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Re-vegetation is a necessary control measure of soil erosion in the Loess Plateau. However, excessive re-vegetation can aggravate soil water shortage, which can in turn threaten the health and services of restored ecosystems. An optimal plant cover or biomass (i.e., soil-water carrying capacity for vegetation, SWCCV) is important for regional water balance, soil protection and vegetation sustainability. The objective of this study was
to determine the spatial distribution of SWCCV for three non-native tree (Robinia pseudoacaia), shrub (Caragana
korshinskii) and grass (Medicago sativa) species used in the re-vegetation of the Loess Plateau. The dynamics of
actual evapotranspiration (AET), net primary productivity (NPP) and leaf area index (LAI) were simulated using
a modiﬁed Biome-BGC (Bio-Geochemical Cycles) model. Soil and physiological parameters required by the
model were validated using ﬁeld-observed AET for the three plant species at six sites in the study area. The
validated model was used to simulate the dynamics of AET, NPP and LAI for the three plant species at 243
representative sites in the study area for the period 1961–2014. The results show that spatial distributions of
mean AET, NPP and LAI generally increased from northwest to southeast, much the same as mean annual
precipitation (MAP) gradient. In terms of maximum LAI, the ranges of optimal plant cover were 1.1–3.5 for R.
pseudoacaia, 1.0–2.4 for C. korshinskii and 0.7–3.0 for M. sativa. The corresponding SWCCV, expressed as NPP
were 202.4–616.5, 83.7–201.7 and 56.3–253.0 g C m−2 yr−1. MAP, mean annual temperature, soil texture and
elevation were the main variables driving SWCCV under the plant species; explaining over 86% of the spatial
variations in mean NPP in the study area. Further re-vegetation therefore needs careful reconsideration under
the prevailing climatic, soil and topographic conditions. The results of the study provide a re-vegetation
threshold to guide future re-vegetation activities and to ensure a sustainable eco-hydrological environment in
the Loess Plateau.

1. Introduction
Vegetation restoration is one of the principal measures for improving the ecological environment and for conserving both soil and
water in fragile ecosystems. Re-vegetation of degraded lands is promoted globally due to the numerous beneﬁts it has, including carbon
sequestration (Eaton et al., 2008; Deng et al., 2014), bio-conservation
(Chirino et al., 2006; Jia et al., 2011), sediment reduction (Wang et al.,
2016) and regulation of hydro-climatic conditions (Yaseef et al., 2009;
McVicar et al., 2010; Feng et al., 2012). However, excessive planting of
non-native species will increase soil water deﬁcit, which in turn will

adversely aﬀect the succession of vegetation in arid and semiarid regions. Balancing plant cover/biomass and soil water availability in
water-scarce regions is therefore critical for sustainable development of
restored ecosystems (Chen et al., 2015; Feng et al., 2016; Mo et al.,
2016; Zhang et al., 2018).
The Loess Plateau (LP) of China is in the upper and middle reaches
of the Yellow River, with the most severe soil erosion in the world (Shi
and Shao, 2000). A series of re-vegetation measures were implemented
by the China’s Central Government at the end of the 1990s to convert
croplands to forests, shrubs and grass as a way of mitigating soil erosion
in the region. Since then, vegetation cover has dramatically increased
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Fig. 1. A map depicting the location of the Loess Plateau in China (inset at top left corner) and an expanded map of the plateau (main plate) with red dots depicting
the locations of the stations (213) for monitoring climate in and around the Loess Plateau (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article).

maximum cover or biomass of a plant community at which soil-water
consumption is equal to the soil-water supply in the root zone under
given climatic condition, soil texture and management practice (Shao
et al., 2018). When plant cover or biomass exceeds the maximum limit
of SWCCV, a series of consequences that restrict plant growth and aggravate soil water scarcity along with soil desiccation is ensured (Xia
and Shao, 2008; Fu et al., 2012; Zhang et al., 2015a). Therefore, it is
important to quantify SWCCV for dominant non-native plant species to
avoid soil desiccation and to ensure sustainable vegetation recovery.
A number of studies have been done on SWCCV of diﬀerent plant
species and at diﬀerent spatial and temporal scales using ﬁeld data and
model simulations (Xia and Shao, 2008; Fu et al., 2012; Liu and Shao,
2015). Xia and Shao (2008) developed a physically-based model for
calculating optimal plant cover (with C. korshinskii and Salix psammophila as case study) using 2–3 years of climate data in a small watershed

on the plateau from 31.6% in 1999 to 59.6% in 2013. Also annual sediment discharge into the Yellow River has sharply dropped from 1.6 to
0.2 Gt (Chen et al., 2015). Although soil erosion has been eﬀectively
controlled by the restoration of vegetation, excessive introduction of
exotic plant species (e.g., Robinia pseudoacaia, Caragana korshinskii and
Medicago sativa, etc.) along with high planting density has caused the
formation of dry soil layer (DSL) in the region (Jia et al., 2017a, b;
Zhang et al., 2018). This is a severe obstacle to sustainable land use and
water cycle in the soil-plant-atmosphere continuum as it limits water
exchange between the upper soil layers and groundwater (Wang et al.,
2011; Turkeltaub et al., 2018).
The concept of soil-water carrying capacity for vegetation (SWCCV)
was introduced to quantify the maximum vegetation density or biomass
in China’s LP that can be sustained without soil desiccation (Xia and
Shao, 2008; Liu and Shao, 2015). It was developed and deﬁned as the
26
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the main regional climatic conditions (arid, semi-arid and sub-humid),
soil texture (silt-clay, silt-clay-loam, silt-loam, loam, sand-loam and
loam-sand), vegetation types (tree, shrub and grass) and geomorphic
landforms (large ﬂat surfaces with little or no erosion, ridges, basins,
hills and gullies). The depth to groundwater in the study area is generally 30–100 m (Jia et al., 2017a; Turkeltaub et al., 2018) and the
limited precipitation is the primary source of recharge and water for
plant growth.
Various non-native plant species (including Robinia pseudoacacia,
Pinus tabuliformis, Populus, Platycladus orientalis, Firmiana platanifolia,
Caragana korshinskii, Malus pumila, Armeniaca sibirica, Ziziphus jujube,
Hippophae rhamnoides and Medicago sativa) have been introduced in
China’s LP under vegetation restoration drive. The most common tree,
shrub and grass species used in the restoration drive are R. pseudoacacia
(black locust), C. korshinskii (peashrub) and M. sativa (alfalfa), which
are exotic nitrogen-ﬁxing species. These non-native plant species are
widely used because of their strong drought resistance, high survival
rate, soil fertility improvement and fast growth rate (Cheng and Wan,
2002; Jia et al., 2017a).

in the northern region of China’s LP. Liu and Shao (2015) assessed the
consumption process of soil water with the growth of C. korshinskii and
M. sativa and the optimal carrying capacity of each using the one-dimensional Simultaneous Heat and Water Transfer (SHAW) model. The
estimated SWCCVs corresponding with maximum biomass production
were 4800 kg ha−1 for C. korshinskii and 1380 kg ha−1 for M. sativa.
Eagleson’s ecohydrological optimality method (Eagleson, 2002) was
also used to determine the optimal canopy cover in Horqin Sands of
China (Mo et al., 2016) and the Northeast China Transect (Cong et al.,
2017). Most other studies on optimal carrying capacity are based on
ﬁeld experiments that last 1–3 years and therefore not adequate to fully
represent long-term variability of SWCCV due to large ﬂuctuations in
annual precipitation in China’s LP region. Therefore, it is necessary to
consider variations in long-term climatic conditions in the study of
SWCCV (Shao et al., 2018). It is also good to assume that the optimal
carrying capacity is equal to the long-term average of plant cover/
biomass in a given area.
Considering the widespread occurrence and severity of DSL and the
negative eﬀects it has on hydro-ecological environment in China’s LP,
more information is needed on regional spatial distribution of SWCCV
under dominant non-native plant species in the region. This could guide
policy decisions and vegetation restoration strategies for optimized soil
water management. Zhang et al. (2015a) estimated the spatial distributions of optimal plant cover for R. pseudoacacia and H. rhamnoides
along a precipitation gradient in the LP using eco-physiological and biogeochemical processes model, Biome-BGC (White et al., 2000; Thornton
et al., 2002). Due largely to the lack of measured regional soil data,
however, there are currently no reports addressing the spatial distributions of SWCCV for the dominant non-native tree, shrub and grass
species in the whole China’s LP.
Thus, the speciﬁc objectives of this study were to: 1) estimate optimal plant cover (from maximum leaf area index — LAI) and SWCCV
(expressed as net primary productivity — NPP) for three most dominant
non-native tree (R. pseudoacacia), shrub (C. korshinskii) and grass (M.
sativa) species at 243 representative sites using modiﬁed Biome-BGC
model; 2) develop spatial distributions of SWCCV for the three plant
species across China’s LP region through kriging interpolation; and 3)
determine the main variables contributing to the spatial variability of
SWCCV in the study area. This information should be useful in drawing
recommendations for vegetation construction in China’s LP region to
balance the conﬂict between scarce soil water and soil conservation
through re-vegetation.

2.2. Biome-BGC model description
Biome-BGC is a one-dimensional mechanistic biogeochemical model
that can simulate daily, monthly and annual carbon, nitrogen and water
cycles using prescribed soil and meteorological conditions (White et al.,
2000; Thornton et al., 2002). It represents one point in space with
carbon, nitrogen and water ﬂuxes and storages normalized for a unit
area. A study area is divided into cells and simulations performed independently for each cell in the area. The model provides complete
parameters settings for main plant types, including deciduous broadleaf, shrub and grass (White et al., 2000). Carbon processes include
autotrophic respiration, separated into growth and maintenance respiration, photosynthesis (for both sunlit and shaded leaves), decomposition, allocation and mortality. Gross primary productivity (GPP) is
simulated with the Farquhar photosynthesis model (Farquhar et al.,
1980) and NPP calculated as GPP minus maintenance respiration (a Q10
model) and growth respiration (a constant fraction of GPP). LAI is estimated as a function of the amount of leaf carbon, one of multiple
vegetation state variables updated every day based on estimated ﬂuxes.
Water processes include canopy interception of rainfall, snow melt and
sublimation, canopy evapotranspiration, soil evaporation and water
outﬂow due to water in excess of ﬁeld capacity. The water sub-model of
Biome-BGC is very simple, and it calculates only daily water outﬂow
from the soil when soil water content exceeds ﬁeld capacity (Thornton
et al., 2002). Huang et al. (2013) modiﬁed the original sub-routine by
introducing a physically-based equation (i.e., the one-dimensional Richards’ equation), to simulate soil water movement with root water
uptake under limited water conditions. The modiﬁed Biome-BGC model
was used in this study. Further details on the modiﬁcation and evaluation of the water ﬂow sub-model of Biome-BGC are documented by
Huang et al. (2013). Further descriptions and equations of Biome-BGC
are documented by White et al. (2000) and Thornton et al. (2002).

2. Materials and methods
2.1. Study area and representative plants
The study was conducted in China’s LP; a region in the upper
through middle reaches of Yellow River (100.90 °E–114.55 °E and
33.72 °N–41.27 °N) (Fig. 1) and characterized by 30–200 m thick loess
soil (Zhu et al., 2018). The region covers an area of ∼640 000 km2 and
has a semi-arid to sub-humid climate. The range of the mean annual
precipitation for 1961–2014 is 200–700 mm; lowest in the northwest
and highest in the southeast. About 55–78% of the precipitation falls in
June through September. The range of the mean annual temperature is
3.6–14.3 °C; also lowest in the northwest and highest in the southeast.
The soil is mainly of loess and it is sandy in texture in the northwest and
clayey in the southeast.
To control soil and water erosion and to restore the ecosystem,
several large-scale vegetation restoration campaigns (including the
Grain-for-Green Program — GFGP) were initiated by the China’s
Central Government at the end of the 1990s to reconvert croplands into
forests, shrubs and grass across the plateau. The LP sub-region with
continuous loess soil was chosen as the study area (Fig. 1) because it is
the main implementation zone of GFGP, so done to the control soil
erosion. The region covers a total area of 430 000 km2 and includes all

2.3. Model evaluation
Continuous measurements of LAI or NPP for the three plants were
not available for the study site. However, previous studies show that
NPP is linearly related with AET (Schimel et al., 1997; Bond-Lamberty
et al., 2009), indicating that the modiﬁed Biome-BGC model also simulates NPP if it accurately simulates AET. Consequently, the modiﬁed
Biome-BGC model was evaluated by comparing the simulated AET with
AET determined by a water balance equation based on precipitation,
runoﬀ and soil water content (SWC) — see Eq. (1) below. The water
balance approach is a common and reliable method of estimation of ET
when soil water and precipitation are available (Palmroth et al., 2010).
Soil water storage for R. pseudoacacia in Heshui, Guyuan, Changwu,
27
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Fig. 2. A map depicting the location of the study area in the Loess Plateau and the distributions of the 243 sampling sites, six model evaluation sites and precipitation
contours in the region.

average air temperature, precipitation, humidity, solar radiation and
day length); 2) site physical properties (e.g., latitude, longitude, elevation, slope, aspect, soil hydraulic parameters and rooting depth); and
3) eco-physiological parameters (e.g., carbon to nitrogen ratio and
maximum stomatal conductance). To accurately simulate regional
spatial distributions of SWCCV using the modiﬁed Biome-BGC model,
data on the hydraulic properties of soil within the 5 m proﬁle were
collected in a ﬁeld survey at 243 sites along with long-term
(1961–2014) daily climate data across China’s LP region.

An’sai and Dingxi is available for the periods 2003–2006 (Zhao, 2012),
1988–1999 (Cheng and Wan, 2002), 2011–2014 (Zhang et al., 2015b),
1982–1986 (Yang and Yang, 1989) and 2009–2013 (Jian et al., 2015).
Monthly soil water storage for C. korshinskii in Dingxi is available for
the period 2009–2013 (Jian et al., 2015). Measured AET for M. sativa in
Changwu is available for the period 1986–2001 (Li and Huang, 2008).
In addition, SWC and runoﬀ data for C. korshinskii and M. sativa in
Shenmu were measured for 2004–2014. Monthly volumetric SWC was
measured during May to October each year to the depth of 500 cm at
20 cm intervals using calibrated neutron probe. The six sites (Fig. 2),
which are distributed over the LP, represent the main regional climatic
conditions and soil texture. All the measured and collected soil water
data during the growing season at diﬀerent sites in the study area were
used to calculate AET as follows:

AET = P − R + ΔW

2.5.1. Meteorological parameters
In situ measurements of daily temperature (°C), relative humidity
(%), precipitation (mm) and wind speed (m s−1) were provided by the
China Meteorology Administration for 213 meteorological stations
distributed within and around the study area (Fig. 1). These data were
interpolated using the thinplate smoothing spline method (Hartkamp
et al., 1999) to build 1-km spatial resolution maps for the period
1961–2014. The maximum and minimum air temperatures, humidity
and precipitation were used to calculate solar radiation, daylight
average partial pressure of water vapor and day length through MTCLIM (Thornton et al., 2000). The precipitation values display temporal
variability with no noticeable trend, while the mean air temperature
shows minor inclination (Fig. 3). The standard deviations indicate a
relatively large spatial variability of the precipitation over the LP. The
study area was divided into three rainfall zones: the northern zone with
mean annual precipitation (MAP) < 450 mm, the central zone with
MAP of 450–550 mm, and the southern zone with MAP > 550 mm (Jia
et al., 2017b); which allows for comparison of the eﬀects of rainfall on
SWCCV for the three plant species.

(1)

where AET is actual evapotranspiration (mm); P is precipitation (mm);
R is runoﬀ (mm); and ΔW is change in soil water storage (mm) at start
and end of growing season (May-October) in the 0–500 cm soil layer.
2.4. Determination of SWCCV
The modiﬁed Biome-BGC model was used to simulate annual variations in AET, LAI and NPP for three dominant non-native tree, shrub
and grass species at the 243 sites across the LP during the period 19612014. Because the determination of optimal carrying capacity of vegetation considers variations in long-term climatic conditions, SWCCV
for the three plant species was assumed to be equal to plant cover
(derived from LAI) or biomass production (derived from NPP) and
averaged for period under investigation. Since LAI increases during
growing season, the maximum value for each year was used to represent the optimal soil-water carrying capacity of vegetation during
that year.

2.5.2. Soil hydraulic parameters
To accurately determine spatial variations in soil hydraulic parameters in the region, an intensive soil sampling strategy was devised.
Adjacent sampling sites were ∼40 km apart and a total of 243 representative sampling sites were used across the LP region (Fig. 2). A
GPS receiver was used to determine the latitude, longitude and elevation of each site, while site slope and aspect were determined using a
geological compass. Further information concerning the soil sampling

2.5. Data sources
Inputs needed for the Biome-BGC model are as follows: 1) daily
meteorological series (minimum and maximum air temperature,
28
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Table 1
Eco-physiological parameters for Robinia pseudoacacia, Caragana korshinskii and
Medicago sativa.
Parameter
Phenology & turnover
Transfer growth period (% growing
season)
Litter fall period (% growing season)
Leaf & ﬁne root turnover fraction
(year−1)
Live wood turnover fraction (year−1)
Whole plant mortality fraction
(year−1)
Allocation & N requirement
New ﬁne root C/new leaf C
New stem C/new leaf C
New live wood C/new total wood C
New root C/new stem C
Current growth proportion (%)
Leaf C/N
Leaf litter C/N
Fine root C/N
Live wood C/N
Dead wood C/N
Leaf litter labile proportion
Leaf litter cellulose proportion
Leaf litter lignin proportion
Fine root labile proportion
Fine root cellulose proportion
Fine root lignin proportion
Dead wood cellulose proportion
Dead wood lignin proportion
Canopy parameter
Canopy water interception
coeﬃcient (1/LAI/d)
Canopy light extinction coeﬃcient
All-sided to projected leaf area ratio
Canopy average speciﬁc leaf area
(m2/kgC)
Shaded SLA/Sunlit SLA
Fraction of leaf N in Rubisco
Maximum gs (m s−1)
Cuticular conductance (m s−1)
Boundary layer conductance (m s−1)
VPD: start of gs reduction (Pa)
VPD: complete gs reduction (Pa)

Fig. 3. Plot of average annual precipitation and air temperature in the Loess
Plateau study area. The shaded area denotes the ± 1.0 standard deviation
range.

strategy and data collection is also documented by Zhao et al. (2016).
Undisturbed soil cores were excavated at the 0–10, 10–20 and
20–40 cm depths to measure saturated hydraulic conductivity (Ks), saturated SWC (θs) and bulk density (BD) at each site. In addition, disturbed soil samples were collected using a soil auger for the 0–10,
10–20, 20–40, 40–60, 60–80, 80–100, 100–150, 150–200, 200–300,
300–400 and 400–500 cm soil layers for soil particle distribution analyses. The soil hydraulic parameters required for the modiﬁed BiomeBGC model included Ks, θs, residual SWC (θr) and the van Genuchten
model shape parameters (α and n). Ks was determined using the constant-head method (Klute and Dirksen, 1986) and BD determined from
volume-dry mass relationship for each core sample. Soil retention
curves and unsaturated hydraulic conductivity were estimated by the
van Genuchten-Mualem (VGM) model (Mualem, 1976; van Genuchten,
1980). The shape parameters of α, n and θr were estimated using the
Rosetta pedotransfer function (Schaap et al., 2001). Then SWC at ﬁeld
capacity was determined at a standard soil suction of 33 kPa. For further details on the estimation and calibration procedures of soil hydraulic parameters, please referred to Turkeltaub et al. (2018).
2.5.3. Eco-physiological parameters
Eco-physiological parameters for the three plants are summarized in
Table 1 in which all values are derived from published data for R.
pseudoacacia, C. korshinskii and M. sativa (Ding et al., 1996; Bai et al.,
1999; Bai and Bao, 2002; Xu et al., 2001; Bond-Lamberty et al., 2005;
Xia and Shao, 2008; Zheng and Shangguan, 2006; Song et al., 2013).
The root distribution for the three plants was determined from the
studies of Cheng et al. (2009) and Jian et al. (2014). The maximum root
depth was assumed to be constant and equal to 500 cm for the three
plants (Yang et al., 1994; Jia et al., 2017a).

R. pseudoacacia

C. korshinskii

M. sativa

0.2

0.3

1

0.2
1

0.2
0.32

1
1

0.07
0.005

0.07
0.02

/
0.1

1
2.2
0.209
0.22
0.5
28.6c
32.2
48
50
550
0.38
0.44
0.18
0.34
0.44
0.22
0.68
0.32

0.78a
1.74
0.1
0.29
0.5
25a
75
21.79a
50
550
0.29a
0.52a
0.19a
0.34
0.44
0.22
0.71
0.29

1
3.0b
/
/
0.5
12.89d
45
19.5d
/
/
0.64e
0.25e
0.12e
0.34
0.44
0.22
/
/

0.045

0.1f

0.12

0.54
2
27.92g

0.55
2.3
34.1f

0.85b
2
31.0f

2
0.14
0.006
0.00006
0.01
1000h
4000h

2
0.04
0.006
0.00006
0.02
970
4100

2
0.21
0.006
0.00006
0.04
930
4100

Abbreviations: C = carbon; N = nitrogen; LAI = leaf area index; SLA =
speciﬁc leaf area; gs = stomatal conductance; a = Xu et al. (2001); b = Bai and
Bao (2002); c = Zheng and Shangguan (2006); d = Ding et al. (1996); e = Bai
et al. (1999); f = Xia and Shao (2008); g = Song et al. (2013); h =BondLamberty et al., (2005).

eﬃciency (NSE) (Nash and Sutcliﬀe, 1970) were also used to evaluate
the accuracy of AET estimation by the modiﬁed Biome-BGC model. The
indices were calculated as follows:

MD =

2.6. Statistical analysis and accuracy evaluation of estimated AET
A set of statistical parameters (including mean, standard deviation,
minimum and maximum values) was used to analyze simulated AET,
LAI and NPP for each rainfall zone. Pearson correlation analyses were
used to determine the relationships among AET, LAI, NPP with climate,
soil texture and elevation for the three plants. A step-wise regression
analysis was then used to select the main variables that accurately
predict NPP for each species. All the statistical analyses were performed
by SPSS 15.0. Maps of the sampling sites and AET, LAI and NPP distributions were produced in GIS software (ArcGIS 9.2).
The performance of the modiﬁed Biome-BGC model was evaluated
by statistical analyses. Simple liner regression analyses were used to
calculate the coeﬃcients of determination (R2) between simulated and
measured values. Mean diﬀerence (MD), root mean square error
(RMSE), mean absolute percent error (MAPE) and Nash-Sutcliﬀe

n
∑i = 1 (Zˆi −Zi )

(2)

n
n

1
∑ (Zi −Zˆ i)2
n i=1

RMSE =

MAPE =

n
1
Zˆi − Zi
× 100
∑
n i=1
Zi

NSE = 1 −

n
∑i = 1 (Zi − Zˆi )2
n
∑ (Zi − Z¯ )2
i=1

(3)

(4)

(5)

where Zi and Ẑi are the measured and simulated values of AET, respectively for the ith observation and Z̄ is the averages of the measured
data during the simulation period; and n is the number of observations.
Lower values of RMSE and MAPE indicate higher accuracy of AET
29
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northwest to the southeast, much the same as precipitation gradient.
The three rainfall zones with MAP less than 450 mm, equal to
450–550 mm and above 550 mm had diﬀerent AET values for each of
the plant species (Table 3). For R. pseudoacacia, the > 550 mm zone had
the highest AET (554.0 mm) and the < 450 mm zone the lowest AET
(384.6 mm). AET for the 450–550 mm precipitation zone was
473.0 mm. Both C. korshinskii and M. sativa had similar spatial characteristics as R. pseudoacacia in terms of AET.
3.3. Spatial distribution of LAI and optimal plant cover
Based on mean maximum LAI for 1961–2014 from the 243 data
sites in the study area, the spatial distribution of LAI for each plant
species was derived by kriging interpolation (Fig. 6). The optimal plant
cover was expressed as the mean maximum LAI of each plant. Consistent with the distribution of MAP, the optimal plant cover generally
decreased from the southeast to the northwest, with ranges of 1.1–3.5
for R. pseudoacacia, 1.0–2.4 for C. korshinskii and 0.7–3.0 for M. sativa
and corresponding means of 2.6, 1.8 and 1.3. The mean maximum LAI
varied with rainfall zones (Table 3). It was 3.1 for the > 550 mm precipitation zone, 2.7 for the 450–550 mm precipitation zone and 2.0 for
the < 450 mm precipitation zone under R. pseudoacacia. For C. korshinskii, it was 2.1 for the > 550 mm precipitation zone, 1.9 for the
450–550 mm precipitation zone and 1.4 for the < 450 mm precipitation zone. Then for M. sativa mean maximum LAI was 2.0, 1.2 and 0.9
for the three respective precipitation zones. The maximum LAI of R.
pseudoacacia was always greater than that of C. korshinskii and M. sativa
in any precipitation zone. Furthermore, the maximum LAI of C. korshinskii was much higher than that of M. sativa in both the 450–550 and
the < 450 mm precipitation zones. However, there was no signiﬁcant
diﬀerence in maximum LAI between C. korshinskii and M. sativa for
the > 550 mm precipitation zone (Table 3).

Fig. 4. A plot of comparison of simulated (ETsim) versus observed (ETobs) evapotranspiration for Robinia pseudoacacia, Caragana korshinskii and Medicago
sativa at six sites in the Loess Plateau study area.

estimation. NSE is used to measure ‘goodness of ﬁt’, the closer the
model eﬃciency is to 1.0, the more accurate the model is.
3. Results
3.1. Model evaluation
The model performance was examined by linearly regressing the
simulated AET and the corresponding ﬁeld measurement (Fig. 4). The
simulated and observed AET generally agreed well for the three plant
species with R2 of 0.76, 0.80 and 0.91 for R. pseudoacacia, C. korshinskii
and M. sativa, respectively. The model was again evaluated by MD,
RMSE, MAPE and NSE analysis with respective values of –9.49 mm,
51.08 mm, 9.54% and 0.75 for R. pseudoacacia, –19.89 mm, 59.76 mm,
15.62% and 0.78 for C. korshinskii and –17.62 mm, 52.20 mm, 10.50%
and 0.89 for M. sativa (Table 2). The above results indicated that the
performance of the modiﬁed Biome-BGC model in terms of simulating
AET dynamics was well acceptable for the three plant species. Thus, it
was considered suitable for simulating NPP and LAI for the three
dominant tree, shrub and grass species in the study area.

3.4. Spatial distribution of NPP and optimal SWCCV
Mean NPP was simulated for the three plant species using data from
243 sites across the plateau, and the spatial distribution of mean NPP
for each plant species was mapped by kriging interpolation (Fig. 7). The
mean NPP was considered as the optimal SWCCV. Consistent with mean
AET and mean maximum LAI, the optimal SWCCV decreased from the
southeast to the northwest of the study area. The respective ranges were
202.4–616.5 g C m−2 year−1 for R. pseudoacacia, 83.7–201.7 g C m−2
yr−1 for C. korshinskii and 56.3–253.0 g C m−2 yr−1 for M. sativa. The
overall mean NPP was 460.4 g C m−2 year−1 for R. pseudoacacia,
152.2 g C m−2 yr−1 for C. korshinskii and 109.6 g C m−2 yr−1 for M.
sativa. The highest mean NPP was for the > 550 mm precipitation zone
— 551.3, 181.7 and 165.8 g C m−2 yr−1 respectively for R. pseudoacacia, C. korshinskii and M. sativa. The mean NPP for the 450–550 mm
precipitation zone was 489.1, 158.7 and 100.5 g C m−2 yr−1 respectively for R. pseudoacacia, C. korshinskii and M. sativa. The lowest mean
NPP was for the < 450 mm precipitation zone and it was 357.4, 121.6
and 74.5 g C m−2 yr−1 for R. pseudoacacia, C. korshinskii and M. sativa,
respectively (Table 3).

3.2. Spatial distribution of AET
AET for 1961–2014 was simulated using the modiﬁed Biome-BGC
model driven by data from 243 sites across the China’s LP study area.
Based on the mean AET values for the 243 data sites, the spatial distributions of AET for the three species were mapped by kriging interpolation (Fig. 5). The ranges of the estimated AET were
287.7–619.5 mm for R. pseudoacacia, 287.8–617.7 mm for C. korshinskii
and 312.5–619.6 mm for M. sativa, and with respective means of 464.7,
462.5 and 464.6 mm. The spatial distributions of AET for the three
plant species were heterogeneous. AET generally increased from the

3.5. Mean AET, LAI and NPP distribution factors
There was a highly signiﬁcant positive relationship between mean
AET and MAP for each plant species (n = 243, p < 0.001) (Table 4),
suggesting that MAP was a major determinant of the spatial distribution
of mean AET in China’s LP region. Furthermore, the mean AET was
signiﬁcantly positively correlated with mean annual temperature
(MAT), clay and silt contents. It was negatively correlated with elevation and sand content (n = 243, p < 0.001). Similar to AET, both the
maximum LAI and mean NPP were signiﬁcantly positively correlated
with MAP, MAT, clay and silt contents, but negatively correlated with
elevation and sand content for all the three plant species (n = 243,

Table 2
Accuracy of estimated annual evapotranspiration by the modiﬁed Biome-BGC
model for Robinia pseudoacacia, Caragana korshinskii, and Medicago sativa.
Species

MD (mm)

RMSE (mm)

MAPE (%)

NSE

R. pseudoacacia
C. korshinskii
M. sativa

9.49
19.89
17.62

51.08
59.76
52.20

9.54
15.62
10.50

0.75
0.78
0.89

Note: MD = mean diﬀerence; RMSE = root mean square error; MAPE = mean
absolute percent error; NSE = Nash-Sutcliﬀe eﬃciency coeﬃcient.
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Fig. 5. Spatial distributions of mean actual evapotranspiration (AET) for Robinia pseudoacacia, Caragana korshinskii and Medicago sativa in the Loess Plateau study
area.

Table 3
Simulated actual evapotranspiration (AET), net primary productivity (NPP) and maximum leaf area index (LAI) of Robinia pseudoacacia, Caragana korshinskii, and
Medicago sativa in three rainfall zones.
Species

Rainfall zone

n

AET (mm)

Max. LAI

NPP (g C m−2 yr−1)

R. pseudoacacia

> 550 mm
450–550 mm
< 450 mm
> 550 mm
450–550 mm
< 450 mm
> 550 mm
450–550 mm
< 450 mm

68
90
85
68
90
85
68
90
85

554.0
473.0
384.6
550.1
470.0
384.4
554.0
471.7
385.5

3.1
2.7
2.0
2.1
1.9
1.4
2.0
1.2
0.9

551.3 ± 30.1
489.1 ± 60.6
357.4 ± 59.4
181.7 ± 12.0
158.7 ± 18.8
121.6 ± 19.1
165.8 ± 44.8
100.5 ± 25.8
74.5 ± 6.5

C. korshinskii

M. sativa

±
±
±
±
±
±
±
±
±

35.5
37.5
37.3
33.3
37.5
38.0
35.4
36.3
35.4

±
±
±
±
±
±
±
±
±

0.2
0.3
0.3
0.1
0.2
0.2
0.5
0.3
0.1

Fig. 6. Spatial distributions of mean maximum LAI for Robinia pseudoacacia, Caragana korshinskii and Medicago sativa in the Loess Plateau study area.

of it for M. sativa were explained by MAP, MAT, silt content and elevation. Because of the strong correlation between NPP and LAI, the
main contributing factors to the spatial distribution of mean maximum
LAI were similar to those of mean NPP for each plant species. This
suggested that the regional spatial distribution of optimal land cover or
SWCCV for non-native tree, shrub and grass species in the study area
was controlled by climate, soil and elevation.

p < 0.001).
A step-wise regression analysis (signiﬁcant at p < 0.001) was used
to determine the main climatic and soil variables that accurately predict
the regional spatial distribution of mean NPP for each plant species
(Table 5). For R. pseudoacacia, 89.5% of the spatial variation in mean
NPP was explained by MAP, MAT, clay content and elevation. Some
85.5% of the spatial variation in mean NPP for C. korshinskii and 91.3%

Fig. 7. Spatial distributions of mean net primary productivity (NPP) for Robinia pseudoacacia, Caragana korshinskii and Medicago sativa in the Loess Plateau study area.
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Table 4
Pearson correlation coeﬃcient between mean AET, maximum LAI, mean NPP and climate variables, soil texture and elevation for the three selected plants in the
Loess Plateau.
Variable

Species

MAP

MAT

ELV

CC

SL

SA

AET

R. pseudoacacia
C. korshinskii
M. sativa
R. pseudoacacia
C. korshinskii
M. sativa
R. pseudoacacia
C. korshinskii
M. sativa

0.999**
0.978**
0.997**
0.923**
0.794**
0.774**
0.924**
0.796**
0.772**

0.592**
0.639**
0.613**
0.400**
0.736**
0.895**
0.406**
0.742**
0.895**

–0.502**
–0.561**
–0.520**
–0.350**
–0.789**
–0.750**
–0.356**
–0.793**
–0.748**

0.677**
0.655**
0.680**
0.664**
0.440**
0.573**
0.665**
0.443**
0.574**

0.497**
0.485**
0.496**
0.475**
0.296**
0.346**
0.475**
0.298**
0.349**

–0.592**
–0.576**
–0.593**
–0.572**
–0.365**
–0.446**
–0.572**
–0.368**
–0.449**

LAI

NPP

Note: AET = actual evapotranspiration; LAI = leaf area index; NPP = net primary productivity; MAP = mean annual precipitation; MAT = mean annual temperature; CC = clay content; SL = silt content; SA = sand content; ELV = elevation; ** = Signiﬁcant at p < 0.001 (2-tailed).

4. Discussions

study, the spatial pattern of mean AET notably decreased from the
southeast to the northwest, much the same as annual precipitation
(Fig. 5). The range of Pearson correlation coeﬃcient between AET and
MAP was 0.978–0.999, indicating the impactful contribution of MAP to
AET variability in the study area. Thus, the long-term mean AET was
almost equal to MAP in the plateau study area (Yang et al., 1994).
Although a signiﬁcant positive correlation existed between mean AET
and MAT, the correlation coeﬃcient was much lower than that with
MAP (Table 4). This is in agreement with the ﬁndings of Liu et al.
(2016) that precipitation mainly controlled the spatio-temporal variations in ET in arid and semi-arid areas of China. This variation was
attributed to the limited precipitation as the sole source of soil water
because groundwater levels in the semi-arid plateau region were generally 30–100 m below the land surface, far beyond rooting depth (Jia
et al., 2017a; Zhu et al., 2018). The mean AET was negatively correlated with elevation and sand content, but positively correlated with
clay and silt contents. High elevation corresponds to low MAT and then
low AET in the study area. Coarse soil texture has low water holding
capacity, high drainage loss and low available soil water, and hence low
AET. Low nutrient associated with low water holding capacity of coarse
soils can also limit AET by retarding plant growth. This is consistent
with the ﬁnding that soil texture strongly inﬂuences AET (Hillel, 1998;
Nosetto et al., 2005).

4.1. Spatial variations of AET and the driving factors
By comparison of simulated with observed AET, it was demonstrated that the modiﬁed Biome-BGC model can simulate temporal
dynamics of evapotranspiration for R. pseudoacacia, C. korshinskii and
M. sativa in the study area. Considering the strong correlations among
AET, NPP and LAI (Fassnacht and Gower, 1997; Schimel et al., 1997;
Bond-Lamberty et al., 2009; Feng et al., 2012), the modiﬁed Biome-BGC
model could be used to determine NPP and LAI of the three plant
species. It is important to note that the simulated AET was much lower
than the observed one for high values (Fig. 4). This suggested that errors existed in the method (i.e., the water balance approach) used to
measure AET. The measured AET was derived from SWC in the
0–500 cm soil proﬁle measured at the start and end of the growing
season. High AET was mostly in wet years during which time there was
enhanced ﬂow of water from shallow to deep soil layers. The instantaneous measurements of SWC in the 0–500 cm soil layer at the
start and end of the growing season could have overestimated AET due
to the possible inclusion of percolations during wet periods and therefore the high observed AET. Furthermore, many eco-physiological
parameters of the three plant species used as model input varied with
rainfall and temperature in the Loess Plateau study area (Zheng and
Shangguan, 2006, 2007). Ignoring spatial variations in eco-physiological parameters of each plant species due to diﬀerences in climatic and
soil conditions (White et al., 2000) could also have resulted in the inaccurate estimation of AET. Nevertheless, based on the four statistics
(MD, RMSE, MAPE and NSE) of the simulated and observed AET, the
Biome-BGC model proved to be a useful tool for analyzing the climatesoil-vegetation relationship in semi-arid, sub-humid regions.
Studies show that the distribution pattern of AET is driven by various environmental factors, including precipitation, temperature, solar
radiation, relative humidity and vegetation density (e.g. NDVI or LAI)
(Nosetto et al., 2005; Wang et al., 2010; Shi et al., 2013). For example,
the variability of evapotranspiration in China during the period
1982–2015 was signiﬁcantly correlated with temperature, solar radiation and relative humidity, indicating how critical surface meteorological conditions were for evapotranspiration (Li et al., 2018). In this

4.2. Optimal SWCCV and the driving variables
Since the early 1950s, re-vegetation has been the main mode of
control of soil erosion and other forms of land degradation in China’s
LP. With the implementation of various re-vegetation programs, annual
runoﬀ in the Yellow River has dropped over the century. This was
particularly the case since the late 1960s (Chen et al., 2015; Wang et al.,
2016), largely attributed to vegetation restoration programs and construction of reservoirs, terraces and other conservation structures. Feng
et al. (2012) reported decrease in water yield of 1–48 mm yr−1 in the
period 1999–2007 in 38% of the Loess Plateau area as a result of land
cover change alone. After analyzing the changes in vegetation cover
and water yield in 12 main sub-catchments in the Loess Plateau regions
of Yellow River Basin using remote sensing data for 1998–2010, Wang
et al. (2016) observed 26% decline in water yield; attributed to the

Table 5
Step-wise regression for the main variables driving spatial distribution of mean NPP of each of the investigated plant species in the Loess Plateau.
Species

Regression equation

R2

F

P

n

R. pseudoacacia
C. korshinskii
M. sativa

NPP = 1.22 × MAP–15.34×MAT+2.83 × CC–0.04×ELV+53.27
NPP = 0.21 × MAP–3.78×MAT+0.20 × SL–0.05×ELV+133.94
NPP = 0.26×MAP+18.11 × MAT–0.62×SL+0.03 × ELV–187.86

0.895
0.855
0.913

507.06
350.67
622.72

0.000**
0.000**
0.000**

243
243
243

Note: NPP = net primary productivity; MAP = mean annual precipitation; MAT = mean annual temperature; CC = clay content; SL = silt content; ELV = elevation;
** = signiﬁcance at p < 0.001.
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2001; Zhang et al., 2015a). As a key determinant of water/nutrient
storage and transport, soil texture has a strong inﬂuence on the growth
of plants. Silt with main texture variable contributing to NPP of both C.
korshinskii and M. sativa, implying that the growth of both plants favored medium-textured soils in the study area. This is because mediumtextured soil oﬀers the highest available water for plant growth as it
well suited for a good balance low water holding capacity and high
drainage loss of coarse-textured soils and poor inﬁltration, high
moisture retention and runoﬀ of ﬁne-textured soils (Nosetto et al.,
2005; Fensham et al., 2015). Soil water (matric) potential becomes
much more negative on ﬁne-textured soils than on coarse-textured soils
when moisture content is low, implying that water in drying clay soils is
more diﬃcult for plants to extract than in drying sandy soils (Sperry
and Hacke, 2002; Fensham et al., 2015). Clay, however, was the main
texture driving NPP of R. pseudoacacia; ascribed to the high root water
uptake ability of R. pseudoacacia than of C. korshinskii and M. sativa
(Yan et al., 2017). Furthermore, the spatial variation in mean NPP was
also highly dependent on elevation for all the three plant species since it
modulated climate and/or water availability in the study area. This was
in agreement with the reports of Camarero et al. (2013) and SánchezSalguero et al. (2015), implying that topographic features were necessary considerations in estimating NPP in China’s LP. The relationship of
mean maximum LAI to various other variables was similar to that of
mean NPP for all the three plant species in the study area. The above
results suggested that MAP, MAT, elevation and soil texture can be used
to accurately estimate NPP and maximum LAI of all three plant species
in the semi-arid plateau study area.

massive aﬀorestation in the region.
The excessive re-vegetation has not only decreased regional water
yield (Lü et al., 2012), but also intensiﬁed deep soil water depletion via
evapotranspiration (particularly of exotic plant species and high density
planting ﬁelds) in the region, causing imbalances in soil water availability and utilization for plant growth (Jia et al., 2017a). This has in
turn threatened the health and sustainability of the ecosystem due to
lack of available water resources. Excessive re-vegetation using C.
korshinskii has caused severe soil water deﬁcit after 10 years of growth
and dry soil layers have developed to the depth of 1–9 m (Li et al.,
2007). Jia et al. (2017b) showed that mean loss of soil water in the
1–5 m proﬁle due to the conversion of agricultural lands to forest across
China’s LP was ∼204 mm, occurring at the rate of 16.2 mm yr−1. Also
once a dry soil layer is formed; it is diﬃcult to reclaim any such land in
the plateau study area due to limited rainfall, deep water table, high
water use by vegetation and intense evaporation. According to Liu et al.
(2010), it could require ∼18 years to restore the 0–6 m SWC of alfalfa
grassland to cropland conditions in mountain regions of southern
Ningxia.
Reports of the problems of soil desiccation due to excessive re-vegetation have become common placed in the last few years. This issue
should be addressed if the replanting eﬀort is to result in optimal vegetation cover under the given climatic and edaphic conditions. The
study indicated that the ranges of optimal plant cover in the study area
were 1.1–3.5 for R. pseudoacacia, 1.0–2.4 for C. korshinskii and 0.7–3.0
for M. sativa. Then those for optimal NPP were 202.4–616.5 g C m−2
yr−1 for R. pseudoacacia, 83.7–201.7 g C m−2 yr−1 for C. korshinskii and
56.3–253.0 g C m−2 yr−1 for M. sativa; with corresponding means of
460.4, 152.2 and 109.6 g C m−2 yr−1. The simulated values for R.
pseudoacacia were consistent with those given by Sun and Zhu (2000),
with NPP of 459.7 g C m−2 yr−1 for deciduous broad-leaf forests on
China’s LP. Using a mathematical model, Zhang et al. (2003) noted
simulated NPP of 466 g C m−2 yr−1 for deciduous broad-leaf forests in
northern China.
For comparison with other studies, the factor 0.46 and 0.40 were
used to convert NPP (i.e., biomass carbon) to dry biomass production
for C. korshinskii and M. sativa, respectively. The spatial distribution of
mean dry biomass for both plants is shown in Fig. S1. The ranges of the
optimal dry biomass for C. korshinskii and M. sativa were 1.9–4.5 and
1.4–6.3 t ha−1 yr−1, with mean values of 3.4 and 2.7 t ha−1 yr−1, respectively. The biomass for C. korshinskii (3.0 t ha−1 yr−1) and M. sativa
(1.9 t ha−1 yr−1) in this study was diﬀerent from those reported by Xia
and Shao (2008), which was 3.4 and 1.6 t ha−1 yr−1 for C. korshinskii
and M. sativa, respectively for the Liudaogou catchment in China’s
northern LP region. The optimal plant cover corresponded with maximum LAI (1.3) for C. korshinskii simulated using the SHAW model (Fu
et al., 2012), for which it was also diﬀerent from that (1.6) obtained in
our study. The inconsistent results could be due to the diﬀerences in
climate during the study periods. The study period for the earlier studies was only 2–3 years, which could not suﬃciently represent longterm variability of SWCCV due to large ﬂuctuations in precipitation in
the study area. Annual and inter-annual variations in precipitation can
be very widely between dry and wet years. Our study considered the
variations in the long-term climatic conditions by covering the entire
period of 1961–2014 in simulating NPP and LAI for the three plant
species. The optimal NPP and maximum LAI were thus more representative of the long-term variability of SWCCV in the study area.
The optimal plant cover and SWCCV for each plant species generally
decreased from the southeast to the northwest, following the precipitation gradient. Step-wise regression analysis indicated that MAP,
MAT, elevation and soil texture were the main factors contributing to
NPP for the three plant species in the study area, with more than 86% of
the spatial variation in mean NPP explained by these variables
(Table 5). Precipitation, a proxy for water availability, is reported to be
the key factor controlling annual NPP in most terrestrial ecosystems in
the world, especially in arid and semi-arid regions (Knapp and Smith,

4.3. Implications for re-vegetation and land management
Increasing vegetation cover through re-vegetation is an eﬀective
measure for soil conservation. However, excessive re-vegetation can
decrease water yield, aggravate soil water scarcity and cause the formation of dry soil layers in the soil proﬁle, which can in turn threaten
the health and services of restored ecosystems. A balance between soil
water availability and water utilization by plants is critical for maintaining ecosystem health in arid and semi-arid regions of China’s LP.
Therefore, an optimal plant cover not only controls soil erosion, but
also maintains regional water balance and vegetation sustainability. As
the most common tree, shrub and grass species in the restoration program in the LP, the spatial distributions of optimal plant cover and
SWCCV for R. pseudoacacia, C. korshinskii and M. sativa were determined for diﬀerent rainfall zones in the study area. This indicated
that re-vegetation with non-native plants should consider vegetation
thresholds of the various plant species to guide future re-vegetation
drives. The current vegetation cover or NPP in many parts of the study
area was already close to or even exceeded the climate-deﬁned equilibrium vegetation cover (Feng et al., 2016; Zhang et al., 2018). The
region is known for “small old trees” that grow only ca 20% of their
normal height, indicating that the soil water consumption has exceeded
SWCCV (Jia et al., 2017a). Management such as thinning or land-use
change is required in overplanting areas to maintain a balance between
soil water availability and plant use of available soil water. M. sativa,
one of the most important forage crops in the world, is the most widely
promoted species for artiﬁcial grasslands in the LP due to its high nutritive value, drought resistance and high adaptability to rigorous climatic and poor edaphic conditions (Cui et al., 2018). Local farmers can
use the provided information on SWCCV to manage M. sativa grasslands
in the region. China’s LP is a water-limited region with precipitation as
the main source of soil water. Thus, annual precipitation is an important factor for determining SWCCV, planting sites and densities.
However, annual precipitation in the plateau region has been decreasing with increasing air temperature (Wang et al., 2011); increasing
the challenge for future re-vegetation activities in the region. The
quantiﬁcation of optimal SWCCV for various plant species under future
climate scenarios in the region is needed to guide future re-vegetation
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activities. Furthermore, this study indicated that soil texture and elevation were signiﬁcantly correlated with SWCCV. Thus, because of the
strong spatial variability of soil and topographic features in the region,
future re-vegetation activities should consider soil texture and elevation
with the highest potential to moderate site water and heat conditions.
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To address the SWCCV in China’s LP (where there is a large-scale revegetation project aimed at controlling soil erosion and restoring the
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pseudoacacia, C. korshinskii and M. sativa were simulated with using
modiﬁed Biome-BGC model. The results showed that the model accurately simulated AET for the three plant species in the region, suggesting that it can fairly simulate plant growth as AET and NPP are
closely related linearly. The simulated AET, NPP and LAI generally
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