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A B S T R A C T

Vegetation dynamics are generally restricted by climate and the related soil-water state; however, the responses
of vegetation growth to precipitation conditions following afforestation at a watershed scale remain unclear. In
this study, we selected a typical small watershed in a semi-humid-arid transition climate zone, the Loess Plateau
in China, where several afforestation programs have been implemented. We employed a plant-water coupled
model to investigate the sensitivity of vegetation growth to precipitation input and to identify the effect of
drought on vegetation growth during juvenile and mature stages. The model presents a favourable performance
in simulating the water balance and vegetation dynamics during 2000‒2015. The model and remote sensing
retrieved leaf area index (LAI) produce consistent trends regarding vegetation growth. Vegetation growth is not
considerably restricted by the current precipitation conditions (semi-humid); however, the growth rate may be
quite sensitive to low precipitation input (semi-arid conditions), particularly in the juvenile stage following
afforestation. Moreover, vegetation growth is limited by the occurrence of drought in this area. Drought events
impose a lag effect on the LAI, and there may be a longer lag effect in the juvenile stage than in the mature sage.
The findings from this study provide comprehensive insights into analysing vegetation responses to precipita-
tion, with considerable implications for the implementation of ecological restoration programs in China.

1. Introduction

Vegetation plays key roles in energy, water, and carbon cycles in
terrestrial ecosystems (Nemani et al., 2003; Pielke et al., 2003;
Wu et al., 2016; Yuan et al., 2018; Zeng et al., 2018; Yao et al., 2019).
Vegetation dynamics (including vegetation growth) is affected by both
positive and negative effects of climate change, and impose strong cli-
mate feedbacks by regulating water and energy exchanges and atmo-
spheric CO2 concentrations (Wu et al., 2016; Green et al., 2017;
Wei et al., 2017; Zeng et al., 2018). Moreover, vegetation dynamics are
affected by afforestation activities in many areas of the world, such as
in southern Ireland (humid climate), the Mulde basin in Germany
(semi-humid climate), the Sahara (arid climate), and the Kubuqi Desert
in Inner Mongolia (arid climate) (Kemena et al., 2017;
Lautenbach et al., 2017; Jovani-Sancho et al., 2018; Odoulami et al.,
2018; Wang et al., 2018). Due to serious soil erosion and frequent

natural disasters, specifically the Loess Plateau in China is a char-
acteristic fragile ecological area (Sun et al., 2015; Li, 2016;
Wang, 2016; Jia et al., 2017; Chen, 2018). Since 1999, several refor-
estation programs (e.g., Grain for Green) implemented in this area have
significantly improved vegetation coverage (Xie et al., 2015b;
Wang et al., 2017). Therefore, it is necessary to understand the re-
lationship between vegetation growth and climatic conditions, espe-
cially in water-limited regions.

The effect of precipitation change on vegetation growth has at-
tracted extensive attention. A few studies employed remote sensing-
based vegetation indexes, e.g., the Normalised Difference Vegetation
Index (NDVI), to represent vegetation growth conditions and concluded
that NDVIs are positively and strongly correlated with precipitation
dynamics (Jiang et al., 2017; Tang et al., 2017; Workie and
Debella, 2018; Chu et al., 2019). A similar relationship was also re-
vealed in the Loess Plateau (Zhao, 2012; Xie et al., 2015a; Wang, 2016;
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Yue et al., 2019). However, these studies have failed to fully understand
the impact of precipitation on different vegetation growth stages after
afforestation (e.g., the juvenile and the mature stage). Moreover, few
studies considered the lag effect of interannual precipitation anomalies
(especially under drought conditions) on vegetation growth, which is
essential to understand the mechanisms underlying ecosystem beha-
viours and activities (Cao and Woodward, 1998).

To quantify the relationship between vegetation growth and pre-
cipitation dynamics, a few methods have been proposed. The most
common method is the observation-based statistical regression model
(Green et al., 2017; Tang et al., 2017; Chen et al., 2018; Mo et al.,
2019). This black-box type of model has been widely used to identify
the relationship between vegetation activity and water conditions
(Wu et al., 2014), but it has limitations in parameterizing vegetation
physiology, which is essential to capture the complex interactions be-
tween plant and water constraints. Alternatively, ecohydrological
models that couple plant growth and water distribution are valuable for
many applications. As a typical plant-water coupled model, the Soil and
Water Assessment Tool (SWAT) model has been demonstrated as an
effective tool for hydrological modelling and plant growth across var-
ious scales (Arnold et al., 1999; Gassman et al., 2007; Krysanova and
White, 2015; Yu et al., 2017).

In this study, we aimed to understand the relationship between
vegetation growth and precipitation conditions. We selected a typical
watershed, the Xiuyan River watershed in a semi-humid-arid transition
climate zone, which has been one of the first areas in which affor-
estation programs have been implemented (i.e., the Grain for Green
program). We investigated two main issues:

1) What is the sensitivity of vegetation growth to precipitation change
in different growth stages?

2) What is the drought lag effect on vegetation growth?

Following model evaluation on water and vegetation growth, the
SWAT model was used to simulate plant-water coupled processes. This
study has implications for afforestation design and management in
semi-arid and semi-humid climatic conditions.

2. Data and Methods

2.1. Study Area

The study area, the Xiuyan River watershed, is located in Zichang
County, Yan'an City, Shaanxi Province of the Loess Plateau, which lies
between 37°1′-37°19′ N‒109°12′-109°43′E, with an area of 892.4 km2

(Fig. 1). It has a warm continental monsoon climate with a mean
temperature of approximately 13°C. During the past three decades, the
mean annual precipitation has been approximately 500 mm, and an-
nual precipitation has varied from 0.6 to 1.6 times of the mean value
(between approximately 300‒800 mm). More than 70% of the rainfall
occurs from May to September. Hence, this area is in a semi-humid-arid
transition zone, with evapotranspiration accounting for about 80% of
the precipitation.

The area is dominated by cropland and grassland, followed by
forest, with small proportions of water and construction land. The main
tree species in the forests are Robinia pseudoacacia and Pinus tabulae-
formis (Yu et al., 2019). After the Grain for Green program had been
implemented in the year 1999 (Zhou et al., 2009; Li et al., 2010), the
proportion of forest increased from 9.02% (81 km2) in 1990 to 21.41%
(185 km2) in 2010 (Fig. 2). Correspondingly, cropland and grassland
decreased by 9.08% (86 km2) and 3.55% (31 km2) respectively, which
implies that the afforestation project contributed a great deal to land-
use change in this area. Since afforestation was implemented in plateau
and hilly areas, precipitation is the only water input to the local eco-
system (Feng et al., 2016). Vegetation growth is particularly sensitive to
precipitation changes (Shen et al., 2011), thus, this is an ideal area to

identify the impact of precipitation on vegetation growth.

2.2. Data Availability

The SWAT model requires a Digital Elevation Model (DEM), land
use, soil, and meteorological data to simulate different hydrological
processes. The DEM data with a 90-m spatial resolution was obtained
from the Shuttle Radar Topographic Mission (SRTM) (http://
www.gscloud.cn/). Land-use maps were obtained from Remote Sensing
Monitoring Data of Land Use in China (Liu et al., 2010) (http://
www.resdc.cn/), and land-use data were classified into five classes, i.e.,
crop, forest, grass, water body, and building area. Information on soil
types was collected from the Spatial Distribution Data of Soil Types in
China (http://westdc.westgis.ac.cn/). Related soil physical properties
were derived from the Harmonized World Soil Database (HWSD)
(Nachtergaele et al., 2012; Choi et al., 2016), which combines existing
regional and national properties of soil information worldwide. Soil
chemical properties were calculated based on data of soil physical
properties. Daily precipitation, minimum/maximum temperature, solar
radiation, and average humidity data for 1980 to 2018 were acquired
from the China Meteorological Administration (CMA) (http://da-
ta.cma.cn/site/index.html).

The coupled modelling was evaluated based on streamflow and the
leaf area index (LAI). Daily streamflow data for the Zichang station at
the watershed outlet were from the Hydrological Data of the Yellow
River Basin of Hydrological Yearbook. The LAI data with an 8-day
temporal resolution for 2000‒2017 were obtained from a Global Land
Surface Satellite (GLASS) product (Xiao et al., 2016; Xiao et al., 2017)
(http://www.geodata.cn/). Table 1 presents detailed information about
these data.

2.3. Model Description

SWAT is a semi-distributed, processed-based ecohydrological model
(Arnold et al., 2010; Arnold et al., 2012; Bonuma et al., 2013; Tan et al.,
2019). It is parameterized to simulate plant growth processes with
water, temperature, and nutrient constrains. In the SWAT framework,
the water balance is the basic process driving other ecohydrological
processes. The water balance equation is expressed as:

∑= + − − − −
=

SW SW R Q E W Q( ),t
i
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day surf a seep gw0
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where SWt is the final soil water content (mm H2O), SW0 is the initial
soil water content on day i (mm H2O), t is the time (days), Rday is the
amount of precipitation on day i (mm H2O), Qsurf is the amount of
surface runoff on day i (mm H2O), Eais the amount of evapotranspira-
tion on day i (mm H2O), Wseep is the amount of water entering the
vadose zone from the soil profile on day i (mm H2O), and Qgw is the
amount of return flow on day i (mm H2O).

SWAT has been coupled with a plant growth model to simulate
various vegetation dynamics (Arnold et al., 1999). The model can dif-
ferentiate between annual and perennial plants. In this study, we used
the amount of canopy cover to indicate the condition of vegetation
growth. The amount of canopy cover is expressed as the LAI, which is
defined as the area of green leaves per unit area of land. Under ideal
growing conditions, for perennials, the leaf area added on day i is
calculated using the following equation:
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The accumulated LAI is expressed as:
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= +−LAI LAI LAIΔ ,i i i1 (3)

where ΔLAIi is the leaf area added on day i, LAIi and −LAIi 1 are the leaf
area indices for day i and i-1, respectively, frLAImx, i and −frLAImx i, 1 are
the fraction of the plant's maximum LAI for day i and i-1, LAImx is the
maximum LAI for the plant, yrcur is the age of the tree (years), and
yrfulldev is the number of years for the tree species to reach full devel-
opment (years). According to equation 2, the model employs different
vegetation growth modes for the juvenile and the mature stages. For the
juvenile stage (yrcur < yrfulldev), the accumulated LAI will vary de-
pending on the age of the tree relative to the number of years required
for the tree to mature. For the mature stage (yrcur ≥ yrfulldev), the ac-
cumulated LAI will not depend on the age increase. Thus, yrfulldev is an
important parameter for vegetation growth.

When leaf senescence becomes the dominant growth process, the
LAI for perennials is calculated as:
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where LAI is the LAI for a given day, LAImx is the maximum LAI, frPHU is
the fraction of potential heat unit accumulated for the plant on a given
day in the growing season, frPHU, sen is the fraction of the growing
season (PHU) at which senescence becomes the dominant growth pro-
cess.

Actual plant growth differs from the above potential growth due to
temperature, water, and nutrient constraints. The actual leaf area added
on day i is calculated as:

=LAI LAI γΔ Δ · ,act i i reg, (5)

where ΔLAIact, i is the actual leaf area added on day i, ΔLAIi is the po-
tential leaf area added on day i that is calculated with equation (1) or
(2), and γreg is the plant growth factor (0.0‒1.0).

The plant growth factor quantifying the constraints is calculated as:

= −γ wstrs tstrs nstrs pstrs1 max( , , , ),reg (6)

where wstrs is the water stress for a given day, tstrs is the temperature
stress for a given day expressed as a fraction of optimal plant growth,
nstrs is the nitrogen stress for a given day, and pstrs is the phosphorus
stress for a given day.

The water stress for a given day is calculated as:
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where Et is the maximum plant transpiration on a given day (mm H2O),
Et, act is the actual amount of transpiration on a given day (mm H2O),
and wactualup is the total plant water uptake for the day (mm H2O). In
this study, we only considered the water constraint and removed ni-
trogen and phosphorus stress. Therefore, the scenario simulation results
of the model were assumed to be only contributed by the precipitation
change. Given the consideration of the water constraint, previous soil

Fig. 1. China's regional boundary (a), Loess Plateau boundary and location of the study area (b), location of the river and China Meteorological Administration
(CMA) station and hydrological station (c).

Fig. 2. Land use change from 1990 to 2010 in the Xiuyan River watershed.
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water conditions (e.g., water stress during a drought) in the year due to
precipitation anomalies will impact the later soil water storage, thereby
affecting vegetation growth. Thus, the SWAT model with a plant-water
coupled process cannot only simulate the interannual change in the LAI,
but also its daily change. The plant growth in a given year will vary
depending on the age of the tree and environmental conditions (e.g.,
water and temperature).

2.4. Model Setup, Calibration and Validation

The study area was divided into 19 sub-basins (Fig. 1), and 89 hy-
drologic response units (HRUs). The detailed model setup in this study
is shown in Fig. 3.

The Soil and Water Assessment Tool-Calibration Uncertainty
Program (SWAT-CUP) software package was used in this study for
model calibration, validation, sensitivity, and uncertainty analysis
(Liu et al., 2010). This package employs the Sequential Uncertainty
Fitting version 2 (SUFI-2) algorithm to map all uncertainties (para-
meter, conceptual model, input, etc.) on the parameters (expressed as
uniform distributions or ranges). It is able to capture the majority of the
measured data within the 95% prediction uncertainty (95PPU) of the
model in an iterative process. Three objective functions i.e., determi-
nation coefficient (R2), Nash-Sutcliffe efficiency (NSE), and percentage
Bias, were used to search for optimal parameter values.

The eco-hydrological model was calibrated and validated with re-
spect to water balance and vegetation dynamics. For the water balance,
although the soil-water state is a direct factor constraining vegetation
growth, we employed streamflow as a surrogate to evaluate the model
performance due to data availability (moreover, streamflow is the most
widely used variable in hydrological model evaluation). According to
the sensitive parameters in SWAT (Santhi et al., 2001; Muleta and
Nicklow, 2005; Arabi et al., 2008; Yu et al., 2017), six parameters were
selected for streamflow calibration regarding runoff generation and
routing processes (Table 2).

For the calibration of vegetation related parameters, we first de-
termined the initial value of each vegetation parameter according to the
SWAT database, and then optimized the vegetation parameters of dif-
ferent vegetation types, so that the simulated LAI matched the GLASS
LAI as well as possible. Based on the plant growth formulation, five
parameters were selected for LAI calibration (Table 3).

We first calibrated the runoff related parameters (Table 2), and then
the vegetation related parameters (Table 3). It may be beneficial to
combine both streamflow and LAI, but it is difficult to set an objective
function because of this multi-objective optimization problem. More-
over, the Soil and Water Assessment Tool-Calibration Uncertainty
Program (SWAT-CUP) can only be used for runoff related parameter
calibrations, while the vegetation related parameters need to be
manually adjusted. Thus, we optimized the runoff- and vegetation-re-
lated parameters separately, although the two processes are actually
coupled. Based on such a calibration and validation for water balance
and vegetation dynamics, optimal parameter values were achieved for

subsequent simulations with different scenarios.

2.5. Experiment Design

According to the precipitation condition in the study area, pre-
cipitation in this area fluctuates between 0.6 and 1.6 times the mean
value. Moreover, precipitation in 2004 and 2015 was approximately
289 mm and 329 mm, respectively, i.e., well below the annual mean
precipitation, which shows that drought events occurred in these two
years, which may have imposed different stresses on vegetation growth.

To identify the sensitivity of vegetation growth to the precipitation
dynamics and the drought events, we designed four scenarios with
different precipitation conditions, as illustrated in Fig. 3. In scenario 1,
for the period of 2000‒2017, the precipitation input for the model was
set at 0.6 times the actual precipitation. Therefore, the mean annual
precipitation was approximately 312 mm, which represents a semi-arid
climate condition. In scenario 2, the precipitation input was the actual
time series with a mean of approximately 520 mm. This scenario in-
dicates a semi-humid condition and can be taken as a baseline simu-
lation, and was the scenario used for the model calibration and vali-
dation. In scenario 3, the precipitation input was set as 1.6 times the
actual time series, and its value was approximately 832 mm, which
represents a humid climate condition. In scenario 4, except that the
precipitation input in 2004 and 2015 was the average annual pre-
cipitation, the precipitation input in the other years was the same as
that in scenario 2. This scenario was designed to enable the discussion
of the drought lag effect of vegetation growth. The lengths of the two
stages were identified according to the temporal variation in the LAI.
Since this study focused on vegetation dynamics after afforestation, the
vegetation in this paper mainly refers to forest, and the simulated LAI is
with respect to the forest land.

3. Results

3.1. Model Calibration and Validation

3.1.1. Streamflow
The model for the water balance simulation was calibrated for the

periods of 2006 and 2008‒2009 and was validated for the period of
2010‒2012 with a warm-up period of 3 years (1997-1999). We used
three years to spin-up the model, given that there was little afforesta-
tion practice before the year 2000. Afforestation operations in the
SWAT model started at the fourth year (i.e., in 2000), which is in line
with the actual situation. Fig. 4 shows the simulation results of the daily
runoff for calibration and the 2010‒2012 validation at Zichang station.

The simulated streamflow was consistent with the corresponding
observations. The determination coefficient (R2) was 0.70 for the cali-
bration and 0.73 for the validation, and the NSE was up to 0.70. The
bias was ‒1.51% for the calibration and 5.99% for the validation. The
simulation results suggest that the SWAT model performance was sa-
tisfactory and acceptable according to the criteria used in this

Table 1
Data descriptions and sources used.

Data type Resolution Database name Source

Digital Elevation Model (DEM) 90 m SRTMDEM 90M Resolution Raw Elevation
Data

GS Cloud (http://www.gscloud.cn/)

Soil type 1 km Spatial Distribution Data of Soil Types in
China

Resource and Environment Data Cloud Platform (http://www.
resdc.cn/)

Land use 1 km (1990, 2010) Remote Sensing Monitoring Data of Land Use
in China

Resource and Environment Data Cloud Platform (http://www.
resdc.cn/)

Meteorological data Daily (1980‒2017) Annual Daily Value Data Set of Ground in
China

National Meteorological Information Center (http://data.cma.cn/
site/index.html)

streamflow Daily (2006,2008‒2012) Hydrological Data of the Yellow River Basin Annual Hydrological Report of China
Leaf area index (LAI) 1 km, 8-day (2000‒2017) GLASS Products-LAI National Earth System Science Data Center (http://www.geodata.

cn/)
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application (Nash and Sutcliffe, 1970). Overall, the SWAT model and
related parameters were reliable to simulate the water balance in the
catchment.

3.1.2. Leaf Area Index (LAI)
As the main vegetation growing season in the study area is from

May to September, we selected the LAI from this growing season for
calibration and validation. For forest, the increase in the LAI was re-
lated to the change in tree structure. In this study, grass is actually a
perennial vegetation with mixed shrubs and grasses, not a simple

annual vegetation. Thus, the LAI for the grassland should increase an-
nually. Therefore, we validated the LAI from forest and grassland. The
results of the simulated model for the forest and grassland LAIs were
consistent, in terms of time, with the corresponding GLASS LAI (Fig. 5).
Please note that the model and the GLASS presented a similar increase
for the grass LAI because the grassland is composed of mixed perennial
vegetation.

Table 4 shows the simulation results of the forest and grassland LAIs
for 2000‒2011 (calibration) and 2012‒2017 (validation). For the
forest, the determination coefficient (R2) was 0.80 for the calibration

Fig. 3. Flow chart applied in this study. HRU – hydrological response unit, SWAT – soil and water assessment tool.

Table 2
Parameters used in the runoff calibration processes.

Parameter Model input file Description Value range

CN2 mgt SCS runoff curve number 20~100
GW_DELAY gw Groundwater delay (days) –10~10
GWQMN gw Threshold depth of water in the shallow aquifer required for return flow to occur (mm) 0~5000
CH_K2 rte Effective hydraulic conductivity in main channel alluvium 0~150
SOL_AWC (1) sol Available water capacity of the soil layer 0~1
SOL_K (1) sol Saturated hydraulic conductivity 0~2000
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and 0.85 for the validation, and the corresponding NSE values were
0.73 and 0.82, respectively. Accordingly, the calibration and validation
of grassland also achieved acceptable results. Fig. 6 shows the simu-
lated LAI and Global Land Surface Satellite (GLASS) LAI for the 19 sub-
basins in the study area, which were almost consistent in their spatial
distribution. Given the appropriate parameterizations and the favour-
able performance, the model results were reliable to interpret the re-
sponse of plant growth after afforestation.

3.1.3. Climate and LAI Changes
The interannual precipitation and air temperature showed different

temporal variations (Fig. 7). Precipitation has had large interannual
changes in this area. The amount of precipitation was > 700 mm in
2002, whereas it was only 289 mm in 2004 and 329 mm in 2015, in-
dicating that drought events occurred in 2004 and 2015. However, the
interannual temperature in the region has shown little change, with a
mean of approximately 13 °C. In response to such climate conditions,
the soil water in this area simulated by SWAT had similar dynamics to
those of the precipitation, and it reached a low level in 2004 and 2015,
about 172 mm and 134 mm, respectively.

Evidently, the performance of the simulated LAI was basically the
same as that of the GLASS LAI (R2 = 0.77, NSE =0.71 and Bias
=4.15%), whereby both increased annually. The LAI increased from
0.34 in 2000 to 1.34 in 2017. Interestingly, the simulated LAI showed
an upward trend in 2002 and a slight decrease in 2015, which was
basically consistent with the precipitation and soil water fluctuation.
Although the simulated LAI did not decrease in 2004, it showed a
downward trend in 2005, which may be due to the lag effect of drought
on the LAI. It has to be noted that the GLASS LAI also showed a lag
effect in 2005, as it remained at the same level as that in 2004 (about

0.65). While the SWAT simulation failed to trace specific fluctuations in
the GLASS LAI (e.g., the sharp increase in 2002), it successfully cap-
tured the general pattern of the LAI increase. According to the soil
water dynamics, the lag effect in 2015 was not obvious because the
water stress referring to the low level of soil moisture due to the 2015
drought was largely relaxed by the precipitation in 2016 (Fig. 7). In
contrast, the 2004 drought was more severe than that in 2015, ac-
cording to precipitation and soil moisture. Thus, soil moisture and the
related vegetation growth state (i.e., LAI) did not recover in 2005.
These analyses suggest that precipitation may have a substantial impact
on vegetation dynamics. In addition, the LAI increased rapidly prior to
2012, whereas it tended to stabilise after 2012. Given the life cycle of
tree species, the first 12 years were assumed as a juvenile stage, after
which the vegetation was assumed to be in a mature stage. A few other
studies also indicated that the tree species planted on the Loess Plateau
need about 12 years to mature (Hu et al., 1992; Liu, 1998; Xu et al.,
2003; Zhu et al., 2004). Therefore, we set the mature stage =yr 12fulldev
in the modelling and investigated the lag effect in the two stages.

The vegetation LAI also showed spatial variability (Fig. 8). In 2001,
the LAI in most areas was < 0.5, especially in the northwest, where the
LAI was < 0.3. In contrast, in 2017 the LAI of the entire area reached
0.9 and exceeded 1.5 in the southeast part. Generally, the LAI in the
southeast of the study area was larger than that in the northwest, which
was likely due to the lower elevation in the southeast and the relatively
rich water resources. There was only a small difference in the LAI be-
tween 2013 and 2017 because the vegetation reached the mature stage.
Moreover, the LAI in 2015 was even lower than that in 2013 due to the
drought in 2015.

Table 3
Parameters used in the leaf area index (LAI) calibration processes.

Parameter Model input file Description

BLAI Plant.dat Max leaf area index
FRGRW1 Plant.dat Fraction of the plant growing season corresponding to the 1st. Point on the optimal leaf area development curve.
FRGRW2 Plant.dat Fraction of the plant growing season corresponding to the 2nd. Point on the optimal leaf area development curve.
HEAT_UNITS mgt Total heat units for cover/plant to reach maturity
CURYR_MAT mgt Current age of trees (years)

Fig. 4. (a) Calibration and (b) validation results for daily streamflow. NSE – Nash-Sutcliffe efficiency.
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3.2. Sensitivity of Vegetation Growth

3.2.1. Effect of Different Precipitation Conditions on Vegetation Growth
The simulation results of scenarios 1‒3 are shown in Fig. 9 (a). It

was found that the LAI from scenario 3 (1.6 P) was slightly larger than
that from scenario 2 (P). The LAI from scenario 1 (0.6 P) fluctuated
sharply and was considerably lower than that of scenario 2. For in-
stance, the LAI decreased from 0.53 (scenario 2) to 0.36 (scenario 3) in
2005 and from 1.32 to 0.89, respectively, in 2015. To further examine
the precipitation impact on vegetation in the modelling, we prescribed
different precipitation inputs from 0.2 to 2 times (i.e., the multiplier of

Fig. 5. Calibration and validation results for (a) forest and (b) grassland leaf area index (LAI).

Table 4
Leaf area index (LAI) calibration and verification results. NSE – Nash-Sutcliffe
efficiency.

Vegetation types Simulated period (year) R2 NSE Bias (%)
Forest Calibration 2000‒2011 0.80 0.73 0.61

Verification 2012‒2017 0.85 0.82 1.10
Grassland Calibration 2000‒2011 0.78 0.72 5.72

Verification 2012‒2017 0.80 0.74 2.83

Fig. 6. Spatial distribution of the simulated LAI and Global Land Surface Satellite LAI (GLASS LAI) from April to September for 2000 to 2017 in Xiuyan River
watershed, China. LAI – leaf area index.
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precipitation α in Fig. 9 c) the actual precipitation time series. Fig. 9 (b)
and Fig. 9 (c) present the responses of the LAI and biomass to the
precipitation conditions (the multiplier α), respectively. It is perceived
that the LAI and biomass had logarithmic correlations with precipita-
tion, as the coefficients of determination (R2) were 0.93 and 0.86, re-
spectively, in the fitting formulas, and with the increase of precipita-
tion, the LAI and biomass growth rates also decreased. Beyond that, and
if α < 1, vegetation growth was more sensitive to a precipitation
change, whereas if α > 1, the sensitivity was substantially decreased.

3.2.2. Effect of Precipitation Change on Vegetation in Different Stages of the
Growth Cycle

We identified the sensitivity of the LAI in the juvenile and the ma-
ture stages from May to September in the three scenarios (scenarios 1-
3). The LAI of the mature stage was clearly greater than that of the
juvenile stage in the three scenarios (Fig. 10). From May to September,
the largest LAI difference between the juvenile stage and the mature
stage appeared in July, while the smallest difference occurred in May.
Fig. 10 (d) and 10 (e) show the LAI change rate of scenario 1 and
scenario 3, respectively, relative to scenario 2. The LAI change rate in
the mature stage of scenario 1 was 4% higher than that in the juvenile
stage, and the highest was in June (5%). However, in scenario 3, there
was no significant difference between the LAI change rate in the mature
stage and the juvenile stage, especially in July and August, while the
largest difference appeared in May. At the same time, the LAI change
rate in the mature stage was approximately 1% higher than that in the
juvenile stage.

3.3.3. Lagged Effect of the Influence of Drought on Vegetation
The difference (scenario 2 – scenario 4) in the LAI between scenario

2 and scenario 4 is shown in Fig. 11. The LAI in scenario 2 was 0.017
and 0.132 lower than that in scenario 4 in 2004 and 2005, respectively.
Interestingly, in scenario 2, after the drought in 2004, the LAI in 2005
decreased more than in 2004, which shows that the interannual lag
effect of drought on vegetation growth was significant in the juvenile
stage. On the contrary, the negative anomaly of precipitation in 2015

almost only caused the LAI to decrease in that year, which shows that
the hysteresis of the influence of drought on vegetation is not very
significant in the mature stage. We further explored the response of the
daily LAI during the two drought events. Although the negative pre-
cipitation anomaly began in May of 2004 and 2015 (Fig. 12), the ne-
gative LAI differences appeared after June of the two years. The largest
absolute LAI differences were up to –0.03 and –1.7 in June for 2004 and
2015, respectively, where the largest proportional LAI difference
reached –4.4% and –9.5% in late June until September. Thus, the lag
effect of the two droughts is one month at least.

4. Discussion

4.1. Impacts of Precipitation on Vegetation Growth

This study identified the sensitivity of vegetation growth to pre-
cipitation change. The results show that vegetation growth is sub-
stantially limited by precipitation and that the sensitivity of vegetation
to precipitation varies in different life stages. Drought has a lag effect
on vegetation growth. Although there have been many reports on the
sensitivity of vegetation growth to precipitation change, the majority
were based on black-box type models with statistical regressions
(Kong et al., 2017; Quetin and Swann, 2017; Tang et al., 2017;
Chen et al., 2018; Li et al., 2019; Mo et al., 2019). In this study, we
employed a plant-water coupled model to simulate vegetation growth.
We not only clarified the specific effects of different precipitation
conditions on vegetation growth, but also found that the lag effect of
drought in different vegetation life cycle stages differed, which has also
been revealed by other studies (Martiny et al., 2006; Mberego, 2017;
Papagiannopoulou et al., 2017; Li et al., 2019; Mo et al., 2019).

We found that the trend of vegetation growth varied with the in-
crease in precipitation within a certain range and that there was a
roughly logarithmic relationship between vegetation growth and pre-
cipitation (Fig. 9). This finding has also been discussed by previous
studies (Chang et al., 2014; Yang et al., 2015; Zhu et al., 2015;
Justine et al., 2017; Tang et al., 2017) in which close relationships were

Fig. 7. Precipitation, temperature, soil water, and LAI changes from 2000 to 2017.
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established between the vegetation index and climate factors.
Li et al. (2019) found that a stepwise multiple regression equation can
well represent the relationship between the LAI and precipitation. Del-
Toro-Guerrero et al. (2019) reported that vegetation greenness showed
significant temporal and spatial correlations with precipitation features.
Furthermore, what is surprising is that the growth rate of LAI and
biomass decreased with increasing precipitation (Fig. 9). This finding
was consistent with Tang et al. (2017), who indicated that vegetation
growth in a low-precipitation area was more sensitive to precipitation
than that in a high-precipitation area. This implies the existence of a
precipitation threshold, beyond which vegetation growth will not be
limited by precipitation, but rather controlled by other factors, such as
carbon dioxide, solar radiation, tree-age, etc. (Gavito et al., 2001;
Juvany et al., 2013).

Our study revealed the effect of precipitation change on the vege-
tation in different stages of the growth cycle. When the annual pre-
cipitation was < 400 mm in scenario 1 for semi-arid climate condi-
tions, vegetation growth in the juvenile stage was more sensitive to
precipitation input than in the mature stage. In contrast, when the
annual precipitation was > 400 mm in scenario 2 for semi-humid cli-
mate conditions, vegetation growth in the mature stage was more
sensitive to precipitation than in the juvenile stage, although the sen-
sitivity was not particularly distinct. This may be due to the large water
demand during the maturity of the vegetation. Previous studies have
investigated seasonal effects of precipitation on vegetation growth

(Gaughan et al., 2012; Chen and Weber, 2014; Cramer and
Hoffman, 2015; Mberego, 2017; Liu et al., 2018; Zp et al., 2018).
Tang et al. (2017) explored the spatiotemporal changes of vegetation
growth and the responses to climate changes and found that the
summer NDVI was positively correlated with summer precipitation. In
comparison to previous studies, our study not only discussed the sen-
sitivity difference during the main growing season (May-September),
but also analysed the sensitivity of vegetation in the juvenile and ma-
ture stages to the precipitation change under different climatic condi-
tions.

Our study also found that drought had a lag effect on vegetation
growth. Previous studies have independently reached the same con-
clusion (Martiny et al., 2006; Mberego, 2017; Papagiannopoulou et al.,
2017; Tang et al., 2017; Li et al., 2019; Mo et al., 2019). Yet, in contrast
to previous research, our study discovered the lag effect of drought on
vegetation growth in different life cycles (juvenile and mature stages)
(Fig. 12). Our study found that the lag effect of drought on vegetation
growth in different life cycles (young and mature) is also different
(Fig. 12). This may be because, in the juvenile stage, the increase in the
LAI mainly depends on the age of the plants and the vegetation state at
the end of the last year. In the mature stage, the increase in the LAI is
not related to the age and the vegetation state of the previous year, but
mainly relies on the climate of the current year. Therefore, the lag effect
is different between the juvenile and the mature stage. There are several
possible reasons for a time lag between precipitation and vegetation

Fig. 8. Spatial distribution of the Global Land Surface Satellite (GLASS) LAI.
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growth. One is that the soil moisture memory is long-term.
Mo et al. (2016) found that soil water storage during the previous non-
growing season had a consistent spatial effect on the vegetation cover
change in a semi-arid and semi-humid river basin, based on the annual
water balance. Another reason is the nonlinear and delayed response of
vegetation to precipitation change based on in-situ observations
(Wolf et al., 2014). A further possible reason is the residence time of
water flowing through different regions since it has been shown that
there is a spatial phase difference between precipitation and NDVI
dynamics (Helton et al., 2014; Mcdonnell and Beven, 2014).

4.2. Implications

Understanding the sensitivity of vegetation growth to precipitation
change in afforestation areas is conducive to reasonably evaluating the
environmental carrying capacity of the area and has implications for
the selection and construction of afforestation areas. Taking the Loess
Plateau as an example, there are distinct regional differences in pre-
cipitation changes (Miao et al., 2016; Sun et al., 2016; Wang et al.,
2016; Yang et al., 2018), and drought has a certain impact on vegeta-
tion growth. Numerous studies have shown that vegetation restoration
in the Loess Plateau leads to soil drought, which in turn affects the
vegetation, resulting in the decline in vegetation coverage (Jia and
Shao, 2014; Yang et al., 2014; Zhang et al., 2018; Su and
Shangguan, 2019). Therefore, local climate conditions should be con-
sidered for further afforestation. In addition, in other afforestation areas
around the world, such as Kubuqi Desert in Inner Mongolia, the Sahara,
the Sahil in Africa, southwest Ireland, and the Mulde basin in Germany
(Kemena et al., 2017; Lautenbach et al., 2017; Jovani-Sancho et al.,
2018; Odoulami et al., 2018; Wang et al., 2018), vegetation growth
may also be affected by precipitation, especially in arid areas, such as
the Sahara (Kemena et al., 2017). These areas should be forested
without affecting the ecological balance.

4.3. Uncertainties

There are uncertainties in this study. First, the uncertainties in the
GLASS LAI may influence the model calibration. If additional ground
LAI observations were to be used to further validate the model, the
uncertainty would be reduced. Secondly, the model parameters would
have introduced uncertainties in our attribution analysis (Galavi et al.,
2019; Guo and Su, 2019; Yan et al., 2019; Zhang et al., 2019). There-
fore, it would be advantageous to determine different vegetation
parameters for various vegetation species across the Loess Plateau.
Moreover, the model calibration and validation for the water balance
were based on streamflow observations. Soil moisture evaluations are
important to guarantee reasonable simulations for the water balance in
vegetation growth. Thirdly, there are some small-scale water con-
servancy facilities in the study area, including small dams and scattered
terraces (Guo, 2016). These water conservancy facilities affect hydro-
logical processes and are more influential for runoff routing process
than for runoff generation (which highly depends on soil water condi-
tions). Our modelling did not specifically consider their impact. How-
ever, our model calibration attenuated the impact of the water con-
servancy facilities, as it ensured a reliable runoff simulation through
parameter adjustment/optimization, so as to obtain acceptable simu-
lations for the overall water balance. Moreover, this study focuses on
vegetation growth processes, which are constrained by the soil moisture
conditions after afforestation. The impact of terraces and check dams
may, thus, not be significant.

5. Conclusions

This study employed a plant-water coupled ecohydrological model
to simulate vegetation growth. The primary focus was to identify the
sensitivity of vegetation growth to precipitation in a typical afforesta-
tion area on the Loess Plateau. After afforestation, the LAI increased
from 0.34 in 2000 to 1.34 in 2017 in the study area, especially in the
downstream areas with relatively sufficient water availability. We
found that vegetation growth seems to have a logarithmic correlation

Fig. 9. (a) Changes in the leaf area index (LAI) in three scenarios from 2000‒2017, and changes in (b) LAI and (c) biomass under different levels of precipitation.
Note: α is the multiplier of precipitation.
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with precipitation. The LAI and biomass were more sensitive to pre-
cipitation in the case of a low precipitation. Specifically, when the total
precipitation was < 400 mm, the sensitivity of young vegetation to

precipitation change was higher than that of mature vegetation. When
the total precipitation was > 400 mm, on the contrary, the sensitivity
of young vegetation to precipitation change was lower. In the juvenile
stage, drought had a distinct lagged effect on vegetation growth, and
can even affect vegetation growth in the following year, whereas in the
mature stage, the lag effect from drought may be shorter. Although
these findings are inferred from a small watershed, they are expected to
not only contribute to the understanding of the hydrological and eco-
logical processes of vegetation restoration but also provide reference
values for the implementation of global afforestation projects and sus-
tainable environmental management.
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