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Abstract

Grassland productivity is crucial for sustainable alpine livestock farming, yet the combined
effects of climate change and topography remain unclear. Using long-term time series data
of grassland NPP derived from Landsat imagery, along with meteorological and DEM data,
this study employed correlation analysis and SEM to quantify climate-driven grassland
NPP dynamics and topography-mediated regulatory effects in the Three-River Headwaters
Region between 1990 and 2020. Significant spatiotemporal dynamics of grassland NPP were
found in response to climate change over the past thirty years. Grassland NPP declined
before 1994 and then grew significantly after 1995 at an average rate of 0.88 gC-m~2-a~!
(p < 0.01). Spatially, NPP increased in 69% of the region, with significant and highly sig-
nificant growth in 9.5% (p < 0.05) and 35.7% (p < 0.01), mainly in the southeast. Driven by
general warming and wetting, topographic modulation of hydrothermal conditions had
intensified a mismatch in both time and space between grassland NPP and climate change,
particularly in temperature sensitivity. The positive effect of temperature on NPP shifted to
higher elevations (4000-5000 m) and lower slopes (5-25°), with NPP at higher elevations
exhibiting greater sensitivity to temperature changes. However, the most substantial contri-
butions to the overall rise in NPP occurred at altitudes of 3000-4000 m and slopes of 0-25°.
The key mechanism is that NPP growth above 4000 m was constrained by precipitation
scarcity despite thermal limitation alleviation from warming. Overall, the direct effects
of climate change outweighed those of various topographic factors, with both showing
slight declines since 2010. These findings highlight the need for differentiated governance,
restoration, and adaptive management of grasslands across diverse topographic gradients.

Keywords: grassland NPP; climate change; topography; dynamic response; Three-River
Headwaters Region; China

1. Introduction

Grasslands cover 40% of the Earth’s land area [1] and are vital for ecosystem health,
ecological service, and livestock farming sustainability [2]. Nearly 49% of global grasslands
have degraded due to climate change and human activities, threatening sustainable de-
velopment [3,4]. Understanding their evolution and drivers is crucial for global change
research [5].

Grassland net primary productivity (NPP) is a key indicator of its ecological function
and resource value, with its temporal stability closely linked to human well-being [6].
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Recent studies have shown that climate change significantly affects the productivity trend
in nearly 40% of global grasslands [7]. Climate change impacts grassland productivity by
altering heat and moisture [8], extreme events [9], CO, fertilization [10], and so on. The
impact of climate change on NPP remains controversial. Studies show that between 2000
and 2010, climate change degraded 45.51% of global grasslands due to rising temperatures
and changing precipitation [11]. In Central Asia, reduced precipitation led to an 84.7%
decline in NPP from 1982 to 1999 [12,13]. Conversely, grassland coverage expanded as a
result of forest conversion driven by climate warming and drying [14]. Temperature had
a greater impact on grassland productivity in the Qinghai-Tibet Plateau than precipita-
tion [15], while precipitation was the primary driver of greening on the Loess Plateau [16].
Some studies suggest that climate change had a limited or uncertain impact on grassland
NPP, especially compared to rising human activities [13,17]. These discrepancies arise from
variations in the dominant factors affecting grassland productivity across spatiotemporal
scales [18]. Globally, climate change contributed 15.2% to 71.2% of the variation in grassland
productivity from 1982 to 2011 [7], with significant regional differences. Climate-induced
changes in hydrothermal patterns, combined with local topography, soil, and grassland
types, complicate the mechanisms affecting grassland productivity.

The Three-River Headwaters Region (TRHR) on the Qinghai-Tibet Plateau is an ideal
location for studying grassland productivity’s response to climate change and topogra-
phy. Grassland is the dominant ecosystem in the TRHR, covering 65.4% to 69.5% of the
area [19]. Moreover, the TRHR features complex topography and geomorphology, with
extensive glaciers and permafrost coverage, and is strongly influenced by monsoon cir-
culation. These factors contribute to the high sensitivity of the grassland ecosystem to
climate change in the TRHR. Since the 1980s, global warming, snowmelt, and overgrazing
have accelerated grassland degradation and productivity loss in the TRHR, threatening
ecological security and sustainability. Existing studies have examined the relationship
between climate change and grassland productivity from various perspectives, including
productivity estimation [20], cover change [21], spatiotemporal pattern evolution [22], and
the roles of climate change and human activities [23]. They also connect climate change to
grassland productivity through factors such as growing season adjustments, phenologi-
cal changes, soil microorganisms, hydrothermal conditions, glacier melting, permafrost
changes, and human responses [8,24]. For example, a study based on the Noah-MP model
demonstrated that permafrost thaw mainly affected NPP by altering soil moisture, with the
most significant effects observed during the transitional phase before and after permafrost
disappearance [25].

Previous studies indicate that in lowland areas, NPP variations are primarily driven
by land use practices, whereas at high elevations, NPP is more sensitive to climate
change [26,27]. Therefore, understanding the dynamic mechanisms through which climate
change influences NPP at high altitudes is of paramount importance. Over the past 30 years,
the TRHR has warmed, with increased precipitation but significant spatiotemporal varia-
tions [28]. Given the region’s complex topography, little is known about how the interaction
between climate change and topography affects NPP and its specific manifestations in
the TRHR. Research indicates that grassland NPP, NDVI, and LAI in the TRHR respond
differently to climate change depending on the topographic conditions [29-31]. However,
the complex dynamics of ecosystems and diverse topography pose challenges in this field,
and research on how topography regulates grassland productivity’s responses to climate
change is still limited. Over the past 30 years, what were the spatial-temporal patterns
of grassland NPP distribution along topographic gradients in the TRHR under climate
warming? How did grassland NPP respond to climate change under different topographic
conditions? How did topography regulate the impact of climate change on grassland
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productivity over time? Addressing these questions will identify vulnerable and sensitive
areas of grassland NPP variation, improve the understanding of grassland productivity sta-
bility, and is vital for restoring degraded ecosystems and promoting sustainable grassland
resource use.

2. Data and Methods
2.1. Study Area

TRHR is the source of the Yangtze, Yellow, and Lancang rivers. Dubbed the “Water
Tower of China”, it is situated in the heart of the Qinghai-Tibet Plateau (Figure 1). The
region has a typical plateau continental climate with no distinct seasons, featuring alter-
nating hot and cold periods and clear dry and wet seasons. Average annual temperatures
range from —5.6 °C to 7.8 °C, with total annual precipitation ranging from 262 mm to
772 mm. The region is mainly mountainous, with complex topography and elevations
ranging from 1900 m to 6800 m, sloping from west to east. The primary vegetation in the
TRHR is grassland, which covers over 68% of the total area. This includes mainly alpine
meadows and steppe, along with some temperate steppe and smaller patches of alpine
desert and other types [19].
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Figure 1. Location of the TRHR with grassland types [27].

2.2. Data Sources and Preprocessing
2.2.1. Grassland NPP

As a key indicator of vegetation productivity, NPP is capable of reflecting vegetation
dynamics. Most current studies use the CASA model to estimate potential grassland
NPP [31,32]. Remote sensing for estimating grassland productivity has progressed rapidly,
but accuracy is often limited by scarce ground survey data for validation. Since grass yield
varies significantly by grassland type, this study establishes type-specific yield models by
combining remote sensing imagery with extensive ground survey data.

Landsat offers advantages of higher resolution, better temporal continuity, and more
stable sensors. The widely used MODIS NPP dataset only dates back to 2000, while
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the Landsat-derived NPP dataset can be reconstructed as far back as 1984. This study
accessed Landsat 5/7/8 TM/ETM+/OLI surface reflectance data (30 m spatial, 16-day
temporal resolution) via Google Earth Engine. For each period, we used at least 51 scenes
of images, which could cover the entire Qinghai Plateau, including the TRHR. After
radiometric, atmospheric, orthorectification, and cloud removal processing, combined
with long-term ground-measured biomass data, a Landsat remote sensing dataset for the
Qinghai Plateau from 1987 to 2021 was developed. Vegetation indices were calculated
using this dataset. Grassland sample data were primarily sourced from the Grassland
Supervision Center of the Ministry of Agriculture and Rural Affairs in China [http://
www.moa.gov.cn/], the National Forestry and Grassland Administration platform [https:
/ /www.forestry.gov.cn/], and field surveys. From 2005 to 2021, a total of 16,881 samples
were collected, covering the major grassland types of the Qinghai Plateau [27]. In field
surveys, sample plots were established in representative grassland resource areas, and
field-based surveys were conducted to systematically monitor grassland types, soil texture,
and surface characteristics. In order to accurately capture the actual conditions of the
regional grasslands, sample quadrats were randomly laid out with a minimum interval of
200 m. The spatial coordinates of each quadrat were recorded. The configuration of sample
quadrats was adapted based on the specific characteristics of different vegetation types.
In herbaceous plots, three 1 m x 1 m quadrats were typically established. Vegetation was
clipped at ground level and weighed using a mechanical or electronic balance. Sampling
time, elevation, and other relevant data were recorded. In plots with tall herbaceous plants
or shrubs, larger 10 m X 10 m quadrats were used. Representative large, medium, and
small individuals were weighed, and total biomass was estimated based on clump density.
To ensure data accuracy and reduce potential human-induced bias, samples outside the
defined study area and those with substantial discrepancies from field observations were
excluded. The remaining high-quality data were systematically compiled and archived
based on monitoring site ID, plot number, geographic coordinates, and other relevant
metadata. To ensure sufficient model training, a random sampling strategy was adopted.
For grassland types with fewer than 1000 samples, 80% were randomly selected for training
and the remaining 20% were used for ground validation. For those with more than 1000
samples, 75% were used for training and 25% for validation. Additionally, Landsat imagery
was used to extract auxiliary data such as latitude and longitude data, grassland resource
types and distribution data.

The optimal model was based on grassland classification and incorporated spectral
variables, vegetation indices (e.g., NDVI, EVI), and climatic variables (May-September
cumulative precipitation and mean temperature) (see Supplementary Materials, Table S1).
Pearson correlation analysis indicated that most variables were significantly correlated
with yield (p < 0.05), supporting grass yield inversion. To enhance model accuracy and
reduce redundancy, the leave-one-out method was used to remove variables that weakened
performance. The selected features were used to construct models with Random Forest and
Gradient Boosting Tree methods. Model performance was evaluated using R?> and RMSE,
with R? consistently above 0.8, confirming model accuracy (Table 1). Finally, the Random
Forest Model, which exhibited higher overall accuracy, was utilized to invert the grassland
NPP (in fresh weight) annually from 1990 to 2020, achieving an average accuracy of 85% at
a spatial resolution of 30 m. This study utilized the boundaries of the TRHR to clip and
obtain NPP data for the research area. To enable a consistent comparison in subsequent

1

climate-related analyses, the fresh-weight NPP was converted to units of gC-m~2-a~! and

resampled to a 250 m resolution using the nearest neighbor method.
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Table 1. Accuracy assessment of the models.
Random Forest Model Gradient-Boosting Model
Grassland Type
Accuracy (%) RMSE (kg/ha) R? Accuracy (%) RMSE (kg/ha) R?
Lowland meadow 84.12 499.85 0.91 80.49 667.72 0.85
Alpine meadow steppe 84.85 770.88 0.84 83.20 991.57 0.73
Alpine meadow 83.32 717.37 0.77 82.63 814.59 0.70
Alpine steppe 85.08 414.33 0.91 82.36 511.83 0.86
Montane meadow 86.18 1062.14 0.82 84.63 1268.89 0.75
Temperate steppe and temperate 85.61 44113 0.81 86.38 453 58 0.80
desert-steppe

Temperate desert 83.31 414.73 0.86 80.45 522.32 0.78
Alpine desert 85.13 137.59 0.85 82.69 150.46 0.82

2.2.2. Meteorological Data

This includes monthly temperature and precipitation data for 1990 to 2020, with a
spatial resolution of 1 km, from the National Tibetan Plateau Data Center/Third Pole
Environment Data Center [https://data.tpdc.ac.cn/]. The dataset was derived from down-
scaling the global 0.5° climate dataset (CRU) and the high-resolution climate dataset
(WorldClim) in China using the Delta spatial downscaling method, and validated with data
from 496 meteorological stations, yielding credible results [33]. Annual average tempera-
ture and precipitation were calculated from the monthly data. For ease of subsequent use,
the meteorological data were downscaled using bilinear interpolation and resampled to a
uniform resolution of 250 m.

2.2.3. Topographic Data

Topographic data were sourced from NASA’s 30 m SRTM DEM [https:/ /earthdata.
nasa.gov/] and resampled to a 250 m grid. From this data, the corresponding altitude,
slope, and aspect were calculated. Based on the topographic distribution of the TRHR and
relevant studies [29,34], the topographic factors were systematically classified. Altitude was
categorized into six distinct intervals: <3000 m, 3000-3500 m, 3500-4000 m, 4000-4500 m,
4500-5000 m, and >5000 m. Aspect was divided into five types: shady slope (0-45°,
315-360°, SHA), semi-shady slope (45-135°, SSHA), sunny slope (135-225°, SUN), semi-
sunny slope (225-315°, SSUN), and flat slope (FLA). Slope gradient was segmented into
five intervals: 0-5°, 5-15°, 15-25°, 25-35°, and >35°.

2.2.4. Other Data

The vector boundaries of the TRHR were sourced from the National Tibetan Plateau
Data Center/Third Pole Environment Data Center [https://data.tpdc.ac.cn/zh-hans/].
The administrative boundary data were sourced from the National Geomatics Center of
China [https://www.ngcc.cn/, accessed on 7 June 2025].

2.3. Methodology
2.3.1. Structural Equation Modeling

Structural Equation Modeling (SEM) is a sophisticated statistical analysis method
widely employed in recent years in fields such as social sciences, psychology, and ecology.
Its core principle involves linking observed and latent variables through a framework that
encompasses both a measurement model and a structural model. This method examines
the direct and indirect relationships among multiple variables, facilitating causal inference
and mechanism analysis [35]. Incorporating latent variables allows the model to capture
concepts or phenomena not fully represented by observed variables, thereby enhancing
its explanatory and predictive power. SEM accounts for measurement error, effectively
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isolating the true score of variables from error, which reduces its impact on model estimates.
This separation enhances model accuracy and reliability, allowing a clearer understanding
of each variable’s unique influence and the complex interactions between them. Researchers
can flexibly construct models to fit research goals and data characteristics by selecting
indicators, defining latent variables, and setting path relationships. Piecewise structural
equation models, often used in ecology, retain SEM strengths, lower data requirements,
support diverse distributions, and keep local errors from affecting the whole model. Its
operation process is as follows: First, a conceptual model is created based on theory
and prior knowledge, outlining causal or correlational relationships among variables
(informed by topography, climate, and grassland). The model is then fitted to the data,
and if the results are unsatisfactory, significantly missing paths are added according to the
d-separation principle. This process is repeated until the final model is achieved [35,36].

SEM results are usually shown in a graphical framework, where one-way arrows
indicate causal relationships (with the starting point as the independent variable pointing
to the response variable) and two-way arrows represent correlations. The number next
to the arrow is the standardized path coefficient, indicating the strength of the direct
relationship between two variables. Ranging from —1 to 1, coefficients closer to 1 or —1
signify stronger relationships, while a coefficient of 0 indicates no relationship. The overall
effect of one variable on another is the sum of direct and indirect effects. The direct effect is
the path coefficient to the target variable, while the indirect effect is the product of the path
coefficients leading to it.

To quantitatively assess the regulatory effect of topographic factors on the impact of
climate change on NPP and its dynamic changes, we randomly selected 1320 points within
the TRHR using ArcGIS 10.8 [29]. For the study period from 1990 to 2020, encompassing
the seven selected representative years of 1990, 1995, 2000, 2005, 2010, 2015, and 2020,
we extracted observed values for six variables at each point. Finally, piecewise structural
equation modeling was conducted using the R programming language. The constructed
SEM was assessed using key fit indices, including p-values for relationships between
variables, Root Mean Square Error of Approximation (RMSEA), and Comparative Fit Index
(CFI). The results indicated p < 0.05, suggesting that the null hypothesis could not be
rejected and confirming a good model fit. Moreover, both RMSEA and Standardized Root
Mean Square Residual (SRMR) values were low, demonstrating strong explanatory power
of the variable relationships (Supplementary Materials, Table S2).

2.3.2. Trend Analysis

Ordinary least squares estimation captures the linear trend of net productivity, accu-
rately reflecting grassland productivity changes [37]. Univariate linear regression was used
to analyze NPP, temperature, and precipitation trends at each grid point in the TRHR from
1990 to 2020.

To address the trends in temperature and precipitation changes, a Hydrothermal
Change Composite Index (HCCI) was calculated to characterize the level of hydrothermal
coupling between temperature and precipitation changes, which could also indicate the
synergy of hydrothermal changes to some extent. The method was as follows: first, we
calculated the trends of temperature and precipitation, normalizing their positive and neg-
ative values to eliminate dimensional influence. The normalized trends were then summed
to obtain HCCI. A higher positive index indicates enhanced hydrothermal coupling, associ-
ated with warmer and wetter climates. A lower negative index suggests reduced coupling,
implying colder and drier climates. In parallel, we categorized temperature and precipita-
tion trends as S > 0 and S < 0, yielding four temperature—precipitation combinations at the
grid scale.
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2.3.3. Correlation Analysis

The Pearson correlation coefficient (PCC) reflects the long-term dynamic relationship
between grassland NPP and climate change [11,37].

Considering the dynamic and lagged effects of climate change on grassland NPP,
this study used a 15—year sliding window to calculate the correlation trends between
grassland NPP and temperature or precipitation across various topographic gradients. This
window length effectively captured long-term trends while ensuring sufficient samples for
robust correlation analysis. It also explored these correlations under different lag periods
(0-6 years).

3. Results and Analysis
3.1. Spatiotemporal Trends of Grassland NPP and Topographic Differentiation

From 1990 to 2020, grassland NPP in the TRHR ranged from 40.3 to 1087 gC-m~2-a~ !,
averaging 238.3 gC-m~2-a~!. This is consistent with the results from climate models and
the improved CASA model, but higher than estimates from some other remote sensing
models (like the GLOPEM-CEVSA model) [20,38]. This value far exceeds the Qinghai-
Tibet Plateau’s long-term average of 120.8 gC-m~2-a~! (2000-2018) [39], indicating high
grassland productivity potential. The spatial distribution of grassland NPP gradually
increases from northwest to southeast (Figure 2d). Comparing grassland NPP with the
topographic features of the TRHR reveals that altitude, slope, and aspect each show distinct
variations in their relationship to NPP spatial patterns. Grassland NPP averages increase
with altitude up to a peak before declining, with high values primarily occurring between
3000 and 4500 m (Figures 2 and 3a). Average NPP rises with slope, hitting a minimum
below 5°. It shows the most variability for slopes under 25° and levels off beyond that.
NPP shows minor variation with aspect (207.4 to 247.4 gC-m~2-a~!), with higher values
mainly on SSUN, SHA, and SSHA, peaking on SSUN (Figures 2 and 3c). Overall, grassland
NPP varies significantly with altitude, to a lesser extent with slope, and shows the least
variation with aspect.

The interannual variation in grassland NPP in the TRHR (Figure 4c) from 1990 to
2020 fluctuated between 224.68 gC-m~2-a~! and 249.43 gC-m~2-a~!. In the past 30 years,
grassland NPP had shown a significant upward trend, with an average growth rate of
0.71 gC-m~2-a~! (p < 0.01). Compared to 1990 (236.17 gC-m~2-a~!), NPP increased to a
peak of 249.43 gC-m~2-a~! in 2020, representing a growth of 5.6%. However, the upward
trend in NPP over the past 30 years was not consistent. Dividing the data at the lowest
point in 1994 reveals two distinct periods: from 1990 to 1994, NPP declined significantly
by —2.94 gC-m~2.a~! (p < 0.01). In contrast, from 1995 to 2020, there was a notable
increase, averaging 0.88 gC-m~2 per year (p < 0.01), with exponential growth particularly
pronounced from 1995 to 2012. This trend markedly differs from the interannual variations
seen in global grassland NPP [32].

Over the past 30 years, grassland NPP changes in the study area have shown clear
spatial differentiation. Increasing NPP areas account for 69%, with significant and highly
significant increases at 9.5% (p < 0.05) and 35.7% (p < 0.01), respectively. These increases
are mainly concentrated in the southeastern part of the study area, particularly notable
in the eastern region of the Yellow River source (Figure 4f,i). Areas of decreasing NPP
represent 31%, with significant reductions at 4.6% (p < 0.05), mainly in the central and
western regions of the study area and the central Yellow River source. Highly significant
reductions comprise 9.4% (p < 0.01), concentrated in central TRHR, the southern Lancang
River source, and northern and central Yellow River source areas (Figure 4f,i). Compared to
Figures 4f and 2a—c, significant NPP increases are concentrated at altitudes of 3000-4000 m
(eastern Yellow River source and south-central region of the TRHR) and 4000-5000 m
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(southwestern Yellow River source and south-central region of the TRHR), with slopes
of 0-25° and no clear pattern in aspect. In contrast, areas with significant NPP decreases
are mainly found below 3000 m (Gonghe Basin) and at 4000-5000 m (central Yellow River
source, central TRHR, and southern Lancang River source), with slopes of 0-25° and 25-35°
(southern Lancang River source) and no clear pattern in aspect.
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Figure 2. Spatial distribution of topographic elements and average grassland NPP during 1990-2020
in the TRHR. (a) Altitude; (b) slope; (c) aspect; (d) grassland NPP.
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Figure 3. Temporal dynamics of average grassland NPP across different gradients of topographic
elements. (a) Altitude; (b) slope; (c) aspect.

The spatiotemporal evolution of grassland NPP varied across different topographic
backgrounds. Figure 3 shows that while grassland NPP across different topographic factors
exhibits similar stage change characteristics to Figure 4c, subtle differences remain over time.
NPP fluctuations below 4000 m align with those in Figure 4c, showing a significant increase
in 2010 compared to 2000, with the 2020 increase primarily concentrated at 30004000 m.
Above 4000 m, NPP fluctuations decreased significantly, showing little change by 5000 m
(Figure 3a). The above analysis shows that grassland NPP increased to high altitude
with time in a specific altitude range, and the NPP growth at an altitude of 3000-4000 m
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contributed the most to the NPP of the entire TRHR. The effects of slope on NPP change
in grassland with time were mainly reflected in the following aspects: Compared to 1990,
NPP increased and then decreased (25-35°) at slopes less than or equal to 25° in 2000.
When the slope exceeded 35°, NPP began to increase. In 2010, compared to 2000, NPP rose
consistently across all slopes, especially below 35°. By 2020, NPP saw a slight increase
in areas with slopes of 25° or less, but remained unchanged or even decreased in areas
with slopes greater than 25° (Figure 3b). The results indicate that NPP fluctuations in areas
below 25° significantly influenced the NPP changes in the TRHR. From the perspective of
slope aspect, the temporal variation in NPP for SUN and FLA differed slightly from other
aspects, showing a smaller decrease in 2000 compared to 1990 and minimal change in 2020
compared to 2010 (Figure 3c). These results indicate that the increase in grassland NPP on
SSUN, SHA, and SSHA significantly contributed to the rise in NPP in the TRHR over the
past decade.
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Figure 4. Temporal trends of climate change and grassland NPP and their spatial patterns from 1990
t0 2020. (a,d): Temperature; (b,e): precipitation; (c,f): NPP; (g): HCCI; (h): combination types between
temperature and precipitation trends; (i): significance of NPP changes. The red dashed lines in (a—c)
are the regression-fitted trend lines of the time series (black lines).

Figure 5 further reveals the spatial pattern of NPP change rate and the statistical
characteristics of topographic differences every five years. The NPP significantly decreased
from 1990 to 1995 (Figure 4c), primarily due to a sharp decline in the southeastern region,
which contributed most to the overall NPP, particularly in the eastern Yellow River source
and central-southern TRHR, where grassland production potential was high (Figure 5a).
Altitudes of 3500-5000 m, slopes of 5-35°, and all aspects except flat ones significantly
contributed to the decline in regional NPP. From 1995 to 2000, NPP rebounded, but spatial
differentiation was evident (Figure 5b). Increased NPP was concentrated in the south and
central-eastern Yellow River headwaters, while decreased NPP was primarily observed in
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the western, eastern, and central areas. The increase in NPP was mainly due to significant
rises in areas at altitudes of 3500-5000 m, with NPP also increasing in regions with slopes
greater than 5° and across all slope directions. Conversely, the decrease in NPP was
primarily attributed to declines in areas below 3500 m and with slopes less than 5°. From
2000 to 2005, grassland NPP increased significantly, mainly due to a substantial rise in the
eastern TRHR (Figure 5c), particularly in areas below 4000 m in altitude and with slopes of
5-35°. In contrast, the central and western regions of the study area continued to decline,
mainly due to decreased NPP in high-altitude areas above 4500 m. From 2005 to 2010,
NPP entered a second rapid growth phase, with increases extending further northwest
than in 2000-2005. Significant gains were particularly noted in the central and western
Yellow River source and southwestern TRHR (Figure 5d). The influence of topographic
differentiation significantly decreased; NPP markedly increased below 5000 m, especially in
the 3000-3500 m and 4000-4500 m ranges, with a notable decline occurring above 5000 m.
Areas with a slope of less than or equal to 35° had a greater contribution. From 2010
to 2015, grassland NPP in the TRHR declined (Figure 4c), especially in the central and
central-eastern regions, likely due to the degradation of grasslands that had previously
expanded northwest. This was also evident from the impact of altitude. Except for an
increase in NPP at 3500-4000 m, significant declines occurred at other altitudes, especially
at 3000-3500 m, where NPP shifted from a marked increase in the previous phase to a
notable decrease. NPP across different slopes and aspects mainly showed a declining
trend, particularly in areas with slopes of 15° or less, and on SUN and SSUN (Figure 5e).
From 2015 to 2020, grassland NPP began to recover, with the most significant increases in
eastern TRHR. The greatest contributions to NPP growth were in areas below 4000 m and
with slopes under 25°, while all slope aspects showed positive contributions. In summary,
changes in grassland NPP in the central and eastern TRHR significantly impacted the
overall dynamics of NPP in the study area, with notable variations in altitude and slope
influencing these changes over time.

3.2. Direct Effects of Climate Change on Grassland NPP

Climate change is a key factor influencing grassland productivity in the TRHR [7].
From 1990 to 2020, the TRHR experienced a significant warm humidification process
(Figure 4a,b). The average warming rate was 0.03 °C/a, and the precipitation variability
was 2.89 mm/a. The warming rate exceeded the national average in China, while the
interannual variation in precipitation surpassed the average increase nationwide [38]. The
temperature exhibited a three-phase trend: a fluctuating decline from 1990 to 1997, a rapid
increase from 1998 to 2010, and stable fluctuations from 2011 to 2020. Precipitation showed
an overall linear increasing trend, but with significant interannual variability. Notably,
the decline in precipitation rates in 1994, 2006, and 2015 ranged from 16% to 22%. The
correlation coefficients for temperature and precipitation with NPP were 0.56 (p < 0.001)
and 0.63 (p < 0.001), respectively. Together, they explained 51% of the interannual variation
in grassland NPP (p < 0.001), highlighting the significant impact of climate change on the
increase in NPP. Precipitation (standardized regression coefficient: 0.486, p < 0.01) had
a greater impact on NPP than temperature (standardized regression coefficient: 0.362,
p < 0.05), highlighting the critical role of precipitation in the TRHR grassland ecosystem.

Climate warming and wetting were spatially asynchronous in the past 30 years. Nearly
all of the TRHR experienced significant warming, with intensity decreasing from south
to north (Figure 4d). Precipitation variability displayed marked spatial differences, with
precipitation rising in 64.8% and declining in 35.2% of the region. Increases were scattered,
with more pronounced gains in the southeast than the northwest, particularly in the eastern
Yellow River source (Yellow River Valley) and southeastern Yangtze River source. Drier
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areas were mainly found in the central and western Yellow River source, with the most
significant precipitation reductions in the central Yellow River source and central TRHR.
Based on the temperature—precipitation combination types (Figure 4h), climate change
in the TRHR was primarily characterized by warming and humidification, with most
areas (64.7%) experiencing warming and wetting. The trend of warming and drying was
concentrated in the central Yellow River source, central TRHR, and the southern part
of the Lancang River source, with some dispersion in the western TRHR. According to
the HCCI, the trend of improving hydrothermal conditions decreased from southeast to
northwest, with an expanding area of worsening conditions in the northwest. Additionally,
the improvement in the central Yellow River source valley was less favorable than in other
southeastern regions (Figure 4g).
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Figure 5. Spatial-temporal trends of grassland NPP changes every five years from 1990 to 2020
and their topographic differentiation. (a): 1990-1995; (b): 1995-2000; (c): 2000-2005; (d): 2005-2010;
(e): 2010-2015; (f): 2015-2020.

Spatial analyses reveal that regions with the most pronounced temperature in-
creases did not align with those exhibiting the most significant rises in grassland NPP
(Figure 4). Temperature changes demonstrated a north-south gradient, while NPP
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variations displayed an east-west pattern, underscoring a substantial spatial mismatch and
asynchronous relationship between the two phenomena. In contrast, NPP showed strong
spatial synchrony with precipitation. The spatial pattern of hydrothermal combination
types also aligned well with grassland NPP, more so than the HCCI. NPP rose in warming
and humid areas but declined significantly in warming and drying regions. These results
reinforce the limiting effect of precipitation distribution on grassland productivity in the
study area. At the grid scale, most areas in the TRHR showed a positive correlation between
NPP and both temperature and precipitation, with a stronger correlation with precipitation
(Figure 6). NPP showed a positive correlation with temperature in 67% of the area, with an
average correlation coefficient of 0.124. In comparison, 75.6% of the area showed a positive
correlation with precipitation, yielding an average coefficient of 0.17. The spatial distri-
bution of correlation coefficients between NPP and temperature or precipitation reveals
significant differences. Positive correlations with temperature were mainly concentrated in
the eastern and southwestern Yellow River sources, central and southern Yangtze River
sources, and western Lancang River source. Conversely, negative correlations were primar-
ily found in the southwestern, northwestern, and central-eastern Yangtze River sources, as
well as the southern Lancang River source and central and northern Yellow River sources
(Figure 6a,c). Positive correlations between NPP and precipitation were mainly observed
in most areas of the Yellow River source, the southwestern Yangtze River source, and the
western and central Lancang River source. Negative correlations were sporadically found
in the northern and central parts of the study area, with the scattered statistical significance.
Overall, precipitation exerts a greater influence on grassland NPP in the western TRHR
than temperature (Figure 6b,d).
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Figure 6. Correlation analysis of climate change and grassland NPP during 1990-2020. (a,c): NPP-
temperature; (b,d): NPP—precipitation.

Dynamic changes in correlation coefficients over time indicate that grassland NPP re-
sponds differently to temperature and precipitation across various topographical conditions.
Under varying topographical conditions, NPP’s response to temperature can be divided
into two phases around 2005. Before this year, the correlation was strong, indicating a high
sensitivity of NPP to positive temperature changes. However, after 2005, the correlation
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significantly weakened, with some areas showing negative correlations. Before 2003, at
altitudes below 5000 m, the correlation coefficients between the two variables steadily
increased over time across nearly all altitudes. Additionally, high correlation coefficients
increased from mid-altitudes (3500-4000 m) to higher altitudes (4000-5000 m), with the
most pronounced rise in the 40004500 m range (Figure 7a). This transition point around
the year 2000 indicates a shift in temperature’s impact on NPP to higher altitudes. While
correlation coefficients for the 3000-3500 m range are relatively low, they exhibit the most
significant increase. Above 5000 m, the correlation between NPP and temperature is largely
insignificant. Before 2003, at slopes below 25°, the temperature-NPP correlation coefficients
increased over time, nearing the values for slopes of 15-25° and 25-35° (Figure 7b). The
correlations for slopes of 15-25° and 25-35° remained stable over time, while those for
slopes over 35° exhibited a slight decline. After 2005, higher slopes were linked to a more
rapid decline in correlation coefficients. Regarding slope aspect, the temperature-NPP
correlation coefficients exhibited a trend of initially increasing and then decreasing across
different aspects, with little variation among them (Figure 7c).
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Figure 7. Moving correlation of grassland NPP to temperature (a—c) and precipitation (d—f) for
different topographic gradients centered on a 15-year sliding window from 1990 to 2020.

NPP’s response to precipitation changes lacks distinct phases. Across various topogra-
phies, the correlation with precipitation is generally strong, especially at altitudes below
3500 m and above 4500 m, though some periods might be affected by extreme events. Before
2007, the correlation between NPP and precipitation at altitudes of 4000-5000 m showed
the most significant increase over time (Figure 7d). The significant decline in correlation
around 2010 was primarily associated with the decrease in NPP-precipitation correlation at
altitudes below 4000 m. In this phase, NPP steadily increased while precipitation remained
stable. As slope increases, the NPP—precipitation correlation remains stable at angles below
15°, but declines at steeper slopes; before 2007, areas with slopes less than 25° exhibited the
most significant increase in correlation over time (Figure 7e). Correlations across different
slope aspects show minimal variation, with sunny and flat slopes slightly outperforming
others. Overall, trends remain consistent over time (Figure 7f).
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3.3. Linkage Pathways Between Topography, Climate Change, and NPP

The above results suggest an inherent linkage mechanism among topography, climate
change, and grassland NPP. Figure 8 shows the SEM results based on the multi-year
averages of topography, climate change, and grassland NPP in the TRHR from 1990 to 2020.
It reveals that temperature has a total effect of 0.214 on NPP, while precipitation has a direct
effect of 0.628, resulting in an overall impact of 0.842 on vegetation. Different topographical
factors have distinct dominant pathways and effects on grassland, and altitude affects
both temperature and precipitation, primarily impacting NPP via temperature. Slope
mainly influences NPP by altering precipitation, while aspect affects both temperature
and precipitation, though its direct effects are relatively weak. The total effects of altitude,
slope, and aspect on NPP are —0.291, 0.270, and 0.05, respectively, yielding an overall
topographical effect of 0.03. The combined influence of climate change and topography is
0.87. Contributions to the total effect are —33.40% from altitude, 30.93% from slope, and
5.92% from aspect.
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Figure 8. Structural equation model pathways of topography, climate change, and grassland NPP
from 1990 to 2020. (a): Boxes represent variables, with T for temperature and P for precipitation.
Arrows indicate relationships: single arrows denote causal relationships, while double-headed arrows
indicate correlations; the blue lines indicate positive effects, while orange lines denote negative
effects. Line thickness corresponds to the magnitude of the standardized path coefficients, scaled by
their sizes. Darker lines signify significance (p < 0.05), while lighter lines indicate non-significance;
(b): Indirect Effect 1 and Indirect Effect 2 represent the influence of topography on NPP through the
modulation of temperature and precipitation, respectively.

The relationship between topography, climate change, and grassland NPP across different
periods reveals consistent response pathways, though the impacts of climate change and
topographical effects show some variation (Figure 9). The direct effect of climate change
was strong before 2010 but weakened after 2015, largely due to a decline in the temperature
effect, which was stable prior to 2010 but noticeably decreased afterward. In contrast, the
precipitation effect remained consistently strong throughout all periods. Altitude and slope
effects were significant before 2005 but diminished after 2010, while the aspect effect remained
relatively stable across periods. The total topographical effects over seven years were 0.030,
0.022, 0.028, 0.031, 0.058, 0.034, and 0.058, indicating a generally stable overall effect. In
1990, the contributions of altitude, slope, and aspect effects to the total effect were —32.38%,
29.94%, and 3.94%, respectively. In 1995, they were —35.05%, 32.92%, and 4.52%. In 2000, the
contributions were —32.48%, 31.33%, and 4.14%. In 2005, they changed to —33.04%, 30.27%,
and 6.16%. In 2010, the values were —27.29%, 27.52%, and 6.57%. In 2015, they were —31.38%,
30.24%, and 5.70%. Finally, in 2020, the contributions were —31.02%, 31.88%, and 6.34%. The
sums of climate change and total topographical effects across seven years were 0.76, 0.91, 0.92,
0.90, 0.88, 0.74, and 0.84, respectively.
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Figure 9. Linkage pathways of topography, climate change, and grassland NPP across different
periods. Boxes represent variables, with T for temperature and P for precipitation. Arrows indicate
relationships: single arrows denote causal relationships, while double-headed arrows indicate correla-
tions; the blue lines indicate positive effects, while orange lines denote negative effects. Line thickness
corresponds to the magnitude of the standardized path coefficients, scaled by their sizes. Darker lines
signify significance (p < 0.05), while lighter lines indicate non-significance. (a-g) correspond to the
years 1990, 1995, 2000, 2005, 2010, 2015, and 2020. (h—n): Indirect Effect 1 and Indirect Effect 2 repre-
sent the influence of topography on NPP through the modulation of temperature and precipitation,
respectively, also corresponding to the years 1990, 1995, 2000, 2005, 2010, 2015, and 2020.
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4. Discussion
4.1. Dynamic Characteristics

Global greening and species range shifts, particularly poleward/upslope migrations,
have been observed over the past 2-3 decades due to climate warming [3,40]. However,
research on this in East Asia is limited. Vegetation ecosystems, with their long lifespan
and gradual maturity, typically respond more slowly [41,42], leading to uncertainties in
greening and biomass estimates [12]. Our study offers key insights into the dynamic
response of grassland NPP to climate change in the TRHR, with a particular emphasis on
the regulatory influence of topographic factors. These findings may serve as a valuable
reference for understanding ecosystem responses in other high-altitude regions globally.
Over the past 30 years, grassland NPP in the TRHR has largely shown a rapid increasing
trend, aligning with previous studies [22,43]. The decline from 1990 to 2000 was mainly
due to climate factors and overgrazing [43], while the growth after 2000 resulted from
warming, increased moisture [22,28], and ecological restoration [17]. Notably, our analysis
shows that precipitation has a stronger and more stable influence on grassland NPP than
temperature, especially in the central and western TRHR [43]. In the central region, the
negative correlation between precipitation and NPP is likely due to higher temperatures
accelerating soil moisture loss, offsetting the benefits of increased rainfall. This is further
influenced by the delayed response of grassland ecosystems to warming and drying
trends [44]. NPP exhibits a lagged response of three years to temperature and two years
to precipitation (Figure 10). This may explain the sharp decline in the precipitation-NPP
correlation around 2010 (Figure 7d—f), primarily due to a 21.4% increase in precipitation
in 2017, with NPP recovery only occurring in 2018. Overall, NPP responds quickly to
precipitation decreases, but shows a clear time lag in response to increases.
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Figure 10. Lagged response of grassland NPP to temperature (a—c) and precipitation (d—f) for different
topographic gradients from 1990 to 2020.
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The influence of temperature on NPP weakened after 2005, even becoming negative,
likely due to human-led ecological restoration efforts. Ecological restoration projects have
been identified as a key driver of vegetation cover changes in the TRHR and Yellow River
basins over the past two decades [17]. Since 2005, warming in the TRHR has plateaued, but
grassland NPP continues to rise, driven by increased precipitation and ecological practices
such as grassland restoration and national park development (Figure 4).

4.2. Topographic Regulation Mechanisms

Topography regulates light, water, and heat distribution, indirectly shaping grassland
growth. In the TRHR, NPP declines from southeast to northwest, mirroring tempera-
ture and precipitation patterns [22,43]. This study reveals that the region’s rising terrain
aligns with East Asian monsoon-driven water and heat diffusion, strongly coupling NPP
distribution. Changes in the southeast dominate regional trends and spatial evolution
over time.

Altitude is the primary factor regulating the impact of climate change on grassland
NPP in the TRHR, consistent with findings from North America [45,46]. High NPP val-
ues are predominantly concentrated at altitudes between 3000 and 4500 m, displaying an
inverted U-shaped trend with increasing altitude. This distribution pattern underscores
the dual regulatory role of topography in modulating both temperature and precipitation.
With increasing altitude, temperature decreases, while precipitation first increases and then
declines beyond a certain threshold. Additionally, the phase of precipitation transitions
from liquid to solid. These altitudinal changes fundamentally reshape local hydrother-
mal conditions, exerting a profound influence on the spatial distribution of vegetation
productivity [29]. The substantial elevation gradient of the TRHR forms a vast “natural
staircase,” characterized by pronounced differences in hydrothermal conditions across
elevation zones. At altitudes below 3000 m, temperatures are relatively high; however,
excessive warmth enhances surface evaporation, leading to reduced soil moisture. This
moisture deficit limits vegetation growth, resulting in decreased grassland NPP in these
low-altitude areas. At altitudes above 4000 m, both temperature and precipitation tend to
decrease. High-altitude areas are theoretically subjected to the dual constraints of limited
precipitation and insufficient thermal energy. However, in the context of global warming,
studies have shown that warming is more pronounced at higher elevations than at lower
ones, making these regions more sensitive to temperature fluctuations [47,48]. This en-
hanced warming partially mitigates the thermal limitations at high altitudes. Nonetheless,
declining precipitation in these areas results in insufficient water availability to support
vegetation growth, leading to a corresponding decrease in grassland NPP. This explains
why the areas exhibiting the most pronounced increases in grassland NPP do not spatially
correspond to those experiencing the greatest warming; rather, NPP shows a stronger
spatial correlation with precipitation. Within this context, the mid-altitude zone between
3000 and 4500 m represents the “optimal elevation range” for vegetation growth, where
favorable temperatures, sufficient moisture, and optimal hydrothermal coupling combine
to produce peak grassland NPP.

Previous studies on NDVI in the TRHR highlight the key role of topography-driven
hydrothermal coupling in shaping grassland NPP [29]. Our study further analyzed NPP’s
lagged response to climate change. As altitude rises from <3000 m to above 5000 m,
the precipitation response lag first increases from 0 to 2 year, then returns to 0, while
the temperature response lag shortens from 5 to 1 year. Shorter lags indicate a faster,
more sensitive NPP response to climate variability. Greater moisture deficits shorten
vegetation’s lagged response to precipitation, while stronger thermal deficits reduce lag
time to temperature [49]. Ecological processes may also exert significant impacts, such as



Remote Sens. 2025, 17,2122

18 of 22

the changes in the growth periods in alpine grasslands [36]. As altitude increases, grassland
species richness tends to decline, leading to reduced biodiversity and simplified community
structure [46]. It is found that higher altitudes reduced soil seed bank richness and its
role in regeneration [50]. Climate warming also impacts soil respiration processes [51].
All these processes may enhance the NPP sensitivity of high-altitude regions to climate
change. Consequently, high altitudes are more sensitive to temperature, initiating growth
once thermal thresholds are reached, while both high and low elevations respond to
precipitation, increasing climatic heterogeneity at high elevations [52]. Over the past
30 years, the TRHR has experienced notable warming and wetting, alongside glacier retreat
and permafrost thaw [24,53]. This has eased relatively high-elevation water shortages,
increasing surface water availability and boosting NPP. Consequently, the temperature—
NPP correlation strengthens from mid- (3500—4000 m) to high altitudes (4000-5000 m),
peaking at 4000-4500 m. Grassland NPP increases have extended to higher elevations
over time, but growth remains mainly between 3000 and 4000 m in the TRHR. The key
mechanism is that NPP growth above 4000 m is still constrained by precipitation scarcity
despite thermal limitation alleviation from warming. This differs from prior findings of
peak NDVI gains at 4500-5000 m, likely reflecting NDVI’s limitations in capturing true
NPP changes [54].

Slope influences grassland NPP by regulating precipitation and soil moisture. As slope
increases, orographic rainfall intensifies, resulting in changes in soil moisture levels [46]. In
the TRHR, NDVI responds most significantly to climate change at slopes of 5° to 15°. As
slope increases, it affects water conservation, soil nutrients, and root distribution, limiting
vegetation growth [29]. Slope regulates precipitation within the 0-25° range. Figure 10
shows that as slope increases, the lag in NPP response to precipitation grows from 0 to
3 years, and to temperature from 3 to 4 years. Thus, steeper slopes prolong climate impact
transmission in the ecosystem, with notable lag effects for precipitation and temperature
above 25° (Figure 9b,e). This is possibly due to the lower water retention capacity of steep
slopes compared to gentle slopes, resulting in more variable moisture availability that can
delay the effective use of precipitation within the ecosystem and extend the response lag
time. Studies indicate that slope has a stronger regulatory effect on temperature at high
altitudes (4500-5000 m) than at lower altitudes [29]. In summary, in the high-altitude TRHR,
the slope more strongly regulates climate—especially temperature and precipitation—and
particularly on slopes below 25°. With ongoing warming and wetting, the threshold for
slope’s influence on precipitation may rise, indicating that steeper slopes have greater
moisture regulation. This is supported by pre-2003 observations showing increasing
temperature-NPP correlations over time for slopes under 25°, most notably between 0 and
15°, approaching values for 15 to 25° and 25 to 35°, while correlations decline above 35°.

Aspect affects grassland ecosystems in complex ways, regulating ecological factors like
solar radiation, moisture, temperature, and soil nutrients. In arid and high-altitude regions,
intense radiation on south-facing slopes accelerates evaporation, limiting vegetation growth.
In contrast, semi-sunny, north-facing, and semi-shady slopes offer better hydrothermal
conditions [55]. Semi-sunny slopes, in particular, regulate temperature and precipitation,
making vegetation most responsive to climate change [26]. This may explain why SSUN
has the highest average grassland NPP, with increases in NPP on these slopes, as well as on
SHA and SSHA, driving the upward trend in NPP across the TRHR over the past decade.
However, the variation in NPP and its correlation with climate change across different
aspects over time is generally not pronounced, and the lag effects of temperature and
precipitation relative to aspect gradient remain relatively stable (Figure 10c,f). Thus, the
influence of aspect on grassland NPP in response to climate change is significantly weaker
than that of altitude and slope. Similar patterns have been observed in other regions [46],
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likely due to aspect’s limited impact on ecological factors or the counterbalancing effects of
different influences.

Overall, climate change has a more significant direct impact on grassland NPP than
individual topographic factors. The influence of topographic factors on NPP is relatively
stable over time, likely due to the fact that the regulation amplitudes of altitude and slope
on hydrothermal conditions are obviously greater than the amplitude of climate change.
Differences in topographic regulation of hydrothermal conditions under climate change
have resulted in imperfect temporal and spatial synchronization between grassland NPP
and climate change in the TRHR.

4.3. Limitations and Future Prospects

Large-sample field data and ground validation are crucial for accurate grassland NPP
estimation in this study. However, sampling point collection and distribution remain
limited due to higher elevations and logistical constraints. Relatively sparse coverage in
the western region likely contributes to lower estimation accuracy for alpine meadows. As
alpine meadows are primarily found in western TRHR’s high-altitude areas, this sampling
bias may limit the findings’ regional generalizability. Future studies should prioritize
denser plot sampling in the western region to improve representativeness.

Furthermore, due to the fact that meteorological data was resampled from a 1 km
resolution to a 250 m resolution, this may have affected the analysis results of the relation-
ship between topography, climate change, and NPP in this paper. In the future, it will be
worthwhile investigating the spatial scale effects of terrain regulation processes based on
higher-resolution data. The regulatory mechanism of topography on the climatic impact
on grassland NPP is only based on statistical analysis results. Modeling assumptions
might also introduce potential uncertainties in the mechanisms. Field-based simulation
experiment data can be used to further support the research results and provide richer
potential mechanisms in soil and ecologic processes. Additionally, this study highlights the
coupled impacts of climate and topography on grassland NPP, with a primary focus on
natural drivers. However, as pointed out in many studies, human activities such as land
use also play an important role in certain areas (such as lowlands). Future work should
integrate anthropogenic factors (e.g., population, grazing pressure) to examine their role in
grassland NPP and their interaction with natural drivers.

5. Conclusions

The complex interactions between climate change and topographic factors, as well
as their dynamic impacts on grassland NPP, remain poorly understood. Our results
indicate that grassland NPP in the TRHR rapidly increased from 1990 to 2020. However,
its response to climate change varied significantly across different topographic gradients,
reflecting distinct temporal dynamics and spatial differentiation. The positive effect of
temperature on NPP shifted toward higher elevations (4000-5000 m) and lower slopes
(5-25°). However, the south regions with the most significant temperature increases do not
correspond with those showing the greatest increases in grassland NPP. This discrepancy
occurs because, although high-elevation areas are more sensitive to temperature rises,
limited water availability restricts NPP growth. In comparison, NPP and precipitation
exhibit better temporal and spatial synchronization. This difference is primarily due to
varying topographic mechanisms regulating hydrothermal coupling under climate change.
As a result, NPP increased at altitudes of 30004000 m, and slopes of 0-25° were the largest
contributors to the overall NPP rise in the TRHR. Overall, climate change had a stronger
direct effect on grassland NPP than individual topographic factors, with altitude and slope
having greater regulatory influence than aspect.
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These results underscore the need for targeted grassland management, restoration,
and adaptive strategies suited to different topographic gradients. It is essential to protect
and restore quality grassland at elevations of 30004000 m and on slopes greater than 15°
to prevent degradation from climate change or human activities such as overgrazing or
intensive land use.
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