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Aeolian processes in temperate grasslands (TGs) are unique because the plant
growth–decay cycle, soil water, and land-use interactions affect the seasonal and
inter-annual changes in dust events. Land-use types in Inner Mongolian TGs are unique
(settled grazing and grass mowing) compared with those in Mongolian TGs. Since 2003,
land use has been controlled by grassland protection legislation, which is intended
to prevent desertification and dust storms. In this study, we used process-based
ecosystem (DAYCENT) and statistical modeling, along with dust event observations
from March to June of 1981–2015, to (1) identify critical land surface factors controlling
dust emissions (vegetation components, live grass, standing dead grass, litter, and soil
moisture) at typical and desert steppe sites in Inner Mongolia and (2) estimate the impact
of controlled land-use legislation on dust events. The DAYCENT model realistically
simulated the dynamics of the observed vegetation components and soil moisture
in 2005–2015. At both sites, similar significant correlations were obtained between
spring dust events and wind speed or a combination of all surface factors that retained
anomalies (memory) from the preceding year. Among the surface factors, vegetation
was a critical factor that suppressed dust in Inner Mongolian TGs, similar to that in
Mongolian TGs. In the desert steppe, standing dead grass had the strongest memory
and was significantly correlated with dust events, whereas no significant correlations
were observed in the typical steppe. This suggests that, in a typical steppe region,
heavy grazing and mowing result in few dead grasses, thereby inhibiting the prevention
of dust events. Moreover, the simulations of dust events under controlled (light grazing)
and uncontrolled (heavy grazing) land-use conditions demonstrated that the grassland
protection legislation reduced the occurrence of dust events in typical and desert steppe
sites by 25 and 40%, respectively, since 2003.

Keywords: dust events, DAYCENT model, vegetation components, soil moisture, land use, mowing, Xilingol
Grassland

Abbreviations: TG, Temperate grassland; SW, Soil water; AGDM, Aboveground dead mass.
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INTRODUCTION

The arid and semi-arid regions of East Asia, including temperate
grasslands (TGs) in Mongolia and Inner Mongolia, are the main
source regions of Asian dust (Natsagdorj et al., 2003; Wang et al.,
2008; Lee and Sohn, 2011). Asian dust events influence cloud
formation (Huang et al., 2006), precipitation (Creamean et al.,
2013), the Earth’s radiation budget (Bat-Oyun et al., 2012), and
the global dust cycle (Uno et al., 2009), which affects ecosystems
(e.g., land degradation), air pollution (Heft-Neal et al., 2020), and
climate (Kok et al., 2018). Moreover, strong dust events threaten
human and animal health through air pollution and economic
losses, and disrupt social and economic activities in both the
source and downwind areas (Shao and Dong, 2006; Lee et al.,
2014; Kashima et al., 2016).

Over recent decades, dust events have become increasingly
severe in Mongolian TGs because of the combined effects of
climate change and human-induced land degradation (Kurosaki
et al., 2011; Nandintsetseg and Shinoda, 2015; Nandintsetseg
et al., 2021). However, the occurrence of dust storms in northern
China has been decreasing in recent years owing to climate
change (Wang et al., 2008; Zhu et al., 2008; Liu et al., 2020) and
dust storm-control projects (Wang et al., 2010; Wu et al., 2013;
Tan and Li, 2015). Quantitative evaluations on the impacts of
human activity and dust control measurements on dust events
provide a scientific basis for formulating reasonable future land-
use policies. Generally, the TGs in Inner Mongolia and Mongolia
have similar climates and vegetation types; however, land uses
in Inner Mongolia are unique (such as for settled grazing and
grass mowing for hay). In response to increasing food demands,
specifically increasing livestock product demands, the grazing
management policies in Inner Mongolia have changed since the
early 1980s, which has greatly affected the ecological environment
(Li et al., 2007).

In general, there are two major factors controlling dust
emissions, one is erosivity, which is mainly affected by strong
winds, and the other is erodibility, which is affected by land
surface parameters, including vegetation coverage, soil water
(SW), and land-use patterns (such as mowing and grazing)
(United Nations Environment Programme, 1997). Recent studies
have reported that strong winds mainly cause dust events in
desert and grassland regions, while land surface parameters
are the critical factors that cause dust events in grassland
regions (Kurosaki and Mikami, 2005; Li et al., 2006; Shinoda
et al., 2010; Kimura, 2012; Lee and Kim, 2012; Wu et al.,
2016; Zhao et al., 2018). Land uses, such as continuous
grazing, hay cutting (mowing), and afforestation, are critical
elements that affect dust occurrence by changing the land
surface conditions (such as soil properties and vegetation
coverage) in grasslands (Hoffmann et al., 2016). Continuous
long-term high-intensity grazing and trampling directly affects
vegetation cover, height, and biomass (Liu et al., 2017;
Munkhtsetseg et al., 2017). Hay making is also an important
part of grassland management and provides winter fodder.
However, it also removes a large amount of biomass from
the grassland and directly affects the surface protection layer
(Giese et al., 2013).

Previous research on the impacts of grazing and hay cutting on
the land surface has mainly utilized remote sensing monitoring
and field investigations. Satellite monitoring analyses have used
the normalized difference vegetation index (NDVI) to elucidate
the impacts of livestock numbers on vegetation under different
land-use policies (Li et al., 2012). The NDVI and enhanced
vegetation index time series have also been used to detect
grassland hay cutting in Europe (Andrej et al., 2015). Previous
field investigations and lab experiments have reported that the
grazing intensity in Inner Mongolian grasslands affects the
balance of soil organic matter and surface roughness, which
influences vegetation height and coverage, thereby affecting dust
emissions (Hoffmann et al., 2008a,b; Liu et al., 2017). Feng
and Zhao (2011) successfully combined ecological models and
remote sensing to monitor the impacts of grazing intensity on
vegetation. Kurosaki et al. (2011) found that the presence of
dead leaves during the spring could increase the threshold wind
speed, thereby reducing the dust events. This dead leaf hypothesis
cannot be widely observed or monitored by satellite observation,
however, Nandintsetseg and Shinoda (2015) recently combined
land surface memory and modeling to give support to this theory.
In addition, Yang et al. (2016) and Wu et al. (2020) analyzed the
quantitative contributions of human activity and climate change
to the recovery of grassland vegetation net primary productivity.
However, a limited number of studies have focused on long-
term land-use policies and quantitatively evaluated the impact of
grazing and mowing on dust in Inner Mongolian TGs.

In this study, we aimed to (1) identify the critical land surface
factors that influence dust events in the Inner Mongolian TGs,
and (2) quantitatively estimate the impacts of long-term land
use controlled by grassland protection legislation on dust events.
Based on the results obtained in Mongolia with similar natural
conditions (Nandintsetseg and Shinoda, 2015), we used the
process-based DAYCENT ecosystem model (Parton et al., 1998)
to estimate the variation of land surface factors under different
land-use conditions. Furthermore, we combined the DAYCENT
model with the statistical model to simulate the number of
dusty days, thereby quantitatively evaluating the human impact.
This model can simulate dynamic changes in each vegetation
component (standing dead grass, live grass, and litter) and in SW
under changing environmental conditions and historical human
activity. To the best of our knowledge, this study is the first to
use a process-based ecosystem model to quantitatively estimate
human impacts on dust emissions in China under grassland
protection legislation conditions.

DATA AND METHODS

Study Area
The study area was the Xilingol Grassland, including the northern
Otindag Sandy Land, which is located windward of Beijing
(China). This area comprises the main dust source region in
northern China and has been a source of concern in recent years.
The study area covers a typical steppe (Xilinhot station, 43.95◦N,
116.12◦E) and a desert steppe (Erlianhot station, 43.65◦N,
111.97◦E). The typical steppe has a semi-arid climate, and the
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desert steppe has an arid climate, where in the richness, heights,
coverage, and yields of grass were significantly lower than those
of typical grassland. Dust events generally occur in the study
area at the beginning of March (after the soil thaws), continue
through May, and peak in April (Kurosaki and Mikami, 2004;
Zou and Zhai, 2004; Gou et al., 2010). Moreover, this area is
sensitive to changes in land surface conditions (frozen soil, snow
cover, and vegetation coverage) (Han et al., 2011; Shinoda and
Nandintsetseg, 2011).

Observations of vegetation and SW were collected at the
Xilinhot and Erlianhot stations (Figure 1). At Xilinhot station,
the average annual precipitation was 264 mm during 1981–2010,
which was concentrated during the summer (May–August,
203.6 mm), while the annual mean temperature was 3.0◦C, with
a maximum of 21.6◦C in July and a minimum of −18.8◦C in
January. The annual average wind speed was 3.7 m/s, and days
with strong winds were concentrated during the spring (average
of 4.0 m/s). The typical soil types are calcic chernozems and
chestnuts (Hoffmann et al., 2008a), and the ground is frozen
from late October to late March. Vegetation typically becomes
green in late April and withers in mid-September. Erlianhot
station is located in an inland area that is drier and warmer
than Xilinhot station. The annual rainfall at Erlianhot station
is half that of Xilinhot station (135 mm) and is concentrated
during the summer (May–August, 99.81 mm). The annual mean
temperature is 4.62◦C, with a maximum of 24.04◦C in July and
a minimum of −17.78◦C in January. The average annual wind

speed is 3.8 m/s, and strong windy days are concentrated during
the spring (average of 4.41 m/s). The typical soil types are brown-
calcium soil and chestnut-calcium soil, and the ground is frozen
from early November to mid-March. The vegetation growing
season is also shorter than at Xilinhot station, beginning in early
May and ending in mid-September.

The plant communities of typical steppe regions are
mainly herbaceous cool-season communities dominated by C3
plant species. Natural perennial grasses (Stipa grandis, Stipa
krylovii, Leymus chinensis, and Cleistogenes squarrosa) and
forbs (Artemisia spp.) are predominant in the Xilinhot area,
while natural perennial grasses (Allium mongolicum Regel and
Stipa tianschanica Roshev) and small Regel shrubs (Caragana
spp.) are predominant in the Erlianhot area (Liu et al., 2004;
Chen et al., 2008).

Data
Meteorological and Dust Data
Daily meteorological variables (precipitation, and
maximum/minimum temperatures) recorded at Xilinhot
and Erlianhot stations during 1980–2015 were used as the input
parameters for the model. We used synoptic (ground observation
data) data for April–June of 2002–2010 from both stations to
determine the dust event frequency. In China, meteorological
observers have classified dust weather (based on visibility) into
“floating dust” (horizontal visibility < 10 km), “blowing dust”
(1–10 km), “dust storm” (<1 km), and “heavy dust storm”

FIGURE 1 | Yearly maximum vegetation condition (2000–2016) across study area of Inner Mongolia by the annual maximum (at the end of August) normalized
difference vegetation index (NDVI).
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(visibility decreases to 0.5 km; China Central Meteorological
Bureau (CCMB), 1979). These definitions are similar to the
World Meteorological Organization for dust storms (ww = 09,
30–35, 98), floating dust (06), and blowing dust (07, 08). We
included all of the dust events classified as “dust storms,”
“blowing dust,” “floating dust,” and “heavy dust storms” in the
total dust frequency for each station in this study.

Site Observation Data
In this study, the DAYCENT model was parameterized and
validated using the observed factors (aboveground biomass, SW,
and physical/chemical properties) at the Xilinhot and Erlianhot
stations. Since April 2004, a 10,000-ha area located 20 km
from the Xilinhot meteorological station has been enclosed by
a net fence to protect the vegetation from grazing disturbances.
The average stocking rate (number of livestock per ha) during
2004–2015 was approximately 0.66 sheep/ha. According to
Sugita et al. (2007) and Nandintsetseg et al. (2018) this grazing
intensity can be categorized as moderate. We measured the total
aboveground biomass (standing dead grass plus litter and live
masses) in the unfenced (grazed) and fenced (ungrazed) areas
at the end of each month during May–August (2004–2015)
by cutting and weighing all of the aboveground plants within
four 1-m2 quadrants located randomly in each observation plot
(fenced and unfenced). The soil texture and SW were measured
at 10-d intervals at both sites (on the 8th, 18th, and 28th day
of each month) at depths of 10, 20, 30, 40, and 50 cm from
March to October (2005–2015). At the Erlianhot station, the
aboveground biomass (not observed in the ungrazed area) and
SW were measured by the same method as Xilinhot station from
2004 to 2015. The average stocking rate during 2004–2015 in
this area was categorized as light grazing (0.36 sheep/ha) without
mowing. The field-observations of land surface vegetation and
soil data from the grazed and ungrazed areas were used for model
parameterization, validation, and statistical analyses.

Ecosystem Model Description and
Simulation Set-Up
Model Description
We used the DAYCENT model (daily version of CENTURY)
to estimate the land surface factors (vegetation components
and SW) that prevent dust events in Inner Mongolian TGs.
DAYCENT is a process-based ecosystem model that simulates the
flows of nutrients, trace gases, and carbon between the soil, plants,
and the atmosphere, as well as disturbance factors and human
influences, including grazing, harvesting, and fires. DAYCENT
also includes soil organic matter, SW, plant productivity,
decomposition of dead plant matter, temperature dynamics,
and nitrogen gas flux sub-models. The grassland production
and land surface sub-models were used to simulate the soil
moisture and grassland vegetation component dynamics. The
grass sub-model separates the plant biomass into grains, live
shoots, standing dead grass, root compartments, surface litter,
and belowground litter. Plant growth is controlled by SW,
nutrient availability, and temperature. The death rate of the
plant compartments is limited by SW, season, temperature,
and specific plant senescence factors. The DAYCENT model

has been used to simulate grassland vegetation dynamics in
Mongolian and Inner Mongolian TGs under various climate
change impacts and grazing intensities (Ojima et al., 1993;
Feng and Zhao, 2011; Nandintsetseg and Shinoda, 2015). The
model can use different grazing intensities (light, moderate,
and heavy grazing) to evaluate the impacts of grazing on
grassland ecosystems. Among the different grazing intensities,
the nutrient content of new shoots increased in relation to
residual biomass. Detailed descriptions of the grazing intensity
factors can be found in Holland et al. (1992) and Nandintsetseg
and Shinoda (2015). The DAYCENT land surface sub-model
simulates water flow through the plant canopy, litter, and soil
layers (0–1, 1–4, 4–15, 15–30, 30–45 cm) and has been tested
extensively (Del Grosso et al., 2011). Soil moisture availability
depends on precipitation, potential evapotranspiration (PET),
and current SW. Precipitation intercepted by vegetation and litter
evaporates at the PET rate. PET was calculated using the Penman
(1948) equation. When the daily temperature was below freezing,
precipitation accumulated as snow and snowpack. A detailed
description of the land surface sub-model can be found in
Parton et al. (1998). This model operates on a daily time step
and the input variables include: (1) climatic variables (daily
maximum and minimum air temperatures and precipitation)
and (2) site-specific variables, such as soil properties (texture,
depth, pH, bulk density, and, field capacity) and vegetation
parameters (potential aboveground production, root depth,
initial belowground biomass, fraction of standing dead biomass,
live shoots removed by grazing, and aboveground residue
removed by mowing) (Table 1). In this paper, we simulated the
dusty days using DAYCENT output factors, such as SW and
vegetation components, under different land-use conditions.

Model Parameterization
Table 1 shows the primary site parameters, including soil
and plant characteristics, meteorological variables, and grazing
and harvesting (mowing) conditions. Data from the China
Meteorological Data Service Center1 were used as the daily
meteorological values. First, by repeating the long-term 30-y
climate averages (1981–2010), DAYCENT long-term historical
simulations were run for 2000 y to determine the balance of
soil and vegetation under natural conditions, which were then
used as the initial conditions for the verification simulation.
Then, the observed daily meteorological data sets from 1981
to 2015 were used to simulate the changes in land surface
parameters under different grazing conditions, including heavy
grazing during 1981–2002 and moderate grazing with mowing
during 2003–2015 in Xilinhot, and moderate grazing during
1981–2002 and light grazing without mowing during 2003–2015
in Erlianhot. The measured soil and vegetation values at each of
the sites during 2005–2015 were also used for model validation.

Statistical Analysis of Land Surface
Factors and Dusty Days
In arid and semi-arid grasslands, SW can be used as an
effective storage for inter-annual precipitation anomalies and

1http://data.cma.cn/

Frontiers in Ecology and Evolution | www.frontiersin.org 4 August 2021 | Volume 9 | Article 664900

http://data.cma.cn/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-664900 August 17, 2021 Time: 14:53 # 5

Yong et al. Vegetation and Grazing Affects Dust Event

TABLE 1 | DAYCENT model input parameters for Mongolian and Inner Mongolian TGsa.

No. Parameter Rangeb Value References

Bayan Unjuul
(Mongolia)

Xilinhot (Inner
Mongolia)

Erlianhot (Inner
Mongolia)

1 Potential aboveground monthly
production in temperate grasslands

200–550 300 550 200 Measured data

2 Optimum temperature (◦C) for C3
grasses (approximately equal to the
mean temperature of the warmest
month)

10.0–40 15.0 (v*) 15 17

3 Maximum temperature (◦C) for C3
grasses

+20.0 to +50.0 32.0 (v*) 32 33

4 Physiological shutdown temperature
(◦C) for root death and change in the
shoot/root ratio of grass

–5.0 to + 5.0 2 2 2 Temperate C3
grassesb

5 Maximum shoot death rate for grass
under very dry soil conditions (%)

0.0–1.0 0.2 0.2 0.2

6 Fraction of shoots that die during the
senescence month

0.4–1.0 0.95 0.95 0.95

7 Maximum root death rate for grass
under very dry conditions

0.0–1.0 0.05 0.05 0.05

8 Soil layer thickness (cm) 30 30 30

9 Soil pH 0.0–15.0 6.5 (soil*) 7.6 (soil*) 7.8 (soil*) Measured data

10 Root depth (cm) 40 (soil*) 40 (soil*) 40 (soil*) Measured data

11 Soil field capacity (fraction) 0.0–1.0 0.21 (soil*) 0.19 (soil*) 0.19 (soil*) Measured data

12 Soil wilting point (fraction) 0.0–1.0 0.07 (soil*) 0.08 (soil*) 0.06 (soil*) Measured data

13 Soil bulk density (g/cm3) 0.0–2.0 1.44 (soil*) 1.5 (soil*) 1.6 (soil*) Measured data

14 Fraction of clay in the soil layer 0.0–1.0 0.09 (soil*) 0.16 (soil*) 0.1 (soil*) Measured data

15 Fraction of sand in the soil layer 0.0–1.0 0.65 (soil*) 0.74 (soil*) 0.8 (soil*) Measured data

16 Fraction of silt in the soil layer 0.0–1.0 0.24 (soil*) 0.1 (soil*) 0.1 (soil*) Measured data

17 Initial belowground biomass (g/m2) 200 (v*) 250 (v*) 200 (v*) Measured data

18 Initial relative soil water content
(fraction)

0.16 (soil*) 0.16 (soil*) 0.16 (soil*)

19 Precipitation from January through
December (cm)

d* d* d*

20 Daily minimum air temperature (◦C) d* d* d*

21 Daily maximum air temperature (◦C) d* d* d*

22 Fraction of standing dead biomass
removed by a grazing event

0.0–1.0 0.05 0.15 0.05 Holland et al., 1992

23 Fraction content of feces 0.0–1.0 0.25 0.25 0.25 pasture
management

24 Fraction of live shoots removed by a
grazing event

0.0–1.0 0.3 0.5 0.3

25 Fraction of the aboveground residue
that will be removed by moving

0.0–1.0 0 0.75 0

av*, soil* = mean parameters related to vegetation type and soil type, respectively, d* = parameters that varied with season.
bCentury user manual: http://www.nreal.colostat.edu/projects/century/.

influences vegetation growth (Delworth and Manabe, 1988).
The inter-annual anomalies of SW and vegetation are preserved
during the freezing period from winter to spring as the initial
conditions of land surface in the following summer (Shinoda and
Nandintsetseg, 2011). To investigate the memory of the inter-
seasonal and inter-annual land surface factors, autocorrelation
statistical analyses of plant biomass and SW were applied as a land
surface memory index. Memory is defined as the instantaneous
lag when the autocorrelation coefficient is lower than the
confidence level of 95% for the sequence (Delworth and Manabe,

1988; Nandintsetseg and Shinoda, 2013). First, the memories
of the monthly plant biomass and SW between 1981 and 2015
were investigated. Correlation and multiple regression analyses
were then conducted to determine the simultaneous relationships
between the spring dusty days and land surface factors. We
selected five predictive land surface factors (SW, live and standing
dead grasses, litter, and wind speed) to estimate the number
of monthly dusty days at both sites from March to June of
2002–2010; these data were compared with those from the
Mongolian TGs. As shown in Table 2, we considered each
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land surface variable in the regression model followed by a
combination of all the land surface factors.

Modeling Human Impacts on Dust
Events
We assumed that the increasing trend in stocking density
during 1981–2002 continued after 2003 at both sites under the
scenario without policy controls. Additionally, we assumed that
the mowing practice would be the same before and after 2003
(i.e., mowing in Xilinhot and no-mowing in Erlianhot). We then
applied a multiple regression model to estimate the number of
dusty days using all the controlling factors for the scenarios with
(moderate grazing in Xilinhot and light grazing in Erlianhot)
and without (heavy grazing) post-2003 policy control. Then, we
compared the number of dusty days under both the two scenarios
to evaluate the effect of the policy (Table 3).

RESULTS AND DISCUSSION

Model Evaluation
The DAYCENT model was evaluated using the 10-d SW and
monthly aboveground biomass data obtained during 2005–
2015 at Erlianhot (grazing) and Xilinhot (grazing and non-
grazing areas with mowing). Figure 2 indicates the daily
observed and simulated aboveground biomasses (live grass and

standing dead grass), SW, and precipitation in the grazed and
ungrazed sites during 2005–2015. As shown in Figure 2A, the
temporal variations in the modeled SW were simulated well
for both Xilinhot (r = 0.74, p < 0.01; RMSE = 2.66, Relative
RMSE = 31%) and Erlianhot (r = 0.69, p < 0.01; RMSE = 1.41,
Relative RMSE = 35%). Seasonally, SW increased after snowmelt
and soil thawing, and increased further when the summer
monsoon season began. Inter-annually, SW was relatively low
during dry years and relatively high during wet years. In the
typical steppe, the SW was generally twice as high as that in
the desert steppe.

Figures 2B,C show the observed and simulated monthly
aboveground biomass in the grazed and ungrazed areas of
Xilinhot and Erlianhot, respectively. The simulated biomass
patterns for the grazed and ungrazed sites corresponded
well with the observed patterns in both regions (r = 0.82,
p < 0.01; RMSE = 27.59, Relative RMSE = 33% for
Xilinhot and r = 0.83, p < 0.01; RMSE = 7.43; Relative
RMSE= 28% for Erlianhot). The seasonal dynamics of the
aboveground biomass and onset of spring growth, summer
peak, and decay time were also well simulated. However,
the model underestimated the summer peak aboveground
biomass during the measurement period, particularly during
low-production years (dry) in Xilinhot (2005 and 2013) and
in Erlianhot (2006, 2010, and 2012). These results are similar
to Mongolian TGs (Nandintsetseg and Shinoda, 2015), where

TABLE 2 | Correlation coefficients between spring monthly dust events and their controlling factors during March–June of 2002–2010.

Correlation coefficient

No. Predictive variable Xilinhot (typical steppe)
(Inner Mongolia)

Erlianhot (desert steppe)
(Inner Mongolia)

Bayan Unjuul (typical
steppe) (Mongolia)

1 Individual Wind speed (u) 0.54 0.68 0.5

Soil moisture (SW) −0.33 −0.13 −0.25

Vegetation (dead, litter,
and live)

−0.43 −0.48 −0.48

Standing dead (Dead) −0.29 −0.45 −0.41

Litter (Litter) 0.05 −0.15 −0.08

Live (Live) −0.40 −0.29 −0.26

2 Combination Surface variables SW, live, dead, litter −0.43 −0.55 −0.58

3 All variables u, SW, live, dead, litter 0.62 0.71 0.83

Single and double underlines indicate significant at the 5 and 1% levels, respectively.

TABLE 3 | Scenarios of human influence simulation under different land-use conditions before and after dust policy control.

1982–2002 (before policy control) 2003–2015 (after policy control)

Land-use condition Land-use condition

Livestock Actual Moderate grazing, mowing Moderate grazing, mowing (with policy control)

Xilinhot Simulate / Heavy grazing, mowing (without policy control)

Dusty days Actual Site observed Site observed

Simulate Moderate grazing, mowing Heavy grazing, mowing (without policy control)

Livestock Actual Moderate grazing Light grazing, no mowing (with policy control)

Erlianhot Simulate / Moderate grazing (without policy control)

Dusty days Actual Site observed Site observed

Simulate Moderate grazing Heavy grazing, no mowing (without policy control)
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FIGURE 2 | (A) Comparison of daily precipitation (Prec.), 10-day observed (depth 10.0 cm) and daily simulated (depth 7.5 cm) SW (The maximum value of y-axis
precipitation is 90 mm. In order to clearly indicate the SW, the maximum value is limited to 50 mm); observed and model simulated aboveground biomass (AGB) in
Inner Mongolian Xilinhot station (B) and Erlianhot station (C). **Indicates significant at the 1% level.

the prevalence of annual plant species significantly increased
following drought years (Shinoda and Nandintsetseg, 2014). The
underestimation of biomass during drought years may be related
to changes in species compositions, which the model cannot
simulate (Parton et al., 1995). In the Inner Mongolian TGs, the
plant species composition may have shifted from perennial to
annual species because of drought and overgrazing (Wang et al.,
2007; Chen et al., 2008). Furthermore, in steppe regions, the
plant biomass in grazed areas was lower than in the ungrazed
areas, indicating that grazing enclosures can effectively restore
vegetation (Liu et al., 2017). Following the implementation
of policies that banned grazing and returned grazing land to
grassland in 2003, the number of livestock has been controlled,
overgrazing has not occurred again, and the observed biomass of
the steppe has stopped decreasing annually.

Seasonal Variations in Dust Events and
Their Controlling Factors
Figure 3A illustrates the climatological seasonal changes (average
of 1980–2010) in monthly dust events and average daily wind
speeds at the Xilinhot and Erlianhot stations. The dust events in

the spring and autumn were enhanced at both sites owing to a
combination of low SW, snow cover, vegetation, and strong wind
speed (Figures 3B,C). During the winter, the soil was frozen for 5
months, the surface was covered with snow, and the wind speed
was low. Therefore, the surface soil was protected from erosion.
During the summer, vegetation coverage increased because of
increased SW and precipitation, and the wind speed was weaker,
which also limited soil erosion. In contrast, during April and May
the winds were strong as the study areas are affected by cold fronts
associated with cyclones that cause strong Asian dust storms
during this season (Natsagdorj et al., 2003; Shao et al., 2011).

Generally, dust events occurred more frequently in Erlianhot
than in Xilinhot. This was because Erlianhot has an arid climate
(desert steppe). Additionally, it had a lower precipitation (low
SW), warmer temperature, and less vegetation coverage than
Xilinhot. Plants germinated earlier during the spring in Xilinhot,
and the total vegetation biomass was three times higher than that
of Erlianhot. However, the amount of standing dead grass was
lower in Xilinhot, owing to moderate grazing and mowing.

To examine the land surface memory mechanism in
Inner Mongolian TGs, we also calculated the individual
autocorrelations (memory) of the SW and aboveground total

Frontiers in Ecology and Evolution | www.frontiersin.org 7 August 2021 | Volume 9 | Article 664900

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-664900 August 17, 2021 Time: 14:53 # 8

Yong et al. Vegetation and Grazing Affects Dust Event

FIGURE 3 | Climatological (1981–2010) seasonal changes in (A) monthly dusty days, frequency and daily mean wind speed (u), (B) daily precipitation (Prec.) and air
temperature (Temp.), (C) simulated SW in the 0–45 cm soil layer and aboveground mass (AGM) in the grazed area, and autocorrelations of (D) SW and (E) AGM.
Horizontal dashed lines in (D,E) indicate the 5% significance level.

mass of live grass, litter, and standing dead grass. Figures 3D,E
show that the SW and aboveground mass in September–October
or later were significantly (p < 0.01) autocorrelated in the
subsequent months until June and May in Xilinhot and Erlianhot,
respectively. This indicates that vegetation and SW during the

spring dust season were related to the corresponding conditions
of the preceding year. Standing dead grass exhibited significant
(p < 0.05) long-term autocorrelations that persisted from July
until the following June in Erlianhot because the region was
not disturbed by grazing and mowing. In contrast, Xilinhot
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was disturbed by moderate grazing throughout the year and by
mowing during early August. Therefore, the vegetation memory
from the following September and October lasted until the
following spring.

Effect of Land Surface Factors on Dusty
Days During Spring
Multiple regression analysis was conducted (Tables 2, 3) with
five possible suppressing factors during the period of March–
June of 2002–2010 to investigate the critical factors that control
the inter-annual variations in dust events using the monthly
dusty-day frequency as the dependent variable. Table 2 suggests
that, among all the individual variables, the number of dusty
days during the spring had the highest correlation with the
wind speed and total aboveground masses in both Erlianhot
and Xilinhot. Therefore, the total vegetation components in the
spring, combined with the memory of the previous summer,
are critical land surface factors that suppress dust events in
Inner Mongolian TGs. This is similar to the results obtained
for Mongolian TGs (Nandintsetseg and Shinoda, 2015). For
each vegetation component, a significant correlation between
the dust events and the amount of standing dead grass was
observed in Erlianhot (Table 2), which may be due to land
uses at lower intensity, such as lower grazing and a lack of
mowing, in the previous year. In contrast, the spring dusty days
were significantly correlated with the amount of live grass and
SW in Xilinhot (Table 2). Therefore, owing to early vegetation
greening because of the high precipitation and SW, there was
a high biomass of live grass during the early growing stage,
which greatly affected spring dust events. However, the land-
use intensity, with moderate grazing throughout the year and
mowing during the autumn, and the lower standing dead grass in
the spring did not significantly affect dust (Table 2). This suggests
that standing dead grass biomass, live grass biomass, and litter
grass cover offer different levels of land surface protection with
varying efficiencies. These results indicate that the vegetation
cover, particularly standing dead grass coverage under low
intensity land use, is a critical factor for preventing dust events
in Inner Mongolian TGs.

As shown in Table 2, the correlation coefficients of all land
surface element combinations and dusty days at both sites were
slightly higher than those of the individual land surface factors.
Therefore, the number of dusty days in spring was significantly
correlated with wind speed and the total surface factors, which
reflected the memories of the previous autumn. According to
the multiple regression analyses, the correlation coefficients
between the estimated and measured frequencies of dusty days
at both sites were significant at the 1% level for all five factors.
Additionally, at Bayan Unjuul (Mongolian TG) and Erlianhot,
which are located upwind, the correlation coefficients exceeded
that at Xilinhot, which is located downwind.

Effect of Land-Use Policies on Dust
Events
Inner Mongolian TGs experience two different land-use types
of grazing and mowing. While pastoral herding is conducted in

Mongolia, sedentary farming is conducted in Inner Mongolia,
with grazing in fenced pastures throughout the year. Based
on their herding behavior, households conduct different
grazing practices in pastures, including seasonal rotational and
continuous grazing. In the steppe region, grasses are mowed
at the end of August (after vegetation decay) to provide winter
feed for livestock.

Figures 4A,C show the inter-annual variations in the grazing
intensities for the actual (controlled land use after 2003) and
assumed (without controlled land use after 2003) conditions.
Following the founding of the Inner Mongolia Autonomous
Region, various livestock management policies were adopted,
particularly after 1984, when the number of livestock increased
sharply. There were three distinct grazing intensity periods that
were mainly controlled by these policies. In the 1980s, the
number of livestock increased slowly, leading to a change from
light to moderate grazing at both sites. In the 1990s, livestock
numbers rose rapidly, leading to a shift from moderate to heavy
grazing in Xilinhot. During this period, overgrazing-induced
land degradation became severe in the Inner Mongolian TGs
(Tong et al., 2004). Consequently, the primary functions of
the Inner Mongolian TG ecosystems were disturbed by human
activity, and this area could shift from a natural dust sink to
a dust source (Hoffmann et al., 2008b). Moreover, widespread
droughts occurred throughout Asia during 1999–2002, including
in Inner Mongolia, and the number of dust events increased
significantly (Shinoda and Nandintsetseg, 2014). Since 2003,
land use in Inner Mongolian TGs has been controlled by
grassland protection legislation to prevent desertification and
dust storms. The legislation was intended to reduce livestock
numbers to meet the pasture capacities, and ban grazing
(animals kept within fenced areas) during the “grazing pause”
period. Almost all the grazing areas implemented grazing pauses
and significantly reduced their number of livestock. Therefore,
since 2003, the actual grazing intensity was maintained at
moderate and light levels in Xilinhot and Erlianhot, respectively
(Figures 4A,C).

Figures 4B,D show the inter-annual variations in the
observed and estimated dusty-day frequencies. The estimates
were obtained using a statistical model (multiple regression)
based on the actual grazing intensity after 2003. Generally,
the simulated and observed dust events exhibited similar
inter-annual variations (r = 0.63, p < 0.05; RMSE = 3.61, Relative
RMSE = 42% and r = 0.73, p < 0.05; RMSE = 6.22, Relative
RMSE = 45% in the Xilinhot and Erlianhot steppes, respectively)
that decreased slightly after 2006. The model underestimated the
most frequent observed dust events in 1987, 2000, 2001, and
2006 in Xilinhot, and in 1983, 1984, 2001, and 2006 in Erlianhot,
which generally followed drought years with strong winds. Dust
events at both sites were likely to not only be affected by the
local land surface conditions, but also by dust storms transported
from upwind areas.

As shown in Figures 4B,D, the number of livestock was
assumed to increase after 2003 following the same rate as that
of the preceding period (red curve; not controlled by policy)
under the same mowing or no-mowing practices in Xilinhot and
Erlianhot, respectively. A comparison of the scenarios with and
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FIGURE 4 | Actual grazing intensity (blue) during 1981–2015 and estimated grazing intensity (without policy controls) during 2003–2015 (red) in Xilinhot (A) and
Erlianhot (C); Observed and simulated dusty days (dots) with actual grazing intensity during 1981–2015 and simulated dusty days without policy control during
2003–2015 (red) in Xilinhot (B) and Erlianhot (D).

without the policy controls indicated that the policy controls
decreased the dust events by 25% (3 days per month) and
40% (8 days per month) in Xilinhot and Erlianhot regions
during 2003–2015, respectively. This regional difference was
influenced by the spring aboveground dead mass (AGDM)
(standing dead and litter). That is, smaller differences in the
AGDM value for Xilinhot were due to mowing (75% of total
mass) and moderate grazing during the preceding autumn,
which reduced the absolute autumn and spring AGDM values.
However, in the Erlianhot, light grazing and the lack of mowing
increased spring AGDM. Therefore, in steppe areas, the land
uses of grass mowing and heavy grazing had negative influences
on the occurrence of dusty days and reduced the spring

vegetation, which was the primary factor that suppressed dust in
Inner Mongolian TGs.

CONCLUSION

In this study, we investigated the effects of individual grassland
surface factors (vegetation components and SW) on the number
of dusty days, as well as the impacts of controlled land use
under grassland protection legislation on dust events in Inner
Mongolian TGs using the DAYCENT ecosystem and statistical
models. The vegetation components (aboveground masses of
standing dead and live grasses) and SW were measured
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in the grazed and ungrazed areas of typical and desert steppe
regions located in an important dust-outbreak region of northern
China. Moreover, long-term synoptic observations of dust events
during March–June of 1981–2015 were analyzed. Overall, the
DAYCENT model adequately simulated the observed land
surface vegetation components and SW, which are critical factors
controlling dust emissions from the East Asian source region. By
applying a statistical model for the land surface components and
observed dusty days, the impacts of human-induced land use on
dust events were then assessed.

The occurrence of spring dusty days at both sites was
significantly correlated with a combination of wind speed and all
the land surface elements. Among the surface factors, vegetation
was the most critical factor that controlled dust emissions in
Inner Mongolian TGs, which is similar to the results obtained
in Mongolian TGs. Of the vegetation components, standing dead
grasses were significantly correlated with the occurrence of dusty
days at the desert steppe site, while live grasses were significantly
correlated with the occurrence of dusty days at the typical steppe
site. Different land-use intensity, such as grazing and mowing,
had major impacts on dust emissions by changing the vegetation
and topsoil of the land surface.

A statistical model of local dust events could reasonably
simulate the seasonal and inter-annual variations in dust events
at both sites during March–June of 1981–2015 (r = 0.73,
p < 0.01 for Erlianhot and r = 0.63, p < 0.01 for Xilinhot);
however, it underestimated the frequency of observed dust
events following drought years. This is likely because these
events were mainly composed of dust transported from
upwind rather than local dust. Generally, the numbers of
estimated and observed dust events have decreased slightly
in Inner Mongolian TGs since 2006. Simulated dust events
under policy-controlled land use decreased the occurrence
of dust events by approximately 25% (typical steppe)
and 40% (desert steppe) during 2003–2015. The regional
difference in the reduction of dusty days was because of
the differences in the spring AGDM. That is, the smaller
AGDM difference in the typical steppe was due to mowing
(70% of total mass) during the preceding autumn, which
reduced the absolute AGDB in autumn and the following

spring. Therefore, appropriate land-use management strategies
are vital for suppressing the occurrence of dust events in
Inner Mongolian TGs.
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