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A B S T R A C T   

The anthropogenic revegetation for combating desertification in China has been a long-term strategy that has 
induced shrub encroachment in desert steppe and regionally notable greening. Although the benefits of reversing 
desertification, preventing erosion, and providing biomass have been recognized, the effects of anthropogenic 
revegetation on water and carbon cycles, the critical process of terrestrial ecosystem, are still poorly understood. 
This study evaluates the effects of anthropogenic revegetation on water and carbon cycles in a typical desert 
steppe located in Yanchi County, Ningxia Province, Northwest China, by simulating two scenarios of grassland 
and shrub with the Biome-BGC model. Continuous CO2 and H2O flux measurements from 2016 to 2019 were 
used to validate the performance of Biome-BGC. Results showed that the anthropogenic revegetation signifi-
cantly intensified the carbon cycle and increased carbon storages in the ecosystem and transformed the desert 
steppe ecosystem from a weak carbon source into a strong carbon sink. At the same time, the anthropogenic 
revegetation critically increased the water consumption of the ecosystem and decreased the soil water storage. 
The extreme consequence would be that the water resource will exceed the sustainable limit of ecosystems in the 
context of precipitation as the only water supply. Such undesired outcomes should be given more attention in 
state and local ecological restoration programs.   

Introduction 

As critical processes of terrestrial ecosystems, water and carbon -
cycles have become the hottest research topics in ecology and related 
disciplines (Gao et al., 2013). It was proven that water and carbon cycles 
participated in a mechanism involving coupling and equilibration 
(Cheng et al., 2017; Falkowski et al., 2000; Schimel et al., 1997). A field 
manipulation experiment in an alpine meadow showed that soil water 
content could have varied effects on ecosystem carbon cycle feedback to 
climate warming (Quan et al., 2019). At present, the response of water 
and carbon cycles of terrestrial ecosystems to climate change has been 
well documented (Heimann & Reichstein, 2008; Hein et al., 2020; 
Humphrey et al., 2018; Reichstein et al., 2013; Rind et al., 1992); 
however, the effects of anthropogenic activities on the water and carbon 
cycles of terrestrial ecosystems remain poorly understood. 

In addition to climate warming and CO2 fertilization as the main 
drivers of observed greening over the Northern Hemisphere (Myneni 
et al., 1997) and on a global scale (Piao et al., 2020a), other factors of 
importance may include intensive cropping and notable ecosystem 
reconstruction at the regional scale. Recent satellite data reveal that 
one-third of the greening of Earth is reflective of intensive human use of 
land and is strikingly prominent in China and India (Chen et al., 2019). 
Afforestation carried out to prevent desertification and mitigate climate 
change is one of the most effective strategies in many countries and has 
proven to have great potential worldwide (Bastin et al., 2019). 
Anthropogenic revegetation may be the dominant driver of grassland 
greening in Northwest China in arid and semiarid areas, and shrub-like 
trees planted in grasslands could affect the water and carbon cycles of 
terrestrial ecosystems. The Grain to Green Program (GTGP), one of the 
largest ecological restoration programs for anthropogenic revegetation, 
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has enhanced carbon sequestration and water consumption by 
increasing net primary productivity (NPP) and increasing evapotrans-
piration (ET), respectively, on the Loess Plateau of China (Feng et al., 
2016b; Gao et al., 2012). The modeling results have shown that 
decreased land-use emissions are the dominant cause of the intensifi-
cation of the net land carbon sink during the slow warming period (Piao 
et al., 2018). However, the mechanisms driving ecosystem water and 
carbon cycles in the context of anthropogenic revegetation are still 
unclear. 

The shrub encroachment in desert steppe induced by anthropogenic 
revegetation in northwest China differs from the natural shrub 
encroachment process, which is considered a signal of land degradation 
and desertification from overgrazing in grassland ecosystems (D’Odor-
ico et al., 2013). The encroachments are actually woody vegetation 
planting, and many shrubs grow simultaneously in herbaceous com-
munities, which could cause special changes in ecosystem function 
(Lavorel et al., 1997). With the native desert steppe occupied by shrubs, 
the community type and plant functional type change at a local scale, 
which affects the water and carbon cycles of the ecosystem. Natural 
encroachment of woody plants into grasslands has generated consider-
able attention among ecologists for its impacts on ecosystem structure 
and functioning (Eldridge et al., 2011). There are many reports on 
natural shrub encroachment into grass-dominated biomes and its effects 
on ecosystem function (Knapp et al., 2008). However, we have no evi-
dence describing how anthropogenic shrub encroachment affects the 
water and carbon cycles in desert steppe. Specifically, anthropogenic 
shrub encroachment in desert steppe started with an abrupt disturbance 
of grassland through planted seeds of Caragana liouana and then became 
a dominant population exhibiting rapidly encroached growth. Further-
more, anthropogenic revegetation in desert steppe is accompanied by 
grazing prohibition in grasslands. The management of shrubs and 
grasslands could have overlapping effects on vegetation carbon stocks 
(Erb et al., 2018), but this has not yet been properly assessed. Thus far, 
water cycle studies have paid little attention to human interactions with 
water (Abbott et al., 2019), which obstructs the public and policymakers 
in terms of their understanding of the hydrological cycle of 
shrub-encroached desert steppe. Therefore, a clear picture of the water 
and carbon cycles of desert steppe in the context of anthropogenic 
revegetation is not only significant for scientific research but also critical 
for state and local governments. 

Although anthropogenic revegetation in desert steppe to combat 
desertification, implemented in the 20th century, is a long-term strategy 
in China (Zhang & Huisingh, 2018), there is not sufficient long-term 
field observation data on the water and carbon cycles of changing eco-
systems with anthropogenic revegetation. Therefore, revealing the 
process of anthropogenic revegetation history and reconstructing the 
flux and storage of water and carbon in ecosystems are difficult when 
using only observational methods, and process-based ecosystem models 
can be implemented to understand the mechanism of ecosystem func-
tioning at the process level (Churkina & Running, 1998; White et al., 
2000). For this purpose, the biome biogeochemical cycle model (Bio-
me-BGC), among other similar models, provides a tool to reconstruct the 
flux and pools of water and carbon of ecosystems under historical cli-
mates and needs only past records of meteorological observations, 
ecophysiological traits and physical characteristics of sites (Thornton, 
1998). In this study, a typical anthropogenic revegetation region located 
in Yanchi County, Ningxia Province, northwest China, was selected as 
the study area, where Caragana liouana was planted in the native desert 
steppe in the 1970s to combat desertification. Our objective is to reveal 
the storage pools and exchange processes of water and carbon for the 
past few decades using validated Biome-BGC for this revegetation 
region. 

Materials and methods 

Study area and site description 

Yanchi County, the largest county of Ningxia Province, northwest 
China, is located from N37◦04′ to N38◦10′ and from E106◦30′ to 
E107◦47′ and has a total area of 6770 km2. The terrain of Yanchi County 
changes from the Loess Plateau in the south to the Ordos Plateau in the 
north (Gao et al., 2014). The area is dominated by a semiarid continental 
climate of the mid-temperate zone and is located at the end boundary of 
the monsoonal climate of East China. The mean daily temperature from 
1958 to 2017 was 8.3 ◦C, with large differences between winter and 
summer and day and night. The mean annual precipitation is 297 mm, 
which mainly falls between July and September; however, the water 
surface potential evaporation is as high as 2136 mm. Dominated by vast 
desert steppe, Yanchi County is a part of the farming–pastoral ecotone of 
northern China that has attracted a large amount of academic interest, as 
it has the largest area, longest span, and typical characteristics of an 
ecotone in China (Jia et al., 2016; Jia et al., 2018). The ecosystem was 
seriously degraded in the 20th century, and the total area of desertified 
land in Yanchi County reached a peak value in 1989 of 2370 km2 (Gao 
et al., 2014; Liu et al., 2011). Because of serious land degradation and 
desertification, state and local governments implemented a series of 
ecological restoration measurements, which included planting Caragana 
liouana in degraded desert steppe ecosystems (Chen & Duan, 2009; Gao 
et al., 2014). As a result, the area and severity of grassland desertifica-
tion reduced has in the last decade of the 20th century, as revealed by 
remote sensing data (Li et al., 2014). 

This study was conducted at a desert steppe ecosystem field station 
(E107◦29′37′′, N37◦49′46′′) located in Yangzhaizi village, approxi-
mately 10 km northeast of the county town of Yanchi. The field site was 
managed by Ningxia University, where Caragana liouana was gradually 
planted since the 1980s, and a vast planted shrub community formed at 
the beginning of the 21st century. Caragana liouana was planted at 
regular intervals of 6-8 m between two neighboring rows and 1 m be-
tween two neighboring clusters in each row (Fig. 1). The Caragana 
liouana field station has a uniform canopy with an average diameter of 
1.5 m and an average height of 1.4 m. The herbaceous plants under the 
Caragana liouana include Stipa breviflora, Lespedeza potaninii, Artemisia 
scoparia, Pennisetum centrasiaticum, Leymus secalinus, Cynanchum 
komarovii, and Euphorbia humifusa, which are the main native species of 
desert steppe in Yanchi County. The grassland has degraded, and the 
herbaceous plants are sparsely distributed, as they have weaker 
competitiveness for nutrients and water than the shrub Caragana 
liouana. 

Biome-BGC model 

Biome-BGC, which has a solid theoretical basis attained through an 
integrated consideration of biology and geochemistry, is used to simu-
late the ecosystem cycles of carbon, water, and nutrients worldwide 
(Thornton, 1998). Although Biome-BGC is a one-dimensional model, 
meaning that it represents a point in space with all fluxes and stocks 
scaled to a per square meter basis, this model has been used for many 
kinds of ecosystem types and is validated by field observations (Soubie 
et al., 2016; Wang et al., 2005; White et al., 2000). There have also been 
some improvements to the Biome-BGC model according to the charac-
teristics of ecosystems, especially managed terrestrial ecosystems (Hidy 
et al., 2012; Hidy et al., 2016; Mao et al., 2016). In a given biome 
described by initialization data (e.g., soil texture, effective soil depth, 
site elevation, latitude, etc.) and ecophysiological data (e.g., allocation 
of carbon, ratio of carbon and nitrogen, canopy-specific parameters, 
etc.), its biogeochemical processes can be simulated by Biome-BGC at 
daily time steps when the model is driven by daily meteorological data, 
including values of maximum and minimum temperatures, precipitation 
amount, solar radiation and vapor pressure deficit (Hidy et al., 2012). 
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Here, the water and carbon cycles of native grassland in desert steppe 
and shrubs after anthropogenic revegetation were simulated by 
Biome-BGC, and the results were used to evaluate the effects of 
anthropogenic revegetation on desert steppe ecosystems. 

Simulation experimental design 

Biome-BGC has a critical abstraction that neglects the dynamics of 
ecological succession within its spatial context. As such, the trans-
formation of plant functional type (PFT) caused by anthropogenic 
revegetation cannot be simulated in Biome-BGC. Therefore, the 
ecosystem cycles of water and carbon were simulated for the final stable 
situation (case 2: shrub) in which the Caragana liouana shrub had grown 
up in desert steppe, and its results were compared with those in an 
assumed scenario (case 1: grassland) with no anthropogenic revegeta-
tion (Fig. 2). The simulation experimental design could evaluate the 
anthropogenic effects on desert steppe ecosystems caused by planting 

Caragana liouana shrubs in degraded grasslands to combat desertifica-
tion. In this context, the given plant functional types of C3 grassland and 
shrubs were separately used for the full span of model running, and their 
critical ecophysiological parameters are shown in Table 1. The C3 
grassland scenario is a synthetic state in which the desert steppe is not 
affected by anthropogenic revegetation and keeps the native plant 
functional type until present, which is the same as a control group in a 
designed experiment. The scenario for the shrubs is a reality state in 
which the desert steppe was planted with Caragana liouana shrubs de-
cades ago, and the main community changed from herbaceous plants to 
woody plants, which is the same as a treatment group in a designed 
experiment. In this study, most critical ecophysiological parameters 
were measured in the field or laboratory, and some were from the 
literature. In addition, other parameters used the model defaults. The 
simulated flux was validated with the measured flux by an eddy 
covariance system for four successive years over a planted shrub com-
munity in Yanchi County. 

Fig. 1. Shrub planted in desert steppe and field observation equipment in this study.  

Fig. 2. Plant functional type changes with anthropogenic revegetation in desert steppe, the water and carbon cycles simulation design of grassland and planted shrub 
community in the Biome-BGC model, and the schematic diagram of the field observation experiment. 
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Site observation and meteorological data 

Site observation 
An eddy covariance system was used to observe the water and carbon 

flux of the planted shrub community (Fig. 1 and Fig. 2). The eddy 
covariance system has been operating since November 2015 for long- 
term flux monitoring in special ecosystems induced by anthropogenic 
activities and consists of an open path CO2/H2O analyzer (LI-7500, LI- 
COR Inc., USA) and a 3D ultrasonic anemometer (Wind Master Pro, 
Gill, UK). The system covered the shrub community (with an average 
height of 1.4 m) at a height of 3 m above a flat and uniform ground 
surface. The raw signals were recorded at 10 Hz using a data logger and 
processed with Eddy Pro 6.2.0 software (Li-COR Inc., USA) for spike 
removal, double coordinate rotation, and correction. The net ecosystem 
exchange (NEE) was separated into gross primary productivity (GPP) 
and ecosystem respiration (Re) by flux-partitioning methods (Reichstein 
et al., 2005; Wutzler et al., 2018). Then, continuous CO2 and H2O flux 
datasets were constructed and used to validate the simulation results of 
Biome-BGC. The transpiration of shrubs and the evaporation of soil were 
measured by sap flow sensors (Flow 32-1K, Dynamax Inc., USA) and a 
microlysimeter from May to August 2018. The precipitation and the soil 
water content were recorded by a tipping bucket rain gauge (TE525 
MM-L, Texas Electronics, USA) and soil moisture sensor (SM150, 

DELTA-T, UK). 

Meteorological data 
Climate data from the Yanchi national meteorological station from 

1959 to 2019 were obtained from the China Meteorological Data 
Sharing Service System of the China Meteorological Administration (htt 
p://cdc.cma.gov.cn/). The datasets include daily total precipitation, 
daily mean temperature, daily maximum temperature, daily minimum 
temperature, mean wind speed and relative air humidity. To drive a 
Biome-BGC simulation, seven meteorological indicators were generated 
by the mountain microclimate simulation model (MTCLIM) using only 
observations of temperature and precipitation. 

Model validation 

The model behavior can be evaluated with a goodness-of-fit of the 
simulated data to the observed data. We used the correlation coefficient 
(R), mean absolute error (MAE) and root mean square error (RMSE) as 
performance indicators: 
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where n is the number of observations; y′

i and yi are simulated and 
observed data, respectively, which can be the variables of ET, GPP, etc.; 
and y′ and y are the means of variables. 

Results and data analysis 

Water cycle simulation and validation 

The water fluxes of the grassland scenario and shrub scenario from 
2000 to 2019 were simulated by Biome-BGC using their corresponding 
parameterization (Table 1) and the same set of meteorological data from 
Yanchi County. To assess the model behavior, the simulated ET under 
the shrub scenario, which is the same as the actual field state, was 
compared with the ET observed by the eddy covariance system over four 
consecutive years (2016–2019). Fig. 3 shows that the simulated ET has 
the same seasonal fluctuation as the observed ET, although it has a larger 
range of magnitude on different days. In Biome-BGC, the Penman- 
Monteith equation is used to calculate evapotranspiration, which is 
composed of soil water evaporation, the evaporation of canopy inter-
cepted water and the transpiration of water from leaves (Thornton, 
1998). The soil water evaporation is calculated by scaling the potential 
evaporation, which is determined by the days since the last rain event; 
therefore, the evapotranspiration simulated by Biome-BGC always 
shows fluctuating peaks after rainy days. 

For the reason mentioned above, the scatter plot between simulated 
ET and observed ET on a daily scale is dispersed (Fig. 4a). However, the 
monthly ET has a better goodness-of-fit between the simulation and 
observation (Fig. 4b). The mean absolute errors of 0.74 mm in daily ET 
and 9.92 mm in monthly ET indicate a larger range difference at the 
daily scale but prove that the ET simulated by Biome-BGC has good 
precision at the monthly scale and therefore can be used to assess the 
monthly water consumption of an ecosystem. A validation is also con-
ducted on the two components of ET, namely, plant transpiration and 
soil evaporation. The simulated daily transpiration had a fine relation-
ship (MAE=0.21 mm•d− 1, RMSE=0.65 mm•d− 1) with the observed 
daily transpiration that was measured by sap flow sensors from May to 

Table 1 
Critical ecophysiological parameters of the BGC model for C3 grassland and 
shrubs in Yanchi County.  

Parameters Units Grass Shrub 
Values Reference Values Reference 

Yearday to start new 
growth 

yday 100 Empirical 100 Empirical 

Yearday to end 
litterfall 

yday 290 Empirical 290 Empirical 

Annual leaf and fine 
root turnover 
fraction 

yr− 1 1 Empirical 1 Empirical 

Annual fire mortality 
fraction 

yr− 1 0.02 Empirical 0.01 Empirical 

New fine root C: new 
leaf C 

ratio 1.50 Measured 0.98 Measured 

New stem C: new leaf 
C 

ratio — — 1.06 Measured 

New root C: new stem 
C 

ratio — — 0.94 Measured 

C: N of leaf kgC/ 
kgN 

23.37 Measured 20.20 Measured 

C: N of fine root kgC/ 
kgN 

46.36 Luo et al. 
(2012) 

24.04 Measured 

C: N of live wood kgC/ 
kgN 

— — 31.15 Measured 

Leaf litter labile 
proportion 

DIM 0.29 Measured 0.26 Measured 

Leaf litter cellulose 
proportion 

DIM 0.55 Measured 0.64 Measured 

Leaf litter lignin 
proportion 

DIM 0.16 Measured 0.10 Measured 

Canopy light 
extinction 
coefficient 

DIM 0.60 Empirical 0.43 Empirical 

Canopy average 
specific leaf area 

m2/ 
kgC 

11.88 Measured 19.80 Measured 

Fraction of leaf N in 
Rubisco 

DIM 0.15 Luo et al. 
(2012) 

0.33 Yan et al. 
(2014) 

Leaf water potential: 
start of conductance 
reduction 

mpa -0.42 Measured -0.42 Measured 

Leaf water potential: 
complete 
conductance 
reduction 

mpa -2.31 Measured -2.31 Measured 

Note: all empirical parameters are estimated by local experts in physiology and 
ecology. 
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August 2018 (Fig. 4c). Although there are only four months of observed 
transpiration data for the Caragana liouana shrub, the data cover the 
higher transpiration values in the growing season and represent the most 
effective growth period during the whole year. The soil evaporation on 
sunny days only has 76 samples from May to August 2018 because the 
observed data of weighting microlysimeters on rainy days are invalid. 
However, the scatter plot shows that the simulated and observed values 
are close to the 1:1 line and have lower MAE (0.19 mm•d− 1) and RMSE 
(0.24 mm•d− 1) (Fig. 4d). 

Fig. 5 shows that the soil water simulated by Biome-BGC has the 

same variation characteristics as the observed soil moisture, which are 
both driven by precipitation because each rainfall event obviously off-
sets their declining trend. The soil water simulated by Biome-BGC is the 
total water storage in the whole soil profile of the field site and is 
determined by a simple bucket model (Thornton, 1998). Therefore, the 
soil water simulation should not be equal to the observed soil moisture 
in any given layer. Fig. 5 shows that these factors have the same vari-
ation characteristics but are not equal in value. Fig. 5 also shows that the 
soil moisture dramatically decreases after each heavy rainfall but does 
not decline further when the soil moisture becomes lower than 10%. 

Fig. 3. Temporal variation in observed daily ET by the eddy covariance system and simulated daily ET by Biome-BGC during 2016-2019.  

Fig. 4. Scatter plots of simulated daily ET and observed daily ET by the eddy covariance system (a), simulated monthly ET and observed monthly ET by the eddy 
covariance system (b), simulated daily transpiration and observed daily transpiration by sap flow sensors (c), and simulated daily evaporation and observed daily 
evaporation by microlysimeter (d). 
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Notably, the soil moisture sensor was fixed in the layer 10 cm below the 
surface, where soil moisture is more sensitive to water exchange be-
tween the soil and atmosphere than the whole soil profile (Zeng et al., 
2009a). 

Carbon cycle simulation and validation 

The carbon flux of the shrub scenario simulated by Biome-BGC over 
2000-2019 is shown in Fig. 6. The gross primary productivity (GPP) of 
the ecosystem, the amount of potential carbon assimilated by the 
photosynthesis process, has a regular fluctuation on an interannual scale 
both in simulation and observation (Fig. 6a). The daily photosynthesis 
reaches its peak in summer, and GPP rises to its maximum under 
favorable environmental conditions, but GPP is small or even negligible 
in winter because the photosynthesis of the ecosystem is limited in this 
season by low temperature and weak solar radiation (Zhou et al., 2016). 
The phenological definition in certain ecophysiological parameters 
(yearday to start new growth and yearday to end litterfall) leads to a 
complete halt of photosynthesis in Biome-BGC, and the GPP is equal to 
zero during nongrowing seasons. However, the Caragana liouana shrub 
could not completely stop photosynthesis, and there could be observa-
tion noise from an infrared gas analyzer of the eddy covariance system, 
which might still provide observed GPP during winter if such observa-
tion noise was treated. The photosynthesis of ecosystems is accompanied 
by the respiration of ecosystems (Re), which is composed of growth 
respiration, maintenance respiration and heterotrophic respiration 
(Thornton, 1998); thus, these are the carbon fluxes of ecosystems in two 
opposite directions during carbon capture and release. The temporal 
variation in daily Re between the simulation of Biome-BGC and the 
observation of the eddy covariance system during 2016-2019 is shown 
in Fig. 6b. The simulated carbon emissions of the Caragana liouana shrub 
are close to the observations. As the difference between GPP and Re, the 
net ecosystem exchange (NEE) was used to indicate the net carbon ex-
change between the ecosystem and atmosphere. Both the simulated NEE 
and the observed NEE indicate that the planted shrub community in 
desert steppe was a carbon sink in summer but a carbon source in winter 
(Fig. 6c). The variation characteristics of carbon exchange at the sea-
sonal scale are more obvious in NEE simulated by Biome-BGC than those 
observed. 

Next, the carbon simulation by Biome-BGC and the simulated GPP, 
Re and NEE from 2016 to 2019 were compared with the corresponding 
observed data on daily and monthly scales using scatterplots (Fig. 7). 
The daily simulated GPP has a good fit with the daily observed GPP. The 
MAE and RMSE between the simulated GPP and observed GPP are 0.65 g 
C•m− 2•d− 1 and 0.78 g C•m− 2•d− 1, respectively (Fig. 7a). At the 
monthly scale, their correlation is more favorable in that they have a 
higher correlation coefficient (R), and their values are closer to the 1:1 

line than those at the daily scale (Fig. 7b). These results prove that the 
simulated GPP is effective in explaining the carbon absorption of planted 
Caragana liouana shrubs in desert steppe. Because the carbon flux of 
ecosystems is a complex process but GPP only indicates the carbon 
absorbed from the atmosphere through photosynthesis, the simulated Re 
that indicates the carbon emission process of ecosystems is also vali-
dated by the observed Re at daily and monthly scales (Fig. 7c-d). The 
results show that the simulated Re has high precision with a lower MAE 
and RMSE when compared with the observed Re at both temporal scales. 
There is a significant correlation between the simulated NEE and the 
observed NEE; however, the simulated NEE has a larger error than the 
simulated GPP given that the NEE has a larger MAE and RMSE (Fig. 7e- 
f). Similar to the results for ET, GPP and Re, the simulated daily NEE has 
more relative error than the simulated monthly NEE. As a result, it can 
be concluded that Biome-BGC has better performance in estimating the 
long-term flux of the planted shrub community in desert steppe than on 
a daily scale. 

Effects of anthropogenic revegetation on water cycle 

The simulated ET values of grassland and shrub scenarios from 2000 
to 2019 in Yanchi County are shown in Fig. 8. The planted shrub com-
munity in desert steppe has a higher ET than the native grassland of 
desert steppe, and the simulated ET of the planted shrub community is 
even higher than the precipitation in some extreme years, which in-
dicates that the soil water storage from the previous year can be 
consumed by the planted shrub community. The ET difference between 
the grassland and planted shrub communities grew after 2005, and the 
largest value of 181.69 mm appeared in 2018. The limitation of water 
supply by precipitation in drought years, such as 2000 and 2005, 
reduced the ET of the planted shrub community and led to a lower ET 
difference between the grassland and planted shrub communities. A 
phenomenon is also noted in which the ET of the planted shrub com-
munity obviously increased from 2005, an extreme drought year, 
although the potential evapotranspiration (ET0) of the region signifi-
cantly decreased in the past two decades. The results indicate that 
anthropogenic revegetation has intensified the water consumption of 
ecosystems, which is a dangerous signal that has received little attention 
in state and local ecological restoration programs. 

Based on the simulation of water flux and storage in these scenarios 
in Yanchi County, the water cycle balance of native grassland and 
planted shrub community in desert steppe is illustrated using the annual 
average values from 2000 to 2019 (Fig. 9). The planted Caragana liouana 
shrub mainly enhanced the transpiration of the ecosystem, which 
eventually increased the ET of the ecosystem. The planted shrubs also 
enhanced the canopy water evaporation of the ecosystem, but they 
accounted for no more than 10% of ET. In contrast, the soil evaporation 

Fig. 5. Temporal variation in simulated soil water storage by Biome-BGC and observed soil moisture and precipitation over the period of May to August 2018.  
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slightly decreased in that the solar radiation to the soil surface was 
intercepted by the canopy of Caragana liouana more than the native 
grass canopy. As a result, the total ET increased 54.9% with anthropo-
genic revegetation in the desert steppe of Yanchi County under the same 
water supply conditions by precipitation. In the context of the same 
climate, the larger water consumption driven by planted shrub 
encroachment reduced the soil water storage from 242.73 kg H2O/m2 to 
161.19 kg H2O/m2. If the ET of the planted shrub community is 
continuously enhanced in the future, the soil water storage will reach 
the wilting point, and the ecosystem will eventually be destroyed. 
Moreover, runoff also decreases as the plant functional type changes 

from grass to shrub, which could be a beneficial effect of anthropogenic 
revegetation on the water cycle in desert steppe. Although groundwater 
is not simulated in Biome-BGC, it has almost no exchange with soil and 
plants because its depth in this field is more than 6 m below the surface 
(Zhu et al., 2014). 

Effects of anthropogenic revegetation on carbon cycle 

The simulated GPP and NEE of the grassland and shrub communities 
from 2000 to 2019 in Yanchi County are shown in Fig. 10. The GPP of 
the shrub community is not only greater than that of grassland but also 

Fig. 6. Temporal variation in daily GPP (a), Re (b) and NEE between the simulation of Biome-BGC and the observation of the eddy covariance system during 
2016-2019. 
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fluctuates more. The standard deviations of GPP were 4.66 and 96.77 g 
C•m− 2•yr− 1 in the grassland and shrub communities, respectively. The 
results are consistent in that the shrub of Caragana liouana has a great 
canopy, thick stems and plentiful leaves that accumulate large biomass, 
while the herbaceous plants of grassland are weaker in terms of accu-
mulating biomass. The greater GPP of the shrub community is also 
accompanied by a larger NEE and acts as a carbon sink in 11 normal 
years and a carbon source in drought years (e.g., after the extreme 
drought event in 2005). The carbon sink had a total NEE of -133.81 g 
C•m− 2•yr− 1 for the shrub community during the whole period of 2000- 
2019. In contrast, the grassland is a carbon source with a total NEE of 
0.40 g C•m− 2•yr− 1 for the same period, which is negligible. 

The carbon cycle balance of native grassland and the planted shrub 
community in desert steppe was illustrated using the annual average 
values of carbon flux and storage from 2000 to 2019 (Fig. 11). 

Anthropogenic revegetation in desert steppe enhanced the capability of 
ecosystems not only for carbon sequestration but also for carbon emis-
sions. The annual average GPP increased from 132.67 g C•m− 2•yr− 1 for 
herbaceous plants to 423.51 g C•m− 2•yr− 1 for Caragana liouana shrubs 
after anthropogenic revegetation. The respiration of the ecosystem also 
changed with anthropogenic revegetation. First, the enhanced GPP from 
the Caragana liouana shrub is accompanied by stronger woody plant 
autotrophic respiration, which includes growth respiration (Rg) and 
maintenance respiration (Rm). Growth respiration is associated with 
growing processes of plants, such as the synthesis of new structures for 
growth, nutrient uptake, nitrogen reduction and phloem loading, for 
which the shrub of Caragana liouana is stronger than herbaceous grasses. 
The annual average Rg increased from 22.77 g C•m− 2•yr− 1 for herba-
ceous plants to 65.46 g C•m− 2•yr− 1 for Caragana liouana shrubs after 
anthropogenic revegetation. The vigorous growth of Caragana liouana 

Fig. 7. Scatter plots of daily GPP (a), monthly GPP (b), daily Re (c), monthly Re (d), daily NEE (e), and monthly NEE (f) between the Biome-BGC simulation and the 
eddy covariance system observations. 
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will require more energy for biological processes that do not result in a 
net increase in dry matter, such as the maintenance of ion gradients 
across membranes and the resynthesis of degraded organic compounds 
(Lötscher et al., 2004; van Iersel & Seymour, 2000). Therefore, the 
annual average Rm increased from 33.97 g C•m− 2•yr− 1 for herbaceous 
plants to 139.85 g C•m− 2•yr− 1 for Caragana liouana shrubs after 
anthropogenic revegetation. The plant functional type change from 
herbaceous plants to woody shrubs not only changed the aboveground 
biomass and biological processes but also influenced the underground 
biogeochemical process. The heterotrophic respiration (Rh) of the Car-
agana liouana shrub is enhanced to 2.78 times after anthropogenic 
revegetation compared to that of herbaceous plants under the same 

climate conditions. 
The vigorous carbon flux of the Caragana liouana shrub also led to the 

accumulation of more carbon in the ecosystem (Fig. 11). In particular, 
the vegetation carbon increased 110.89 times from herbaceous plants to 
Caragana liouana shrubs after anthropogenic revegetation. The large 
biomass of shrubs produces more litter, which leads to the annual 
average litter carbon increasing from 41.60 g C•m− 2 for herbaceous 
plants to 1874.19 g C•m− 2 for Caragana liouana shrubs. However, the 
soil carbon only increased 4.19 times after anthropogenic revegetation 
because the biogeochemical cycle of carbon from plant to soil is a slow 
process; however, anthropogenic revegetation in desert steppe may lead 
to a larger carbon sink on the Earth’s surface over a sufficient time 

Fig. 8. Temporal variation in simulated annual ET values of shrub and grass communities, precipitation, and potential evapotranspiration (ET0) in Yanchi County 
over 2000-2019. 

Fig. 9. Water cycle diagram of native grassland and planted shrub community in desert steppe based on the simulation of Biome-BGC. Notes: the value in the 
diagram is the average from 2000 to 2019. The unit of the water flux-related variable is mm•yr− 1 (or g H2O•m− 2•yr− 1), and the unit of the water storage-related 
variable is kg H2O/m2. 
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period. 

Discussion 

Effects of anthropogenic revegetation on ecosystem processes 

Anthropogenic revegetation is a needed means of mitigating 
ecological degradation and reproducing the original plant community 
(Booth & Vogel, 2006) because natural recovery rates are generally very 
slow (Lovich & Bainbridge, 1999). Anthropogenic restorative interven-
tion has been used to enhance the success and rate of recovery world-
wide, and the consequences for long-term ecosystem processes have 
been evaluated from different perspectives. The most common result is 
that anthropogenic revegetation can fix carbon in ecosystems and cause 
recovered ecosystems to experience carbon sequestration (Ágústsdóttir, 
2004). It is also proven in this research that the carbon fixation capa-
bility of planted Caragana liouana is enhanced after anthropogenic 
revegetation in desert steppe. Plant diversity changes with anthropo-
genic revegetation and eventually influences soil microbial communities 
(Guo et al., 2018). However, the most profound impact on long-term 
ecosystem processes is the water cycle of regional land surfaces, which 
includes the effects of reducing runoff and erosion (Feng et al., 2016a; 
Liu et al., 2019), changing the soil-water carrying capacity for vegeta-
tion (Jia et al., 2019; Shao et al., 2018), enhancing regional evaporative 
water consumption (Shao et al., 2019), increasing the water-use 

efficiency of ecosystems (Zheng et al., 2019) and even inducing a 
thorough response of hydrogeomorphic ecosystems (Fu et al., 2017). A 
study based on currently revegetated areas and human water demand in 
the Loess Plateau of China showed that anthropogenic revegetation must 
be maintained at a threshold net primary productivity (NPP) of 400±5 g 
C•m− 2•yr− 1, above which the population will suffer water shortages 
(Feng et al., 2016b). In this study, we simulated the NPP of anthropo-
genic shrubs of Caragana liouana in Yanchi County as 218.2 g 
C•m− 2•yr− 1, which is typical of desert steppe and reflects more serious 
water shortages and more barren soil. Although we cannot determine 
whether anthropogenic revegetation has reached the local threshold of 
NPP, soil water storage is significantly decreased with a tremendous 
increase in plant transpiration after revegetation. Therefore, the 
anthropogenic revegetation of planting Caragana liouana in Yanchi 
County will drive the ecosystem to approach sustainable water resource 
limits in the future. 

Mechanism of the anthropogenic revegetation effect on the mass cycle of 
the ecosystem 

Based on the simulation of the two vegetation types, the water and 
carbon fluxes of the ecosystem after anthropogenic revegetation were 
compared with those in native desert steppe. Fig. 12 shows that the plant 
functional type changing from grass to shrub with encroaching Caragana 
liouana shrub induced by anthropogenic revegetation in desertified 

Fig. 10. Temporal variation in the simulated annual GPP and NEE of the shrub and grass communities in Yanchi County from 2000-2019.  

Fig. 11. Carbon cycle diagram of native grassland and planted shrub community in desert steppe based on the simulation of Biome-BGC. Notes: the values in the 
diagram are averaged from 2000 to 2019. The unit of carbon flux-related variables is g C•m− 2•yr− 1, and the unit of carbon storage-related variables is g C•m− 2. 
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grassland has a critical effect on ecosystem function. Anthropogenic 
revegetation intensifies the water cycle of ecosystems by consuming 
more water with enhanced ET against the backdrop of the same rainfall 
and decreasing water storage of soil. From the view of hydrology, those 
results are negative for the water balance of ecosystems in arid and 
semiarid areas (Feng et al., 2016b; Fu et al., 2017; Shao et al., 2019). 
Anthropogenic revegetation also intensified the carbon cycle of eco-
systems by accumulating more carbon from the atmosphere to the 
ecosystem and making the ecosystem a carbon sink (Piao et al., 2020a). 
Therefore, the most important effect of anthropogenic revegetation on 
the mass cycle of ecosystems could be summarized as capturing carbon 
but losing water. The reduced runoff with anthropogenic revegetation 
will have benefits for preventing soil erosion in mountain and hill areas 
(Feng et al., 2016a; Fu et al., 2017), but this still depends on whether the 
soil erosion is caused by water. 

Will anthropogenic shrub encroachment reach a stable stage? 

In this paper, we have studied the effects of anthropogenic revege-
tation on the water and carbon cycles in desert steppe based on the 
modeling results of shrub-dominated and grass-dominated plant com-
munities under the same climate. Natural shrub encroachment is usually 
considered a signal of land degradation and desertification from over-
grazing in grassland ecosystems (D’Odorico et al., 2013). Although the 
main cause of natural shrub encroachment in grasslands varies world-
wide, the common viewpoint is that it could change the characteristics 
of soil and the distribution of resources. Nevertheless, a meta-analysis 
based on 43 ecosystem attributes from 244 case studies showed that 
the relationship between shrub encroachment and degradation is intri-
cate (Eldridge et al., 2011). The features of shrub encroachment driven 
by anthropogenic revegetation are the opposite of natural shrub 
encroachment in that the purpose of planting shrubs in desert steppe is 
to combat desertification (Zhang & Huisingh, 2018). Previous studies 
have shown that shrub encroachment in many arid areas around the 
world has a striking feature of irreversibility and that shrubland is a 

stable alternative to grassland (D’Odorico et al., 2012). However, 
whether anthropogenic shrubland reaches its stable stages in the tran-
sition from grassland to shrubland is still not confirmed. The results from 
water cycle modeling in this study showed that anthropogenic revege-
tation has intensified the water consumption of ecosystems and could 
deteriorate the water balance of desert steppe in arid and semiarid areas. 
The exogenic factor of water shortage may drive the transition of 
shrubland to other plant types in the future. 

Unconsidered ecological succession and soil-water-heat dynamics 

In this study, shrub encroachment is actually afforestation in arid 
and semiarid areas where water resources are limited, and only shrub 
plants such as Caragana liouana can be afforested here. Such anthropo-
genic shrub encroachment differs from the gradual process of woody 
plants invading herbaceous grasslands in nature. With the high-density 
planting of Caragana liouana in desertified grasslands, the shrub- 
dominated plant community gradually emerged in desert steppe, and 
the process of vegetation restoration on desertified grasslands can be 
viewed as an ecological succession (Zhang et al., 2005). In theory, the 
ecological succession induced by anthropogenic revegetation in Yanchi 
County is actually a secondary succession, which is a process started by 
shrub planting that reduces the established herbaceous plants to a 
smaller population of species (Prach & Walker, 2011). Seed production, 
one of the most critical factors that controls the increase in abundance of 
a species during succession, is manipulated by humans. Thus, ecological 
succession has rapidly succeeded within several decades, and Caragana 
liouana has become not only a pioneer species but also a climax com-
munity. Although ecological succession could change the soil quality 
and the distribution of soil carbon and nitrogen (Jia et al., 2012; Zhang 
et al., 2011), it was not considered in Biome-BGC because the model 
simplifies the actual biogeochemical processes of succession. Because of 
the neglected ecological succession of Biome-BGC, the water and carbon 
cycles in the period of plant functional type changes from 1970 to 2000 
cannot be simulated properly. Therefore, this study only simulated the 

Fig. 12. Plant functional type change and its effect on the water and carbon flux of ecosystems caused by anthropogenic revegetation in desert steppe. The unit of 
carbon flux-related variables is g C•m− 2

•yr− 1, and the unit of carbon storage-related variables is g C•m− 2. 
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water and carbon cycles in the shrubland stage after 2000 and compared 
them with those in the native grassland scenario (Fig. 2). Obviously, the 
mass and energy cycles in the period of plant functional type change are 
more complicated than the single stages of grassland or shrubland. 
Moreover, long-term ecological field observations are particularly 
valuable for understanding the disturbance dynamics of ecosystems 
(Turner et al., 2003). However, there were only four years of observa-
tions of water and carbon fluxes by the eddy covariance system over the 
shrub community of Caragana liouana in this research. Therefore, a 
control field experiment of grassland is also needed, and the water and 
carbon flux of grassland will be validated by observation data in the 
future. 

Furthermore, Biome-BGC currently simulates soil water transport 
using a simple bucket model, which is not able to understand the soil- 
water-heat dynamics and their interactions with water and carbon cy-
cles in arid and semiarid ecosystems (Figure 5). In arid and semiarid 
environments, soil heat and mass transfer are intricate and highly 
coupled via vapor transport in the soil (Zeng et al., 2009a, 2009b). 
Neglecting the soil vapor flow mechanism will lead to the underesti-
mation of land surface fluxes by one-third (Zeng et al., 2011a, 2011b; 
Zeng and Su, 2013). Furthermore, the bucket model cannot provide 
insights into the soil water budgets of different soil layers and thus 
compromises the understanding of how much water content is stored or 
leaves the root zone area/layers (Yu et al., 2016a). Therefore, it is 
necessary to adopt a detailed soil-water-heat dynamics model to replace 
the bucket model in Biome-BGC to investigate soil water budgets with 
fine details (i.e., layering and well-defined root zones). As such, it will 
become feasible to understand soil-water dynamics and their role in the 
water-carbon cycle of native grassland and planted shrub communities 
in desert steppe. It is also essential to reinforce the in situ measurements 
in terms of soil moisture and soil temperature at multiple depths, root 
and plant physiology and hydraulics (Wang et al., 2020). 

Effects of climate change on anthropogenic shrub encroachment in desert 
steppe 

Notably, the current research neglects the regional climate change 
scenario, although Yanchi County, Ningxia Province, is located in 
eastern Northwest China, where no notable climate change from warm- 
dry to warm-wet conditions can be identified (Piao et al., 2010; Shi 
et al., 2007). Nevertheless, the climate warming of Yanchi County is still 
significant, with a trend of 0.03 ◦C per year from 1959 to 2019 (Fig. 13). 
Climatic variations are the major drivers of the interannual variation in 
the terrestrial carbon cycle, although debate remains regarding whether 
the dominant driver is temperature or moisture variability or even their 
interaction (Piao et al., 2020b). Wang et al. (2019) found that the carbon 

sequestration of grasslands in China will increase under future global 
warming scenarios of 1.5 ◦C. Thus, the experienced climate warming of 
1.8 ◦C in Yanchi County over 1959-2019 can increase carbon seques-
tration in both grassland and anthropogenically revegetated Caragana 
liouana shrub communities. Nonuniform seasonal warming (Xia et al., 
2014) and asymmetric diurnal warming (Peng et al., 2013) could lead to 
a divergent response of carbon sequestration to rising temperatures, 
which is currently not considered in most carbon cycle models, 
including Biome-BGC. Yang et al. (2019) found that the increased pre-
cipitation and temperature outside the growing season stabilized carbon 
in the desert steppe. On the other hand, rising atmospheric CO2 con-
centrations with climate change can reduce stomatal conductance in 
plants and lead to lower transpiration rates per unit leaf area, eventually 
influencing the terrestrial hydrological cycle (Cui et al., 2020, Schle-
singer & Jasechko, 2014). In arid and semiarid areas, the grassland 
biome was more sensitive to climate change, whereas the shrub biome 
was more drought tolerant, which might cause the water and carbon 
cycles of anthropogenic shrub-encroached desert steppe to become more 
complex. 

However, this study focused mainly on the effects of anthropogenic 
revegetation on the water and carbon cycles of a desert steppe 
ecosystem, although shrub encroachment in desert steppe could be 
induced by climate warming. The observed meteorological data are a 
real record of historical climate conditions in the context of current 
climate change. Therefore, the results of the Biome-BGC model driven 
by the observed meteorological data fall under the framework of climate 
change experienced in Yanchi County (for both native grassland and the 
planted shrub community in desert steppe). Notably, the water and 
carbon cycles of desert steppe ecosystems under large-scale climate 
change scenarios in the future will be a hot topic for ecological studies. 
In addition, the research assumed that the microclimate was not influ-
enced by anthropogenic revegetation; thus, the same set of meteoro-
logical data was used to drive Biome-BGC under the two scenarios. This 
assumption has limitations in that afforestation could change the local 
microclimate, such as the amount and distribution of precipitation in a 
year, although the consequences are very weak in arid and semiarid 
areas. This issue needs more attention since Li et al. (2020) proved that 
afforestation in China remotely impacts the climate in other regions via 
the coupling of forest energy fluxes with atmospheric circulation. 
Therefore, a control field of grassland to measure meteorological factors 
is essential for the assessment of anthropogenic revegetation on 
ecosystem function in future studies. 

Limitations of the method and observations 

Although runoff and soil water storage were simulated by Biome- 

Fig. 13. Mean annual temperature and annual precipitation of Yanchi County from 1959 to 2019.  
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BGC based on the water balance, their reliability was not validated in 
this study. Therefore, the simple bucket model in Biome-GC should be 
replaced with a soil-water-heat dynamics model, and the in situ mea-
surement of soil moisture and temperature should be enhanced. How-
ever, some studies have shown that Biome-BGC can appropriately 
simulate runoff and soil water storage (Gordon et al., 2004; Hidy et al., 
2012; Kimball et al., 1997). Furthermore, the more specific ecophysio-
logical parameters of C3 grasslands and shrubs in Yanchi County should 
be measured in the future for more accurate simulations. The simulated 
daily ET has high-frequency noise that leads to a difference from the 
observed daily ET. The soil water evaporation is calculated by scaling 
the potential evaporation using the Penman-Monteith equation, which 
still needs more evaluation in arid and semiarid rangelands with sparse 
vegetation (Moran et al., 1996; Stannard, 1993,Yu et al., 2016a). Alt 
hough the planted Caragana liouana shrub in the desert steppe of Yanchi 
County is denser than the original vegetation of the desert steppe 
(Fig. 1), it still does not fully cover the land surface. Therefore, the 
simulated daily ET increased significantly after the rain event, which 
caused some fluctuating peaks (Fig. 3) and resulted in an unfavorable 
performance compared with the observed daily ET (Fig. 4a). However, 
the Penman-Monteith equation is one of the most useful methods for ET 
calculation worldwide, and its uncertainty is not a fatal obstacle in most 
hydrological models, including Biome-BGC (Yu et al., 2016b). More-
over, the study mainly proves the effects of anthropogenic revegetation 
on the water and carbon cycles of a desert steppe ecosystem by 
comparing the simulated ET under the assumed grassland and shrub 
scenarios. The difference between the two kinds of simulated ET is 
relative and could eliminate most of the uncertainties because the 
simulated grassland and the simulated shrub site are located in the same 
region, and the same set of meteorological data was used. 

The carbon flux has a more favorable simulation than the water flux 
since Biome-BGC has an effective physiological model process. The first 
step in the Biome-BGC model run is a spin up that requires a steady 
initial condition to ensure that there is a balance between input and 
output flux. Once the carbon pools are built in a spin-up run, the only 
addition of carbon to the ecosystem occurs through the DePury and 
Farquhar two-leaf photosynthesis process model (Thornton, 1998). 
Therefore, the correlation coefficient (R) between the simulated daily 
GPP and the observed GPP is higher than that between the simulated 
daily ET and the observed ET (Fig 4a and Fig 7a), which indicates that 
the simulated daily GPP has higher accuracy than the simulated daily 
ET. The same rule also appeared in the simulation of Re. However, the 
NEE has an unfavorable performance that could mainly be induced by 
the coupling statistical error and the lower magnitude since NEE is a 
subtraction of GPP and Re. 

Conclusion 

To evaluate the effects of anthropogenic revegetation on the water 
and carbon cycles in desert steppe, the storage pools and exchange 
processes of water and carbon under two grassland and shrub scenarios 
were simulated by Biome-BGC in Yanchi County, Ningxia Province, 
northwest China, where Caragana liouana shrubs were planted in native 
desert steppe since the 1970s to combat desertification. Simulation re-
sults were validated with field measurements of the water and carbon 
cycles for four consecutive years (2016–2019). The following conclu-
sions are obtained: (1) Biome-BGC can simulate the water and carbon 
cycles of the Caragana liouana community planted in desert steppe and 
has better performance in estimating monthly flux than on a daily scale. 
(2) The carbon cycle of the desert steppe ecosystem was significantly 
affected by anthropogenic revegetation, which intensified the carbon 
cycle, enlarged the carbon storage of the ecosystem and led to the 
ecosystem changing from a carbon source to a carbon sink. (3) 
Anthropogenic revegetation intensified the water consumption of the 
ecosystem and decreased the soil water storage in the desert steppe. 
Water resources will approach the sustainable limits of ecosystems in the 

context of precipitation as the only water supply, which should receive 
more attention in state and local ecological restoration programs. 
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