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GRAPHICAL ABSTRACT

ABSTRACT

Soil water is vital for sustaining semiarid ecosystems. However, data on soil moisture have unlikely been contin-
uously collected for a long time (e.g., >50 years), let alone under various combinations of climates and livestock
grazing intensities. The objective of this study was to formulate and parameterize an ecohydrological model for
predicting long-term variability of soil moisture, taking a typical Eurasian grassland located in northeast China as
the testbed. The parameters were determined by extensive literature review, field reconnaissance, laboratory
analyses of soil and grass samples, and model calibration using daily soil temperatures and soil moistures mea-
sured at four depths from 2014 to 2017. The model, driven by the daily climate data from 1955 to 2017, per-
formed well in reproducing the measurements. Across the assessment years of 1960 to 2017, the daily soil
moistures were predicted to vary from 0.02 to 0.38. Overall, the soil moistures at a shallower depth were smaller
but had a wider range than those at a deeper depth, with a largest mean and a widest range around the 30 cm
depth. Regardless of the depths, the soil moistures pulsed in beginning March and plateaued from May to
September. Livestock grazing was precited to reduce top 1.5-cm soil moistures but increase moistures of the
beneath soils. The optimal grazing intensity was determined to be around 3.0 cattle ha~!, above which wind
erosion would become a concern. The grazing impacts on soil moisture were found to monophonically decrease
with increase of evapotranspiration or annual precipitation of larger than 220 mm. For the years with an annual
precipitation of less than 220 mm, such grazing impacts either increased or decreased with increase of precipita-
tion, depending on the relative magnitude of evapotranspiration. Climate change will diminish soil moisture
pulses in early spring, likely intensifying soil erosion by wind.
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1. Introduction

Soil moisture, the volumetric percentage of soil pores occupied by
water, indicates the availability of water for sustaining fragile vegetation
ecosystems in semiarid regions, including the Eurasian steppe
grasslands (Singh et al., 1998; Kurc and Small, 2007), where the annual
precipitation is less than 600 mm and the annual potential evapotrans-
piration (PET) can be higher than 1200 mm (Luo et al., 2014; Yang,
2014). For such ecosystems, most precipitation events can only wet
the shallow soil layers for a short period of time, as the small amount
of water evaporates quickly. Soil moistures control dynamics of water
and carbon fluxes as well as physiological processes of respiration and
assimilation. Herein, the respiration releases carbon dioxide (CO,) to
the atmosphere by soil microorganisms and plants, whereas the assim-
ilation fixes CO, from the ambient atmosphere by plant photosynthesis.
The difference between the released and fixed CO, is the net ecosystem
exchange (NEE), which is a determinant of plant biomass.

Previous studies (Singh et al., 1998; Huxman et al., 2004) have indi-
cated that respiration and assimilation are positively related with actual
evaporation and transpiration, respectively, and that NEE tends to in-
crease with increase of soil moisture and vice versa. In semiarid envi-
ronments, the respiration depends on top (i.e., 0 to 5 cm) soil
moisture, most of which is lost to evaporation, the assimilation, on the
other hand, depends on rootzone soil moisture, most of which is lost
to transpiration. As a result, the response of NEE to precipitation fluctu-
ation and subsequent soil wetting, water redistributing, and soil drying
can be complex and very dynamic. The interannual variabilities of evap-
oration and transpiration increase with decrease of precipitation, possi-
bly shifting a semiarid ecosystem from a carbon source in a wet year to a
carbon sink in a dry year. Moreover, for a semiarid steppe grassland, the
grazing intensity and timing can also influence evapotranspiration and
soil moisture, and thus affect the NEE interactively with precipitation
(Wang et al., 2020). Thus, a complete understanding of how soil mois-
tures at variable depths respond to climate variations and grazing prac-
tices in a long run is imperative but currently lacking for sustaining
semiarid steppe ecosystems.

Singh et al. (1998) conducted a field study along the topo-sequences
of upland, midland, and lowland at the Central Plains Experimental
Range, a shortgrass steppe grassland located in north-central Colorado,
USA. The semiarid grassland receives an average annual precipitation of
about 350 mm. For each of the top-sequence, four sites, which were pre-
dominantly covered by C4 perennial bunchgrass (Bouteloua gracilis),
were instrumented to monitor soil moisture at five (i.e., 30, 45, 60, 75,
and 90 cm) depths and measure aboveground net primary production
(ANPP) from 1985 to 1991. In terms of the U.S. Department of Agricul-
ture (USDA) soil taxonomy (Saxton and Rawls, 2006), the soils were
classified as sandy loam at one site, clay loam at second site, and
sandy clay loam at other two sites. Regardless of the topo-sequences,
the ANPP was found to be positively related with annual precipitation
but inversely related with moistures of below-30-cm soils (i.e., deeper
layers). These seemingly conflict relationships can be attributed to
that the root density distribution disproportionated with the soil mois-
ture profile: the roots in the above-30-cm soils (i.e., shallower layer)
accounted for more than 80% of the total root biomass. A higher soil
moisture in the deeper layers indicated that more infiltrated water
from precipitation might not be able to be held in the shallower layer
due to the very permeable loamy soils, resulting in somewhat water
stress on the plants. The soil water in the shallower layer can be more
efficiently transpired by the rich roots, and thus play a more important
role in increasing ANPP, than that in the deeper layers (Luo et al., 2014;
Pedram et al., 2018). The water in the deeper soil layers can buffer the
impact of temporal variability in precipitation to at most stabilize the
steppe grasses (Wang et al., 2016).

Kurc and Small (2007) instrumented a grassland of Sevilleta
National Wildlife Refuge located in central New Mexico, USA. The
semiarid grassland, which receives an average annual precipitation
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of 230 mm, has sandy soils; and its vegetation cover was dominated
by C,4 perennial black grama (Bouteloua eriopoda). From 1 June 2002
to 1 January 2005, data on climate (i.e., precipitation, air tempera-
ture, solar radiation, and wind speed) and abiotic variables
(i.e., soil moisture, soil temperature, heat flux, and carbon flux)
were recorded continuously using a datalogger at a 15- or 30-min
time interval. The soil moisture and temperature were measured at
the 2.5, 12.5, 22.5, 37.5, and 52.5 cm depths, while the heat flux
was observed at the 5 cm depth. In addition, a vertical profile distri-
bution of the grass roots was determined by digging a trench near
the measurement site to the rootzone bottom; and the profile distri-
bution was empirically assumed to be invariant throughout the en-
tire monitoring period: the roots in the top 40-cm soil layer
accounted for more than 70% of the total root biomass, with the re-
maining roots stretching downward into the beneath deeper
(i.e., 40- to 100-cm) soil layers. The data revealed that soil moisture
pulses at the 2.5 cm depth following almost all rain events, whereas
only four soil moisture pulses were observed at the 53.5 cm depth
following either large precipitation events or a series of smaller
events. The soil water in the top 15 cm layer was mainly evaporated
and affected respiration, while the soil water in the below-15-cm
layer was mostly transpired and controlled assimilation. An inverse
relationship between NEE and evapotranspiration was observed, in-
dicating that for the highly permeable sandy soils, the infiltrated
water was able to travel downward into the below-15-cm layer
rather than quickly evaporated from the surface soils.

Wang et al. (2020) examined effects of grazing regimes
(i.e., intensities and seasons) on soil respiration using data collected
in 2010 and 2011 at Loess Plateau Grassland Ecosystem Trial Station
located in Gansu Province, northwest China. The station has sandy
free-drainage loess soils and is a typical temperate steppe grassland
with dominant species of Stipa bungeana, Lespedeza davurica,
Pennisetum flaccidum, Artemisia capillaris, and Stetarua viridis. In
2001, two sites of 6 ha each that are comparable in terms of topogra-
phy, physiography, and physiology were selected for controlled
grazing experiments. For a given year between 2001 and 2010, one
site was grazed in the warm season (i.e., June to September) for 90
days, whereas another site was grazed in the cold season (i.e., mid-
November to late December) for 48 days. Each site was subdivided
into twelve plots of 0.5 ha each, every three of which were treated
as one group, leading to four groups with grazing intensities of 0.0,
2.7, 5.4, and 8.7 sheep ha™!, respectively. The grazing wether sheep
had a live weight of 25 4 1.3 kg to minimize possible influences of
livestock themselves. In May, September, and December of 2010
and 2011, besides 30-min interval precipitations, data on soil
respiration, soil temperature and moisture, ANPP, and belowground
net primary production (BNPP) were measured as well. The
results indicated that for a given grazing season, a higher grazing
intensity tended to result in smaller values of ANPP and BNPP but
higher moistures of the top 1.0 cm soils and thus larger soil respira-
tions, and vice versa. However, such causal relationships could be
compounded by interannual variations of precipitation, air tempera-
ture, and radiation.

Existing studies, including those cited above, indicated needs and
current knowledge limitations of how climate and livestock grazing in-
teractively affect water and carbon cycles in semiarid steppe grasslands.
Because those cycles are regulated by soil moisture dynamics, the objec-
tive of this study was to simulate the long-term variability of soil mois-
ture profiles as affected by climatic fluctuations and grazing practices.
The testbed was the Balagaer River watershed, a typical Eurasian steppe
located in northeast Inner Mongolia Autonomous Region (IMAR) of
China. The simulation was carried out for historical (i.e., 1955 to 2017)
climates and four representative grazing regimes. It was expected to
augment the existing knowledge and information in sustaining semi-
arid grasslands as an important carbon sink to confront climate change
(Neumann and Wigen, 2013).
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2. Modeling framework
2.1. Governing equations

In semiarid environments, water and heat transports in unsaturated
soil layers can be well approximated as one-dimensional vertical fluxes
(Wang, 2015; Pedram et al., 2018). These two physical transport pro-
cesses are coupled by soil-water properties, namely soil texture, mois-
ture, and temperature.

For a given vertical soil column, the water transport process through
a soil horizon is governed by the one-dimensional Richards equation
(Charbeneau, 2000) expressed as:

%:%{K@p) (g—"zﬁlﬂfsa(w—sd(w)—sm(lb) (1)

where 6 [—] is the soil moisture at time t [d]; z [cm] is the vertical coor-
dinate taken zero on the ground surface and positively upward; s [cm]
is the soil matric capillary potential head taken negatively for unsatu-
rated soils and positively for saturated soils; K [cm d~'] is the unsatu-
rated hydraulic conductivity; S, [d '] is the soil water extraction rate
by plant roots; Sq [d '] is the drainage rate from saturated soils; and
Sm [d™1] is the water exchange rate with soil macro pores. S, is always
positive, whereas Sq and S, are positive when the soil horizon functions
as a water source but negative when the soil horizon as a water sink. The
detailed discussions on Sq and Sy, can be found in Kroes et al. (2017) and
many other publications.

The heat transport process through this same soil horizon can be ap-
proximated by the one-dimensional convection equation (Philip and de
Vries, 1957, Vanderborght et al., 2017) expressed as:

aT o0 oT
Csn o oz <)\sh E) (2)

where T [°C] is the soil temperature at time t [d]; C, [J cm > °C~ '] is the
apparent soil heat capacity; and Ng, [J cm™~! °C~ ! d '] is the apparent
soil thermal conductivity. Cg, and Ny, are slightly larger than the corre-
sponding real values to account for the heat diffusion by pore water
vapor.

Cs can be estimated as the volumetric fractions-weighted average of
heat capacities of the components, including sand particles (0.05 to 2.0
mm), silt particles (0.002 to 0.05 mm), clay particles (<0.002 mm), soil
water, and pore air including vapor (de Vries, 1963). The volumetric
fractions should be determined by excluding particles that are coarser
than 2.0 mm and their summation must be equal to one. Herein, the vol-
umetric fraction of water is equal to soil moisture, and the volumetric
fraction of air is the difference between soil porosity (i.e., saturated
soil moisture) and actual soil moisture. The heat capacities for sand,
silt, clay, water, and air have been well documented to be 2.128, 2.496,
2.385, 4.180, and 0.001212 J cm ™2 °C™ !, respectively. Similarly, Ny,
can be estimated as the weighted average of the component thermal
conductivities for sand (7603 J cm~' °C~'d™1), silt (216 Jcm ! °C™!
d 1), clay (2523 Jcm~!'°C1d~1), water (492 Jcm~!°C"'d™!), and
air. The weight for a component is the multiplication of its volumetric
fraction and shape factor that reflects the sizes, shapes, and spatial ar-
rangements of the component particles (Hillel, 1980). The typical values
for the shape factors can be found in Ashby et al. (1996).

2.2. Unsaturated hydraulic conductivity

To solve Eq. (1), ¥ and 6 need to be related by a retention curve of the
soil. While various forms of functions have been proposed and used to
define such a curve (Charbeneau, 2000), the modified van Genuchten
function (Schaap and van Genuchten, 2006) has proven to be best
suited for large-scale vadose zone flow and transport simulations and
thus was adopted in this study. This function can be expressed as:
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where () [ —] is the effective saturation at capillary potential §s [cm]; §
[—] is a soil hysteresis factor taken different values for the main drying
and wetting retention curves (Hillel, 1980); 6, [—] is the residual soil
moisture; 05 [—] is the saturated soil moisture; s, [cm] is the air-entry
potential head; and N\ [—] is the pore-size distribution index (van
Genuvhten, 1980; Charbeneau, 2000).

Substituting Eq. (3) into the permeability model developed by
Mualem (1976), the Mualem-van Genuchten formula for K(is) can be
derived as:

J1-(-ewr)" ]’
1—(1=[Ow))"
Ks U >y

K() = Ks[O(W)] (UASUN (7)

where K, [cm d™!] is the saturated hydraulic conductivity; and 3 [—] is
an empirical pore-connectivity parameter between —25 and 25 (Ashby
et al., 1996).

The reduction impact of frost soil temperature on K(is) can be as-
sumed to follow a linear function between two thresholds: one is the
lowest soil temperature, Ty, below which soil water starts freezing,
whereas another is the highest soil temperature, T,, above which soil
ice starts melting and below which all soil water except for residual
water is frozen. That is, the hydraulic conductivity is equal to K(is) at
T, and zero at Ty, and for a soil temperature T, it can be estimated as:

K() T>T
K = KO 2 T, <T<T (8)
0 T<T,

2.3. Perennial grass growth and transpiration

Based on the crop models presented by van Ittersum et al. (2003), a
computer program called WOFOST was developed in 1988 (Boogaard
et al., 2014). Since then, WOFOST has been gone through several
upgrading versions resulting from its world-wide applications to simu-
late various agricultural crop systems (Ma et al., 2011, de Wit et al.,
2012, Cheng et al., 2016, Hack-ten Broeke et al., 2016). WOFOST simu-
lates physiological processes of respiration, assimilation, and organ
growing and deceasing to estimate crop yields, subject to field manage-
ment practices (e.g., irrigation, fertilization, and pesticide control) for al-
leviating water and nutrient stresses. The WOFOST algorithms might be
adapted to model perennial grass systems by using the forcing functions
as a function of Julian day number instead of crop development stage as
well as by relating root dry matter with rooting depth (Kroes et al.,
2017). Mowing or grazing practices can be triggered either by a mini-
mum amount of aboveground dry matter or a fixed date. For grazing,
the consumed biomass depends on the relation between livestock in-
tensity, grazing days, biomass consumption, and dry matter loss due
to manure droppings and treading. The dynamics of leave area index
(LAI), stem biomass, and root depth and density can be predicted
using corresponding assimilation partitioning functions as a function
of Julian day number.
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The potential soil water extraction rate at depth z by plant roots, S,
incm d ™!, is computed as:

&(z)
Spz = T 9
P. ./.Edg g(Z) p ( )

where €(z) [cm 2] is the root density, the ratio of root length to inclu-
sive soil volume, at soil depth z [cm]; d¢ [cm] is the grass rootzone thick-
ness; and T, [cm d '] is the potential transpiration rate.

The actual soil water extraction at depth z, S,({) in cm d ™, is com-
puted as:

Sa() = Qg QsSp (10)

where ag [—], oo [—], and o [—] are the reduction factors due to
drought, oxygen, and salinity stress, respectively. o,g can be estimated
using the formulas presented by Feddes et al. (1978) or de Jong van
Lier et al. (2008); o, by Feddes et al. (1978) or Bartholomeus et al.
(2008); and o5 by Maas and Hoffman (1977).

The average actual soil water extraction rate from the rootzone, T,
() in cm d~', can be computed as:

24, Sa()dz
1 = e . (1)
3

2.4. Computer program

Kroes et al. (2017) developed an integrated Soil-Water-Atmo-
sphere-Plant (SWAP) computer program to solve Eqs. (1) and (2) si-
multaneously using a finite-difference approach. In this regard, the
terms in those two equations are determined by Egs. (3) to (11) and
other formulas embedded in the program. A soil column of interest is
subdivided into several sublayers, each of which should be homoge-
neous in terms of texture and soil-water properties; and in turn, each
sublayer can be further discretized into a number of compartments
with a smaller thickness to best mimic heat and water dynamics. Driven
by climate time series, SWAP continuously simulates the state variables
such as 6((s) in terms of specified parameters of management practices
(e.g., grazing), physiography, and physiology. This study used SWAP
4.0.1A, which was created and provided by Kroes (2020) after fixing a
bug of the grass growth module.

SWAP uses a water balance module to calculate water storage
change in a ground-surface ponding reservoir. The influxes into the res-
ervoir include throughfall, irrigation, snowmelt, runon, floodwater, and
discharge from (or seepage into) the topmost compartment, whereas
the effluxes out of the reservoir include evaporation, surface runoff,
and water exchange with macropores. The surface runoff occurs when
the water storage in the reservoir exceeds its maximum capacity and
can be computed as the ratio of an exponential function of the difference
of storage and capacity to a resistance parameter for the reservoir atten-
uation effects. In addition, SWAP estimates the interflow from a satu-
rated compartment as an exponential function of the difference
between the shallow groundwater level and the hydraulic head of the
drain. Further, the direct runoff is computed as the summation of sur-
face runoff and interflows from all saturated compartments. Moreover,
SWAP uses either the Penman-Monteith method (Penman, 1948;
Monteith, 1965) or an empirical reference evapotranspiration approach
(Allen et al., 1989, Allen et al., 1998) to determine PET. The actual evap-
oration is equal to PET if the reservoir is not empty and estimated as the
upward Darcy flux out of the topmost compartment if the reservoir is
dry. Precipitation is treated as rainfall when air temperature is above a
threshold or snowfall when air temperature is below another threshold,
and as mixture of thereof when air temperature is between these two
thresholds. A temperature-based approach (Wang and Melesse, 2005)
is used to model snowpack accumulation and snowmelt. The
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throughfall is computed as the difference of rainfall and interception,
which is estimated as a function of LAl (Wang et al., 2012). In the
SWAP's finite-difference scheme, the ponding reservoir is taken as the
upper boundary.

3. Materials and methods
3.1. The study site

The study site was articulated to represent the overall characteristics
of the 5365 km? Balagaer River watershed (Fig. 1), a mid-latitude Eur-
asian steppe grassland located in northeast IMAR. The watershed is al-
most uniformly covered by two perennial rhizome grass species,
namely Stipa grandis and Leymus chinensis (Chen et al., 2005, Wang
et al., 2014). Based on the authors' field reconnaissance in Julies of
2011 and 2012, the grasses had an average population density of
about 4500 m~—2, a mean individual height of 20 cm, a maximum root
depth of 40 cm, and a mean individual diameter of 0.1 cm. The grass
growing season is from late April to early October, during which live-
stock (i.e., sheep and cattle) graze from late May to late September
(Shiyomi et al., 2011). The altitudes of the watershed vary from 857 to
1876 m, leading to a mean topographic gradient of 0.07.

In July 2012, the authors took and analyzed soil samples from 70
sites randomly positioned across the watershed (Fig. 1). Our visualiza-
tions of the field sampling trenches indicated two soil layers: the
upper layer is from ground surface to a 30 cm depth, while the lower
layer is from the 30 to 100 cm depth. Thus, for a given site, using a 6-
cm-diameter 3-cm-tall auger, three samples were taken within the
upper layer, while another three samples were taken within the lower
layer. Each of the samples was carefully put into a labeled plastic bag,
which was quickly zipped and placed into a portable cooler to be subse-
quently transported back to our laboratory for analyses. Averaged
across the watershed, the soils consist of 72 to 76% sand particles,
about 23% silt particles, and 2 to 3% clay particles (Fig. 2a), and thus
can be classified as sand or sandy loam according to the USDA soil tex-
ture triangle (Saxton and Rawls, 2006). The textures of the lower-
layer soils have a larger variation than those of the upper-layer soils
probably due to the soil geomorphic history of the Mongolia Plateau
(Luo et al., 2012). This is further verified by the larger mean coefficient
of uniformity (C,) and coefficient of curvature (C.) for the lower-layer
soils (Fig. 2b). C, is the ratio of 60%- to 10%-finer diameters, whereas
C. is the ratio of 30%-finer diameter squared to the multiplication of
10%- and 60%-finer diameters (Charbeneau, 2000). The lower-layer
soils can be more permeable than the upper-layer soils at one site but
less permeable at another site, as indicated by the varying saturated hy-
draulic conductivities. As expected, the upper-layer soils have overall
larger values for saturated soil moisture and field capacity than the
lower-layer soils (Fig. 2c). Moreover, our field surveys of the 100 do-
mestic wells (Fig. 1) and interviews of the pastures reveal that the
depths to water table are larger than 3.0 m across the watershed except
for some low-lying areas in the vicinity of streams and intermittent
ponds.

The watershed receives 170 to 615 mm precipitation annually, with
a mean of 335 mm. Most of the precipitation falls between July and
September as rain and between October and January as snow. However,
the watershed has an annual PET of 1165 mm or higher, which is much
greater than the mean annual precipitation. Thus, the watershed has a
semiarid climatic condition. The annual mean daily average air temper-
ature is 1.2 °C, with a maximum daily air temperature of up to 37.5 °Cin
summer and a minimum daily temperature of as low as —38.5 °C in
winter. The watershed has an annual mean daily average wind speed
of about 15 km h™! and can have 28 to 148 windy days for a given
year. For a given windy day, the maximum wind speed can reach as
high as 125 km h™". The annual mean discharge at the watershed outlet
is 0.33 m> s~ !, which is equivalent to an average annual runoff depth of
1.9 mm (i.e., runoff coefficient of less than 0.005). This indicates that the
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Fig. 1. The Balagaer River watershed and its topography; superimposed by the observation and survey points where data were used in this study.
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hydrologic cycle of the watershed is dominated by vertical rather than
horizontal water movements and can be well modeled using SWAP.
The primary water users are agriculture, animal husbandry, domestic,
and power industry.

3.2. Data and preprocessing

Besides our surveyed soil data mentioned above, daily data on pre-
cipitation, air temperature, relative humidity, wind speed, solar radia-
tion, and reference evapotranspiration at West Ujimqin Climate
Station 54012 (117°36’ E, 44°35’ N) were obtained from Chinese
Meteorological Information Center (CMIC, 2020) for the record period
of 1 January 1955 to 31 December 2017. In addition, at the soil moisture
and temperature site (117°52’ E, 44°20’ N), four EC-5 three-needle sen-
sors (METER Group, 2020) were installed at 5, 10, 15, and 30 cm depths,
respectively, to continuously measure soil moisture and temperature
from 2014 to 2017, and the measurements were recorded using a
Campbell® Scientific CR3000 datalogger at an 12-h time interval. The
sensors have a detection range of zero to one at an accuracy of +1%
for soil moisture and a measurement range of —40 to 50 °C at an
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accuracy of £0.3 °C. On a given day, four pairs of soil moisture and tem-
perature were recorded around 0:00 am (i.e., at nighttime) and another
four pairs around 12:00 pm (i.e., at daytime). For a given depth, the soil
moisture and soil temperature of this day were computed as the arith-
metic averages of the corresponding two diurnal values. Due to discon-
nections of the cables between the sensors and datalogger by livestock,
the measurements for some days were lost. The complete (i.e., no-
missing) records were available from 31 May to 31 December 2014, 1
January to 31 December 2015, 1 January to 10 May 2016, 30 August to
31 December 2016, and 1 January to 5 March 2017.

Further, the authors conducted an extensive literature review and
did reconnaissance and laboratory analyses to estimate the physiologic
parameters (Table 1) for Stipa grandis and Leymus chinensis (Wang and
Zhou, 2012). Because these two grass species intermingle (Luo et al.,
2014) and share a number of common features (Chen et al., 2005), the
estimated parameters were assumed to characterize a hybrid rather ei-
ther of these two species. When taking the soil samples in July 2012, the
authors also measured root densities at various soil depths. Based on
our measurements and literature data (Kurc and Small, 2007; Pereyra
et al,, 2017), this study developed and used the functional relationship

Table 1
The literature and estimated physiologic parameters for a hybrid of Stipa grandis and Leymus chinensis.
Class (source) Parameter Description Possible Value
range®
Initialization (authors) LAIEM [m? m~—?] Leaf area index (LAI) at emergence 0-10 0.01
RGRLAI [m®* m~2d~!'] LAlincreasing rate per day 0-1 0.1
Surface area (authors) SSA [hakg™!] Specific stem area 0-1 0.0004
SPAN [d] Optimum life span of leaves 0-366 30
TBASE [°C] Lowest temperature for leaves to grow —10-30 0
SLA [ha kg '] Specific leave area 0-1 0.0015-0.002
Assimilation (Wang and Zhou, 2012) KDIF Extinction coefficient for diffuse visible light 0-2 0.6
KDIR Extinction coefficient for direct visible light 0-2 0.75
EFF [kgha='h™! Light use efficiency 0-10 0.5
W m?]
AMAX [kgha~"h™'] Maximum CO, assimilation rate 0-100 25-40
Conversion (Wang and Zhou, 2012) CVL [kg kg™!] Efficiency of conversion into leaves 0-1 0.685
CVR [kg kg 1] Efficiency of conversion into roots 0-1 0.694
CVL [kg kg™ "] Efficiency of conversion into stems 0-1 0.662
Respiration (Wang et al., 2016) Q10[°C™'] Respiration rate increase with temperature 0-0.5 0.2
RML [kg CH,0 kg ! Maintenance respiration rate of leaves 0-1 0.03
a1
RMR [kg CH,0 kg~!  Maintenance respiration rate of roots 0-1 0.015
d™
RMS [kg CH,0 kg ! Maintenance respiration rate of stems 0-1 0.015
d=1
Partitioning (Wang and Zhou, 2012) FRTB [kg kg ] Fraction of total dry matter partitioned to roots 0-1 0.3
FLTB [kg kg ] Fraction of aboveground dry matter partitioned to leaves 0-1 0.6
FSTB [kg kg '] Fraction of aboveground dry matter partitioned to stems 0-1 0.4
Death rate (Wang and Zhou, 2012) PERDL [kg kg~ 'd~'] Maximum relative death rate of leaves due to water stress 0-3 0.05
RDRRTB [kg kg ! Maximum relative death rate of roots 0-3 0.02
d—']
RDRSTB [kg kg ! Maximum relative death rate of stems 0-3 0.02
d™
Oxygen stress (Feddes et al., 1978; Chen et al., 2005; Kroes HLIM1 [cm] Potential head above which no water extraction —100-100 —2
et al., 2017) HLIM2U [cm] Potential head above which optimum water extraction starts —100-100 —16.1
for top layer
HLIM2L [cm] Potential head above which optimum water extraction starts —100-100 —44.4
for sub layer
Drought stress (Feddes et al., 1978; Chen et al., 2005; Kroes HLIM3H [cm] Potential head below which water uptake reduction at high <100 —44.4
et al,, 2017) Tpot
HLIM3L [cm] Potential head below which water uptake reduction atlow <100 —81.2
Tpot
HLIM4 [cm] Potential head below which no water extraction <100 —170.7
ADCRH [cm d~1] Level of high atmospheric demand 0-5 5
ADCRL [emd ™ 1] Level of low atmospheric demand 0-5 5
ALPHACRIT [—] Critical stress index for compensation of root water uptake ~ 0.2-1 0.95
Interception (authors) COFAB [cm] Maximum interception amount 0-1 0.01
Root growth (authors) RDI [cm] Initial rooting depth >0 20
RRI [cm d™] Maximum daily increase in rooting depth >0 0.01
RDC [cm] Maximum rooting depth of grass cultivar >0 40
WRTMAX [kg DM Maximum root dry mass >0 20,000

ha™']

2 Source: Kroes et al. (2017).
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Fig. 3. The synthetic root density distribution for a hybrid of Stipa grandis and Leymus chinensis.

between relative root density and relative rooting depth as shown in
Fig. 3. Herein, at a root depth of interest, the relative root density is
the ratio of the root density at this depth to the maximum root density
of the whole rootzone, while the relative rooting depth is the ratio of
this depth to the rootzone thickness (i.e., 40 cm).

Moreover, the authors reviewed a variety of documents from the
local governments and interviewed several herders, leading to the sum-
mary grazing information in Table 2. On a yearly basis between 1985
and 2017, the 19,700-ha focal area within the Balagaer River watershed
was grazed by 100,000 to 260,000 cows and horses and at the same time
by 800,000 to 1,700,000 sheep and goats. Based on the formula pre-
sented by USDA-NRCS (2020) and in reference to cattle, the animal
unit equivalent (AUE) was computed as 233,333 to 543,333, which is
equivalent to grazing intensities ranging from 11.8 to 27.6 cattle ha™!,
with an average of 19.7 cattle ha™'. The livestock might start grazing
once the aboveground dry matter is more than 350 kg ha™!, with the
after-grazing dry matter of less than 150 kg ha~—' and a dropping and
treading loss of 0.43 to 0.5 kg ha~!. According to AHDB (2020), the
dry matter consumption per AUE was estimated to be 8.5 to 10.0 kg
ha™!; the higher the actual grazing intensity, the smaller the consump-
tion rate, and vice versa. The study grassland was ever and never irri-
gated, fertilized, and mowed.

3.3. Model setup and parameterization

A 200-cm-long soil column was subdivided into four sublayers with
thicknesses of 20, 10, 30, and 140 cm, respectively, in the downward
direction. The first or third sublayer was subdivided into 20 compart-
ments, while the second sublayer was subdivided into 5 compartments
and the fourth sublayer into 14 compartments. The compartments of a
given sublayer have a same thickness, which is computed as the division
of the sublayer thickness by the number of compartments. For instance,

Table 2
The grazing intensity from 1985 to 2017.%

Statistics Number of Number  AUE Grazing  Grazing intensity
cattle and horse of sheep  (cattle)® area (ha) (cattleha™')

Min 100,000 800,000 233,333 19,700 11.8

Max 260,000 1,700,000 543,333 19,700 27.6

Average 180,000 1,250,000 388,333 19,700 19.7

¢ In general, the grazing season is from May 20 to September 30.
b AUE: animal unit equivalent to cattle; AUE = number of cattle and horse + number of
sheep/6 (AHDB, 2020; USDA-NRCS, 2020).

each of the 20 compartments of the first sublayer is 1.0 cm thick,
whereas each of the 14 compartments of the fourth sublayer is
10.0 cm thick. The first and second sublayers belong to the upper (i.e.
0 to 30 cm) layer and the third sublayer corresponds to the lower
(i.e., 30 to 60 cm) layer. The fourth sublayer can be considered as the
deeper layer. The soils of the lower and deeper layers were assumed
to have same soil-water properties, as evidenced by Wang et al.
(2014) and authors' visual examinations of several well-digging cores.
The initial values for the soil-water parameters in Egs. (3) to (7), namely
0, 05, Ks, «, n, and B, were determined in terms of our measurements
(Fig. 2) and literature data for sand and sandy loam soils (Charbeneau,
2000). These parameters along with others (Table 3) were automati-
cally adjusted using PEST (Parameter Estimation) (Doherty, 2004,
Wang et al,, 2008) to make simulated soil moistures and temperatures
closely match the corresponding observations from 2014 to 2017.
PEST is a model-independent parameter estimator with advanced pre-
dictive analysis and regularization features. The upper boundary condi-
tion was defined by the observed air temperatures and the lower
boundary condition was specified as free drainage because of the large
depth to water table. The physiological parameters listed in Table 1
were used to parameterize the grass growth module of the SWAP
model.

The model performance was measured using visualization plots
and three statistics, namely coefficient of determination (R?),
Nash-Sutcliffe efficiency (R;s), and mean absolute error (MAE). The
detailed formulizations of these statistics can be found in Wang
and Melesse (2005). R? is the proportion of the variance in observa-
tions that can be explained by the model; its value can range from
zero to 1.0. As a rule of thumb, a larger R? indicates a better model
performance. The value of R,;s can range from —e to 1.0, with higher
values indicating a better overall fit and 1.0 indicating a perfect fit. A
negative R,s indicates that the simulation results are less reliable
than if one had used the average of the observed values, while a pos-
itive value indicates that the simulation results are more reliable
than using this average. MAE measures errors between paired values
expressing the same phenomenon and is computed as an arithmetic
average of the absolute errors.

3.4. Simulation and assessment
The SWAP model was run from 1 January 1955 to 31 December

2017, during which the first five years were used as the warm-up period
to stabilize the model parameters and the successive 58 years were
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The calibrated parameters of the SWAP model.
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Hydrologic process Parameter Description Possible range® Calibrated value
Snow and frost TePrRain [°C] Temperature above which all precipitation is rain 0-5 2.0
TePrSnow [°C] Temperature below which all precipitation is snow —5-0 0.0
SNOWCOEF [—] Calibration factor for snowmelt 0-10 03
Surface runoff PONDMX [cm] Maximum storage depth of ground-surface ponding reservoir >0 0.01
RSROEXP [—] Exponent of water depth above PONDMX 0.1-10 1.0
RSRO [cmRSROEXP-1 ¢ Drainage resistance <1 0.95
Evapotranspiration CF[—] Adjustment factor of reference evapotranspiration 0-2 Fig. 4
Soil water” 0, [cm® cm 3] Residual soil moisture 0-04 UL: 0.02
LL: 0.02
0 [cm® cm ™3] Saturated soil moisture 0-0.95 UL: 0.35
LL: 0.40
Ks[cmd™!] Saturated vertical hydraulic conductivity >0 UL: 286.98
LL: 312.78
alem™1] Retention curve shape factor (Eq. (4)) 0.0001-1 UL: 0.05
LL: 0.05
n[—] Retention curve shape factor (Eq. (5)) 1-4 UL: 2.5
LL: 2.5
Bl—] Empirical pore-connectivity parameter (Eq. (7)) —25-25 UL: 2.5
LL: 2.5
U, [cm] Air-entry potential head <0 UL: —2.0
LL: —2.0

2 Source: Kroes et al. (2017).
> UL: upper (i.e., 0 to 30 cm) soil layer; LL: lower (i.e., below-30 cm) soil layer.

taken for assessments. Multiple model runs were executed: the first run
used the average AUE grazing intensity of 19.7 cattle ha™! for model cal-
ibration and was considered as the baseline condition, whereas the sec-
ond and third runs assumed AUE grazing intensities of 0.0 and 27.6
cattle ha™—"', respectively. Besides, more trial runs were executed by
varying grazing intensities to determine the threshold above which fur-
ther increasing intensity would not affect soil moisture anymore.
Herein, the null hypothesis was that grazing influences would become
minimal once the aboveground biomass was too small to be grazed.
The purpose of using different grazing intensities was to assess both in-
dividual and interactive impacts of grazing and climate on soil moisture.

For a given grazing intensity, summary statistics, namely average,
minimum, and maximum, of the simulated soil moistures at
each depth were separately computed by grazing season (i.e., May 20
to September 30) and nongrazing season (i.e., October 1 to May 19)
from 1 January 1960 to 31 December 2017. Subsequently, for the
assessed grazing intensities, the profiles of paired statistics versus soil
depth were created to virtually examine impacts of grazing intensity
on soil moisture. In addition, for a given soil depth, the same statistics
were computed at a daily time step throughout the 58 assessment
years and plotted; these time-series plots were virtually compared
with the corresponding plots of daily precipitation and reference ET to
examine effects of climate variability on soil moisture. Further, the
time-series plots were compared across the grazing intensities to scru-
tinize interactive effects of grazing intensity and climate variability, par-
ticularly for the depths with a relatively large grazing impact as revealed
by the profile plots.

4. Results
4.1. The calibrated SWAP model

For the snow and frost processes, the precipitation was in the form of
rain when the air temperature was above 2.0 °C and in the form of snow
when the air temperature was below 0.0 °C; between these two thresh-
old temperatures was in a mixture of rain and snow (Table 3). The
snowmelt factor, which controls the melting speed of snowpack, was
determined to be 0.3. For the surface runoff process, the surface ponding
reservoir had a maximum storage depth of 0.01 cm, above which sur-
face runoff could be estimated as a linear function with a slope of
about 1.053 d. For the soil water evapotranspiration and movement
processes, the adjustment factors were determined to be 2.0 for winter

and 0.5 for other three seasons (Fig. 4). The saturated soil moisture and
hydraulic conductivity for the lower soil layer were slightly larger than
those for the upper soil layer, the other soil-water parameters, however,
were same for both soil layers; this is consistent with the data shown in
Fig. 2.

The SWAP model had an excellent performance in reproducing the
measured daily soil temperatures regardless of the depths (Table 4).
For the calibration periods, the prediction errors of the average daily
mean temperatures ranged from —0.72 to 0.70 °C only, with a compara-
ble scatteredness as indicated by the standard deviations. The model
captured more than 75% of the variances presented in the observations
and could trace the fluctuations of the observed temperatures (Rys >
0.9). At a given depth, the observed soil temperatures from 1 January
to 5 March 2017 were almost constant, making Ry a less appropriate
statistics. The plots of predicted versus observed daily mean soil tem-
peratures revealed a similar pattern regardless of the calibration pe-
riods. To be concise, the plots for 2015 are shown in Fig. 5 and those
for other three years are not presented. On the other hand, the SWAP
model well predicted the average daily mean soil moistures (Table 4),
as indicated by the compatible standard deviations and small values of
mean absolute errors (MAE < 0.04). Although the model could barely
explain the variances presented in the observed daily mean soil mois-
tures of 2014, 2015, and 2017 (R? < 0.3), it fairly traced the overall fluc-
tuation patterns of the observations in 2015 (Fig. 6) and other
calibration years (not shown to be concise). The annual precipitation
in 2014 was 363.0 mm, representing an above-average hydroclimatic
condition, whereas the annual precipitations in 2016 and 2017 were
295.5 and 172.4 mm, respectively, representing the below-average
hydroclimatic conditions. The annual precipitation in 2015 was 315.4
mm, which is close to the long-term average annual precipitation of
335 mm. Given that this study focused on long-term variations of soil
moistures in response to climate variability and grazing regimes, the
SWAP model was judged to be sufficiently calibrated.

4.2. The simulated soil moistures

Across the assessment period of 1960 to 2017, for a given depth, the
average soil moisture during the grazing season was higher than that
during the nongrazing season; the intraday fluctuation of soil moistures,
however, was much wider for the nongrazing than grazing season
(Fig. 7). Throughout the soil column, regardless of the seasons, the aver-
age soil moisture tended to be higher at a deeper depth, approaching a
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Fig. 4. The calibrated values of CF, adjustment factor for reference evapotranspiration.

constant. The moistures of the top 60-cm soils varied more widely than
those of the beneath soils. The near-surface soils could be very wet on
one day and become very dry on another day, with a highest soil mois-
ture occurring around the 32 cm depth.

Regardless of the soil depths, the fluctuation patterns of the average
daily mean soil moisture broadly synchronized with those of the aver-
age daily precipitation and average daily reference evapotranspiration,
as illustrated by those for the 0.5 and 32.2 cm depths (Fig. 8). The aver-
age soil moistures at other depths might have different magnitudes but
had similar fluctuation patterns; herein they are not shown to be con-
cise. The average soil moistures were almost constant in January and
February, pulsed between March and April, increased gradually in
May, plateaued from late May to September, and decreased steadily
from October onwards. However, for a given day in late February to be-
ginning March, the soil moisture might vary largely from one year to

another, with the largest variability in coincidence with the pulsing
peak. In contract, the soil moisture slightly varied interannually for a
given day in April to September, moderately varied for a given day in
October and November, and barely varied for a given day in December
to mid-February. Such interannual variabilities of the daily soil mois-
tures were dependent on the interannual variabilities of the daily pre-
cipitation and daily ETy: the large variability of precipitation of a given
day in April to September was likely offset by the corresponding large
variability of ETy, resulting in a smaller variability of the daily soil mois-
tures during these six months than that in beginning March.

Grazing could slightly decrease the soil moistures in the top 1.5-cm
soils but increase the soil moistures in the beneath soils (Fig. 7). If the
grassland were not grazed, more days in February and March would
have a relatively high soil moisture in the top 1.5-cm soils (e.g., Fig. 8e
versus Fig. 8c) but fewer days in the beneath soils (e.g., Fig. 8f versus

Table 4
The performance statistics of the SWAP model.?
Calibration period Soil temperature Soil moisture Soil temperature Soil moisture
Mean (°C)  Sd.(°C) R? Rys  Mean  Sd. MAE  R? Mean (°C)  Sd.(°C) R? Rus Mean  Sd. MAE R?
at 5 cm soil depth at 10 cm soil depth
May 31 to Dec. 31,2014 7.83 13.15 097 095 0.10 004 003 0.5 7.87 12.77 0.97 096 0.10 004 003 0.09
7.81 12.51 0.08 0.02 7.92 12.29 0.09 0.02
Jan. 01 to Dec. 31, 2015 353 13.20 096 094 0.09 004 003 0.13 3.56 12.91 0.97 095 0.09 004 003 0.10
3.21 13.13 0.07 0.02 3.19 12.97 0.08 0.02
Jan. 01 to May 10, 2016 —-7.19 10.65 091 085 0.07 003 004 084 —-7.19 10.30 0.91 0.85 0.08 0.03 004 0383
—7.63 11.63 0.05 0.01 —7.89 11.22 0.06 0.02
Aug. 30 to Dec. 31,2016 —-1.20 10.04 095 094 0.10 005 004 045 —-0.77 9.82 0.96 094 0.11 005 004 046
—0.69 10.46 0.08 0.02 —0.42 10.37 0.08 0.02
Jan. 01 to Mar. 05,2017  —15.21 3.06 076 033 0.05 000 002 036 —14.89 2.87 0.76 023  0.05 000 002 0.00
—14.49 4.55 0.06 0.00 —14.48 4.25 0.07 0.00
at 15 cm soil depth at 30 cm soil depth
May 31 to Dec. 31,2014 7.83 12.29 097 096 0.09 003 003 0.05 7.91 10.99 0.98 097 0.10 004 003 0.08
8.03 12.09 0.09 0.02 8.34 11.59 0.10 0.02
Jan. 01 to Dec. 31, 2015 3.52 12.53 097 095 0.08 003 003 0.06 3.46 11.55 0.98 0.95 0.08 003 002 029
3.18 12.83 0.08 0.02 3.19 12.54 0.09 0.01
Jan. 01 to May 10, 2016 —-7.20 9.89 092 084 0.07 003 004 083 —6.95 9.16 0.92 0.78  0.08 004 004 082
—8.13 10.85 0.06 0.02 —8.58 10.15 0.08 0.01
Aug. 30 to Dec. 31, 2016 —0.40 9.57 096 094 0.10 004 003 047 0.56 9.02 0.96 091 0.12 005 004 044
—0.16 10.29 0.09 0.02 0.56 10.13 0.10 0.02
Jan. 01 to Mar. 05,2017  —14.58 2.68 075 0.10 0.05 000 003 027 -13.75 2.31 077 —048 0.06 000 002 0.00
—14.48 3.99 0.07 0.00 —14.46 3.34 0.08 0.00

2 Sq4.: standard deviation; R?: coefficient of determination; Ry: Nash-Sutcliffe efficiency; MAE: mean absolute error; the bold numbers are based on the daily measurements.
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Fig. 6. The simulated versus measured daily mean soil moistures in 2015 at below-ground depths of: (a) 5 cm; (b) 10 cm; (¢) 15 cm; and (d) 30 cm.
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Fig. 7. Averages and ranges of the daily mean soil moistures from 1960 to 2017 for selected grazing intensities during: (a) grazing season (May 20 to September 30); and (b) nongrazing

season (October 1 to May 19). Ave.: average; Min.: minimum; Max.: maximum,; and GI: grazing intensity, in cattle ha™".

Fig. 8d). Such a change in number of days because of grazing was not no-
ticed in other ten months. Overall, grazing tended to reduce the interan-
nual variability of soil moistures on a day of interest: the lower the
grazing intensity, the smaller the variability, and vice versa. Corre-
spondingly, grazing would reduce the maximum daily soil moisture
by about 0.05 and have a near-zero influence on the minimum daily
soil moisture. Such grazing influences were predicted to become negli-
gible once the grazing intensity would be greater than 3.0 cattle ha™!
(Fig. 8g and h), which is way lower than the current average grazing in-
tensity of 19.7 cattle ha=".

Regardless of the soil depths, the relationship between soil moisture
change and precipitation was not unique when the annual precipitation
was less than 220 mm (i.e., 220 mm/365 d = 0.6 mm d™!): the soil
moisture change could either increase or decrease with increase of pre-
cipitation (Fig. 9a). However, when the annual precipitation was more
than this threshold, the soil moisture change would monophonically
decrease with increase of precipitation, approaching zero at a precipita-
tion amount of about 0.9 mm d . In contrast, the soil moisture change
was found to decrease persistently with increase of ETy, approaching
zero at a reference evapotranspiration of about 2.5 mm d~! (Fig. 9b).

12

1

Moreover, because of grazing, the top 1.5-cm soils would become drier
while the beneath soils tended to be wetter. The near-surface and
around-10.5-cm soils could be mostly affected by grazing. For a grazing
intensity of 4.0 cattle ha™"' or higher, the moistures of the top 0.5-cm
soils would be reduced by up to 0.025 and the moistures of the around-
10.5-cm soils would be increased by up to 0.04. For a year with an annual
precipitation of less than 220 mm, the soil moisture change was interac-
tively affected by precipitation, ETo, and grazing intensity, whereas for a
year with an annual precipitation of larger than this threshold, the soil
moisture change was interactively affected by precipitation and grazing
intensity and seemed to be independent of ET,.

5. Discussion

The SWAP model performed better in reproducing the measured soil
temperatures than soil moistures. This is possibly because the measure-
ment site is not co-located with climate station 54012, between which
the straight-line distance is about 35 km (Fig. 1). In the common knowl-
edge, the air temperature and solar radiation, which are major influenc-
ing factors for soil heat transport and soil temperature fluctuation, can
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Fig. 8. Averages and ranges from 1960 to 2017 of the daily: (a) precipitation; (b) reference evapotranspiration, ETo; (c) and (d) soil moistures for grazing intensity GI = 19.7 cattle ha™?;
(e) and (f) soil moistures for GI = 0.0; and (g) and (h) soil moistures for GI = 3.0 cattle ha~'. The soil moistures at 0.5 and 32.2 cm had largest fluctuations and are shown for explanation

purposes.
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leading to a units of mm d ', for the convenience of plotting.

be comparable at these two locations. However, the precipitation,
which is the sole source of soil water, could have a large spatial hetero-
geneity (Gao et al., 2017); that is, the precipitation amount and/or
timing at the climate station might be somewhat different from that at
the measurement site, which can be inferenced from Fig. 6: the soil
moistures increased or peaked on some days with no precipitation but
decreased or troughed on some other days with precipitation. This is
also true for the other three calibration years of 2014, 2016, and 2017.
Nevertheless, the model is sufficiently calibrated for simulating the
long-term average and variability of soil moistures, as indicated by the
performance statistics listed in Table 4.

The amount and variability of precipitation during the grazing sea-
son (i.e., from May 20 to September 30) are greater than those during
the nongrazing season (Fig. 8a), while the rate and variability of refer-
ence evapotranspiration during the grazing season are also larger than
those during the nongrazing season (Fig. 8b). During the grazing season,
the higher soil moistures can be attributed to the larger precipitation,
while their smaller variability is likely because the increasing precipita-
tion is proportionally offset by the increasing evapotranspiration, and
vice versa. In contrast, during the nongrazing season, the overall lower
soil moistures are due to the smaller precipitation as well as snowpack
accumulation and soil freezing in November to mid-February. From late
February to beginning April, the snowpack starts melting while the frost
soils begin thawing, resulting in the pulses of soil moistures (Fig. 8). The
multiple pulses, which synchronize with the melting-thawing-freezing
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cycles, lead to the larger intraday variability of soil moistures during the
nongrazing season.

The top 30-cm soils lose water to both evaporation and transpiration
(Wang, 2015; Pedram et al., 2018). The efficient heat exchange between
this layer of soils and the ambient atmosphere can quickly vaporize the
soil water that is replenished from a precipitation event once it ends,
while the richer roots in this layer of soils (Fig. 3) can effectively uptake
the soil water for transpiration. As a result, although the highly perme-
able soils (Fig. 2) may be rapidly replenished by infiltration from precip-
itation, they can be quickly dried up by evaporation and transpiration.
This explains why this layer of soils has a wider range of moistures
than the below-40-cm soils (Figs. 7 and 8). The moistures of the 30- to
40-cm soils have a widest range probably because of the increased
rate of downward seepage into the lower soil layer, which is more per-
meable than the upper soil layer (Fig. 2b and Table 3). Such vertical dis-
tributions of soil moistures are also true for the nongrazing season,
which may be due to the melting-thawing-freezing cycles of snowpack
and soils as well as the soil water evaporation and seepage patterns,
which are similar for both seasons. Our soil moisture vertical distribu-
tions are consistent with those reported by previous studies (Kurc and
Small, 2007; Pereyra et al., 2017).

Grazing reduces the aboveground biomass and grass leaf areas. On
the one hand, this can make more bare ground surfaces be directly ex-
posed to solar radiations, increasing the soil water evaporation from,
and reducing the soil moisture of, the top 1.5-cm soils (Fig. 9). On the
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other hand, once a top dry soil layer is formed, it will retard the beneath
moist soils to be further dried up (Wang, 2015). Also, the grazing re-
moval of grass stems and leaves will reduce transpiration rate and
thus water uptake from the rootzone. These two effects are added up
to result in higher moistures of the below-1.5-cm soils. As expected,
the grazing effects on soil moisture increase with grazing intensity,
plateauing at a threshold of 4.0 cattle ha~! (Fig. 8). Once the grazing in-
tensity is greater than this threshold, no more grass stems and leaves
may be available for grazing to further reduce transpiration. For years
with an annual precipitation of less than 220 mm, if most of the precip-
itation can be quickly evaporated due to a very large ET, the grazing ef-
fects will increase with increase of precipitation; otherwise, the grazing
effects will decrease with increase of precipitation; for years with an an-
nual precipitation of more than 220 mm, the grazing effects monopho-
nically decrease with increase of precipitation (Fig. 9a).

On a day when ET is not much larger than precipitation, the grazing
impact tends to be positively related to the area of exposed bare surfaces,
which is smaller for a lower than a higher GI. A smaller area of exposed
bare surfaces can reduce heat exchange and decelerate water evaporation
from the surface ponding reservoir, providing a relatively favorable condi-
tion for infiltration to replenish soil water: the larger the precipitation, the
more the infiltration, and vice versa. In contrast, a greater area of exposed
bare surfaces will facilitate water evaporation from the surface ponding
reservoir, making most precipitation be lost to evaporation without a
chance for infiltration to replenish soil moisture. As a result, the transpira-
tion will be greatly decreased, while the evaporation can be largely in-
creased. The absolute soil moisture difference between grazing and
nongrazing situations will become larger as increasing precipitation.

On a day when ETy is much larger than precipitation, most precipita-
tion water may be evaporated before it can infiltrate into ground to re-
plenish soil moisture (Charbeneau, 2000). As precipitation increases, an
increasing percentage of ETo will be supplied by direct evaporation of
intercepted precipitation, reducing soil water loss to evaporation and
transpiration. Because the interception tends to increase with precipita-
tion, the soil moisture change from grazing decreases with increase of
precipitation. This is also true for the years with an annual precipitation
of larger than 200 mm, when most precipitation is likely to be directly
evaporated to meet ET, rather than infiltrates into ground to replenish
soil moisture. Moreover, as ETy increases, more precipitation tends to
be directly evaporated, leading to the monophonically negative rela-
tionships between soil moisture change from grazing and ET, (Fig. 9b).

For semiarid steppe grasslands such as the Balagaer River watershed,
wind erosion is always a serious concern (Wang et al., 2014; Potter,
2019). This is particularly true in early spring, when snowpack disap-
pears, wind speed is high, and vegetation cover has not been fully
established yet. Thus, the pulsing soil moistures from late February to
beginning April (Fig. 8) are vital for preventing fertile fine particles
from being eroded by wind. Once the fine particles are detached by
wind, they would be suspended in air and blown to a very long distance,
possibly forming dust storms (Duan et al,, 2011). Wang et al. (2014) and
Potter (2019) found that wind erosion would be manageable if the top-
soil moisture is greater than 0.15 in the study watershed. Across the 58
assessment years, the number of days with a daily soil moisture of
greater than 0.15 in March and April would be reduced by 3 and 24 d
for GI = 3.0 and 4.0 cattle ha™!, respectively; and the grazing season
by 9 and 78 d for these two GIs, respectively. Although grasses are grow-
ing in the grazing season, the grazing removal of grass stems and leaves
by more than 4.0 cattle ha~! will make more bare soils be exposed and
susceptible to wind erosion. Thus, a grazing intensity of up to 3.0 cattle
ha~! seems optimal for our study grassland.

Regardless of the grazing intensities and/or soil depths, for the his-
torical climatic conditions, the annual minimum daily soil moistures
would be visually invariant, whereas the annual maximum daily and
the average annual soil moistures would slightly vary from 1960 to
1980, largely fluctuate from 1980 to 2000, and tend to decrease from
2000 onward (Fig. 10). However, for a given grazing intensity, the soil
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moisture fluctuations at a shallower depth are larger than those at a
deeper depth (e.g., Fig. 10a versus Fig. 10b), whereas for a given
depth, the soil moisture fluctuations if GI < 3.0 cattle ha~' are less
than those if GI > 4.0 cattle ha™! (e.g., Fig. 10a versus Fig. 10c). In
principle, the topsoil moistures are closely related to the amounts
and temporal distributions of precipitation and ET, (Fig. 9). Besides
air temperature, several other climatic variables, namely wind
speed, solar radiation, humidity, and vapor pressure deficit, also
affect ETp; thus, the soil moisture fluctuations are not positively
correlated with air temperature. The decreasing trend in the
post-2000 soil moistures can be attributed to the increasing ETg
and decreasing precipitation.

As a logical generalization to the whole semiarid Eurasian steppe
grasslands, soil moistures synchronically fluctuate with patterns of rain-
fall, atmospheric evaporation demand, snow accumulating and melting,
and soil freezing and thawing. The predicted reducing snowfall and
snowpack accumulation in winter from climate change would dimmish
soil moisture pulses in early spring, increasing the susceptibility of fer-
tile fine soil particles to wind erosion while deteriorating the sustain-
ability and resilience of grassland ecosystem and commodity. It is
imperative to practice livestock grazing below a threshold grazing in-
tensity (e.g., around 3.0 cattle ha™!); otherwise the topsoil moistures
would be lowered and grass stems and leaves could be removed too
much to protect surface soils as a vegetation cover, increasing the risk
of grassland degradation and even desertification.

6. Conclusions

This study formulated and parameterized a SWAP model for simu-
lating long-term responses of soil moistures to climate variability and
livestock grazing in the Balagaer River watershed, a typical Eurasian
steppe grassland. The model was calibrated using the measured daily
soil temperatures and soil moistures at multiple depths to be suffi-
ciently accurate for the simulation purpose of this study. For the study
grassland, the daily soil moistures were predicted to vary from 0.02 to
0.38, with a smaller value at a shallower than a deeper depth. The soil
moistures around the 30-cm depth had a largest mean and a widest
range. Regardless of the depths, the soil moistures pulsed in beginning
March and plateaued from May to September. Livestock grazing was
precited to decrease the top 1.5-cm soil moistures but increase the
moistures of the beneath soils. The optimal grazing intensity was deter-
mined to be around 3.0 cattle ha~', above which the number of days
with a topsoil moisture of greater than 0.15 will be phenomenally re-
duced. The grazing impacts on soil moisture were found to monophoni-
cally decrease with increase of reference evapotranspiration and annual
precipitation when it is larger than 220 mm. For the years with an an-
nual precipitation of less than 220 mm, the grazing impacts could either
increase or decrease with increase of precipitation, depending on the
relative magnitude of daily reference evapotranspiration. In generaliza-
tion, across the semiarid Eurasian ecoregion, it is imperative to practice
pasturing below a threshold grazing intensity to confront land degrada-
tion being intensified by climate change.
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