 1 79.20 1 80.25

Prosopis
cineraria (L.)
Druce

Fabaceae Ph P SS 1 27.34 1 30.07 1 1.23 1 35.07 1 33.34 1 35.12 1 35.30 1 40.21

Ziziphus spina-
christii (L.)
Willd.

Rhamnaceae Ph P SS 0 0 1 3.32 1 4.27 1 3.32 1 3.32 1 4.77 1 5.30 1 12.67

Tamarix
macrocarpa
(Ehrenb.) Bge.

Tamaricaceae Ph P IT-SS 0 0 0 0 0 0 1 23.44 1 1.83 1 5.10 1 5.75 1 10.83

Periploca
aphylla Decne.

Asclepiadaceae Ph P SS 0 0 0 0 0 0 1 2.19 1 2.19 1 3.42 1 14.89 1 20.21

Peganum
harmala L.
PEGHA.

Nitrariaceae F P IT-M-SS 0 0 0 0 0 0 1 3.44 1 11.23 1 10.23 1 29.91 1 29.13

Alhagi
camelorum
Fisch. ex DC

Fabaceae Sh P IT 0 0 0 0 0 0 1 6.12 1 12.33 1 9.21 1 19.78 1 20.33

Suaeda
fruticosa (L.)
Forssk.

Amaranthaceae Sh P IT-SS-SA 0 0 0 0 0 0 0 0 0 0 1 2.78 1 16.76 1 18.11

Gymnocarpus
decandrus
Forssk.

Caryophyllaceae Sh P SS 0 0 0 0 0 0 0 0 1 6.19 1 7.00 1 15.43 1 16.22

Rhazya stricta
Decne.

Apocynaceae Sh P IT-SS-M 0 0 0 0 0 0 0 0 0 0 1 3.21 1 13.18 1 14.22

Chenopodium

album subsp. L.

Amaranthaceae F A C 0 0 1 2.44 1 5.78 0 0 0 0 0 3.45 1 21.99 1 23.42

Tribulus
terrestris L.

Zygophyllaceae B A PR 0 0 1 4.76 1 5.23 1 5.44 0 0 0 6.12 1 13.10 1 15.67

P, perennial; A, annual; Ph, phanerophyte; F, forb; Sh, shrub; B, bush.

1 and 0 indicate the presence and absence of a plant species, respectively.

M, Mediterranean; SA, Saharo-Arabian; C, Cosmopolitan; IT, Irano-Turanian; SS, Sahara-Sindian; PR, poly regional (Pontic and Irano-Anatoli, Irano-Touranian, Europe-Siberian, and Mediterranean).
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(13%) families. Most species were perennials (86.66%). Annuals

had an insignificant share (13.33%) in the forestry sites. A

chorological study (Table 1) showed that the largest

proportion of the flora belongs to the Sahara-Sindian elements

(60%), followed by Irano-Turanian (20%) and Saharo-

Arabian (15%).

According to importance value (IV), the following species

were predominant in all sites: C. polygonaides, C. Bungei, and C.

comosum, and with the increasing age from 1 year to 30 years,

vegetation cover (Figure 3A) and density (Figure 3B) displayed

an ascending trend.

The maximum and minimum percentage of vegetation cover

was seen in the 30-year site (80.30%) and the 1-year site (30.90%),

respectively (Figure 3A). Vegetation percentage had an almost

constant trend from the 16-year site to 30-year site.

The density of species increased from 22.30 n ha−1 in the 1-

year site to 62.70 n ha−1 in the 30-year site (Figure 3A). The

density of species in the 25- and 30-year sites displayed a steady

trend. In lands cultivated with Calligonum, the bare soil

(Figure 3C) decreased significantly over time (p < 0.01). The

highest amount of litter was seen in the 30-year age class. The

results indicated that cultivating Calligonum significantly

elevated the diversity (Figure 3D) and richness (Figure 3E) of

species in the region (p < 0.01).

In contrast, evenness (Figure 3F) did not change significantly

in the age classes in the study (p > 0.01). The 30-year age group

FIGURE 2
Variations of vegetation properties in the eight Calligonum planting sites. (A)Number of species, (B) genera, and (C) families. Vertical bars show
standard errors.
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displayed the highest diversity (0.9) and richness (14.15). The 9-

and 11-year age classes did not differ significantly (p > 0.01) in

terms of richness and diversity, indicating that restoring

vegetation in arid regions with harsh climatic conditions is

time-consuming. Vegetation in disturbed land prone to wind

erosion excellently responded to biological restoration with

significant changes, thus confirming the primary hypothesis of

the study.

Soil properties changes

Changes in soil properties and C and N pools in artificial

forests re-vegetated with Calligonum in the period of 1–30 years

have been shown in Table 2. Our findings showed that soil acidity

changes were insignificant (p > 0.01). The results indicated that

EC under and between the canopy cover did not change

significantly over time (p > 0.01), despite the lower EC

between the canopy cover of Calligonum plants compared to

the inter-canopy cover of plants mass, indicating a significant

difference (p < 0.01). Over time, as the re-vegetated forests aged,

soil fertility factors including organic matter, N, P, and K

increased significantly (p < 0.01). The lowest recorded

amounts of organic matter, N, P, and K were observed at the

initial phase (1-year) of restoration. The highest values of the

parameters were recorded at the end of the period. The amount

of soil organic matter in the 30-year site was approximately

3.09 times (under the canopy cover of Calligonum) greater than

the beginning of the succession phase (1-year). At the end of the

phase, the N, P, and K levels were 12, 6.44, and 6.84 times greater

than those at the beginning of the succession phase. The level of

the N pool followed the same pattern. N and C pool levels were

the highest amounts underneath the Calligonum canopies in the

area that underwent succession for 30 years than in the area that

underwent treatment of 1-year. Moreover, the changes in the C

and N pool levels were not significant among the 1- and 4-year

FIGURE 3
Vegetation characteristics in the eight Calligonum planting sites. (A) Plant density, (B) canopy cover, (C) bare soil, (D) diversity (H′), (E) richness,
and (F) evenness. Vertical bars show standard error.

Frontiers in Environmental Science frontiersin.org07

Ebrahimi and Saberi 10.3389/fenvs.2022.901962

205

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.901962


sites. The soil surface layer in the 30 years’ Calligonum-planted

area exhibited higher silt and clay than the other areas (Table 2).

C and N pools variations

The amounts of C pool in aerial biomass, roots, and litter in

artificial forests cultivated with Calligonum are shown in Table 3.

The results showed that the C pool in aerial biomass, roots, and

litters at the beginning of the phase was 1.30, 1.50, and 0.21 ton

ha−1, respectively, an insignificant difference with the 4-year class

(p > 0.01). Over time, the C pool increased substantially (p <
0.01). The maximum C pool was observed in the 30-year class.

Notably, the C pool showed an ascending trend at the end of the

study period. In contrast, soil C storage showed a steady trend.

Over time, the N pool in aerial biomass, roots, and litters

increased significantly as the re-vegetated forests aged (p <
0.01) (Table 4). The lowest N pool was observed at the

beginning of the study period. Like C pool results, the N pool

at the initial phase (1-year) did not change significantly

compared to the 4-year age class (p > 0.01). Over time, the N

pool in aerial biomass, roots, and litters increased significantly as

the re-vegetated forests aged (p < 0.01) (Table 4). Maximum C

and N pools in all age classes were observed in roots, aerial

biomass, and litters, respectively, showing a significant difference

(p < 0.01).

Discussion

The changes in plant communities and ecological processes

extend the ecological niche and increase the capturing of seeds

TABLE 2 Characteristics of soil under canopy (UC) and inter canopy (IC) in the eight Calligonum planting sites.

Planting
age

OM
(%)

N (g
kg−1)

P (mg
kg−1)

K (mg
kg−1)

ECe
(dSm−1)

pH CaCO3
(g kg−1)

C pool
(ton
ha−1)

N pool
(ton
ha−1)

Texture

1 UC 3.00 ±
0.01Aj

0.10 ±
0.01Al

2.22 ±
0.01Ak

80.50 ±
9.98An

5.00 ± 0.01Aa 8.00 ±
0.50Aa

383.50 ±
3.50Aa

2.00 ± 0.01Ac 0.80 ± 0.01Af Sandy

IC 2.10 ±
0.01Bk

0.10 ±
0.01Al

2.00 ±
0.01Bk

55.43 ±
9.98Bo

4.00 ± 0.01Ab 8.00 ±
0.53Aa

386.00 ±
3.55Aa

1.30 ± 0.01Bd 0.30 ± 0.01Bj

4 UC 3.50 ±
0.01Aj

0.25 ±
0.01Ak

3.33 ±
0.01Aj

110.00 ±
9.98Am

5.00 ± 0.01Aa 8.30 ±
0.52Aa

384.50 ±
3.60Aa

3.34 ± 0.01Ad 1.20 ± 0.01Ae Sandy

IC 2.20 ±
0.01Bk

0.10 ±
0.01Bl

2.78 ±
0.01Bk

85.60 ±
9.98Bn

4.00 ± 0.02Ab 8.20 ±
0.50Aa

395.00 ±
3.64Aa

1.75.30 ±
0.01Bd

0.46.30 ±
0.01Bj

6 UC 4.35 ±
0.01Af

0.35 ±
0.01Aj

4.35 ±
0.01Af

150.32 ±
9.98Ak

5.21 ± 0.01Aa 8.53 ±
0.37Aa

372.90 ±
3.43Aa

4.44 ± 0.01Ad 2.20 ± 0.01Ad Sandy

IC 3.40 ±
0.01Bj

0.20 ±
0.01Bk

3.21 ±
0.01Bj

100.30 ±
9.98Bm

4.00 ± 0.01Ab 8.30 ±
0.50Aa

380.90 ±
3.45Aa

2.50 ± 0.01Bd 0.83 ± 0.01Bf

9 UC 5.62 ±
0.01Ae

0.50 ±
0.01Ad

5.62 ±
0.01Ae

230.50 ±
9.98Ae

5.29 ± 0.01Aa 8.62 ±
0.40Aa

377.70 ±
3.48Aa

6.62 ± 0.01Ad 2.78 ± 0.01Ad Sandy

IC 4.10 ±
0.01Bf

0.30 ±
0.01Bf

4.30 ±
0.01Bf

140.32 ±
9.98Bl

4.00 ± 0.01Ab 8.45 ±
0.52Aa

383.60 ±
3.48Aa

3.65 ± 0.01Bd 1.34 ± 0.01Be

11 UC 6.30 ±
0.01Ad

0.64 ±
0.01Ac

6.30 ±
0.01Ad

260.83 ±
9.98Ad

5.00 ± 0.02Aa 8.70 ±
0.30Aa

361.20 ±
3.37Aa

7.65 ± 0.01Ad 2.90 ± 0.01Ad Loamy
sand

IC 4.50 ±
0.01Bf

0.37 ±
0.01Bf

5.00 ±
0.01Be

170.30 ±
9.98Bj

4.27 ± 0.01Ab 8.45 ±
0.31Aa

363.20 ±
3.36Aa

4.30 ± 0.01Bd 1.70 ± 0.01Be

16 UC 7.50 ±
0.01Ac

0.75 ±
0.01Ac

7.50 ±
0.01Ac

300.40 ±
9.98Ac

5.13 ± 0.01Aa 8.76 ±
0.30Aa

369.40 ±
3.40Aa

9.50 ± 0.01Ad 3.36 ± 0.01Ac Loamy
sand

IC 5.23 ±
0.01Be

0.46 ±
0.01Be

5.89 ±
0.01Be

190.50 ±
9.98Bf

4.32 ± 0.01Ab 8.53 ±
0.25Aa

369.40 ±
3.40Aa

6.54 ± 0.01Bd 2.00 ± 0.01Bd

25 UC 8.30 ±
0.01Ab

0.80 ±
0.01Ab

9.30 ±
0.01Ab

400.30 ±
9.98Ab

5.20 ± 0.04Aa 8.86 ±
0.13Aa

343.50 ±
3.33Aa

19.30 ±
0.01Ad

4.78 ± 0.01Ab Loamy
sand

IC 6.50 ±
0.01Bd

0.52 ±
0.01Bd

7.30 ±
0.01Bc

250.50 ±
9.98Bd

4.00 ± 0.01Ab 8.60 ±
0.15Aa

346.70 ±
3.34Aa

13.21 ±
0.01Bd

2.76 ± 0.01Bd

30 UC 9.27 ±
0.01Aa

1.20 ±
0.01Aa

14.30 ±
0.01Aa

550.67 ±
9.98Aa

5.23 ± 0.02Aa 8.86 ±
0.23Aa

347.90 ±
3.30Aa

23.29 ±
0.01Ad

6.64 ± 0.01Aa Loamy
sand

IC 7.42 ±
0.01Bc

0.83 ±
0.01Bb

9.54 ±
0.01Bb

300.12 ±
9.98Bc

4.00 ± 0.01Ab 8.60 ±
0.25Aa

351.60 ±
3.30Aa

17.29 ±
0.01Bd

4.32 ± 0.01Bb

aEach column has different capital case letters indicating significant changes between the under canopy and inter canopy of the same afforestation years (t-test). Each column has different

lowercase letters indicating significant changes between the under canopy and inter canopy of the various afforestation years (p < 0.05, post-hoc Duncan test). Means ± SE.
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(Jules et al., 2008; Suganuma et al., 2014). These changes facilitate

the distribution of new plant species and lead to the

establishment of suitable species in later stages of succession

(Liu et al., 2015). Forestry provides appropriate habitats where

plants can grow in arid and desert regions (Amici et al., 2012).

Established species can improve environmental conditions

worldwide (Ebrahimi et al., 2019). The microclimate created

in the understory of the cultivated species reduces the effect of

TABLE 3 Plant C pool (ton ha−1) in the eight Calligonum planting sites.

Planting age Above-ground biomass Below-ground biomass Litter

1 UC 1.30 ± 0.01Al−B 1.50 ± 0.01Al−A 0.21 ± 0.01Al−C

IC 0.50 ± 0.01Bn−B 0.84 ± 0.01Bn−A 0.10 ± 0.01Bm−C

4 UC 1.50 ± 0.01Al−B 1.90 ± 0.01Ak−A 0.33 ± 0.01Al−C

IC 1.07 ± 0.01Bm−B 1.10 ± 0.01Bm−A 0.23 ± 0.01Bl−C

6 UC 1.89 ± 0.01Ak−B 2.70 ± 0.01Aj−A 0.70 ± 0.01Ak−C

IC 1.20 ± 0.01Bl−B 1.89 ± 0.01Bk−A 0.60 ± 0.01Bk−C

9 UC 3.62 ± 0.01Af−B 3.50 ± 0.01Af−A 0.87 ± 0.01Aj−C

IC 2.50 ± 0.01Bj−B 2.65 ± 0.01Bj−A 0.80 ± 0.01Aj−C

11 UC 4.30 ± 0.01Ae−B 5.64 ± 0.01Ae−A 1.30 ± 0.01Ae−C

IC 3.32 ± 0.01Bf−B 3.89 ± 0.01Bf−A 1.00 ± 0.01Bf−C

16 UC 6.82 ± 0.01Ad−B 8.75 ± 0.01Ad−A 1.90 ± 0.01Ad−C

IC 4.23 ± 0.01Be−B 5.46 ± 0.01Be−A 1.73 ± 0.01Ad−C

25 UC 10.69 ± 0.01Ab−B 13.80 ± 0.01Ab−A 2.67 ± 0.01Ac−C

IC 6.45 ± 0.01Bc−B 7.52 ± 0.01Bd−A 2.30 ± 0.01Ac−C

30 UC 14.27 ± 0.01Aa−B 17.56 ± 0.01Aa−A 4.30 ± 0.01Aa−C

IC 9.42 ± 0.01Bb−B 10.83 ± 0.01Bc−A 3.42 ± 0.01Bb−C

aEach column has different capital case letters indicating significant changes between the under canopy and inter canopy of the same afforestation years (t-test). Each column has different

lowercase letters indicating significant changes between the under canopy and inter canopy of the various afforestation years (p < 0.05, post hoc Duncan test). Each row has capital case

letters after the space line indicating significant change among litter, above-ground, and below-ground. Means ± SE.

TABLE 4 Plant N pool (ton ha−1) in the eight Calligonum planting sites.

Planting age Above-ground biomass Below-ground biomass Litter

1 UC 6.33 ± 1.01Al−B 7.52 ± 1.01Al−A 5.21 ± 1.00Al−C

IC 4.53 ± 1.01Bn−B 7.86 ± 1.01Bn−A 5.10 ± 1.00Bm−C

4 UC 6.53 ± 1.01Al−B 7.92 ± 1.01Ak−A 5.33 ± 1.00Al−C

IC 6.09 ± 1.01Bm−B 7.12 ± 1.01Bm−A 5.23 ± 1.00Bl−C

6 UC 6.93 ± 1.01Ak−B 8.72 ± 1.01Aj−A 5.70 ± 1.00Ak−C

IC 6.20 ± 1.01Bl−B 7.91 ± 1.01Bk−A 5.60 ± 1.00Bk−C

9 UC 8.65 ± 1.01Af−B 9.52 ± 1.01Af−A 5.87 ± 1.00Aj−C

IC 7.53 ± 2.01Bj−B 8.67 ± 1.01Bj−A 5.80 ± 1.00Aj−C

11 UC 9.30 ± 2.01Ae−B 11.66 ± 2.0Ae−A 6.30 ± 2.00Ae−C

IC 8.35 ± 2.01Bf−B 9.91 ± 2.01Bf−A 6.00 ± 2.00Bf−C

16 UC 11.85 ± 2.01Ad−B 14.77 ± 2.01Ad−A 6.90 ± 2.00Ad−C

IC 9.26 ± 2.01Be−B 11.48 ± 3.01Be−A 6.73 ± 2.00Ad−C

25 UC 15.72 ± 3.01Ab−B 19.82 ± 4.01Ab−A 7.67 ± 2.00Ac−C

IC 11.48 ± 3.01Bc−B 13.54 ± 4.01Bd−A 7.30 ± 2.00Ac−C

30 UC 19.30 ± 4.01Aa−B 23.58 ± 5.01Aa−A 9.30 ± 2.00Aa−C

IC 14.45 ± 4.01Bb−B 16.85 ± 4.01Bc−A 8.42 ± 2.00Bb−C

aEach column has different capital case letters indicating significant changes between the under canopy and inter canopy of the same afforestation years (t-test). Each column has different

lowercase letters indicating significant changes between the under canopy and inter canopy of the various afforestation years (p < 0.05, post hoc Duncan test). Each row has capital case

letters after the space line indicating significant change among litter, above-ground, and below-ground. Means ± SE.

Frontiers in Environmental Science frontiersin.org09

Ebrahimi and Saberi 10.3389/fenvs.2022.901962

207

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.901962


extreme sunlight; the temperature under the canopy cover of

these plants is low, thus reducing the evapotranspiration and,

subsequently, water demand in these areas compared to

vegetation-free areas (Ebrahimi et al., 2019; Moghbeli et al.,

2021). In the study, shrub and forb cover are plant structures

that increased due to the planting and establishment of

Calligonum species in the afforested area. These species

rapidly increase biomass and provide a diverse canopy and

vertical structure. In addition, increasing the canopy helped to

increase the substrate coverage (Moghbeli et al., 2021).

Furthermore, the established plant species in re-vegetated

areas help extend plant species in arid and desert areas by

capturing the seeds of plant species (Aghababaei et al., 2017).

The bushes and shrubs function as seed distributors by

conserving wind-scattered seeds, thus increasing the quantity

and diversity of plants. The seedlings of other plants can be

established under the shade of these bushes, allowing herbaceous

species to create colonies and attain sustainability (Hamidi et al.,

2020; Moghbeli et al., 2021). Improved conditions and reduced

soil erosion due to developments in plant communities increase

the soil fertility and permeability, creating a suitable context for

seed germination, seedlings’ growth, and enhanced efficiency of

plants in nutrient- and water-poor environments (Su et al., 2002;

Zehtabian et al., 2006; Khosravi et al., 2017).

The 30-year site had the lowest bare soil percentage. It can be

attributed to the C. comosum mass growing in large

communities, covering the soil surface. Therefore, the

percentage of canopy increases as the forestry sites age.

Multiple research studies have indicated that increasing the

quantity and diversity of plant species is among the most

positive effects of biological measures in combating

desertification (Zehtabian et al., 2006). The cultivation of

Haloxlon in Shandan, Sistan and Baluchestan, Iran, confirmed

that the quantity and diversity of plant species in the region

increased significantly as the age of the re-vegetated forests

increased (Ebrahimi et al., 2019). Pouyafar and Asgari

Moghadam (2006) studied the environmental effects of oil

mulch. They concluded that cultivating H. aphyllum

significantly increases vegetation, species composition, and

below-ground biomass. Teymuri Majnabadi et al. (2020)

studied the effect of succession on the performance of desert

rangelands in Iran. This study confirmed that succession has

significantly improved the conditions of microhabitats for the

growth of herbaceous plants in degraded desert lands.

Species composition and diversity are some of the essential

characteristics of ecosystems; thus, vegetation diversity should be

considered in the re-vegetation period (Brancalion et al., 2010).

Johnston (2011) discussed coastal ecosystems in Sacramento,

California, USA. He reported that species that can foster

favorable conditions for other plants through succession are

more critical than cultivating various species not resistant to

harsh conditions. Our findings indicated that forestry helped

enrich vegetation and provided better growth conditions for the

plants to produce seeds. Over time, as the forestry sites aged, the

emergence of other plant species was observed, increasing

richness and diversity substantially. Strauss (2000) examined

artificial forests in Australia and reported that forestry with

native species substantially enriches native species in the re-

vegetated forests. Ebrahimi et al. (2019) evaluated species

composition of artificial forests in Sistan and Baluchestan and

demonstrated that the diversity reaches a maximum amid

succession. Ruiz-Jaen and Aide (2005) examined plant

structure and diversity in Sabana Seca, Puerto Rico, in mid-

successional re-vegetated forests. They concluded that plant

diversity increases significantly over time.

In this study, the perennial species in the 30-year site

displayed the highest growth in population. Increased plant

density and diversity can be helpful for ecosystem

composition (Teymuri Majnabadi et al., 2020; Moghbeli et al.,

2021). The planted shrubs and trees can capture and store

mineral and water nutrients in the soil and increase soil

fertility (Mofidi et al., 2013; Ebrahimi et al., 2019). These

plants can also protect bush species under the canopy cover

against extreme sunlight and temperatures in arid regions

(Khosravi et al., 2017). The fertile soil and microclimate under

the shrubs function as fertile resources for low-height herbaceous

plants (Moghbeli et al., 2021). These resources are vital for

reviving desert lands since they establish natural substitutes by

facilitating the growth of other plants (Ebrahimi et al., 2019).

Research studies have shown that biodiversity consistently

increases as the succession continues due to the increase in

ecosystem complexity (Ruiz-Jaen and Aide, 2005; Jafarian

et al., 2014). Aghababaei et al. (2017) examined the process of

diversifying plant species from the beginning of Iran’s forest re-

vegetation projects. They concluded that the introduction of

additional species increases diversity after 25 years.

Livestock grazed on C. comosum sites aged 11, 16, 25, and

30 years. An average grazing rate increases the richness and

diversity of species (Khosravi et al., 2017; Moghbeli et al.,

2021). Omar (1991) discussed vegetation changes in Kuwait’s

arid rangelands. He showed that fully protected rangelands, that

is, long-term protection programs (10 years), display signs of

rangeland degradation. Diversity and richness at the beginning of

the succession phase can be attributed to the high dynamics of a

limited number of annuals. High dynamics is an essential

structural feature at the beginning of the succession phase

(Liu et al., 2015). Moreover, the low quantity of species,

diversity, and richness at the beginning of the succession

phase in younger sites compared to older sites can be

attributed to preventing grazing (El-Keblawy and Ksiksi, 2005;

Ebrahimi et al., 2019). Therefore, it can be concluded that well-

managed grazing is one of many tools for modifying rangelands

and forest understory in modified areas.

The results indicated that re-vegetating desert land with

Calligonum improved soil fertility in the region. The

establishment of plant species in arid lands with harsh
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conditions significantly increased the soil N, P, and K under the

crown of plants. The results of the researchers showed that the

Calligonum species improves the soil structure, and the

establishment of plant species increases the nutrients in the

soil such as N, P, and K, and with the development of plants,

the organic matter of the soil also increases significantly (Biabani,

2016). Zehtabian et al. (2006) reported that planting Calligonum

in Semnan strengthened soil structure and increased soil N, P,

and K. The increased diversity and frequency of perennials can be

partially attributed to greater soil fertility. The increase in soil

nutrient levels under the canopy cover of plants indicates the

accumulation of litter, roots, and further root-related activities

(Jozefowska et al., 2017). Two factors can activate this

mechanism: First, improved vegetation in the region, resulting

in decreased wind erosion. Vegetation can capture nutrients and

particles carried by the wind. Second, higher nutrient levels are

considerably associated with soil roots and adding root mass to

the soil (Jozefowska et al., 2017; Yuuan et al., 2018).

We found that soil nutrient value gradually increased during

succession; the maximum soil nutrient value was calculated in

the 30-year site. This result confirms the second hypothesis

presented in the Introduction section. The higher soil fertility

in sites with higher ages can be partly explained by increased litter

accumulation resulting in increased organic matter and nutrients

in the soil due to increased vegetation canopy (Jozefowska et al.,

2017; Yuuan et al., 2018; Teymuri Majnabadi et al., 2020).

In sites with higher ages, more extensive canopy covers will

allow livestock to access more nutrients. Trees and shrubs with

long lifespan increase soil fertility more than the annuals. This

increase can be due to the immediate elimination of nutrients

stored under canopy cover by the wind in sites with lower age

(Cheng et al., 2004).

It should be noted that the biological restoration in arid areas

where extreme sunlight and temperatures (high

evapotranspiration) limit plant growth can increase vegetation

and reduce exposure to sunlight in the space under plant species,

hence lowering soil temperature and water loss. Moreover, higher

amounts of plant litter and organic matter further increase water

storage in the soil. Thus, more litter in low-age areas will result in

higher soil fertility (Frouz and Novakova, 2005; Frouz et al., 2008;

Ebrahimi et al., 2019).

The results showed that soil EC increased with the age of

forests. This increase, however, was insignificant. This increase in

EC, especially under the canopy cover, can be due to soluble salts

generated by litter accumulation (Jafarian et al., 2014; Lalozaei

et al., 2016). Biabani (2016) stated that Calligonum has increased

soil EC in Iranshahr deserts, Iran.

The results indicated that organic C and N pools in the soil

under the canopy were higher than between the canopy, which

can be attributed to the higher percentage of the canopy of plant

species, litter, and the higher root mass under the canopy,

increasing organic C and N pools in surface soil by causing

aerial organs and litter to decompose. Consequently, plant

textures become an important source of organic soil C. These

plant textures can gradually be transferred to the soil and

undergo chemical and biological changes. The maximum C

and N pools in the soil and plants were observed in the 25-

and 30-year sites. In areas with more vegetation, the amounts of

plant textures transferred to the soil will be higher; thus, there will

be greater organic matter and, subsequently, N and C pools

(Shirzai et al., 2020). Most of the C and N pools in the soil were

elevated to the under canopy of sites. The high amount of C and

N pools under canopy of Calligonum may be due to the fact that

most of the organic matter in the soil, related to the

decomposition of dead roots and the conversion of microbial

biomass to organic matter, which is located at the surface layer

soil under canopy of plants (Dianati Tilaki et al., 2009). Dong

et al. (2014) reported that large amounts of plant litter in the top

soil increase the C stored in this layer of soil compared to deep

soil. Woomer et al. (2004) showed that approximately 60% of

organic carbon is stored at a soil depth of 20 cm under canopy of

plants. Soil C pool is positively correlated to organic matter

(Garten and Charles, 2002). This result shows the positive effect

of vegetation development in the studied sites.

The results showed that the amounts of C and N pools in

the below-ground biomass were higher than those in the

above-ground biomass. The reason for this can be

attributed to the high amount of woody tissue in the roots

compared to the above-ground parts of the plants (Capuana,

2020; Rigi Pardad et al., 2021). In arid rangelands, below-

ground biomass of the plants has the largest proportion of

total biomass, while above-ground biomass has a small

proportion of the total plant biomass (Joneidi Jafari et al.,

2013). Plant organs with woody tissue have a greater ability to

store C and N (Motamedi et al., 2020). In this regard, other

studies have acknowledged that the woodier the tissues in the

plant, the greater the plant’s ability to uptake C and N

(Motamedi et al., 2020; Tessema et al., 2020). Increasing

the share of the root increases C and N entrance into the

soil (Moghbeli et al., 2021). The type of plant species and even

different organs of a plant have different potentials for C and

N pools. In fact, the performance of plants to store carbon is a

function of various factors such as morphological traits,

including plant root height, canopy cover, plant density,

plant distribution pattern, topographic characteristics,

physical and chemical properties of the soil, and

management factors (such as livestock grazing and

rangeland exclusion) (Conti and Diaz, 2013; Mirlashkari,

2016). Expansion of vegetation cover will lead to reducing

and modifying the amount of CO2 in the atmosphere by

increasing photosynthetic levels and eventually increasing

the level of C uptake (Souri et al., 2020). Mirlashkari

(2016), in the investigation of the impacts of exclusion on

the soil C and N pool in the Jonabad rangeland of Zahedan,

Iran, reported that C and N pools were higher in the site with

higher plant biomass than the grazed area.
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Yang et al. (2020) also emphasized the significance of litter

and roots in the increasing soil C pool. They reported that a high

soil C pool originates from mycorrhiza, root exudates, and

surface litter. Hu et al. (2020) examined the impact of

decomposed litter on the amount of soil C pool in the

Chinese Plateau. They reported that adding plant litter and

root exudates significantly increases the soil C pool. Shirzai

et al. (2020) examined the effect of species on C and N pools

in the desert lands of Leuchonassi, Sistan and Baluchestan, Iran.

They reported that C and N sequestration highly correlates with

plant litter and organic matter amounts in the soil. With

increasing age, the succession of soil organic matter increased

substantially. Therefore, increased C and N pools due to

increasing the succession age can be associated with improved

vegetation, higher frequency of species and leaf accumulation,

and, subsequently, more organic matter in these sites.

Furthermore, by increasing the succession age, the mass of

below-ground organs in the soil increases. Motamedi et al.

(2020) concluded that total C sequestration has a positive and

significant relationship with the height and mass of the plant,

total aerial biomass, total below-ground biomass, and the amount

of litter and soil organic C. The highest C and N pools of plant

tissues in all the study sites were observed in roots, aerial organs,

and litter, respectively. As the re-vegetated forests aged, tissue C

and N increased in plants. This increase can be attributed to the

wooden root texture of Calligonum compared to the aerial organ

(Capuana, 2020). In desert rangelands, below-ground plant

biomass has the highest portion of the total biomass (Tessema

et al., 2020). Over time and by aging, the plant’s wooden textures

thicken and increase their C and N sequestration ability. The

roots’ increased effect in C and N sequestration stores more C

and N in the soil (Souri et al., 2020).

In conclusion, in this paper, the Shams Abad Desert,

known for its wind erosion in southeastern Iran, was

selected as the study area to study the influence of

biological restoration in a desert ecosystem. Was the

biological restoration program in this region successful?

(Resources Center, Mohammdi et al., 2018)

-The changes in vegetation, soil fertility, and C and N pools

over time indicate the success of this forestry project.

-A greater value should be assigned to the leading species

density at the beginning of the project to increase the

restoration rate so that increased vegetation and soil

fertility can more easily solve the land degradation problem

for the locals.

-Agroforestry is a helpful tool to increase vegetation and

improve soil fertility. However, biological restoration

requires suitable species and precise management plans

since any incorrect action wastes financial resources and

causes irreparable damage to the environment.
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Monitoring degradation in arid and semi-arid areas is one of the main concerns

for governments, given the growing degradation trend. Meanwhile, detecting the

areas subjected to degradation requiring management in the shortest time and at

the lowest cost is a necessity, especially in border areas such as Hamoun Wetland,

located between Iran and Afghanistan. Albedo and normalized difference

vegetation index (NDVI) were calculated using remote sensing technology to

monitor the degradation intensity in different periods (August 1999, 2009, 2015,

and 2020). Change vector analysis in brightness and greenness indices for 1999 and

2020 was used to determine the changes in intensity. Linear regression was run

between albedo andNDVI. Finally, degradation intensity (DI) mapwas developed to

monitor degradation intensity. A confusionmatrix was created between the change

vector analysis (CVA) and the albedo–NDVI model to evaluate the accuracy of the

map obtained from this model for 1,476 pixels of different classes. The linear

regression between NDVI and albedo showed a negative correlation between

indices (R = −0.849). The results showed an increase for the regions with null, low,

and medium degradation intensity, while an expansion was observed for the

regions with severe and extreme degradation. The confusion matrix results

indicated the high accuracy (0.705) of the degradation intensity model for the

study area. These changes were about 52.01% from 1999 to 2009, 7.07% from

2009 to 2015, 56.26% from 1999 to 2015, and 55.15% from 2015 to 2020.

Additionally, the average rate of changes in degradation intensity between

1999 and 2020 was 13.11%.

KEYWORDS

monitoring, degradation, albedo, NDVI, Hamoun Wetland

1 Introduction

Vegetation changes are closely related to desertification. Thus, vegetation index is one

of the main factors in recognizing desertification processes. On the other hand, a decrease

in vegetation cover and biomass is correlated with soil degradation, leading to increased

surface albedo (Cordeiro et al., 2015). Changes in vegetation affect the level of surface
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albedo (Myhre andMyhre, 2003), and different vegetation covers

represent different albedo values (Kang and Hong, 2008). Albedo

has the potential to monitor ecosystem performance changes in

arid regions and provides warning of the beginning of

desertification (Zhao et al., 2018). Meanwhile, surface albedo

is one of the most important components causing surface

radiation balance (BdaS et al., 2016). Albedo determines the

energy budget in micrometeorological conditions, including

temperature and aridity of a land (Goudei and Middleton,

2006). Increasing land surface albedo implies degradation of

land quality (Piña et al., 2016), and vegetation can be considered

one of the most important key components in reducing the

effects of erosion and desertification in arid areas. Desertification

development and vegetation cover change are among the factors

causing changes in albedo. Surface albedo is defined as the ratio

of the total radiation from the Earth’s surface to total incoming

solar radiation, which often has a wavelength range of 0.3–3 μm.

It is one of the most important factors controlling the energy

available throughout the day with surface change processes

(Houldcroft et al., 2009). Therefore, it can be said that the

change in vegetation affects the surface albedo and

desertification occurs with the destruction of vegetation, and

the surface albedo increases in the degraded areas (Zhao et al.,

2018). Zongyi et al. (2011) presented the albedo–NDVImodel for

monitoring desertification (Zongyi et al., 2011). They showed

that albedo and NDVI could well reflect the desertification

intensity. Vegetation, the combination of water and heat and

their changes, and desertified areas could be easily detected using

multi-spectral remote sensing information. Remote sensing-

based vegetation indices and land surface albedo are two

preferable indicators for monitoring the degradation process

(Zhao et al., 2018).

Pan and Li (2013) selected three different groups, namely,

vegetation, water, and bare soil, based on the spectral mixture

analysis model (Pan and Li, 2013). They assessed the status of

desertification based on the temporal–spectral feature of

vegetation and surface albedo components derived from

Landsat satellite images. Karnieli et al. (2014) examined the

changes in NDVI and albedo indices for four periods using

the change vector analysis (CVA) technique to understand the

spatial–temporal dynamics of the environmental processes

(Karnieli et al., 2014). They used four different Landsat

images and showed the changes for each time step during the

studied period. Cordeiro et al. (2015) estimated the indices

affecting desertification in Natal County using the SEBAL

algorithm, albedo, vegetation cover, and surface temperature

indices with the help of remote sensing technology (Cordeiro

et al., 2015). Lamchin et al. (2016) developed a quantitative

model on a local scale using remote sensing data to evaluate land

cover changes and desertification (Lamchin et al., 2016). They

examined the land surface status for vegetation biomass,

landscape pattern, and micrometeorology using NDVI, the

Topsoil Grain Size Index (TGSI), and the albedo index. Pina

et al. (2016) extracted NDVI, BSI, and the albedo index from

Landsat satellite images using remote sensing (Piña et al., 2016).

They applied the CVA model to define the direction and value of

these indices for determining either degradation or progress of

land surface status in different periods. Additionally, they

determined the desertification rate index based on the

relationship between NDVI and albedo.

Han et al. (2015) calculated theMSAVI, FVC, and TVDI, and

land surface temperature plus surface albedo to evaluate

desertification using Landsat images by applying the

geographic information system (Han et al., 2015). They used

these indices to analyze the spatiotemporal pattern of

desertification in different periods. Querino et al. (2016)

analyzed the spatiotemporal dynamics of the normalized

difference vegetation index (NDVI), leaf area index (LAI),

surface albedo, and temperature in two different vegetation

covers, preserved and deforested areas (Querino et al., 2016).

They showed that the forest conversion implies a decreased

NDVI and LAI and an increased surface albedo plus surface

temperature.

Different methods have been presented to assess and classify

desertification intensity levels in Hamoun International Wetland

(Fozuni, 2007; Mohammad Ghasemi et al., 2008; Parvariasl et al.,

2010; Zolfaghari et al., 2011; Eftekhari et al., 2015). Most of them

have suffered many problems such as high costs, expansive areas,

and lack of access to areas beyond the political boundaries of Iran

due to political and security issues. On the other hand, previous

studies have been based on the NDVI or other vegetation indices.

The relationship between vegetation changes and albedo has

been neglected or sparsely studied with regard to desertification

in this region and other areas in Iran. With an area of about

15,197 km2, Hamoun International Wetland is located in the

southeastern part of Iran, extending as a belt around the Sistan

region with more than 400,000 people. Dried Hamoun Lake

contains large amounts of erodible sediment, conducive to wind

erosion and dust (Choobari et al., 2014). For ecological risk

control of degradation in larger arid and semi-arid areas, using

remote sensing with the extraction of the albedo and vegetation

index is appropriate (Wei et al., 2020). The indices are simple and

easy to obtain, which is conducive for quantitative analysis,

evaluation, and monitoring of degradation rate (Wu et al., 2019).

Thus, it is necessary to use inexpensive and quick methods to

monitor this area’s degradation and land cover changes.

Detecting degradation areas for implementing appropriate

management plans with the minimum cost and within the

shortest time is of priority for governments and communities

involved. To achieve this goal and identify the degradation areas

in different periods, albedo indices and NDVI can be used to

monitor and prepare degradation intensity maps. Because of its

simplicity in detecting damaged areas within the shortest time

with the lowest cost, this model, as a simple and innovative

method, can serve as an alternative to the many methods

presented for identifying desert areas that require extensive
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field operations, especially in large border areas located between

countries and where field access to the areas is not safe. Despite

the importance of Hamoun Wetland, most field studies on the

status of this particular geographical area are difficult and rare

due to its location between Iran and Afghanistan and the conflicts

in Afghanistan (UNEP, 2002; FAO, 2015). Therefore, most

studies have focused on the Iranian part of the wetland, and

parts of the wetland located in Afghanistan have been less

studied. Less has been studied about degraded areas in

Hamoun International Wetland due to recent droughts and

lack of access to a part of the wetland in Afghanistan.

Degradation intensity was evaluated during different periods

based on remote sensing technology in this study.

2 Materials and methods

2.1 Study area

With about 15,197 km2, Hamoun International Wetland is

situated in southeast Iran. The area of Hamoun International

Wetland in Iran is 62,095 ha, while it is 66,478 ha in Afghanistan

(Kariminazar et al., 2010) (Figure 1). The area is characterized

by even topography occurring between 30° 5’ _ 31° 28′ N and

60° 15’ _ 61° 50′ E (Kariminazar et al., 2010). Hamoun

International Wetland is one of the most ecologically valuable

areas in Iran (Scott and Smart, 1992). According to the long-term

statistics of the Zabol synoptic station, the mean long-term

rainfall in this region is 61.1 mm, about 44% occurring in

winter. The mean long-term temperature is 26.6°C, and the

mean monthly temperatures of the warmest (July) and coldest

months (January) are 41.4°C and 2.4°C, respectively. Based on

long-term data, the maximum mean wind speed occurs in June,

July, August, and September, while the lowest mean wind speed

happens in December (Zolfaghari et al., 2011).

2.2 Research methodology

In this study, the steps to monitor degradation in the

Hamoun International Wetland were as follows:

Step 1: Satellite images were prepared, and image preparation

processes were performed.

Step 2: NDVI was calculated using reflectance bands and

albedo index based on the SEBAL algorithm.

Step 3: The area’s degradation equation and degradation

intensity map were prepared.

Step 4: Brightness and greenness indices for 16 August

1999 and 17 August 2020 were calculated to determine the

intensity changes using vector analysis.

FIGURE 1
Location of the study area.
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Step 5: The precision of the prepared map was assessed by

controlling the points obtained from step 4, and a confusion

matrix was formed.

In step 1, satellite data related to Landsat 8, OLI sensor, on

17 August 2020, 20 August 2015, and Landsat Thematic Mapper

5 (TM) for 16 August 1999, and 19 August 2009 (Path 157-Row

38 and Path 157-Row 39), with a completely clear sky, were

downloaded from http: earthexplorer.usgs.gov/.

For proper image efficiency and reduction of sensor error

and to increase the image quality before calculating the

required indices, first, the DN value for each band must be

converted into spectral radiance and then to spectral

reflectance (Lamchin et al., 2016). This operation was

carried out according to Landsat 8 manual (Landsat 8,

2015). The flowchart and different steps of determining the

intensity of degradation based on the albedo–NDVI model

and change vector analysis are shown in Figure 2. In this

study, summer season (August) was selected to reduce the

error caused by surface soil moisture. Another reason was the

absence of annual plant species in this season since the soil

surface is dry and contains only permanent species that play a

very important role in soil stability and protection.

2.3 NDVI–albedo model

2.3.1 Calculation of the indices
Normalized difference vegetation index (NDVI) are among

the most important indicators, defined as the ratio of reflectivity

measured in visible red radiation (red band) to near-infrared

reflectance (NIR band). Since NDVI are highly affected by

chlorophyll absorption in evergreen leafy cover and vegetation

density and the contrast between vegetation and soil is highest in

red and near-infrared bands, NDVI were selected (Cai et al.,

2010; Khosravi et al., 2017). This index was estimated according

to Eq. 1.

NDVI � NIR − R( )/ NIR + R( ), (1)

FIGURE 2
Steps in determining the intensity of degradation based on the albedo–NDVI model. N, condition negative; TP, true positive; TN, true negative;
M, magnitude of change; I, intensity of degradation; greenness 1, 2, DN values of greenness from 1999 and 2020; brightness 1, 2, DN values of
brightness from 1999 and 2020.
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where NIR is the near-infrared band and R is the red band.

In this study, for the calculation of the water index, we used

MNDWI (Modified Normalized Difference Water Index) to

distinguish water bodies (Wu et al., 2019). The MNDWI was

calculated using Equation 2.

MNDWI � Green −NIR( )
Green +NIR( ) , (2)

where green is the green band and NIR is the near-infrared band.

Another important index is surface albedo, defined as the ratio of

the reflected radiation to the incident shortwave radiation. The

surface albedo was calculated using Eq. 3 (Allen et al., 2002).

α � αtoa − αpath−radiance
τsw2

, (3)

where

αpath-radiance is the average portion of the incoming solar

radiation across all bands which is back-scattered to the satellite

before it reaches the earth’s surface, with the values for αpath-

radiance ranging between 0.025 and 0.04 according to the SEBAL

model; its value was set at 0.03 in this study (Allen et al., 2002).

αtoa is the above-atmospheric albedo and is calculated

through Eq. 4 (Allen et al., 2002).

αtoa � ∑ ωλ * ρλ( ), (4)

where

ωλ is the weighted coefficients for non-thermal bands and

ρλ is the spectral reflectivity of each band.

The weighted coefficients for non-thermal bands can be

calculated from Eq. 5 (Allen et al., 2002).

ωλ � ESUNλ∑ESUNλ, (5)

where ESUNλ is the solar exo-atmospheric irradiance for

each band.

τsw is the atmospheric transitivity, which is a part of the

incident radiation transmitted by the atmosphere, and represents

the effects of the atmosphere. Given that this effect exists for both

incoming and outgoing radiation, its square is used to calculate

the surface albedo. For a clear and dry sky, it is calculated using

Eq. 6 (Allen et al., 2002).

τsw � 0.75 + 2*10−5*z, (6)

where Z is elevation above sea level (m).

In step 3, to develop a degradation map, the NDVI and albedo

indices were normalized. For processing normalization data, the

maximum and minimum values of NDVI and albedo in the study

area were found, they were used for data normalization processing

based on Eqs 7 and 8, and then a linear regression was taken between

these two indices (Zongyi et al., 2011; Han et al., 2015).

NDVIN � NDVI −NDVI min

NDVI max −NDVI min
( ) × 100 (7)

AlbedoN � Albedo − Albedo min

Albedo max − Albedo min
( ) × 100 (8)

The slope coefficient of the regression line between NDVI

and albedo indices was calculated to achieve the degradation

intensity equation, and the resulting equation was applied to

determine the degradation intensity. The relationship obtained

from the linear regression between NDVI and albedo is given as

Eq. 9:

Albedo � −0.8491pNDVI + 0.6573. (9)

To evaluate the degradation intensity of the study area, Eq. 10

was used (Zongyi et al., 2011; Lamchin et al., 2016):

DI � apNDVI − Albedo. (10)

In this equation, DI represents the degradation intensity, and

the a value is the slope of the orthogonal lines found in the

NDVI–albedo relationship, or in this study, 0.8491 (1/1.177 Eq.

9). The degradation index based on the Jenks natural breaks

index was classified into five classes (null, low, moderate, severe,

and extreme) using ArcGIS10.8 software (Han et al., 2015; Han

et al., 2015; Piña et al., 2016; Wei et al., 2020).

2.4 Change vector analysis model

The change vector analysis model was applied to multi-

temporal data to compare the differences in intensity of

change in times (Ali Baig et al., 2014). The tasseled cap

greenness and brightness were used for two successive periods

1999 and 2020.

The magnitude of change was calculated by Eq. 11 to evaluate

the intensity of change between 1999 and 2020.

M �
																																																							
Greenness1999 − Greenness2020( )2 + Brightness1999 − Brightness2020( )2√

(11)

The coefficient used for Landsat 8 (OLI) and Landsat 5 (TM)

to evaluate the greenness and brightness of the study area is

shown in Supplementary Tables S1, S2 (Khosravi et al., 2017).

Eventually, 1,476 pixels of different classes were selected

randomly (Table 1), and a confusion matrix was created

between the map prepared by the NDVI–albedo model and

the change vector analysis derived from brightness and

greenness indices to calculate the kappa coefficient accuracy.

3 Results

3.1 Variation of albedo index

Evaluation and classification by the natural breaks method

using ArcGIS10.8 revealed that the albedo index for August 1999,

2009, 2015, and 2020 was variable (Supplementary Figures S1,
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S2). The albedo index in the four periods showed the range of

0.06–0.63 in August 1999, 0.14–0.7 in August 2009, 0.11–0.81 in

August 2015, and 0.13–0.45 in August 2020. The maximum

albedo increased from 1999 to 2015, but in 2020, it decreased due

to floods in parts of the wetland (Table 2). Additionally, the

average albedo index in the region was variable from

1999 to 2020.

The results also showed that the highest albedo value

occurred in the northern, northwestern, and western parts of

the wetland (Saburi and Puzak Hamoun), indicating vegetation

decline and destruction of Hamoun International Wetland

during the years. The results of the classification of albedo

classes in the study area using the Jenks natural breaks

method are presented in Table 2.

3.2 Variation of NDVI

The NDVI estimations for August 1999, 2009, 2015, and

2020 are shown in Supplementary Figures S3, S4 for a

comparative study of the changing trend.

According to NDVI classification using ArcGIS10.8, the

range was between −0.75 and +0.60 in August 1999 and

between −0.25 and +0.67 in August 2009. It was

between −0.26 and +0.63 in August 2015 (Table 2).

The higher minimum in 1999 was due to the upper water

level in Hamoun Wetland, and during the years, the water level

has decreased, and the minimum range has also decreased.

The linear regression between NDVI and albedo is shown in

Figure 3. The regression between the NDVI and albedo showed a

high correlation between these two indices, with the coefficient of

determination R2 = 0.72 and the negative correlation coefficient

R = −0.849.

3.3 Degradation intensity map (August
1999)

Evaluation of degradation intensity based on the

albedo–NDVI model in the study area in August 1999 showed

28.72% of the study area was classified in the severe degradation

class and 31.79% was in the extreme one (Figure 4,

Supplementary Table S3). Based on the degradation intensity

map results, severe and extreme degradation intensities were

observed in parts of the wetland that has been already dried

up. This year, 10.22% of the study area was covered with water

(Figure 5A).

3.4 Degradation intensity map (August
2009)

Evaluation of degradation intensity based on the

albedo–NDVI model in the study area in August 2009 showed

that 7.89% was classified as severe degradation intensity and

35.59% was in the extreme class (Figure 4, Supplementary Table

S3). Based on the degradation intensity map, severe and extreme

degradation intensities were observed in some parts of the

wetland and the central and agricultural land in the study

area (Figure 5B).

TABLE 1 Percentage of pixels selected in each class.

Class Extreme Sever Moderate Low Null

No. of pixel 337 455 333 261 90

Percent 22.8 30.8 22.6 17.7 6.1

TABLE 2 Results from the study of albedo and NDVI.

NDVI Albedo index Year

Average High Low Average High Low

0.021 0.60 −0.75 0.38 0.63 0.06 1999

0.14 0.67 −0.25 0.41 0.70 0.14 2009

0.10 0.63 −0.26 0.48 0.81 0.11 2015

0.13 0.63 −0.26 0.28 0.45 0.13 2020

FIGURE 3
Linear regression between NDVI and albedo.
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3.5 Degradation intensity map (August
2015)

Evaluation of degradation intensity based on the

albedo–NDVI model in the study area in August 2015 showed

30.62% of the area in the severe degradation intensity and 18.60%

in the extreme class. Approximately all wetland area was dry and

without water (Figure 4, Supplementary Table S3). Additionally,

severe and extreme degradation intensities were observed in the

north and west of the studied region, which indicated the wetland

area (Figure 5C).

3.6 Degradation intensity map (August
2020)

Evaluation of degradation intensity based on the

albedo–NDVI model in the study area in August 2020 showed

33.88% of the area in the severe degradation intensity and 20.57%

in the extreme class (Figure 4, Supplementary Table S3).

Moreover, severe and extreme degradation intensities were

observed in the north and west of the studied region. Due to

the flooding of the wetland in 2020, the extreme degradation class

decreased (Figure 5D). The description of degradation intensity

classes is shown in Table 3.

3.7 Degradation intensity changes from
1999 to 2020

The rate changes in degradation intensity classes around the

studied period 1999–2020 showed that 3.72% of the area without

degradation and 2.88% of the area with low degradation intensity

have decreased. Also, the area of severe degradation class has

increased by 6.36 percent, and the area of extreme degradation

class has decreased by 8.44%. Due to the flooding of the wetland

in 2020, the highest degradation intensity in the study area

occurred from 2015 to 2020. In the four studied periods, the

regions without degradation, with low degradation, and with

medium degradation decreased, but those with severe and

extreme intensity increased. The average of changes in all

classes was about +5.81% for 1999–2009, +3.43% for

2009–2015, +9.24% for 1999–2015, −13.11% for

1999–2020, −18.92% for 2009–2020, and −22.35% for

2015–2020 (Table 4).

3.8 The intensity of changes from 1999 to
2020

The results of the evaluation of the intensity changes based

on the change vector analyses showed that 56.16% of the area had

extreme changes, and the highest level of changes occurred in the

wetland area (Figure 6). Table 5 shows the intensity change

classification from 1999 to 2020.

3.9 Degradation intensity map accuracy

The confusion matrix between the degradation intensity map

obtained from the albedo–NDVI model and the degradation

based on the linear coefficient of variation derived from

brightness and greenness indices was used to evaluate the

accuracy of the degradation intensity map classification. The

FIGURE 4
Degradation intensity percent for study periods.
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FIGURE 5
Degradation intensity map of studied periods. (A) August 1999, (B) August 2009, (C) August 2015, and (D) August 2020.
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confusion matrix for 1,476 pixels showed that the kappa

coefficient was 0.705 (Table 6).

4 Discussion

In this research, we studied the degradation intensity of a

region using a remote sensing technique based on spectral

reflectance from the earth’s surface.

A linear regression analysis between NDVI and the albedo

index showed a negative and strong relationship (r = −0.849),

consistent with the results presented by Pan and Li (2013),

Karnieli et al. (2014), and Piña et al. (2016). Increased NDVI

is accompanied by a decline in albedo, where areas with high

albedo indicate vegetation degradation and bare soil. In the study

area, due to frequent droughts, drying of Lake Hamoun, and high

evaporation intensity, vegetation is one of the points of

desertification, consistent with the study of Zolfaghari et al.

TABLE 3 Description of different degradation intensities in the study area.

Class Field image Google Earth image Description

1—Null: non-
degradation

It is located generally in the south and east of the
study area. The dominant vegetation in this class is
Tamarix aphylla and Alhagi camelorum. These areas
are supplied by the flooding of the Helmand River
(Zolfaghari et al., 2019)

2—Low These areas mainly refer to moderate class of
degradation. The dominant vegetation in this class is
Desmostachya bipinnata (Zolfaghari et al., 2019)

3—Moderate Abandoned lands and destroyed agricultural land are
in this class, and its vegetation is sparse Tamarix trees
(Zolfaghari et al., 2019)

4—Severe This category refers to zones with hard clay lands
with very low Tamarix and halophyte vegetation.
Severe degradation intensity was observed in the
northern and western parts of the studied region
located in Saburi Hamoun. This grade of degradation
includes playa fans with fine sediment (Zolfaghari
et al., 2019)

5—Extreme This class corresponds to the dense sand dunes,
eroded marl terrace, and low vein combined with
claypan and basin hole. It is located generally in a
large part of Saburi and Puzak Hamoun in Iran and
Afghanistan; the area is dry, and the soil is bare due to
the prevailing drought conditions in the wetland.
Except for a few spots of scattered vegetation, the
triple hamouns are affected by wind erosion
(Zolfaghari et al., 2019)
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(2013). The degradation intensity map of the study area in

1999 revealed that the classes with the highest degradation

intensity were observed in parts of the wetland that dried up,

and there was no extreme class in the study area. In total, 28.72%

of the area was classified into the severe degradation class and

31.79% into the extreme class. Evaluation of the degradation

intensity map obtained from the albedo–NDVI for 2015 showed

that 76.66% of the study area had an extreme, severe, and

moderate degradation intensity class. A total of 49.22% of the

area had an extreme and severe class, consistent with the results

reported by Zolfaghari et al. (2011). As expected, the severe and

extreme degradation classes in the proposed maps correspond to

the areas with the minimum NDVI and the maximum albedo.

Evaluation of the degradation intensity maps in 1999 and

2009 showed that 60.51% and 43.48% of the study area had

severe and extreme degradation classes. One of the main reasons

for the very high percentage of destruction in 1999 is the dryness

of a large part of Saburi Hamoun in Afghanistan, as shown in

Figure 5A. The rate of changes in degradation intensity classes

showed that the highest intensity of changes occurred between

2015 and 2020 with 22.35% because a large part of Saburi and

Puzak Hamoun in Iran and Afghanistan is dry, and the soil is

bare due to the prevailing drought conditions in the wetland.

Except for a few spots of scattered vegetation, the triple hamouns

are affected by wind erosion. It is consistent with the studies of

Rashki et al. (2015). Additionally, the rate of changes in

degradation intensity classes between 2009 and 2020 was

18.92% and between 2009 and 2015 was 3.43%. It was 13.11%

between 1999 and 2020, 9.24% between 1999 and 2015, and

5.81% between 1999 and 2009. The results showed that 22.32% of

null areas, 17.28% of areas with low degradation, and 50.62% of

areas with extreme degradation were reduced from 1999 to 2020.

Meanwhile, 16.14% and 38.21% were added to areas with

moderate and severe degradation classes, respectively.

Additionally, the map of degradation intensity classes showed

that the highest degradation intensity is related to the northern,

northwestern, and western parts of Hamoun International

Wetland, corresponding to areas of the three hamouns that

are dry and where the dust rises into the air (Rashki et al.,

2015). Therefore, it can be said that albedo is one of the main

parameters for inland studies whose effects on the environment

should be discussed. Additionally, the maps prepared for albedo

distribution (Supplementary Figures S1, S2) and NDVI

classification (Supplementary Figures S3, S4) indicated that

the lowest NDVI and the highest albedo value occurred in the

northern and western parts of the study area, coinciding with the

most intense degradation class. NDVI is among the indices

sensitive to viable and healthy vegetation. The vegetation

distribution map showed that over 65% of the study area was

characterized by an NDVI of less than 0.15, representing bare

soil. The results reported by Zolfaghari et al. (2011) of a part of

the Sistan region revealed that vegetation indices were among the

indices for determining desertification (Zolfaghari et al., 2011).

Additionally, based on the surface albedo distribution map, 43%

of the region had an albedo value larger than 0.45. To evaluate the

relationship between these two indices, we selected 600 points

randomly where the regression correlation between the NDVI

and albedo index showed a negative and robust correlation

coefficient with a value of r = 0.849. These were compatible

with the studies by Zongyi et al. (2011), Pan and Li (2013),

Cordeiro et al. (2015), and Querino et al. (2016). Investigation of

the degradation intensity map of the albedo index and NDVI

indicated that 79.88, 57.69, 76.66, and 74.79% of the study area

were found to belong to very intense, intense, and moderate

degradation classes for 1999, 2009, 2015, and 2020, respectively.

Over 49% of the region is characterized by very intense and

intense degradation classes for 1999, 2015, and 2020, confirming

the results reported by Zolfaghari et al. (2011). Additionally,

according to Supplementary Figures S1, S2, and S4, intense and

very intense degradation classes corresponded with areas with

TABLE 4 Percentage of changes in degradation intensity classes in the study periods (1999–2020).

Water Extreme Severe Medium Low Null Intensity class
year

10.22 31.79 28.72 19.37 8.43 1.47 1999

4.41 35.59 7.89 14.21 14.02 23.88 2009

0.98 18.60 30.62 27.44 17.68 4.68 2015

23.32 20.57 33.88 20.34 1.45 0.43 2020

−5.8 +3.8 −20.83 −5.16 +5.59 +22.41 Rate of changes between 1999 and 2009

−9.24 −13.19 +1.9 +8.07 +9.25 +3.21 Rate of changes between 1999 and 2015

+13.11 −11.22 +5.16 +0.97 −6.98 −1.04 Rate of changes between 1999 and 2020

−3.43 −16.99 +22.73 +13.23 +3.66 −19.2 Rate of changes between 2009 and 2015

+18.91 −15.02 +25.99 +6.13 −12.57 −23.45 Rate of changes between 2009 and 2020

+22.34 +1.97 +3.26 −7.1 −16.23 −4.25 Rate of changes between 2015 and 2020

+5.98 -8.44 +6.36 +2.69 −2.88 −3.72 Average
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the minimum NDVI and maximum albedo values. In this study,

it was found that the value of surface albedo in each area is

influenced by the characteristics of that area. The map of

degradation intensity classes indicated that the highest

degradation intensity occurred in the northern, northwestern,

and western parts of the Hamoun International Wetland. Thus,

albedo is one of the important parameters in land use-related

studies that should be discussed further due to its environmental

impacts.

FIGURE 6
Intensity map of changes from 1999 to 2020.

TABLE 5 Intensity change classification from 1999 to 2020.

Percentage Area (ha) Intensity of change Row

22.34 27,639.36 Low change 1

14.13 17,475.3 Moderate change 2

7.37 9,120.06 High change 3

56.16 69,462.36 Extreme change 4

TABLE 6 Results of the confusion matrix.

N = 1,476 Predicted NO Predicted YES

Actual NO TN = 81 FP = 325

Actual YES FN = 28 TP = 1,042

According to Pina et al. (2016), a coefficient between 0.7 and 0.85 indicates high

compliance (Piña et al., 2016). So, we can say that the classification of desertification

intensity based on the albedo–NDVI model in the study area has acceptable compliance

with the degradation intensity changes that occurred in the same period.
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5 Conclusion

Results of the different periods showed that the areas without

degradation and with low intensity of degradation decreased and

were added to those with severe class from 1999 to 2020.

However, the area of extreme class fluctuated and did not

follow a general trend due to fluctuations in water and the

level of dewatering of the wetland. When the surface of the

wetland dries up, the surface of the land is free of moisture and

vegetation and classified as extreme degradation class because the

rate of albedo increases and the NDVI decreases. Additionally,

when the wetland is flooded, the degradation area is highly

reduced. Unlike expectations, the land area without any

degradation increased in 2009 due to the temporarily created

vegetation.

In summary, the results obtained are as follows:

1. The highest intensity of degradation occurred outside Iran

between Hamoun Puzak and Saburi inside Afghanistan

during the study period, consistent with the highest albedo

and the lowest NDVI in these areas.

2. The highest intensity of changes in Saburi, Puzak, andHelmand

hamouns occurred during the study period due to the presence

of water or drought in Hamoun International Wetland.

3. The intensity of the changes based on the change vector

analysis between 1999 and 2020 also showed that the most

severe changes occurred in the range of the triple hamouns.

4. Degradation intensity maps (with Kappa coefficients ranging

from 0.7 to 0.85) prepared using the albedo–NDVImodel, are

highly accurate compared to the maps derived from the

change vector analysis models.

5. Monitoring of degraded areas with lack of access to the field

can be done with this technique with high accuracy.

6. The development and use of this model may be a new step

toward identifying and monitoring degradation in remote

areas and determining dust sources in areas prone to wind

erosion.
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