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Abstract: The Hetao Irrigation District in Inner Mongolia, a vital grain-producing region in northern
China, faces growing environmental challenges. Studying net primary productivity (NPP) is essential
for understanding spatiotemporal vegetation shifts and guiding locally adapted restoration and
management efforts. Utilizing MOD17A3/NPP data, this study applies the Theil-Sen median trend,
Mann-Kendall significance, and the Hurst index to scrutinize the spatiotemporal distribution patterns
of NPP from 2001 to 2021 and forecast future changes in the area. The findings reveal cyclic temporal
trends, forming a “A” shape with initial increases followed by decreases, notably during the July to
August period each year. The multi-year average NPP exhibits a slight upward fluctuation trend,
averaging 172.40 gCm~2a~!. Peaks occur approximately every three years, reaching the highest
average in 2012 at 218.96 gCm~2a~!. Spatially, NPP distribution stays consistent over the years,
influenced by various land cover types, especially cropland, shaping the spatial patterns. Monthly
and yearly NPP trends over the 21 years indicate a significant decrease in May and June, with
other months mostly showing a non-significant increase. The Hurst index for monthly and yearly
NPP changes over 21 years shows relatively high weak anti-persistence. In summary, over the past
21 years, the NPP trend in the study area has not significantly improved and is expected to decline in
the future. This study offers data support and a scientific foundation for refining the carbon cycle
model, quantifying vegetation carbon sequestration capacity, addressing climate change policies, and
striving for carbon peak and neutrality in the Hetao Irrigation District.

Keywords: net primary productivity; Hetao Irrigation District; spatial and temporal patterns; Hurst
index; carbon peak and carbon neutrality

1. Introduction

Land ecosystems, serving as crucial carbon reservoirs in the global carbon cycle,
exert profound impacts on the carbon cycle at a global scale [1,2]. Vegetation, as the
core component of terrestrial ecosystems, plays a critical role in reducing greenhouse gas
concentrations, maintaining global material and energy cycles, and preserving the global
carbon balance. NPP refers to the amount of organic matter accumulated by green plants
through photosynthesis per unit time and unit area, excluding the amount consumed
by their own respiration [3]. NPP is a key link in ecosystem carbon cycling and energy
flow, directly or indirectly reflecting the carbon potential of regional ecosystems. The
spatiotemporal distribution characteristics of NPP have become crucial for understanding
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the regional vegetation growth status, CO, uptake capacity, assessing ecosystem functions,
and effectively reflecting the quality of land cover and ecosystems [4,5]. NPP in terrestrial
ecosystems displays notable spatial heterogeneity. In the pursuit of the “carbon peak” and
“carbon neutrality” goals, discerning the differences and changes in NPP at temporal and
spatial scales holds great significance for the evolution of terrestrial ecosystems and the
adjustment of the carbon balance.

Currently, both domestic and international estimates of NPP in terrestrial ecosystems
primarily utilize two main approaches: the “bottom-up” and “top-down” methods. Ini-
tially, the “bottom-up” method involved setting fixed ranges as study areas and acquiring
NPP through continuous observation and surveys [6-9]. For example, widely used in
agricultural greenhouse gas flux studies, the chamber method system has been extensively
applied [10]. In previous studies, improvements were made to the commonly used cham-
ber method system, successfully applied in field experiments, and yielding certain results
(e.g., [10-13]). However, challenges persist in meeting regional-scale demands. With ad-
vancements in field observation techniques, the eddy covariance system is primarily used
at the regional scale [9,14]. However, the mobility of the eddy covariance system is limited,
making it difficult to comprehensively observe various ecological types within the same
region. Additionally, issues such as long sampling periods and incomplete coverage per-
sist [15,16]. In summary, although traditional NPP measurement and observation methods
provide precise NPP data, their destructive impact on vegetation, coupled with cost con-
straints, poses significant implementation challenges, thereby failing to meet researchers’
demands for long-term and regional-scale monitoring.

With the continuous development of remote sensing technology, remote sensing im-
ages are widely used in various research fields to acquire high spatiotemporal surface
information [13]. Satellite remote sensing can overcome the limitations of ground-based
single-point measurements, helping to expand observations from fixed points to regional
scales [17]. Remote sensing data, characterized by long time series and wide coverage, has
become an essential means for estimating the spatiotemporal characteristics and driving
mechanisms of global vegetation NPP through top-down research methods based on re-
mote sensing data inversion [17]. Currently, both domestically and internationally, the
monitoring of large-scale vegetation NPP relies mainly on remote sensing interpretation
estimates [18]. MODIS data, due to its high temporal resolution and low cost, has become
one of the primary remote sensing data sources for simulating and estimating regional
vegetation NPP [19]. MODIS products use the process-based Biome-BGC ecological model
for NPP estimation. Compared with traditional regression models, the Biome-BGC process
model employs more parameters and more sophisticated estimation methods, improving
the accuracy of NPP estimation [20]. In recent years, MOD17A3 data products have been
widely validated and applied in global and regional carbon cycle research [21]. Many
scholars have used the Google Earth Engine (GEE) platform or the platform provided by
the National Aeronautics and Space Administration (NASA) to access MODIS datasets,
studying the correlations between NPP and various factors at different scales. They have
verified the impacts of factors such as precipitation, land cover changes, temperature, and
human activities on NPP, enhancing our understanding of and insights into vegetation
NPP in specific regions of China [19,22,23]. However, the factors influencing NPP vary
across different regions and time periods. The formation of vegetation NPP is a complex
process influenced by multiple factors, involving disciplines such as plant physiology,
hydrology, meteorology, soil science, physics, and disaster research. Terrestrial ecosystems
are the dynamic products of interactions between natural and human factors [21]. Current
research often focuses only on single or limited factors affecting vegetation NPP. Future
research should pay more attention to the synergistic effects of multiple factors, thoroughly
analyzing the complex mechanisms underlying vegetation NPP formation, to comprehen-
sively explore the dynamic evolution of terrestrial ecosystems and the adjustment of carbon
balance. In-depth analysis of vegetation NPP at different spatial and temporal scales in the
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study area has become a prerequisite for exploring the complex mechanisms underlying
vegetation NPP formation.

The Hetao Irrigation District in Inner Mongolia, located in arid and semi-arid regions
of China, serves as a crucial commodity grain base in northern China and stands as a
typical artificial agricultural oasis. With the rapid development of oasis agriculture, the
pressure on the ecological environment in this region continues to increase, and various
environmental issues are gradually becoming prominent, making it a sensitive area for
sustainable development in northern China [24,25]. By analyzing the spatial distribution
characteristics and temporal changes of NPP in the Hetao Irrigation District of Inner
Mongolia, we can understand the variations in organic matter accumulation in vegetation
in recent years. This contributes to maintaining the carbon cycle of the ecosystem in
the Hetao Irrigation District, building ecological barriers, and providing references for
ecological environmental management and sustainable development in the Hetao Irrigation
District. Currently, most studies on NPP in Inner Mongolia focus on analyzing the annual
spatiotemporal distribution of NPP, without delving into monthly or 8-day temporal
variations. Moreover, these studies primarily emphasize the analysis of the response of NPP
to individual factors such as temperature and precipitation (e.g., [21,26-28]). Focusing solely
on the analysis of the response of vegetation NPP to individual factors while neglecting the
spatial variability analysis of NPP across multiple temporal and spatial scales is insufficient
for understanding the current carbon cycling capacity of regional ecosystems and future
development trends.

Therefore, this study is based on vegetation NPP data extracted from MOD17A3/NPP
data products for the Hetao Irrigation District of Inner Mongolia from 2001 to 2021, aiming
to analyze its spatiotemporal evolution characteristics. The specific research objectives
include: (1) Analyzing the spatiotemporal variation characteristics of NPP in the Hetao
Irrigation District of Inner Mongolia from 2001 to 2021 at different temporal scales; (2) Uti-
lizing Theil-Sen Median trend analysis and Mann—Kendall test methods to analyze the
changing trends of NPP in the Hetao Irrigation District of Inner Mongolia for the past
21 years (2001-2021) at the pixel level; (3) Finally, analyzing the future trends of vegetation
NPP in the study area through Hurst index analysis. The research results are of great
significance for evaluating the carrying capacity of the ecosystem in the Hetao Irrigation
District of Inner Mongolia and formulating sustainable development policies.

2. Data and Research Methods
2.1. Study Area

The Hetao Irrigation District is located in the western part of the Inner Mongolia
Autonomous Region (40°-41° N, 107°-109° E), spanning seven banners, counties, districts,
and a small part of the suburbs of Baotou City. It stretches approximately 300 km from
east to west and is 50 to 80 km wide from north to south, with a total land area of about
11,600 square kilometers (Figure 1). It is a super-large irrigation area in the upstream
area of the Yellow River and a typical representative of the largest self-flowing irrigation
system in Asia. The climate of the region belongs to a typical temperate continental climate,
with an average annual temperature ranging from 6.3 to 7.7 °C. Due to its location in
the arid and semi-arid regions of northwestern inland, the average annual rainfall and
evaporation amount to 160 mm and 2240 mm, respectively, making the Yellow River
irrigation a necessary condition for agricultural production in the area. The terrain of the
Hetao Irrigation District is flat, with predominant soil types including salinized alluvial
soil, saline soil, and tidal alluvial soil. The soil texture mainly consists of loamy soil, sandy
loam, fine clay, and a small amount of fine sandy soil. The soil layer is deep, belonging to
lacustrine sedimentary plains [24,29,30]. The entire irrigation area is primarily agricultural,
with cultivated land accounting for approximately 47% of the total area and grassland
accounting for about 23% (Figure 1a).
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Figure 1. Location of the study area. (a) Map of China with highlighted study area; (b) land use
spatial distribution map of study area.

2.2. Data Sources

NPP data are obtained from the Earth Engine Data Catalog “https://developers.
google.com/earth-engine/datasets/catalog/?filter=MODIS /006 /MOD17A3HGF (10 No-
vember 2023)”, which, to a certain extent, addresses data attenuation and distortion issues
caused by aging satellite sensors [23,31]. As the current globally widespread dataset with
the longest time span, well-defined physiological and ecological mechanisms, and accurate
estimation results for land vegetation NPP, this dataset is one of the most extensively used
sources in global and regional studies of vegetation NPP and carbon cycling, receiving
widespread applications. In this study, we selected vegetation NPP data from 2001 to
2021, with a spatial resolution of 500 m, a temporal resolution of one year, and the unit
of measurement as kgC/m?, utilizing a sinusoidal projection. The retrieval of NPP data
is executed through code implemented within the GEE, involving processes such as data
mosaicking, reprojection, format conversion, clipping, and unit conversion. The final
dataset for the Hetao Irrigation District is obtained in units of gC/m?.
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2.3. Methods
2.3.1. Theil-Sen Median Trend Analysis and Mann-Kendall Test

The Theil-Sen Median method, also known as Sen’s slope estimator, is a robust non-
parametric statistical method used for trend estimation. This method is computationally
efficient and insensitive to measurement errors and outliers, making it particularly suitable
for trend analysis of long time series data [32,33]. Sen’s slope estimator is widely used
for calculating trend values and is commonly combined with the Mann-Kendall (MK)
non-parametric test method. The Mann-Kendall test is a non-parametric method for testing
the trend in time series data. Its advantages include not requiring the measured values
to follow a normal distribution and not assuming that the trend is linear. Additionally,
the Mann-Kendall test is robust to missing values and outliers, making it widely used for
trend significance testing in long time series data [34]. The formula for calculating Sen’s

slope (B) is:

. Xj— X .
B = Median — |, V;>i (1)

where Median () represents taking the median. When 8 > 0, it indicates a growing trend in
vegetation NPP; if B = 0, it suggests no significant change in vegetation NPP; and when
p <0, it indicates a decreasing trend in vegetation NPP. x; and x; represent the values of
NPP in the time series for the j and i years or months, respectively.

The calculation steps for the Mann-Kendall (MK) significance test are as follows:

5= Z:':f 2;'1:141 sgn(xj — xi) (2)
Vir(S) (S > O)
Z={ 0 (5=0) 3)
S+1
V:lrr(S) (S < 0)
Var(s) n(n—11)é2n+5) @

where x; and x; represent the values of x and y in the i and j years, respectively, and 7 is the
total number of data points. Z is the standardized test statistic. This method assesses the
significance of the time series trend by calculating Z. The standardized Z values follow a
standard normal distribution, and based on the confidence level of 95%, the corresponding
values from the standard normal distribution table are used. In other words, the region
where | Z| > 1.96 indicates a significant trend, while the opposite suggests an insignificant
trend. The determination of trend significance is outlined in Table 1. Based on the results of
Sen trend analysis and the MK test, this study categorizes the trend changes in NPP in the
Hetao Irrigation District from 2001 to 2021 into seven categories according to the criteria
in Table 1.

Table 1. Mann—Kendall test for trend categories.

B z Trend Type Trend Features
258<Z 4 extremely significant increase
>0 196 < Z <258 3 significant increase
1.65<Z <196 2 slightly significant increase
Z <1.65 1 no significant increase
=0 V4 0 no change
Z <1.65 -1 no significant decrease
B <0 1.65<Z <1.96 -2 slightly significant decrease
196 < Z <2.58 -3 significant decrease

258<Z —4 extremely significant decrease
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2.3.2. The Hurst Index

The Hurst index is a method used to assess long-term dependence in time series data,
and it can be calculated using the R/S analysis method [35]. In this study, the Hurst index
is utilized to assess the sustainability of vegetation NPP changes in the Hetao Irrigation
District of Inner Mongolia and predict future trends. The specific calculation formulas and
steps are as follows:

Define the time series of vegetation NPP variation in the Hetao Irrigation District of
Inner Mongolia:

1
NPP; = ;2;1 NPP;,t=1,2,3,--,n (5)
Calculate cumulative deviation:
X(or) =3 4, (NPP,—NPP;),1<t<T (6)
Calculate the range of the time series:
R. = maxX(t’T) — minX(tlT),l <t<T,7t=123,---,n (7)

Calculate the standard deviation:

1 o 1/2
Sv=|=) (NPP,=NPP)"| ,T=1,23,n (8)
Fit the Hurst index exponent:
R
S—T = (c)H )
T

The Hurst index, denoted as Hurst € (0, 1), signifies different characteristics of the
NPP time series changes. When Hurst = 0.5, it indicates a random pattern with no long-
term correlation. For 0 < Hurst < 0.5, the NPP time series exhibits anti-persistence, with
a stronger anti-persistence as Hurst approaches 0. When 0.5 < Hurst < 1, it suggests
a persistent and long-term correlated NPP series, where a higher Hurst index closer to
1 indicates stronger time series persistence, implying consistency in future trends with
the past.

3. Results and Analysis
3.1. Analysis of Temporal Changes in NPP at Different Scales

The temporal variations in NPP in the Hetao Irrigation District of Inner Mongolia
from 2001 to 2021 are depicted in Figures 2-4. The overall trends on an 8-day and monthly
basis exhibit a periodic “A”-shaped pattern with peaks typically occurring at the end of
July or beginning of August every year, NPP values remain close to 0 from late October to
early March of the following year (Figures 2 and 3). Peng et al. [10] researching in the Hetao
Irrigation District of Inner Mongolia found that vegetation experiences its peak growth,
and photosynthetic capacity is at its strongest around July each year. Studies by Zhang
et al. [36] have indicated that young vegetation in agricultural ecosystems demonstrates
limited carbon assimilation capacity. Moreover, research by Wang et al. [37] suggests that
plants require more carbon for growth, canopy development, and grain filling around July
each year, explaining the observed high NPP values during this period. Xi et al. [38] found
that during the maturation phase, both photosynthesis and respiration intensity in crops
significantly decreases, elucidating the observed pattern of increasing NPP followed by a
decrease within a year.

The 8-day variation of the Hetao Irrigation District in Inner Mongolia from 2001 to 2021
reveals outliers in August of both 2019 and 2021 (Figure 2a), which may be attributed to data
attenuation and distortion caused by weather conditions or aging of satellite sensors [39].
The mean NPP value in July 2018 reached its maximum at 17.726 gCm~2 (Figure 2b). It
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is noteworthy that the NPP changes observed every 8 days exhibit a serrated “A”-shaped
fluctuation, primarily due to short-term variations influenced by factors such as weather
and solar radiation intensity [10-12,40]. However, the monthly variation of NPP in the
Hetao Irrigation District of Inner Mongolia from 2001 to 2021 shows a relatively smooth
curve, with peak values occurring in July or August each year (Figure 3a). The maximum
monthly mean NPP appeared in August 2012, with a value of 15.52 gCIn_2 (Figure 3b).
Figure 4 shows a slight upward fluctuation trend in NPP in the Hetao Irrigation District
of Inner Mongolia from 2001 to 2021, with annual averages ranging between 132.40 and
218.96 gCm~2a~L. The average NPP over 21 years is 172.40 gCm~2a !, consistent with the
annual average NPP reported in previous studies conducted in Inner Mongolia [21,26-28].
Peaks in NPP occur approximately every 3 years, notably in 2004, 2008, 2012, 2016, and
2019, with the maximum recorded in 2012 (218.96 ng’za’l) and the minimum in 2001
(132.40 ng_za_l) (Figure 4b). The fluctuations in annual NPP are primarily influenced
by both human and natural factors [21,41]. For instance, the relatively lower NPP observed
in 2017 compared to the preceding and succeeding years may be attributed to an extreme
drought event occurring that year. In arid and semi-arid regions, precipitation is one of
the primary factors influencing NPP variability [42]. Previous studies have reported a
greater reduction in NPP due to water stress than observed in this study [43,44]. Plants in
long-term water-stressed areas exhibit extremely high water-use efficiency, making them
highly resistant to short-term droughts [45]. However, even with a slight increase in water
stress, NPP does not significantly decrease. Significant impacts on vegetation growth
and photosynthesis inhibition occur only when water stress reaches higher levels in these
regions [46—48], consistent with the findings of Hao et al. [26] in Inner Mongolia.

max NPP — mean NPP — stdDev NPP J (3)1

'A.ALAAA,A_AAA A A AAAAAAAA‘JA‘

| |
2 PO | s w M A\ I ‘M

W

0 = ! s
2001 20022003 20042005 200620072008200920|020] 1 20]2201320]420]520]620]72018201920202021

mean NPP 17.73

Figure 2. NPP changes every 8 days from 2001 to 2021. (a) The max, mean, and stdDev of NPP in the
study area; (b) The mean value of NPP in the study area.

80 max NPP

60 (a)
~a0 1T mean NPP
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0
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Figure 3. Monthly NPP changes from 2001 to 2021. (a) The max, mean, and stdDev of NPP in the
study area; (b) The mean value of NPP in the study area.
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max NPP——— mean NPP — stdDev NPP (a)

(b)

200120022003 2004 20052006 20072008 2009201020112012201320142015201620172018201920202021

Figure 4. Annual NPP changes from 2001 to 2021. (a) The max, mean, and stdDev of NPP in the
study area; (b) The mean value of NPP in the study area.

3.2. Analysis of Spatial Variation of NPP at Different Scales

Spatial and temporal variations of NPP (gCm~2a~!) in the study area from 2001 to 2021
are depicted in Figure 5. From the graph, it can be observed that the spatial distribution of
NPP changes consistently over the years, with NPP values ranging from small (indicated
in red) to large (indicated in blue). Typically, construction land and unused land exhibit
red color in the annual variation, indicating minimal NPP values, and show little change
over the years. Meanwhile, larger NPP values are predominantly distributed in cropland
and grassland where green vegetation growth occurs, represented by green color. Taking
the land use in the Hetao Irrigation District in 2021 as an example, the predominant land
use is cropland, accounting for 47% of the total area, followed by grassland at 23%, with
forestland occupying only 1%. This disparity in land cover composition is the primary
driver of spatial variations in NPP. Previous studies [22,26] have also demonstrated the
significant contribution of cropland to NPP.

Using the example of the year 2021, Figure 6 illustrates the monthly spatiotemporal
changes in NPP within the study area. NPP changing from red to blue and back to red
over the course of a year indicates a transition from low to high and back to low NPP
values. Typically, NPP reaches its maximum in July or August, when vegetation growth
is at its peak [10,13]. In January, February, November, and December, the map appears
deep red, so NPP is relatively low during the course of the year. This is because in these
months, the Hetao Irrigation District is covered by snow, and the soil is in a frozen state,
resulting in minimal green vegetation growth and the lowest NPP values [49]. Starting
from March, as the frozen soil layer gradually melts, NPP across the entire basin begins
to increase, primarily driven by forest and grassland areas. By the end of May and early
June, crops in the Hetao Irrigation District have been sown [10,13,40]. In June, as the crops
germinate and grow, NPP gradually rises. However, since the crops are still small at this
point, with relatively small leaf areas for photosynthesis, the overall NPP remains relatively
low. July and August represent the peak growing period for crops. For example, during
this time, maize in the Hetao Irrigation District is in the tassel stage, and sunflowers are in
the budding stage [50]. Crops exhibit their maximum photosynthetic capacity during this
period, resulting in the peak of NPP. In September, as crops mature, leaves gradually turn
yellow, and the green leaf area decreases, leading to a gradual decline in NPP. This decline
continues until the end of September and October, when crop harvesting is completed, and
NPP across the entire region gradually decreases to its minimum.

3.3. Spatial-Temporal Distributions and Variations of NPP Trend

The Sen + Mann—-Kendall algorithm was employed to analyze the monthly and in-
terannual variations of NPP over the 21-year study period. Figures 7 and 8 depict the
corresponding outcomes. Table 2 provides a detailed account of the area and proportion
of different trend changes within the study area. It is noteworthy that the gray areas in
the table represent unused land where NPP remained unchanged, primarily because these
regions were not considered during the data analysis process. Additionally, data gaps were
observed in the images for January, February, and December.
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Figure 5. The spatiotemporal variation of annual NPP from 2001 to 2021. (a) 2001; (b) 2002; (c) 2003;
(d) 2004; () 2005; (f) 2006; (g) 2007; (h) 2008; (i) 2009; (j) 2010; (k) 2011; (1) 2012; (m) 2013; (n) 2014;
(0) 2015; (p) 2016; (q) 2017; (r) 2018; (s) 2019; (t) 2020; (u) 2021.
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Figure 6. The spatiotemporal variation of monthly NPP in 2021. (a) January; (b) February; (c) March;
(d) April; (e) May; (f) June; (g) July; (h) August; (i) September; (j) October; (k) November; (1) December.

Overall, from 2001 to 2021, the vegetation NPP in the Hetao Irrigation District exhibited
spatial heterogeneity in its changing trends. Specifically, for the months from February
to November and the entire year, the proportions of positively changing trends (trend
category > 0) were as follows: 70.28%, 89.44%, 81.98%, 19.73%, 47.09%, 82.38%, 89.72%,
83.47%, 70.80%, 79.18%, and 86.12%, respectively. On the other hand, the proportions
of negatively changing trends (trend category < 0) were: 0.07%, 1.97%, 10.32%, 72.79%,
45.44%, 10.14%, 2.82%, 9.06%, 21.44%, 5.51%, and 6.34%, respectively. The results indicate
that over the past 21 years, the positive proportions of NPP variation from February to
November and annual changes have been significant. From the bar graph illustrating
the proportions of different trend changes across the study area in Table 2, it is evident
that the proportion of positive changes is significantly larger, with a notable percentage
falling under the category of insignificant increase. It is noteworthy that negative trends
appear in May and June, primarily characterized by significant and extremely significant
decreases, with May exhibiting the highest proportion of extremely significant decrease,
reaching 33.86% (Figure 9). This trend mainly occurs in agricultural areas, and is attributed
to the months-long thawing of permafrost in Inner Mongolia, leading to soil tillage for
crop seeding, which increases soil respiration [51], releasing significant amounts of CO,,
and consequently reducing NPP. Additionally, during the early stages of crop growth, the
smaller leaf area leads to lower photosynthetic capacity, resulting in lower NPP [10,13,40].
As time progresses, by June, the photosynthetic capacity of crops gradually increases,
enhancing their ability for CO, uptake, thereby promoting an increase in NPP. Since
2000, various ecological compensation measures have been implemented to address land
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Consequently, the significant decrease in NPP in May has become a dominant trend over
the past 21 years.
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Figure 7. Distribution of monthly NPP changes from 2001 to 2021 based on the Sen + Mann algorithm.
(a) January; (b) February; (c) March; (d) April; (e) May; (f) June; (g) July; (h) August; (i) September;
(j) October; (k) November; (1) December.

In terms of interannual changes, the NPP trend in the study area still exhibits spatial
heterogeneity, with positive changes (trend category > 0) occupying 86.16% of the total
area. However, this positive change mainly manifests as an insignificant increase, cover-
ing 51.00% of the total area. In contrast, the area proportion of negative changes (trend
category < 0) is only 6.34%. This further indicates that over the past 21 years, there has
been a tendency for an increase in vegetation NPP in the Hetao Irrigation District of Inner
Mongolia. However, the overall increase is not significant, suggesting that the carbon
cycling process in the ecosystem of the study area has not significantly improved over the
past 21 years. Relevant policies need to be implemented to construct ecological barriers
and achieve ecological environmental management and sustainable development in the
Hetao Irrigation District.
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Figure 8. Distribution of annual NPP changes from 2001 to 2021 based on the Sen + Mann algorithm.

Table 2. Area and proportion of NPP changes at different levels based on Sen + Mann from 2001

to 2021.
NPP Change Trend Categories
Time Parameter
3 2 1 0 -1 2 -3 4
Area - - - - - - - - -
1/January ArO ; ; } ) _ ; _ ) _
2 /Februar Area 0.85 3182 2662 2121 34.04 0.08 0 - -
y ArO 0.74 2778 2324 1852 29.71 0.07 0 - -
3/March Area 30.82 3800 1228 2134 9.91 2.04 0.08 0.11 0.03
arc ArO 2691 3318 1072  18.63 8.66 1.78 0.07 0.09 0.03
4/ April Area 11.03  14.66 1033  57.84 8.92 11.36 0.21 0.22 0.05
p ArO 9.63 12.80 9.02 50.50 7.79 9.91 0.18 0.19 0.04
5/Ma Area 3.74 3.47 1.83 13.56 8.65 22.60 5.80 16.20 38.78
y ArO 3.26 3.03 1.60 11.84 7.55 19.73 5.06 14.14 33.86
6/] Area 8.18 8.74 4.76 32.26 8.63 29.42 4.09 7.85 10.68
une ArO 7.14 7.63 4.16 28.16 7.54 25.69 3.57 6.86 9.32
7 /Jul Area 1045  11.93 8.71 63.28 8.63 10.80 0.31 0.35 0.15
y ArO 9.12 10.41 7.60 55.25 7.54 9.43 0.27 0.31 0.13
8/ August Area 2115 2547 1445 4171 8.63 2.75 0.16 0.21 0.11
& ArO 1846 2224 1261 3641 7.54 2.40 0.14 0.18 0.10
9 /September Area 2248  18.50 9.49 4513 8.63 9.68 0.31 0.29 0.10
P ArO 1963  16.15 8.29 39.40 7.56 8.45 0.27 0.25 0.09
10/Octob Area 13.06  14.30 7.92 45.80 8.97 21.61 1.14 1.29 0.52
ctober ArO 11.41 12.48 6.92 39.99 7.83 18.87 0.99 1.13 0.45
/N b Area 2.67 8.39 7.34 72.30 17.63 6.26 0.03 0.01 -
ovember ArO 233 7.32 6.41 63.12 15.39 5.47 0.03 0.01 -
Area - - - - - - - - -
12/December ArO ) ) ) ) ) ) ) B )
13/ Area 1863  13.32 8.32 58.42 8.66 6.87 0.13 0.17 0.10
ear ArO 1627  11.63 7.26 51.00 7.56 6.00 0.11 0.15 0.08

Note: Area unit: 102 km?; ArO: Area ratio, unit: %; 4: extremely significant increase; 3: significant increase;
2: slightly significant increase; 1: no significant increase; 0: no change; —1: no significant decrease; —2: slightly
significant decrease; —3: significant decrease; —4: extremely significant decrease. 13: represents interannual
changes, same as in Figure 9, Table 3, and Figure 10.
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Figure 9. Area ratios of different levels in M—K test for each time period. (a) 4 or extremely significant
increase; (b) 3 or significant increase; (c) 2 or slightly significant increase; (d) 1 or no significant
increase; (e) 0 or no change; (f) —1 or no significant decrease; (g) —2 or slightly significant decrease;
(h) —3 or significant decrease; (i) —4 or extremely significant decrease.
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Table 3. Area and proportion of different trends in NPP changes based on the Hurst index from 2001
to 2021.

Hurst Index

Time Parameter
Min-0.25 0.25-0.50 0.50-0.75 0.75-1.00 Not Included
Area - - - - -
1/January ArO ) } ) ; .
2 /Februar Area 0.00 73.75 6.84 0.00 34.04
y ArO 0.00 63.38 597 0.00 29.71
Area 0.01 27.98 76.67 0.05 9.91
3/March ArO 0.00 24.43 66.94 0.04 8.66
4/ Apsil Area 1.28 98.93 5.48 0.00 8.92
p ArO 1.12 86.37 4.79 0.00 7.79
5/Ma Area 0.80 88.79 16.35 0.04 8.65
y ArO 0.69 77.52 14.28 0.03 7.55
6/1 Area 0.15 85.74 20.09 0.00 8.63
une ArO 0.14 74.85 17.54 0.00 7.54
7 /Tul Area 0.01 94.69 11.28 0.00 8.63
y ArO 0.01 82.67 9.85 0.00 7.54
8/ August Area 6.21 98.29 1.48 0.00 8.63
& ArO 542 85.81 1.29 0.00 7.54
9/September Area 1.29 100.90 3.79 0.00 8.63
P ArO 1.13 88.09 3.31 0.00 7.54
Area 0.03 53.31 52.22 0.08 8.63
10/October ArO 0.03 4655 45.59 0.07 7.83
Area 153 93.86 1.61 0.00 17.63
11/November ArO 133 81.94 141 0.00 15.39
Area - - - - -
12 /December ArO ) _ ) _ )
By Area 0.05 102.63 3.18 0.01 8.76
ear ArO 0.04 89.60 2.77 0.01 7.65

3.4. Future Trend Prediction of NPP Spatiotemporal Changes

In order to better understand the future spatiotemporal trends of NPP in the Hetao
Irrigation District of Inner Mongolia, we conducted Hurst index analysis on the monthly
and interannual variations of NPP from 2001 to 2021, as shown in Figures 11 and 12. Table 3
provides detailed records of the Hurst index of NPP interannual and monthly changes
in terms of the area and area ratio in the study area. In this study, the Hurst index of
NPP monthly changes over 21 years ranged from 0.1367 to 0.9035, with the minimum
occurring in April (Figure 11d) and the maximum occurring in October (Figure 11j). For
the interannual changes of NPP over 21 years, the Hurst index ranged from 0.2112 to 0.782.

Table 3 and Figure 10 below illustrate the area proportions of monthly and annual NPP
changes in the Hetao Irrigation District in the future. The monthly results indicate that weak
anti-persistence (0.25 < H < 0.5) dominates in all months except for March. Specifically, the
proportion of weak anti-persistence in March is 24.43% (Figure 10b); while weak persistence
is highest in March, accounting for 49.03% (Figure 10c). The annual results indicate that the
proportions of strong anti-persistence, weak anti-persistence, weak persistence, and strong
persistence are 0.04%, 89.60%, 2.77%, and 0.01%, respectively. This suggests that the future
trend of NPP in the Hetao Irrigation District exhibits weak anti-persistence, indicating that
vegetation NPP may exhibit opposite trends in the future compared to the past. Therefore,
without implementing effective measures to improve the ecosystem of the Hetao Irrigation
District of Inner Mongolia, there is a trend of decreasing vegetation NPP in the study area.
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Figure 10. Area ratios of different levels in Hurst index for each time period. (a) min-0.25 of Hurst
index; (b) 0.25-0.50 of Hurst index; (c) 0.50-0.75 of Hurst index; (d) 0.75-1.00 of Hurst index; (e) not
included of Hurst index.

It is important to note that the future trends of NPP predicted by the Hurst index do
not consider the impact of human activities on NPP. In practice, some human activities
can mitigate the negative effects of natural conditions on NPP to some extent. For exam-
ple, extensive agricultural activities significantly influence carbon absorption and carbon
storage in agricultural ecosystems through artificial control of vegetation and soil, such
as fertilization, irrigation, and crop rotation systems [54,55]. Land use changes such as af-
forestation and deforestation also alter the carbon sequestration capacity of ecosystems [56].
Returning straw to the fields can significantly increase organic carbon accumulation and
productivity in farmland [57]. Efficient water-saving irrigation significantly improves the
productivity and yield of crops in the region [58]. Proper ecological engineering can signifi-
cantly increase vegetation coverage and aboveground biomass [59]. Furthermore, with the
advancement of modern agriculture and smart agriculture, the Chinese government has
invested heavily in water conservancy facilities, improvements in irrigation systems, and
the development of energy-saving agriculture, which has increased NPP in some regions
of China, such as the Lhasa River Basin and the Loess Plateau [60,61]. All these indicate
that the transition from NPP reduction to increase can be mitigated or reversed through
proactive human activities. Therefore, in response to the national carbon peak policy, it is
necessary to formulate relevant measures for the Hetao Irrigation District, such as returning
farmland to forests and grasslands, reducing agricultural fertilizers and plastic films, and
implementing reasonable irrigation policies, to strengthen ecological environmental gover-
nance in the Hetao Irrigation District and improve the environment to enhance vegetation
NPP. Previous studies in Inner Mongolia (e.g., [21,28]) also suggest the necessity of taking
proactive measures to improve the vegetation NPP in the study area.
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Figure 12. Annual trend distribution of NPP from 2001 to 2021 based on the Hurst index.

4. Conclusions

This study analyzed the spatiotemporal variations in NPP over 21 years in the Hetao
Irrigation District in Inner Mongolia and the results are summarized in the following main
conclusions: The analysis of time series data revealed that the overall NPP variation in the
area over the past 21 years, both on an 8-day and monthly basis, followed an annual cycle,
showing an initial increase followed by a decrease in a “A” shape. The multi-year changes
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exhibited an overall fluctuating trend with alternating increases and decreases, showing a
slow overall increase. The annual mean NPP ranged between 132.40 and 218.96 gCm 2a .
Significant differences were observed in NPP among different land cover types. Cultivated
land emerged as the land cover type with the highest NPP contribution in the Hetao
Irrigation District, with the total NPP contribution influenced by the proportional area of
different land cover types. The monthly and interannual variations of NPP in the Hetao
Irrigation District of Inner Mongolia from 2001 to 2021 have primarily shown no significant
increase, with significant decreases and extremely significant decreases observed mainly
in May and June. This indicates that over the past 21 years, NPP has not improved, and
the Hurst index analysis results predict a decreasing trend in NPP in the study area in the
future. These findings underscore the necessity of implementing measures to effectively
enhance the carbon sequestration function, thereby achieving the dual goals of high-quality
development and ecological environment protection. The results of the study deepen our
understanding of the spatiotemporal heterogeneity patterns of NPP in the Hetao Irrigation
District of Inner Mongolia. This will assist with the further comprehension of historical
changes and future trends of NPP in the study area, providing theoretical support for
regional vegetation restoration and ecological rehabilitation efforts.
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