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Analysis of spatial and temporal
variations of vegetation NPP and
TWS in the Yangtze River Basin
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Bingbing Zhang*, Zhengtao Wang® & Baomin Han?

Net primary productivity (NPP) is an important parameter reflecting vegetation growth, and water
is one of the necessary factors for vegetation growth. Investigating the mutual influence between
NPP and water is significant for ensuring the stable development of the ecological environment. This
study focuses on the Yangtze River Basin (YRB) as the research area, and based on medium-resolution
imaging spectrometer (MODIS) data, climate data, and gravity recovery and climate experiment
(GRACE) data, the spatiotemporal evolution characteristics of vegetation NPP and terrestrial water
storage (TWS) in the YRB from 2000 to 2022 are explored and analyzes the mutual influence of NPP
with climate factors and TWS. The results show that vegetation NPP (4.10 gC-m~2.a~1) and TWS
(0.55 mm) in the YRB have exhibited an increasing trend from 2000 to 2022, with a strong correlation
between the two, which is related to recent environmental policies. Analysis of the impact of climate
factors on NPP reveals that temperature and TWS significantly positively impact NPP changes.
Furthermore, comparisons between NPP and TWS indicate that changes in TWS substantially
promote plant growth. In addition, the comparison between NPP and TWS indicates that changes in
TWS have an important promoting effect on plant growth. Surface water (SWS) and soil water (SM)
have a significant promoting effect on plant growth, but with a strong lag, while the consumption of
groundwater (GWS) has been promoting plant growth without significant lag.

Keywords Vegetation NPP, Yangtze River Basin, Terrestrial water storage, Climate change, Spatiotemporal
evolution

Net Primary Productivity (NPP) refers to the amount of organic matter accumulated by green plants per unit time
and area. It represents the remaining amount of Gross Primary Productivity (GPP) produced by photosynthesis
after deducting autotrophic respiration (RA). In ecology, NPP is a key parameter for scholars to reflect changes
in the terrestrial ecological environment and evaluate the sustainable development of ecosystems! . It is also
an indicator for many scholars to explore the material basis of ecosystem development®~® playing an important
role in the measurement and evaluation of ecosystems, and has always been a research hotspot'®-!%, NPP is
influenced by both human activities and climate change!>~18.

The Yangtze River Basin (YRB) Economic Belt is one of China’s most developed economic regions,
characterized by abundant vegetation resources and serving as a crucial ecological security barrier for sustainable
development. Understanding the spatiotemporal changes and influencing factors of vegetation NPP in the YRB
is of great significance. In recent years, many scholars have investigated NPP changes in this region, highlighting
the significant impact of environmental factors on NPP. Tang Xia et al. analyzed the mechanism of NPP impacts
on the vegetation ecosystem in the watershed, based on data from 11 environmental factors, finding that its
spatial distribution pattern is higher in the south and lower in the north. They also predicted that NPP in the
YRB will exhibit a strong increasing trend over the next 20 years!®?’. Beyond environmental factors, land
properties also affect the long-term potential for vegetation change. Zhou Jiaxi et al. studied the spatiotemporal
variation characteristics and patterns of farmland NPP in the middle and lower reaches of the YRB from 2000 to
2020, quantitatively analyzing the spatial heterogeneity of farmland NPP response to climate change?!. Although
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extensive research has been conducted on the changes in vegetation NPP and its influencing factors in the YRB,
less attention has been given to the analysis of water, particularly the effects of water storage on NPP.

Terrestrial water storage (TWS) plays an irreplaceable role in plant growth, and the Gravity Recovery and
Climate Experiment (GRACE) mission provides a novel method for detecting TWS changes using satellite
data??%, In recent years, a large number of scholars have studied the changes in TWS in the YRB. Jian Hao et
al. used the ITSG Trace2018 and ITSG Traceoperational time-varying gravity field models to invert the TWS
changes in the YRB from 2002 to 2020, combining these with the GLDAS model, precipitation, temperature,
and other data to comprehensively analyze TWS changes in the region**?>. Chaonengfang et al. estimated
the spatiotemporal changes in precipitation and groundwater (GWS) in the YRB, quantifying the drought
characteristics of the region. They found that soil water (SM), TWS, and GWS showed an increasing trend
between 2003 and 20192%?7. Some scholars have also combined vegetation growth and terrestrial water storage
in a joint study. For example, Li Xiaoying et al. analyzed changes in TWS and vegetation cover in the YRB based
on GRACE satellite data and the normalized vegetation index (NDVI) generated from MODIS remote sensing
data, examining trends, correlations, and spatiotemporal variations?®?’. However, few studies have combined
TWS with NPP for research.

Opverall, alarge number of scholars have conducted extensive research on NPP and TWS, but there is relatively
little research on the impact mechanism of vegetation NPP on TWS and the relationship between different
aquifers. The study of TWS is crucial for systematically analyzing the spatiotemporal changes of vegetation NPP
in the YRB and exploring its mechanisms as comprehensively as possible. Therefore, this study aims to explore
the interaction between NPP and TWS by detecting the spatiotemporal changes of vegetation NPP and TWS in
the YRB.

Data and methods

Study area

The Yangtze River, the largest river in Asia and China, ranks as the third-largest river globally. Covering 18.8%
of China’s land area, the YRB extends from the Tanggula Mountain in Qinghai Province to its culmination in the
East China Sea®*!. The basin spans longitudinally from 90° 33 to 122° 25’ east and latitudinally from 24° 30’ to
35° 45 north. Its topography exhibits a distinct three-tiered giant staircase, characterized by higher elevations
in the west and lower elevations in the east. The first tier encompasses the southern part of Qinghai, the western
plateau of Sichuan, and the Hengduan Mountains, featuring elevations ranging from 3500 to 5000 m. The second
tier includes the Qinba Mountain, Sichuan Basin, and the Hubei Guizhou Mountain in the Yunnan-Guizhou
Plateau, with elevations generally between 500 and 2000 m. The third tier is formed by Huaiyang Mountain,
Jiangnan Hill, and the Middle and Lower Yangtze Valley Plain, characterized by elevations below 500 m. The
region displays diverse landforms, including mountains, hills, basins, plateaus, and plains32’33. The climate of the
YRB is predominantly subtropical monsoon, with a small portion experiencing a tropical monsoon climate3*3.
The region’s complex topography and diverse climate result in a variety of vegetation types, including coniferous
forests, broad-leaved forests, grasslands, agricultural land, and scrub®. Over the last 30 years, meteorological
data analysis shows that the YRB has abundant precipitation, with an average annual precipitation of 1234.8 mm.
The spatial trend of precipitation increases from west to east and from north to south, with a weakly increasing
trend of 12.3 mm per decade over time*’. The YRB is relatively rich in wetland resources, with numerous and
interlocking lakes in the water system, and the TWS also shows an increasing trend year by year*®*. For the
purpose of this study, the YRB is divided into upstream, midstream, and downstream regions. This division aims
to analyze the evolving characteristics and influencing factors of NPP within these distinct regions, providing
valuable insights into the intricate dynamics of vegetation growth in the YRB (see Fig. 1).

Data
In this study, we used a comprehensive dataset consisting of NPP and multivariate data (as shown in Table 1).
The objective is to study in depth the impact of various factors on NPP.

Net primary productivity

Remote sensing data is a pivotal information source for large-scale modeling and geoscientific research, offering
extensive coverage, high resolution, and convenient data acquisition. The NPP data used in this study is derived
from the MODIS17A3H dataset, covering the period from 2000 to 2022. The data has a spatial resolution of
500 m and a temporal resolution of 1 year, with valid values ranging from — 3000 to 32,700. To enhance the
quality and applicability of the vegetation NPP data, several preprocessing steps were undertaken: (1) The
MODIS Reprojection Tools (MRT) were used for mosaicking and converting the data format. (2) ArcGIS 10.7
software was employed to refine the dataset. This included removing outliers and resampling the resolution to
1 km to ensure consistency with other influencing factor image data. Bilinear resampling was carried out using
ArcGIS to adjust the original 500 m resolution to 1 km to meet accuracy requirements and facilitate subsequent
analysis. (3) Project the data onto the Krasovsky projection. Finally, the processed NPP data was clipped to
match the designated study area, ensuring precision and relevance in subsequent analyses.

Data on impact factors

Geographic data Geographical location and elevation data were extracted from the SRTM90m dataset, sourced
from the Geospatial Data Cloud Platform. Collaboratively measured by NASA and the National Geospatial-In-
telligence Agency (NGA) of the U.S. Department of Defense, the SRTM90m dataset boasts a spatial resolution
of 90 m. To prepare these datasets for analysis, we utilized ArcGIS to resample the SRTM90m data to a 1 km
resolution and projected it onto the Krasovsky projection. This preprocessing ensured consistency and compat-
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Fig. 1. The YRB (China) topography.

Data Period Spatial resolution | Website (access data: 13/08/2024)
NPP 2000-2022 | 500 m https://ladsweb.nascom.nasa.gov/
Sunshine
Climatic factor | Temperature 2000-2019 | 1km http://data.cma.cn/data
Precipitation
Terrestrial water storage | 2003-2019 | 0.25° http://data.tpdc.ac.cn/data
Water storage Surface water 2003-2019 | 0.5° (http://www.cjh.com)
Soil water 2003-2019 | 0.25°
Groundwater 2003-2019 | 0.25°

Table 1. The data used in this paper.

ibility among datasets, facilitating a comprehensive and precise analysis of geographic location and elevation
within the study area.

Meteorological data Meteorological data, including annual precipitation, annual mean temperature, and
annual sunshine, was sourced from the China Meteorological Science Data Sharing Service Network (http://
data.cma.cn/data). This dataset aggregates information from approximately 219 surface meteorological stations
distributed across the YRB, spanning the years 2000 to 2019, providing a comprehensive 20-year dataset. The
dataset was compiled using the Kriging interpolation method, which is available in the Geostatistical Analysis
module of ArcGIS. This method ensured the creation of a dataset with a spatial resolution of 1 km, delivering
detailed and accurate meteorological information for the study area.

Water storage data
This study utilizes water storage data encompassing TWS, Surface water (SWS), SM, and GWS.

Scientific Reports|  (2024) 14:24908 | https://doi.org/10.1038/s41598-024-75447-5 nature portfolio


http://data.cma.cn/data
http://data.cma.cn/data
https://ladsweb.nascom.nasa.gov/
http://data.cma.cn/data
http://data.tpdc.ac.cn/data
http://www.cjh.com
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

WE

TWS data were obtained from the China Regional Precipitation-based Reconstructed TWS Change Dataset
(2002-2019), available from the National Tibetan Plateau Science Data Center. This dataset has a spatial
resolution of 0.25° and required a month-by-month extraction process due to missing data in certain months.
Complete data months from the years 2002 to 2019 were selected, excluding 2002, 2011, 2012, 2014, and 2015.
To derive annual TWS data, monthly values from 13 years (January, May, July, November, and December) were
averaged. The original NetCDF format was converted using ArcGIS software, and the dataset was resampled
to a 1 km resolution. Subsequently, it was projected onto the Krasovsky projection based on vector data of the
YRB obtained from the Center for Resource and Environmental Science and Data of the Chinese Academy of
Sciences (http://www.resdc.cn).

SWS data were obtained from the WaterGAP global hydrological model.

SM data were sourced from the Global Land Data Assimilation System (GLDAS) provided by the National
Oceanic and Atmospheric Administration of the USA, which has been utilized by previous researchers studying
this region’®!!. GLDAS offers spatial resolutions of 1°x1° and 0.25°x0.25°, with corresponding temporal
resolutions of 1 month and 3 h, respectively. GWS is initially derived from TWS, which incorporates components
such as SWS, SM, GWS, Snow Water Equivalent (SWE), and Plant Canopy Water (CWS). Specifically, GWS data
is obtained by isolating the impact of vegetation, snow, ice, and SM from GLDAS, as well as SWS from WGHM,
through subtraction from the TWS dataset?. The temporal coverage of this dataset spans from 2003 to 2019.

Results and analysis
This section is divided into two parts: spatial and temporal distribution characteristics of vegetation NPP, and
analysis of influencing factors.

Spatial and temporal distribution characteristics of vegetation net primary productivity in
the Yangtze River Basin

In this part, we separately counted the spatiotemporal changes of NPP and analyzed the rate of change and
stability.

Spatial and temporal changes in vegetation net primary productivity in the Yangtze River Basin, 2000-2022
To explore the overall spatial distribution of vegetation NPP in the YRB, we calculated the average spatial
distribution of NPP from 2000 to 2022 (Fig. 2-a) and the proportion of each partition area (Fig. 2-b). (1) NPP
exhibits significant regional disparities, with higher values observed in the southeast and lower values in the
northwest. (2) Magnitude Range: The range of NPP values is substantial, spanning from 0 to 2095gC-m~2.a~ 1.
For clarity in subsequent analyses, we categorized NPP into five levels based on numerical averages: low (0 ~200 g
C-m~2a~!), medium-low (200 ~400 g C:-m~%a~!), medium (400 ~ 600gC-m~2-a~!), medium-high (600 ~800 g
C-m~2a~!), and high (> 800 g C-m~2.a~!). 3)Distributional Differences: There are significant differences in the
distribution of NPP between upstream, midstream, and downstream. The upstream NPP is mainly in the middle
to high value area, while the middle and downstream NPP are mainly in the median area.

After understanding the average distribution of NPP in the YRB, we calculated the spatiotemporal variation
of NPP in the YRB from 2000 to 2022 (Fig. 3). From the spatial map (Fig. 3-a), it can be seen that since 2000,
the NPP in the YRB has shown an increasing trend in most regions; From the annual average time series chart
of NPP (Fig. 3-b), it can be seen that since 2000, the NPP in the upper, middle, and lower reaches of the YRB
has shown a trend of increasing year by year. Table 2 presents the proportion of different NPP levels in terms of
area and overall changes in 2000 and 2022, providing a more accurate numerical representation of the changing
characteristics of NPP in the YRB. The results showed that the area of low, medium low, and median areas
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Fig. 2. Mean spatial distribution of vegetation NPP in the YRB from 2000 to 2022 ((a) is the spatial
distribution of different classes of NPP in the YRB; (b) is the area share of the YRB as well as the upstream,
midstream, and downstream reaches of each NPP class).
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Fig. 3. Spatial and temporal changes of vegetation NPP in the YRB from 2000 to 2022 ((a) is the spatial change
of vegetation NPP; (b) is the temporal change of vegetation NPP).

NPP (gC-m~2a~!) | NPP categories | Area ratio (2000) (%) | Area ratio (2022) (%) | Area ratio change (2000-2022) (%)
<200 Low 14.88 12.53 -2.35
200-400 Lower 19.12 13.08 —6.04
400-600 Median 36.52 28.25 —-8.27
600-800 Higher 22.84 29.17 6.34
> 800 High 6.64 16.96 10.32

Table 2. Summary of changes in the area share of each vegetation NPP class in the YRB from 2000 to 2022.

decreased, while the area increased the most in the high-value area, which was 10.32%, equivalent to one-tenth
of the area of the YRB.

To more accurately evaluate the changes in NPP at different levels, considering the long period, we calculated
the NPP transfer matrix for five periods (Fig. 4) and statistically analyzed the spatial changes in the upper,
middle, and lower reaches of the YRB (Fig. 5). The results showed that the proportion of areas with unchanged
levels during these five periods was around 75%, while the proportion of areas with medium to high values
turning into median areas increased year by year.

The overall results show that the NPP in the YRB is showing an increasing trend. If NPP is used as the
ecological environment assessment condition, the number of extreme deterioration areas in the YRB has
significantly decreased in the past two decades. Most areas with low and medium-low values have transformed
into median areas, and the median area is transforming into medium-high value areas. This indicates that the
ecological environment in the YRB has been well improved.

Change rate and stability analysis

To gain a precise understanding of vegetation NPP changes in the YRB for ecological evaluations, we calculated
the rate of change in NPP from 2000 to 2022 and categorized the statistics (Fig. 6). According to the magnitude
of the change rate, it can be divided into six categories: moderate decrease zone (<-10), low decrease zone
(>—10, <0), low increase zone (>0, <10), moderate increase zone (> 10, <20), higher increase zone (> 20,
<30), and high increase zone (> 30). The results indicate that from 2000 to 2022, 87.72% of the regions in the
YRB showed an upward trend in NPP, mainly concentrated in the upstream provinces of Sichuan, Chonggqing,
and Qinghai. In the upper reaches of the YRB, a large proportion (91.83%) of the area shows an upward trend in
NPP. In the middle reaches of the YRB, the proportion of areas with an upward trend in NPP is 85.52%. In the
downstream, the proportion of areas with an upward trend in NPP is 76.49%. These findings indicate that the
ecological environment of the YRB is in an environmentally friendly state. The significant increase in vegetation,
especially in the middle and upper reaches, indicates a significant improvement in the situation. This positive
trend may be attributed to environmental protection policies implemented in recent years, such as establishing
ecological protection zones and returning farmland to forests.

The coefficient of variation (CV) serves as a crucial indicator for assessing the degree of data variation.
Generally, a higher coeflicient of variation signifies greater data variability. To gauge the extent of NPP changes in
the YRB, we employed the coeflicient of variation to evaluate the stability of NPP changes (Fig. 7). The coeflicient
of variation values for vegetation NPP in the YRB ranged from 0.02 to 3.87, classified into five classes (<0.1,
0.1~0.2, 0.2~0.3, 0.3~0.4, >0.4). Overall, across the entire YRB: Regions with coeflicients of variation <0.1
and 0.1 ~0.2 accounted for 52.70% and 43.37% of the area, respectively. In the upstream, areas with coefficients
of variation between 0.1 and 0.2 were most prevalent. In the middle and downstream reaches, areas with
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Fig. 4. The chordal diagram of the transfer matrix for different periods in the YRB ((a—d) shows the YRB,
upstream, midstream, and downstream from 2000 to 2004, and the remaining years are shown in Fig. 1 in the
Appendix).

coefficients of variation < 0.1 predominated, with the middle reaches showing more extensive coverage. Regions
with coefficients of variation>0.2 were minimal, indicating higher stability in NPP changes. These findings
suggest that the vegetation NPP in the YRB exhibits relative stability, with the upstream areas experiencing more
moderate fluctuations, while the middle and downstream areas demonstrate greater stability in NPP changes.

Analysis of influencing factors

Impact analysis of climatic factors

We conducted an analysis of the relationship between NPP and climate factors (sunshine, precipitation, and
temperature), calculated their correlation coeflicients, and statistically analyzed the proportion of areas with
different degrees of correlation (as depicted in Fig. 8; Table 3). The results indicate that:

NPP was positively correlated with insolation in most of the areas (62.76%) and negatively correlated in
about 37.24% of the areas, mainly in the northwestern part of the upper reaches and the southern part of the
middle reaches. The positive correlation area between NPP and precipitation accounts for about 51.57%, mainly
distributed in the eastern and middle reaches of the upstream, as well as the northeastern part of the downstream.
The negative correlation area accounts for about 48.43%. From the perspective of location distribution, the
impact area of precipitation is also closely related to altitude. The areas occupied by the positive correlation are
mostly relatively low in terrain, indicating that precipitation is one of the main factors for vegetation growth in
these areas. Generally speaking, temperature has a promoting effect on plant growth. In the YRB, the positive
correlation area between NPP and temperature accounts for about 78.33%, distributed in various provinces and
cities in the YRB, with Qinghai and Hunan provinces being the most significant. The proportion of negatively
correlated regions is about 21.67%, with Sichuan and Yunnan provinces being the most significant.

Correlation analysis between net primary productivity and terrestrial water storage
Subtracting the TWS image data from 2019 to 2003 can obtain the spatial variation map of TWS differences from
2003 to 2019 (Fig. 9). Given that the TWS data resolution is 0.25°, we used ArcGIS to resample the NPP data to

Scientific Reports |

(2024) 14:24908 | https://doi.org/10.1038/s41598-024-75447-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1% neE K 105°K

o

NPP Transfer Matrix from 2000 to 2004(Total) ) NPP Transfer Matrix from 2000 to 2004(Upstream) N

MON
N

Legend (row — column) Legend (row — column)
Low  Lower Median Higher High Low  Lower Median Higher High

Low I | I Low NN - .
¢ Lower N I I - Ly [ Lower NN N -

Median——) I - - Mediar{SN I I I ()

Higher [N O O N~ | r Higher NN NN IO I N :

High L —— e Migh - Wy

— Provincial boundaries — Stream gk ) — Provincial boundaries  — Stream i b

Lakes No Data 0 80160 320 Kilometers - Lakes No Data 0 75150 300 Kilometers
I""l -"“I 105°F
087K 1720k

(¢)

NPP Transfer Matrix from 2000 to 2004(Downstream)

N
NPP Transfer Matrix from 2000 to 2004(Midstream) A

>z

-

[

wz

Legend (row — column) Legend (row — column)
Low  Lower Median Higher High Low = Lower Median Higher High

Lov ) - Low S [ N I

Lower [ (N (S I Lover NI I[N

Medin | S | I Medianfi | N ()

Higher [ . | Higher | ] -

High | = High L] |
= Provincial boundaries  —— Stream . — Provincial boundaries — Stream

Lakes No Data 0 % 1% 08 Kiaaen ¢ » w Lakes No Data

10k 1208

Fig. 5. The shift of each NPP class in the YRB at different times ((a-d) show the YRB, upstream, midstream,
and downstream from 2000 to 2004, and the NPP class shifts for the rest of the years are shown in Fig. 2 in the
Appendix).

500 m for subsequent analysis. From the graph, it can be seen that from 2003 to 2019, the TWS in the western
and northeastern regions of the YRB decreased, while the TWS in Qinghai Province and the central southern
regions of the YRB increased.

The spatial distribution map of the correlation analysis between NPP and TWS (Fig. 10-a) reveals that the
positively correlated region covers the largest area, approximately 71.14%. The region includes the eastern part
of the upper reaches of the YRB, Qinghai Province, the south-central part of the middle reaches, the central part
of the lower reaches, and the northeastern part. Conversely, the negative correlation area covers about 28.86%
of the total area and is concentrated in the western part of the upper reaches of the YRB, where the slope is
relatively high. This indicates that the influence of TWS on vegetation NPP is less pronounced in areas with
steeper terrain. By analysing the time-series plots of TWS and NPP (Fig. 10b-e), it can be observed that there is
a clear inverse relationship between the trend of TWS and NPP in the YRB. Despite the different sources of TWS
in the upper, middle and lower reaches of the YRB, the temporal trends were significantly consistent. Compared
with the upper and middle reaches, TWS in the lower reaches changed more drastically over time. The main
contributors to TWS in the lower reaches of the YRB were precipitation and runoff, both of which exceed the
basin average. Therefore, the significant temporal changes in downstream TWS may be attributed to changes in
precipitation and runoff.

To comprehensively assess the effects of different water components on NPP, we conducted an analysis of
the correlations between SWS, SM, GWS, and NPP individually. As shown in Fig. 11, the interannual variation
of TWS showed a roughly opposite trend to that of NPP, and this phenomenon was most evident in the case
of GWS, which suggests that plant growth consumes TWS, and in particular, the GWS component of TWS. As
for the other water components (SW, SMS), it is not possible to precisely describe their relationship with NPP
changes for the time being, for this reason, we lagged the data of each water component by one year (because the
temporal resolution of NPP is one year), as shown in Fig. 12-a.

The time series diagrams of TWS, SWS, GWS, and SM with a one-year lag (Fig. 12-a) indicate that the trends
of SWS, SM, and TWS are generally consistent. This suggests that changes in SWS and SM in the YRB are closely
associated with the processes of plant growth. Comparing the lagged correlation coefficients (Fig. 12-b) and the
summary table of correlation coefficients (Table 4), it is observed that the correlation coeflicients between TWS,
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Fig. 6. Map of the results of the analysis of vegetation NPP change rate in the YRB ((a) is the spatial
distribution of NPP change rate in the YRB; (b) is the statistical map of NPP change rate in the YRB).

SM, and SWS with vegetation NPP increase, while the correlation coefficient of GWS shows a slight decrease
without significant change. Specifically, TWS, SM, and SWS exhibit a significant lag effect on plant growth,
whereas GWS demonstrates a weaker lag effect on plant growth.

Taken together, when TWS increases in the YRB, especially SWS and SM, after a period of lag time (the lag
time in this study is one year), it will greatly promote plant growth and lead to the increase of NPP. In addition,
plant growth will continue to consume GWS. Therefore, in general, when assessing the mechanism of vegetation
NPP change in the YRB, TWS change should not be ignored.
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of NPP coefficient of variation of vegetation in the YRB; (b) shows the statistical map of NPP coefficient of
variation of vegetation in the YRB).

Discussion

This study explores the spatiotemporal variation of vegetation NPP in the YRB over a period of 23 years based on
various data and quantifies its correlation with climate factors (sunshine, precipitation, temperature) and TWS.
The overall results show that the NPP in the YRB has shown an increasing trend in the past two decades, and the
ecological environment has been well improved. This conclusion has also been validated in relevant articles: The
NPP of the entire watershed*>~%, upstream*®*’, midstream*®*°, and downstream®® have all increased.
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Fig. 8. The spatial distribution and time series of correlation analysis between vegetation NPP and climate
factors in the YRB from 2003 to 2019 (from top to bottom, namely sunshine, precipitation, and temperature).

In the analysis and summary of the spatial and temporal changes of NPP in the YRB from 2000 to 2022, we
averaged the NPP into five levels according to the magnitude of the values to quantify the severity of the changes
in the NPP and calculated the mean distribution of each level and the changes over 23 years to assess the changes
in the NPP. The NPP mean map of the YRB from 2000 to 2022 revealed that the spatial distribution of NPP in
the YRB is extremely uneven and exhibits significant differences. To refine the time scale, we divided the study
period into five years (2000 ~ 2004, 2005 ~ 2009, 2010 ~2014, 2015 ~ 2019, and 2020 ~ 2022), and calculated the
area of change in vegetation NPP at each level. The overall results showed that the NPP in the YRB is gradually
changing from a low level to a high-level year by year. However, it is necessary to further refine the time-scale
study of NPP in the YRB in the future.

In the correlation analysis of NPP with climate factors, we compared the spatial and temporal variations
of three factors, namely sunshine, precipitation, and temperature, with NPP. It was found that the correlation
between temperature and NPP was closely related to altitude, especially in the Sichuan Basin, the Jianghan Basin,
and northern Yunnan, which may be due to the insensitivity of the basin’s geographical location to temperature.
Sunshine had a promoting effect on vegetation growth, which was most significant in the central part of the
upper reaches and the southern part of the lower reaches, which was also studied by Wang Tinghui et al., and
the same results were obtained®!. The correlation between precipitation and NPP may also be related to altitude,
which may be due to the fact that in areas with significant altitude changes, increased precipitation is difficult to
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Correlation coefficient | Correlation Sunshine | Precipitation | Temperature
C1-—08 i\tlfgzgve extremely 0% 0% 0%
—-0.8~—-0.6 Negative strong 1% 3% 0%
—0.6~—04 Negative moderate 3% 9% 2%
—0.4~-0.2 Negative weak 10% 15% 5%
—-02~-0 Negative extremely weak | 23% 21% 14%
0~0.2 Positive extremely weak | 24% 17% 19%
0.2~0.4 Positive weak 21% 16% 28%
0.4~0.6 Positive moderate 13% 13% 23%
0.6~0.8 Positive strong 5% 5% 8%
0.8~1 Positive extremely strong | 0% 0% 0%
Significance proportion (>95%) 91.77% 86.98% 87.39%
Linear trend (npp:4.10) —4.02 9.45 0.04
Linear correlation coefficient with NPP 0.10 0.31 0.54

Table 3. Summary of the area share of correlation between NPP and climate factors in the YRB.
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maintain and cannot fully affect plant growth. Zhang Yuzhou et al. also reached a similar conclusion??. Therefore,
how to integrate and analyze the various influencing factors will be one of the focuses of such research in the

future.

In the study of NPP and TWS, the correlation between the two is first explored based on their variations in
the YRB. Both precipitation and TWS are sources of water. The results showed that the proportions of positive
correlation between precipitation, TWS, and vegetation NPP were about 51.57% and 71.14%, respectively, and

Scientific Reports |

(2024) 14:24908

| https://doi.org/10.1038/s41598-024-75447-5

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

90°E 105°E 120°E
1 1

30°N
T
No0E

Legend

Correlation coefficient

. High: 0.99

z L=
&7 2
| Low:—0.99
— Provincial boundaries|
— Stream .
0 195 390 780 Kilometers
Lakes
T
105°E
~301 Total rs ~ 454 Upstream rS
2] @ =R © E
) J%} “+ 1%
|2 r4g £ 354 F4 8
204 RN v =4.7966x - 33.576 ]
o =1 N =
=4 F3 & (8N
= I
Z. Z
10 k2
F1
0 T T T T — — T T T
2003 2004 2005 2006 2007 2 20’19‘ 2013 2016 2017 2018 2019 |0
1
/. 1
-104 o F-1
Y
J v Lo
20
3
N/

-30- ---NPP ---TWS 4 357 ---NPP ---TWS 3
~ 357 Midstream 6 o ~ 351 Downstream r9 o
& @ £ & &) A B
& . Ls @ o A N =z
E 25 S PAEES £ g 25 n N
S ANy S E |5 A g
= / r N Rt F4 > i/” y=% 27[18‘( 22.90, e
= Il - < 1

15 - & 154 /

2 .vfszs?lsx-zzgw \ Ly g 15 ',' Ls
\ X -
5 ! 7 Z0.7147x - 3,0026 5 A S 946x - 486,
\ r2 /A 1N, SLT
7 T T T — — Ao . L3
\
mlé 2016 2017 2018 2019 |1 2017 2018 2019
- 3 L
Lt D) vl 0 1
L1 F-1
)
~~~~~~~ F-3
F3
457 ---NPP —--TWS 4 l -=-NPP -=-TWS o

Fig. 10. Spatial distribution and time series plots of correlation analysis between NPP and TWS in the YRB.

this result was similar to that of Kong et al.>>. However, from the line graph of the annual mean of TWS and
NPP, it can be found that they are negatively correlated. We believe that precipitation promotes plant growth
and absorbs TWS during plant growth, leading to a decrease in TWS in areas with increased vegetation
NPP. To further analyze the effects of different moisture components on NPP, we calculated the correlation
coefficients between SWS, SM, and GWS and the change in NPP. This study concluded that TWS, especially
the GWS component, was continuously consumed during plant growth. There was a lag of almost one year in
the promotion of plant growth by SM and SWS. Similar conclusions were also obtained by some scholars. For
example, Donghai Wu and Anderson et al. also analyzed the results that the vegetative response lagged behind
TWS>3>4, However, the transformation of TWS is a complex process, and this may be related to the vegetation
type and the degree of climatic aridity>***, how much of the reduced TWS is absorbed by the vegetative NPP is
a question that needs to be continuously researched, and explored, which is of great significance to hydrological
and ecological studies. Through the correlation analysis, TWS was found to be one of the important factors
affecting vegetation NPP in the YRB, and this conclusion needs to be supported by further research.
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Linear correlation coefficient with NPP 0.77 | 035 | 0.58 | 0.74
Linear correlation coefficient with NPP (hysteresis) | 0.91 | 0.78 | 0.94 | 0.71
Root mean square 12.77 | 12.68 | 12.74 | 12.74
Root mean square (hysteresis) 12.74 | 12.65 | 12.71 | 12.70

Table 4. Summary of correlations between vegetation NPP and TWS in the YRB.

Scientific Reports|  (2024) 14:24908 | https://doi.org/10.1038/s41598-024-75447-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

This study provides valuable insights for scholars to understand the transformation relationship between
vegetation NPP and TWS in the YRB. If future research can solve the problems discussed in this article, it can
greatly promote the development of the YRB.

Conclusions
This article explores the spatiotemporal variation characteristics of vegetation NPP and TWS in the YRB, as well
as their interactions. The specific conclusion is:

(1) The spatial distribution of NPP in the YRB is extremely uneven, showing significant differences. From the
overall distribution, the NPP in the YRB is relatively small in the northwest region, and larger it is in the
southeast; From a topographical perspective, it is mainly concentrated in low to medium altitude areas.

(2) From 2000 to 2020, the overall NPP of the YRB showed an upward trend, with 87.72% of areas showing an
upward trend in NPP, indicating significant improvement in the ecological environment of the YRB, which
may be related to recent policies.

(3) By comparing with climate factors, it was found that the trend of NPP in the YRB was similar to that of
sunshine and air temperature, and opposite to that of precipitation. The positive correlation areas of NPP
with sunshine, precipitation, and air temperature were 62.76%, 51.57%, and 78.33%, respectively.

(4) The TWS in the YRB is showing an increasing trend year by year, with a positive correlation area of 71.14%
with NPP. When TWS in the YRB increases, especially SWS and SM, after a lag period, it will greatly pro-
mote plant growth, leading to an increase in NPP, while plant growth continues to consume GWS.

Overall, when studying the mechanism of vegetation NPP changes in the YRB, the factor of TWS cannot be
ignored, and policies related to vegetation management should be planned and implemented in conjunction
with water management policies.

Data availability
The data is provided in the manuscript.
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