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Abstract: Grasslands, a vital ecosystem and component of the global carbon cycle, play a significant
role in evaluating ecosystem health and monitoring the global carbon balance. In this study, based on
the Carnegie–Ames–Stanford Approach (CASA) model, we estimated the Net Primary Productivity
(NPP) of grasslands in northern Shaanxi from 2000 to 2020. Employing trend analysis, stability analy-
sis, multiple regression analysis, and residual analysis, the research examined the dynamic changes
of grassland NPP and its response to climatic and human factors. Key findings include: (1) Grassland
NPP showed a significant increasing trend during 2000–2020, with high-coverage grasslands showing
a higher rate of increase than medium and low-coverage grasslands. (2) Most grasslands (>90%)
exhibited unstable growth and high NPP fluctuation. (3) While temperature, precipitation, and
radiation undulate, the trends were not significant. Rainfall and radiation emerged as dominant
factors affecting NPP, with temperature suppressing NPP increase to some extent. (4) Policies like
returning farmland to grassland had a positive impact on grassland recovery, vegetation productivity,
and regional ecosystem health.

Keywords: spatiotemporal dynamics; net primary productivity; multiple regression; climatic impact;
anthropogenic influence

1. Introduction

Grassland, covering 40% of the global land [1,2], plays an essential role in mitigating
global climate change [3–5], developing livestock husbandry [6,7], preserving hydrological
functions [8], and increasing carbon and nitrogen sequestration [9–11]. Furthermore,
grassland also exerts a significant role in carbon storage, accounting for approximately
one-third of the terrestrial carbon with an estimated magnitude of 200–300 Pg C. During
drought periods, grasslands potentially become a carbon source [12]. However, with
the aggravation of climate extremes and human factors, 61.49% of the total grass has
suffered degradation throughout 2001–2010 in northwest China [13,14]. In addition, land
use transformation and the quantifying of spatiotemporal variations in different types
of grasslands should receive strengthened supervision, which is of great significance in
assessing the carbon cycling in grassland ecosystems [13,15–17].

Net Primary Production (NPP) of grasslands refers to the total accumulation of organic
matter fixed by green plants through photosynthesis per unit of time and area, which
accounts for more than 30% of the NPP in the global terrestrial biomes and is a crucial
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sensitive indicator directly reflecting the productivity of ecosystems [18–21]. NPP is not only
the key element in the link of energy flow and biomass accumulation within ecosystems but
also an essential constituent part of the global carbon cycle, which holds great significance
for evaluating ecosystem health, monitoring global carbon balance, and is used commonly
as an essential indicator to assess and reflect the sustainability of grassland ecosystems
and their source/sink functions. With the development of 3S technology, remote sensing
products coupled with statistical models were widely adopted to estimate the NPP of
terrestrial ecosystems [22–24].

To date, numerous remote sensing-based models have been developed to estimate
NPP. Scholars, such as Wang et. al. [25], used the Zhou Guangsheng model to replicate
climate-induced potential NPP (PNPP), from which they obtained the anthropogenic-
induced NPP (HNPP) by subtracting the actual NPP (ANPP). They also assessed human
activities’ impact on grasslands. This methodology was adopted by Feng et al. [26] and
Tian et al. [27]. The Carnegie–Ames–Stanford Approach (CASA) model, derived from
absorbed photosynthetically active radiation (APAR) and light energy efficiency, has been
commonly used to calculate NPP regionally and globally [28–30]. As a result, changes in
vegetation NPP dynamics in China and other regions have been unveiled. Yet, northern
Shaanxi, a key area for the “Grain for Green Project”, still lacks comprehensive studies
on grassland NPP dynamics and influencing factors. Since 2000, northern Shaanxi has
seen significant development opportunities with the implementation of national strate-
gies such as the “Western China Development” plan and the “Belt and Road Initiative”.
However, large-scale “mountaintop removal” and “gas oil” projects have left areas like
Yan’an and Yulin in an unsustainable state [31,32]. This study categorizes the grasslands in
northern Shaanxi into three coverages according to Land Use and Cover Change (LUCC).
This provides an understanding of the distribution and dynamic patterns of grassland
types in this particularly fragile region. It also serves as a reference for the restoration of
similar arid and semi-arid grasslands located in energy-rich but ecologically vulnerable
environments, thereby promoting the actual construction of such restoration initiatives. A
more comprehensive analysis of the influential factors on NPP would indeed enhance the
persuasiveness of this study.

Therefore, the trend analysis methods (including the Theil–Sen median trend analysis
and Mann–Kendall test): stability analysis, partial correlation analysis, multiple regression
analysis, and residual analysis, were used to investigate the spatiotemporal distribution of
grassland NPP of northern Shaanxi in 2000–2010, and explore relationships between NPP
and the driving factors at multiple time scales by using Pearson correlation analysis and
Multivariate regression analysis (MLR). The main objectives are as follows: (1) to investigate
the spatiotemporal features of NPP dynamics during 2000–2020; (2) to reveal the nonlinear
trend of NPP and determine the dominantly responsible timescale for vegetation NPP
dynamics; (3) to examine the spatial heterogeneity of the relationships between NPP and
climate factors, as well as to quantify the relative contributions of human intervention
and climate variations on NPP over different timescales. In future regional ecosystem
management decisions, the differences in climate background should be given top priority,
and the Interco ordination between local ecosystem resource demands and ecosystem
restoration must be taken seriously to maximize the benefits of ecosystem restoration plans.
This is particularly pertinent for the energy-abundant yet fragile eco-environment of the
northern Shaanxi.

2. Materials and Methods
2.1. Study Area

The northern Shaanxi, located at the center of the Loess Plateau and the northern
perimeter of Shaanxi Province (107.3◦~111.4◦ E, 35.4◦~39.6◦ N), comprises 22 counties,
3 municipal districts, and 9689 administrative villages. This region spans the entire juris-
dictions of Yan’an and Yulin cities, covering approximately 79,957.2 km2. It is bordered by
Inner Mongolia, Ningxia, and Gansu provinces to the north and west, while the Weibei
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Plateau, Weinan, Tongchuan, and Xianyang lie to the south within the province. The Yellow
River separates it from Shanxi Province to the east. As of 2020, the resident population
exceeded 5.91 million, representing 15.82% of the total population of Shaanxi Province. The
terrain displays a gradual slope from the northwest to the southeast, within an elevation
range of 508 to 1911 m above sea level. The region predominantly falls within arid and
semi-arid zones, characterized by a temperate, arid continental monsoon climate. This
climate results in high temperatures and rainfall during the summer and autumn, with
average annual precipitation and temperatures ranging from 318.78 to 612.77 mm and
7.20 to 12.86 ◦C, respectively. The local grassland is divided into three types according
to the Land Use and Cover Change (LUCC) classification system: high-coverage grass-
land (2533 km2), medium-coverage grassland (20,352 km2) and low-coverage grassland
(11,915 km2) (Figure 1e).
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Figure 1. Location of study area: (a) geographical location, (b) elevation, (c) mean annual temperature,
(d) mean annual precipitation, and (e) grassland types.

2.2. Data Source and Preprocessing
2.2.1. NDVI Data

The study utilized the normalized difference vegetation index (NDVI) data from the
Earth Observing System (EOS)/Moderate Resolution Imaging Spectroradiometer (MODIS)
dataset available on the National Aeronautics and Space Administration (NASA) official
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website (https://lpdaac.usgs.gov/data/ (accessed on 20 March 2023)). The data were
then processed, including splicing, filling missing data, interpolation, unit conversion
of meteorological data, mean calculation, and other preprocessing steps, to estimate the
ecosystem NPP with high precision and reliability.

2.2.2. Meteorological Data

The meteorological data originated from the “China Meteorological Science Data
Sharing Service Network” platform (http://www.cmatc.cn/, accessed on 20 March 2023),
which provides monthly average temperature, precipitation, and total radiation data from
722 standard meteorological stations in China for the period 2000–2020. The 30 m resolution
Digital Elevation Model (DEM) data were obtained from the Geographic Spatial Data
Cloud of the Computer Network Information Center of the Chinese Academy of Sciences
(http://www.gscloud.cn, accessed on 20 March 2023). Before analyzing and simulating
meteorological data, adjustments were made using ANUSPLIN 4.1 software to account for
spatial and temporal differences in the data. This ensured alignment with the NPP data
and the validity of the analysis and calculations.

2.2.3. Grassland Type Data

The grassland type data were sourced from the MCD12Q1 data product on the
NASA official website, combined with the “Chinese Grassland Type Classification Sys-
tem 2012” [33] established jointly by the Cold and Arid Regions Environmental and En-
gineering Research Institute of the Chinese Academy of Sciences and Inner Mongolia
University. The data were reclassified using ArcGIS to obtain usable grassland-type data.
The data were obtained from the Resource Environment Science and Data Center of the
Chinese Academy of Sciences (http://www.resdc.cn/DOI, accessed on 20 March 2023),
2023. DOI:10.12078/2023010301), and 2015 land use data were selected. The data were
cropped according to the boundary of the northern Shaanxi to obtain grassland-type data
with a resolution of 30 m. The classification system includes six primary categories and
25 secondary categories of land use, and grassland types are divided into low, medium,
and high coverage levels based on coverage of 5%, 20%, and 50%, respectively.

2.2.4. Human Activity Data

Data on human activities, including the output value of agriculture, forestry, animal
husbandry, and fishery (AFAHF), area of food crops (AFC), livestock stocking (the number
of head of large livestock at the end of the year), gross domestic product (GDP), and
per capita gross domestic product (PCGDP), were obtained from the Shaanxi Provincial
Statistical Yearbook (http://tjj.shaanxi.gov.cn/tjsj/ndsj/tjnj/, accessed on 20 March 2023).

2.2.5. Land Use Data

Land use data were sourced from the Chinese Academy of Sciences Resource and
Environmental Science Data Center (http://www.resdc.cn/, accessed on 20 March 2023)
with a spatial resolution of 1 km. The data were classified into six categories: grassland,
cropland, forest, water, construction land, and bare land.

2.3. Simulation of NPP

In this study, we employed the Carnegie–Ames–Stanford Approach (CASA) model
to calculate the quantity of each type of grassland and the total Net Primary Productivity
(NPP) in northern Shaanxi [34–37]. The calculation formulas are as follows:

NPP(x, t) = APAR(x, t)× ε(x, t) (1)

APAR denotes the absorbable photosynthetically active radiation, while ε represents
the utilization efficiency of photosynthetically active radiation. This indicates that for
period t, the image element x is the actual amount of radiation absorbed by the vegetation.
Therefore, the vegetation NPP is related to the effective radiation and the radiation that

https://lpdaac.usgs.gov/data/
http://www.cmatc.cn/
http://www.gscloud.cn
http://www.resdc.cn/DOI
http://tjj.shaanxi.gov.cn/tjsj/ndsj/tjnj/
http://www.resdc.cn/
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can be absorbed by the vegetation, taking into account environmental factors such as soil
moisture, temperature, CO2 concentration, and vegetation type. Consequently, APAR and
ε need to be considered separately, and the calculation formula is as follows:

APAR(x, t) = SOL(x, t)× FPAR(x, t)× 0.5 (2)

In this equation, SOL(x, t), the monthly image element x signifies the total monthly
solar radiation at the location (MJ/m2). FPAR(x, t) represents the proportion of photo-
synthetically active radiation absorbed by the vegetation canopy at the monthly image
element x. The constant 0.5 indicates the plant projected area ratio, also referred to as the
leaf area index (LAI), which signifies the proportion of total solar radiation utilized by the
vegetation. Taking into account habitat conditions, maximum net photosynthetic rate, key
physiological indicators, and spatial consistency, the maximum light energy utilization on
the rate of grassland types was determined to be 0.542, as established by Zhu Wenquan [38].

The formula for light energy utilization efficiency is:

ε(x, t) = Tε1(x, t)× Tε2(x, t)×Wε(x, t)× εmax (3)

In this equation, Tε1(x, t), Tε2(x, t) and Wε(x, t) denote the effects of maximum and
minimum temperature and moisture conditions on light energy utilization, respectively,
calculated concerning the previous studies [36,37]. Additionally, εmax, the maximum
light energy utilization rate of vegetation under ideal conditions was expressed [36]. The
comparative analysis between measured values and those simulated by the CASA model
revealed a significant correlation (R2 = 0.93, p < 0.0001). This indicates that the CASA model
is aptly suited for calculating the NPP values of grasslands in the study area.

2.4. Validation of the CASA Model

To further validate the CASA model’s accuracy, it is necessary to convert the biomass
Net Primary Productivity (NPP) by integrating the study area with the study’s temporal
dimension. The results are shown in Figure 2. The research team conducted field samplings
in the grasslands of northern Shaanxi Province during the growing seasons of July and
August 2020. Sample plots were selected, and within these, 1 m × 1 m sub-plots exhibiting
uniform grass growth and flat topography were randomly chosen. Five replicates were
established, resulting in a total of several sample plots.
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Following the harvest, the plots were oven-dried at a steady temperature of 70 ◦C until
a constant weight was achieved, which was then recorded as the dry weight. The measured
NPP values were typically calculated using the carbon conversion rate of 0.475 [12,39].
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2.4.1. Trend Analysis

The spatial and temporal trends of grass NPP and other meteorological factors in
northern Shaanxi were quantitatively analyzed using the Sen+MK test from 2000 to 2020.
Initially, the trend of the data sample time series was tested using the Theil–Sen slope
estimation method to determine its significance [40]. This was conducted to analyze the
21-year trend of grassland NPP and to ascertain whether there was a discernible upward or
downward trend. The specific calculation formula is as follows [41]:

β = Median
(NPPj − NPPi

j− i

)
, 1 ≤ i < j ≤ 21 (4)

β represents the slope of the median of the sample data. When β > 0, it signifies an
increasing trend in the dataset over time; if β < 0, it indicates a decreasing trend. The
Mann–Kendall (MK) test is a widely used nonparametric method that calculates the MK
statistic based on sign differences [42,43]. The specific formula is as follows:

Z =


S−1√
Var(S)

, S > 0

0 , S = 0
S+1√
Var(S)

, S < 0
(5)

Among them.

S =
n−1

∑
i=1

n

∑
j=i+1

sign
(

NPPj − NPPi
)

(6)

Var(S) =
n(n− 1)(2n + 5)

18
(7)

sign
(

NPPj − NPPi
)
=


1, NPPj − NPPi > 0
0, NPPj − NPPi = 0
−1, NPPj − NPPi < 0

(8)

The value of the|Z| was standardized at a confidence level of α = 0.05. When |Z|≥ 1.96
and |Z| ≥ 2.58, the hypothesis of a non-existent linear trend is refuted. Consequently, five al-
teration levels were established: extremely significant increase, significant increase, insignificant,
significant decrease, and extremely significant decrease.

2.4.2. Stability Analysis

The Coefficient of Variation (Cv) serves as a robustness indicator, capable of reflecting
the dispersion of data within a dataset. Typically, Cv is the ratio of the standard deviation
of the indicator to its mean. A smaller Cv value signifies lesser variability within the
dataset, thereby indicating superior data stability [44]. In this study, Cv is used to calculate
the degree of variability of NPP under different time series, and the formula is specified
as follows:

CV =

√
∑n

i=1(NPPi−NPP)
n−1

NPP
(9)

The CV value is smaller, indicating that the fluctuation of NPP with time is minimal
and stable. Conversely, a larger CV value suggests a high degree of data fluctuation and
low stability.
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2.4.3. Correlation Analysis

To control the linear influence of temperature, precipitation, and radiation, and to
analyze the linear correlation between NPP and one of the meteorological factors, this study
employs partial correlation analysis [45,46]. The specific calculation formula is as follows:

Rxy =
n×∑n

i=1 (xi × yi)−∑n
i=1 xi∑n

i=1 yi√
n×∑n

i=1 xi
2 − (∑n

i=1 xi)
2
√

n×∑n
i=1 yi

2 − (∑n
i=1 yi)

2
(10)

In this equation: Rxy denotes the correlation coefficient between the target variables; n
denotes the 21-year study period; xi is the NPP in the i− th year of the study period;yi is
the value of the variable in year i.

The bilateral t-test was used to perform significance testing on the calculated correla-
tion coefficients [47]. The specific formula is as follows:

t =
R·
√

n− 2√
1− R2

(11)

Based on the t-value, significance is divided into six levels: extremely significant
positive correlation (R > 0, p < 0.01), significant positive correlation (R > 0, 0.01 < p < 0.05),
insignificant positive correlation (R > 0, p > 0.05), extremely significant negative correlation
(R < 0, p < 0.01), significant negative correlation (R < 0, 0.01 < p < 0.05) and insignificant
negative correlation (R < 0, p > 0.05).

2.4.4. Multiple Regression Analysis of NPP

Under the assumptions of linearity and independence, sample data were collected,
and regression coefficients were calculated to predict the dependent variable values. This
approach is typically used to describe the linear relationship between dependent variables
and multiple independent variables and to predict the dependent variable values using
estimated regression coefficients. The formula is as follows:

Y = a′1X1 + a′2X2 + . . . + a′nXn (12)

In this equation, Y is the estimated value of the dependent variable, X1, X2, . . . Xn
are the values of the respective variables, and a′i represents the standard partial regression
coefficient of the independent variable [48].

The independent variables are temperature, precipitation, and radiation meteorologi-
cal factors µi can be calculated by using the following formula:

µi =
|ai|

∑n
i=1|ai|

(13)

2.4.5. Residual Analysis

Residual analysis has been used to examine the influence of human activities on NPP
dynamics. Residual value refers to the difference between observed and predicted values.
By eliminating the portion of NPP changes influenced by meteorological factors, the portion
influenced by anthropogenic factors was determined. The calculation formula is as follows:

y = aX1 + bX2 + cX3 (14)

NPPresidual = NPPobserved − NPPpredicted (15)

In this equation, NPPpredicted is the predicted value of NPP under the influence of
climate factors calculated by the multiple linear regression model, X1 , X2 and X3 represent
the independent variables of precipitation, temperature, and total radiation, respectively;
a,b and c are slopes; and NPPobserved is the observed value of NPP. If NPPresidual > 0, the
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primary influence factor of NPP dynamics is climatic changes; if NPPresidual < 0, the major
influence factor of NPP variation is human activities.

3. Results
3.1. Spatiotemporal Variation of NPP in the Northern Shaanxi

According to Figure 3, the Net Primary Productivity (NPP) for three types of grasslands
in northern Shaanxi showed a remarkable upward trend from 2000 to 2020 (p < 0.01). The
high-coverage grassland had a yearly average NPP value of 425.04 g C·m−2, which was sig-
nificantly higher than the yearly average NPP values of 286.31 g C·m−2 and 225.22 g C·m−2

in medium and low coverage grasslands, respectively (p < 0.01). However, the values were
still lower than China’s average annual net primary productivity of 325.11 g C·m−2·a−l

from 2000 to 2020 [49]. The peak NPP values for all three grassland types were recorded in
2018, with the figures being 540.34 g C·m−2 for high coverage, 383.06 g C·m−2 for medium
coverage, and 308.6 g C·m−2 for low coverage grasslands. However, a descending NPP ap-
peared in the subsequent two years. The lowest NPP values in medium and low-coverage
grasslands were recorded in 2000, with values of 161.25 g C·m−2 and 122.39 g C·m−2,
respectively. The lowest NPP value for high-coverage grasslands was recorded in 2001,
with a value of 235.96 g C·m−2, which is 31.8 g C·m−2 less than that in 2000. The increase
rate of NPP in high-coverage grassland was 11.04 g C·m−2·a−l, which was significantly
higher than the increase rates in medium and low-coverage grasslands, with differences of
1.43 g C·m−2·a−l and 2.32 g C·m−2·a−l, respectively. The data provided in Table 1 show
that over 99% of the area of each type of grassland NPP experienced an increasing trend,
although they were insignificant (p > 0.01). Among them, low-coverage grasslands had a
slightly higher percentage (0.47%) of the area, showing a significant increase in NPP.
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Table 1. Proportion of variation of NPP in three types of grassland.

Degree High-Coverage Grassland Medium-Coverage
Grassland Low-Coverage Grassland

I. r < 0, p < 0.01 - - -
II. r < 0, 0.01 < p < 0.05 - - -

III. r < 0, p > 0.05 - 0.007 -
IV. r > 0, p > 0.05 99.86 99.72 99.53

V. r > 0, 0.01 < p < 0.05 0.12 0.078 0.15
VI. r > 0, p < 0.01 0.08 0.195 0.32

The NPP in the grasslands of northern Shaanxi is highly heterogeneous, influenced by
factors such as meteorological conditions, human activities, and grassland classification.
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The results are shown in Figure 4, in a general pattern of higher NPP in the south and lower
in the north. In Yulin, NPP decreased from the southeast to the northwest, while in the
more southern Yan’an, the trend shifted from southwest to northeast. Around 67.45% of the
grassland NPP in northern Shaanxi falls within the range of 100–300 g C·m−2·a−l, with a
multi-year average of 275.12 g C·m−2·a−l. These grasslands are primarily located in north-
ern Yulin and Yan’an. Grasslands with NPP of more than 300 g C·m−2·a−l are mainly found
in Yan’an, with those exceeding 500 g C·m−2·a−l largely concentrated in the southwest end
of Yan’an. Over half of the grassland NPP fell within the range of 100–200 g C·m−2·a−l

above latitude 37◦ north, which is dominated by low-coverage grasslands (Figure 1e).
These are mainly located on the northwestern side of Shaanxi, bordering Inner Mongolia
and Ningxia. Nonetheless, the grasslands located predominantly under latitude 37◦ north
with a range of 300~400 g C·m−2·a−l and 400~500 g C·m−2·a−l are mainly covered by the
high coverage type. These areas cover about 0.54 km2 and 0.52 km2, respectively. The
closer they are to the southwest, the more rainfall they received, leading to higher NPP.
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Figure 5 illustrates the spatial dynamics of northern Shaanxi grassland NPP from 2000
to 2020, as determined by the 95% significant MK test result. Six levels of significant test
results have been classified, and the area of NPP variation tendency for the three grassland
types has been summarized in Table 1. According to Figure 3, the NPP of all three grassland
types (>99.5%) presented an increasing trend, although the trends are not significant. Only
a tiny fraction (0.007%) of the total medium-coverage grassland NPP (Figure 5b) showed a
non-significant decline.

3.2. Stability of NPP in Three Types of Grasslands

The fluctuation characteristics of the variation coefficient in NPP in northern Shaanxi
grasslands from 2000 to 2020 were divided into five fluctuation levels, as depicted in
Figure 6. The proportion of statistical results in each grassland type has been collated in
Table 2. More than 90% of the total area fell into the categories of unstable (0.15 < Cv < 0.2)
and very unstable (Cv > 0.2) due to fluctuations in meteorological factors. High-coverage
grasslands exhibited moderate and low instability more than the other two types, account-
ing for 5.48% of the total. These were scattered in Yichuan and Huanglong. In contrast, the
proportion of very unstable status in high-coverage grasslands is the least at 36.28%, all
located in the north of Yulin. In low-coverage grasslands, the very unstable status (Cv > 0.2)
constituted the majority, approximately 87.37%, predominantly located in northwestern
Yulin and northern Yan’an.
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Figure 5. Three types of grassland NPP spatial dynamics and significant test results. (a,d) High-coverage
grassland, (b,e) medium-coverage grassland, and (c,f) low-coverage grassland.
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Figure 6. Fluctuant features and variation coefficient of NPP. (a) High-coverage grassland,
(b) medium-coverage grassland, and (c) low-coverage grassland.

Table 2. Coefficient of variation of NPP in three types of grassland.

Cv Level High-Coverage
Grassland

Medium-Coverage
Grassland

Low-Coverage
Grassland

Cv ≤ 0.05 very stable - - -
0.05 < Cv ≤ 0.10 stable 0.22 0.044 0.029
0.10 < Cv ≤ 0.15 moderate stable 5.26 2.46 1.59
0.15 < Cv ≤ 0.20 unstable 58.24 19.78 12.01

Cv > 0.20 very unstable 36.28 77.72 87.37
Cv ≤ 0.05 very stable - - -

3.3. Impact of Climate Change and Anthropogenic Influence on Grassland NPP

Temperature, precipitation, and radiation displayed significant spatial heterogeneity
in northern Shaanxi from 2000 to 2020. The patterns of temperature and rainfall generally
decreased from southeast to northwest, as shown in Figure 7a,b. The highest average
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temperature over the years in the grassland was 12.77 ◦C, and the lowest was 7.19 ◦C.
Over 70% of the region’s annual average temperature is concentrated in the range of
8–10 ◦C, which is located at a higher altitude on the western side of northern Shaanxi.
Meanwhile, the temperature in most of the central region is between 8.7 and 9.9 ◦C,
accounting for 38.92% of the total. The annual average rainfall displayed an increasing
trend from northwest to southeast, ranging from 319.72 mm to 600.27 mm, as shown in
Figure 7b. The annual average total radiation increases from the periphery to the center,
ranging from 457.09 MJ·m−2 to 484.24 MJ·m−2, with an annual average of 473.12 MJ·m−2,
as depicted in Figure 7c. The total radiation between 468 and 478 MJ·m−2, which accounted
for more than 80% of the area, is mainly concentrated in the central part of northern Shaanxi,
as shown in Figure 7f.
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Figure 7. Spatial distribution of three climate factors and changing rates. (a,d) Temperature,
(b,e) precipitation, and (c,f) total radiation.

Partial correlation tests were conducted on the NPP of three types of grasslands with
temperature, precipitation, and radiation from 2000 to 2020 (Figure 8). The significance
proportion and partial correlation coefficients were summarized in Figure 9 and Table 3
respectively. The association between NPP and rainfall was the strongest, followed by total
radiation, while temperature was almost irrelevant. A significant disparity in the partial
correlation between three types of grassland NPP and rainfall has been displayed. The
correlativity of rainfall and total radiation with NPP were similar, and as the grassland
coverage decreased, the correlation coefficients of NPP with rainfall and radiation increased,
with more significant and extremely significant regions and a stronger correlativity. The
proportion of significant and extremely significant correlation between NPP and rainfall
reached 59.17%, 39.87%, and 15.13% in low, medium, and high-coverage grasslands, respec-
tively. The partial correlation coefficients were 0.49, 0.43, and 0.31 (p < 0.05), respectively,
which were within the Yulin territory. The areas with extremely significant correlation were
mainly scattered in 13 counties, including Fugu, Shenmu, Jiaxian, Wubao, Mizhi, Zizhou,
etc., in the east and central part of Yulin. The areas where total radiation was significantly
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and extremely significantly correlated with NPP are 14.89%, 12.31%, and 1.77%, respec-
tively. The partial correlation coefficient between total radiation and NPP was almost half
of that between rainfall and NPP, mainly distributed in the northwest and central of Yulin,
including Shenmu Yuyang, Hengshan, Mizhi, etc. The annual average total radiation in
these areas was 470–480 MJ, close to the average radiation level in the northern Shaanxi
region. More than 99% of regions were uncorrelated between NPP with temperature, with
a lower partial correlation coefficient, which consisted of 50% negative correlation.
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Table 3. Summary of partial correlation coefficients. 

NPP-Factor High-Coverage Grassland Medium-Coverage Grassland Low-Coverage Grassland 

NPP-Temperature 0.000142 0.038511 0.036305 

NPP-Precipitation 0.309981 0.427973 0.486115 

NPP-Total radiation 0.08179 0.191381 0.286138 

Figure 8. Spatial Partial correlation coefficients and significance between annual NPP, and tem-
perature in high-coverage grassland (a,d), medium-coverage grassland (g,j), and low-coverage
grassland (m,p); spatial partial correlation coefficients and significance between annual NPP, and
precipitation in high-coverage grassland (b,e), medium-coverage grassland (h,k), and low-coverage
grassland (n,q); spatial partial correlation coefficients and significance between annual NPP, and
total radiation in high-coverage grassland (c,f), medium-coverage grassland (i,l), and low-coverage
grassland (o,r).
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Figure 9. Significance proportion of partial correlation between NPP and temperature, precipitation
and total radiation in high-coverage grassland (a), medium-coverage grassland (b), and low-coverage
grassland (c).

Table 3. Summary of partial correlation coefficients.

NPP-Factor High-Coverage Grassland Medium-Coverage Grassland Low-Coverage Grassland

NPP-Temperature 0.000142 0.038511 0.036305
NPP-Precipitation 0.309981 0.427973 0.486115

NPP-Total radiation 0.08179 0.191381 0.286138

Through multivariate regression analysis, the contribution coefficients of climatic
factors to grassland NPP were estimated, and the spatial distributions of the impacts of
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precipitation, temperature, and total radiation on NPP are shown in Figure 10. The total
radiation was the predominant factor, occupying the largest part (65.5%), where NPP
affected Fugu and Shenmu counties on the side bordering Inner Mongolia in the northwest,
Hengshan in the central part, and some areas of Yanchuan and Yichuan in the southeast of
northern Shaanxi. It was followed by rainfall as another dominant factor (33%), scattered
in Shenmu, Dingbian, and Fufeng. Temperature was the faintest dominant factor, which
affected grassland NPP in Zhidan County.
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Figure 10. Spatial patterns of grassland NPP in response to the total radiation, precipitation, and temperature.

The percentage change in various types of land use over the last 21 years is displayed
in Figure 11. Grassland accounted for the largest proportion, followed by cropland, forest,
bare land, and water, while construction land made up the smallest proportion of the total
area. The grassland increased most significantly, from 33,576.99 km2 to 35,149.19 km2, a
4.68% rise compared to 2000. This increase was primarily due to the conversion of cropland
and bare land into grassland. There was also a notable growth in forest area, adding up to
1102.60 km2, which was transformed from cropland and grassland. The construction land
increased by 861.48 km2, a 17.71% rise compared to 2000. In contrast, cropland and bare
land decreased by 3277.93 km2 and 268.40 km2, respectively.
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After removing the covariation of temperature, precipitation, and radiation through
multiple regression analysis, the variation trend of NPP residual values was observed.
The magnitude of the residual values ranged from −1.26 to 18.53 (the average value was
7.05). The region with a positive trend of grassland NPP residual values accounted for
96.95%, with Yan’an higher than Yulin City. Furthermore, 83.98% of grassland NPP was
accelerated by human activities, while only 16.02% was slightly affected by climate change
in the northeastern corner (Figure 12b).
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Figure 12. Spatial distributions of NPP residual trends (a). Contributions of climate changes and
human activities to the dynamics of grassland NPP (b).

As shown in Figure 13, correlation analyses of grassland NPP with the output value of
agriculture, forestry, animal husbandry, and fishery (AFAHF), area of food crops (AFC),
livestock stocking (LS, the number of head of large livestock at the end of the year),
gross domestic product (GDP), and per capita gross domestic product (PCGDP) were
carried out in Yulin and Yan’an, respectively. The NPP in Yulin was found to be positively
correlated with AFAHF and PCGDP, negatively correlated with AFC and LS, and hardly
correlated with GDP. In contrast, in Yan’an, the grassland NPP was remarkably positively
correlated with AFAHF, GDP, and PCGDP (p < 0.05), significantly negatively correlated
with LS, and minimally correlated with AFC. In both Yulin and Yan’an, NPP and LS were
negatively correlated.
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4. Discussion
4.1. Distribution Characteristics and Dynamic Changes of Grassland NPP

We explored the spatiotemporal dynamics of grassland NPP and the responsive
relationship between climatic and anthropogenic factors with NPP in northern Shaanxi
from 2000 to 2020 by using a variety of analytical methods. On the spatial aspect, NPP
showed a divergence pattern of south–high and north–low, and the grassland NPP in Yan’an
was markedly higher than that in Yulin, which was consistent with the results explored
by Xindong et al. [50]. More than 99% of the grassland NPP was increasing, but the
variable tendency was not significant [27,51]. The rate of change of NPP of all three types of
grassland displayed a south–high and north–low pattern, with those distributed in Yan’an
City being higher than those in Yulin City. The difference in the rate of change of vegetation
NPP was about two times. Temporally, the estimated NPP of grassland in northern Shaanxi
Province provided by the CASA model ranged from 72 to 700 g C·m−2·a−l from 2000 to
2020. The mean value was 275.12 g C·m−2·a−l, which is close to the NPP of vegetation in
northern Shaanxi Province in the NPP of Shaanxi Province in the years 2000–2019 calculated
by Xindong Wei et al. However, since this study focuses on grasslands as vegetation, and
the vegetation in the northern Shaanxi farming-pastoral zone is dominated by shrubs and
grasslands, the estimated NPP value is smaller than the calculation result of Xindong Wei
et al. [50]. It is higher than the average value of 242.02 g C·m−2·a−l for grassland NPP in
northern China from 2000 to 2015 [52]. Further, it indicates that the NPP of grasslands
in northern Shaanxi still increased significantly after 2015. In addition, the interannual
growth for NPP estimated from the present study exhibited an increasing trend across the
21 years of the study period and passed the significance test (p ≤ 0.01), and the maximum
interannual growth rate was found for high-cover grassland, which was in agreement
with the estimation results of Xindong Wei and Yan [50,52]. The study observed that the
high-coverage grassland distributed in the southern part of northern Shaanxi was the least
proportion (7.28%) of the total but with the greatest average NPP of 425. 04 g C·m−2·a−l

and the highest rate of growth. Low-coverage grassland, which took the largest proportion
of the total, was distributed in the northwestern side of Yulin and the northern of Yan’an,
with the lowest rate of increase in NPP, the greatest coefficient of variation, and the most
pronounced fluctuation (Figure 5). The distribution of annual mean NPP values of different
types of grassland NPP during 2000–2020 showed the characteristics of south–high and
north–low. However, the interannual trend of NPP was quite the opposite, presenting
a distribution pattern of north–high and south–low, which relates to the distribution of
grassland with three coverage types (Figure 1e).

4.2. Effects of Climate Change on Grassland NPP

With the growth of time series, different types of grassland behaved distinctly in
response to meteorology. As indicated in Figure 14, temperatures, precipitation and ra-
diation of grasslands in northern Shaanxi were not appreciably ascending in 2000–2020
(p > 0.05), as the grassland environment warmed and humidified, where natural condi-
tions became more suitable for grassland growing [25]. The multi-annual mean values of
NPP were consistent with rainfall for all types of grasses, which were high-cover grasses
> medium-cover grasses > low-cover grasses (Figure 14a), indicating that the grassland
recovery was majorly attributed to the enhanced precipitation during the study period [28].
The higher the grassland coverage, the more evaporation and interception increase. This
increase will interact with the precipitation link in the water cycle when plant transpiration
changes, therefore affecting the local climate [35]. The lowest values of temperature and
radiation appeared in 2003, the highest in 2006, while the lowest value of rainfall appeared
in 2000. The lowest value of NPP for medium and low grassland types also appeared in
2000 (Figure 14b,c), indicating that rainfall was a major restriction on grassland growth
when the implementation of the measures of returning ploughland to forest and grassland
was first started. The observations revealed that the maximum value of NPP emerged
in 2018 for each grassland type, and the following two years showed declines of varying
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degrees; also, both temperature and radiation declined with the growth of the time series,
which indicated that, in recent years, as the rainfall rose, the temperature and radiation
might manifest a greater constraint on the development of the grassland.
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The spatial heterogeneity in the response of different types of grassland to meteoro-
logical variability can be observed. The lower the grass coverage, the greater the partial
correlation coefficient between NPP and rainfall, and the greater the proportion of areas
where NPP and rainfall were significant and extremely significant. The strongest partial
correlation between low-coverage grassland and rainfall was found in Yulin, rather than in
Yan’an, where rainfall was much heavier, because of sufficient precipitation in this region,
which limits capacity for NPP to increase [53]. Radiation was the predominant factor in
the multi-regression analysis (Figure 10), which encompassed both positive and negative
influences. In an arid region with high solar radiation, excessive solar radiation can lead to
greater surface evapotranspiration of the soil. Combined with poor water availability, this
can adversely affect the growth of herbaceous plants and shallow-rooted systems [35]; on
the other hand, remarkable facilitation also exists between solar radiation and grassland
NPP, which improves the chlorophyll content of the plant, and consequently enhances
photosynthesis [54]. As global warming continues, surface evapotranspiration increases
markedly without a notable increase in precipitation. This results in water stress and
drought, which promotes mechanisms for increasing autotrophic respiration and inhibiting
photosynthesis [55]. However, persistent water shortages, increased temperature, and
biomass could promote evaporation [56], consuming more precipitation and further ex-
acerbating droughts. This could disrupt the direct mutual feedback between vegetation
and water circulation in the ecosystem, forming a vicious cycle. Overall, NPP in grass-
land was mainly influenced by climate variations [57]; the degree of contribution of each
meteorological factor to NPP showed that precipitation was the largest, radiation was
the second largest, and temperature was the smallest. However, temperature showed a
negative correlation to a portion of NPP, which is in line with studies on a wider scale [49].
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4.3. Human Activities’ Effects on NPP Dynamics

The total influence of natural variables was significantly larger than that of human
activities, approximately 7:3 [58]. In the early years, vegetation degradation was caused by
extensive cultivation and the rapid development of husbandry industries, but fortunately,
engineering construction has been vigorously promoted in the Loess Plateau; therefore,
vegetation ecology has been improved [59]. Among numerous ecological projects, the
“Grain for Green Project” has yielded the most significant ecological benefits, becoming
a key factor in promoting NPP growth in northern Shaanxi grasslands [49]. From 2000
to 2020, there has been a considerable decrease in bare land [60], with land use change
predominantly featuring grassland expansion (Figure 10). These areas, subject to low
human activity intensity [61], have seen improved vegetation habitats and a continuous
increase in the Leaf Area Index (LAI) [62]. However, some research indicates that certain
ecological engineering measures, such as grassland fencing, have had negative impacts
on grasslands [63,64]. This is attributed to long-term fencing preventing full utilization of
grassland litter and the absence of positive effects from livestock trampling and manure [65],
affecting photosynthesis and leading to reduced NPP. Proper use of livestock can promote
vegetation recovery [66]. Furthermore, per capita gross domestic product (PCGDP) reflects
the progress of human activities on grassland recovery to a certain extent. In Figure 15,
the increase in the area of food crops (AFC) and livestock stock (LS) in Yulin, contrasted
with the decline in LS in Yan’an, suggests that Yan’an has implemented stricter grazing
ban policies, which is one reason why NPP in Yan’an grasslands is significantly higher
than in Yulin. Although human activities have contributed significantly to NPP growth
(Figure 12b), Yan’an and Yulin are characterized by different ecological conditions. The
effectiveness of the implementation of all types of ecological projects has been considerable,
whereas Yulin’s topography and ecological conditions are much more complex, and envi-
ronmental engineering projects have been ongoing, but the effects are not as pronounced
as in Yan’an (Figure 12a) [31]. Hence, we should utilize different technologies to explore
the sustainable use of natural resources and breakthroughs in optimizing economic and
social development.
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4.4. Limitation and Future Work

In this study, we employed the CASA model to investigate the dynamic changes of
grassland NPP in northern Shaanxi. The CASA model, for instance, does not delve into the
mechanism of grassland response to water supply in arid and semi-arid regions. Given
the water scarcity in these areas [67], NPP is more susceptible to water stress compared
to humid regions [68]. By incorporating diverse precipitation scenarios into the CASA
model, the accuracy of NPP values may be enhanced through further investigation, thereby
enabling the prediction of future NPP outcomes. In addition, NPP dynamics, meteorological
factors and their correlation analysis mostly showed an increasing trend, but this was not
significant. This may be explained by the relatively short study period of only 21 years.
Future studies utilising longer time series may unveil significant changes in trends.
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Regression and residual trend analyses were used to better discriminate the effects of
climatic and anthropogenic factors on grassland net primary production. However, over-
lapping contributions of drivers did exist [26]. Other potential drivers of NPP change, such
as soil nutrients, fire history, and livestock load, were not considered in this study [25,69].
Therefore, future research should aim to integrate climatic, anthropogenic, and other vari-
ables with NPP to fully understand the impact of these factors on grassland NPP variation.

5. Conclusions

This study estimated the NPP of various types of grasslands and used multiple
analytical methods to quantify their dynamic changes and responses to related factors. The
following conclusions were drawn:

(1) From 2000 to 2020, the NPP of three types of grassland in northern Shaanxi in-
creased significantly (p < 0.01) with a large fluctuation trend, and the increase rate of NPP
in high-coverage grasslands was much higher than that in medium- and low-coverage
grassland, which is mainly related to rainfall.

(2) The distribution of grassland NPP has spatial heterogeneity, showing a decreasing
trend with the decline of latitude (p > 0.05). However, the annual change rate of NPP is the
opposite, showing a north–high and south–low distribution pattern.

(3) The climatic factors fluctuate upwards despite being insignificant (p > 0.05). Precip-
itation is the predominant factor contributing to the rise of NPP, while radiation plays a
role in enhancing grassland NPP, with both positive and negative effect.

(4) The implementation of ecological policies is crucial in the energy-intensive and
fragile eco-environment of northern Shaanxi to facilitate grassland restoration.

Between 2000 and 2020, the NPP of grasslands in northern Shaanxi has increased by
181.02 g C·m−2. This escalation has improved the grass cover, reduced soil erosion, and
indicated effective ecological management. The insights derived from our research provide
a robust basis for informed decision making by Chinese government agencies, specifically
concerning the future regression of grassland and the conservation of biodiversity in
northern Shaanxi.
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