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Abstract
Vegetation precipitation use efficiency (PUE) is an important indicator for eval-
uating the response characteristics of vegetation productivity to spatiotemporal
dynamics of precipitation in arid and semi-arid regions. The net primary produc-
tivity (NPP) of grassland vegetation in seven northwestern provinces of China
from 2001 to 2010 was estimated using the light use efficiency CASA (Carnegie-
Ames-Stanford Approach) model. Combined with spatial interpolation data of
precipitation, we analyzed the spatial distribution of grassland vegetation PUE,
PUE of major vegetation types, and the driving factors of their spatiotemporal
patterns. The results showed that: (1) The average PUE of grassland vegetation
in the seven northwestern provinces from 2001 to 2010 was 0.68 g C m-2mm-1.
Among various temperate grassland types, the order of PUE was meadow steppe
> shrubland > typical steppe > desert steppe > desert, with significant differ-
ences in PUE among different grassland types; for alpine grasslands, the PUE
of alpine steppe was significantly higher than that of alpine meadow; (2) The
relationship between the spatial distribution of temperate grassland PUE and
annual precipitation followed a parabolic shape (R2=0.65, P<0.001), with the
PUE peak occurring in areas with annual precipitation P=472.9 mm; the rela-
tionship between the spatial distribution of vegetation PUE in desert areas and
annual precipitation also followed a parabolic shape (R2=0.63, P<0.001), with
the PUE peak occurring in areas with annual precipitation P=263.2 mm; for
alpine grasslands, vegetation PUE showed large variation in areas with annual
precipitation below 100 mm, while in areas with annual precipitation greater
than 100 mm, the spatial distribution of vegetation PUE with precipitation
change followed a parabolic shape (R2=0.47, P<0.001), with the PUE peak
occurring at P=559.2 mm; (3) In different precipitation zones, the relationship
between interannual fluctuations of vegetation PUE and climate factors also
varied considerably. In areas with annual precipitation of 200-1000 mm, the in-
terannual fluctuations of grassland PUE were positively correlated with changes
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in annual precipitation; in areas with annual precipitation higher than 1050 mm,
the interannual fluctuations of grassland PUE showed a strong correlation with
mean annual temperature, with correlation coefficients reaching up to 0.4.
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Abstract
Precipitation-use efficiency (PUE) is a critical indicator for evaluating how veg-
etation productivity responds to spatio-temporal dynamics of precipitation in
arid and semi-arid regions. Using the light-use efficiency CASA (Carnegie-
Ames-Stanford Approach) model, this study estimated net primary productivity
(NPP) of grassland vegetation in seven northwestern provinces of China from
2001–2010 based on MOD13A1 data and spatially interpolated meteorological
data. PUE was calculated as the ratio of NPP to annual precipitation. The
results showed that: (1) The multi-year average PUE of grassland in North-
western China was 0.68 g C m�² mm�¹. Among temperate grassland types,
meadow steppe exhibited the highest PUE, while desert grassland showed the
lowest, with significant differences between grassland types. For alpine grass-
land, alpine steppe had significantly higher PUE than alpine meadow. (2) Spa-
tially, temperate grassland PUE increased initially, peaking at approximately
472.9 mm/a, then decreased along the precipitation gradient (R² = 0.65, P <
0.001). Desert PUE showed a similar parabolic relationship with precipitation
(R² = 0.63, P < 0.001), with maximum PUE occurring at 263.2 mm annual
precipitation. For alpine meadow, PUE was low at both dry (<100 mm) and
wet ends of the precipitation gradient, peaking around 559.2 mm (R² = 0.47, P
< 0.001). (3) Temporally, inter-annual PUE variation responded differently to
climatic factors across precipitation ranges. In areas with 200–1000 mm precip-
itation, PUE was positively correlated with precipitation. In regions receiving
>1050 mm precipitation, temperature had much greater effects than precipita-
tion on inter-annual PUE variations.

chinarxiv.org/items/chinaxiv-201703.00404 Machine Translation

https://chinarxiv.org/items/chinaxiv-201703.00404


Keywords: precipitation-use efficiency (PUE); fraction of vegetation cover
(FVC); temperate grassland; alpine grassland; conceptual model

Introduction
For terrestrial ecosystems, precipitation is typically the key factor controlling
ecosystem structure and functional dynamics, influencing biodiversity. This is
particularly evident in arid and semi-arid regions, which account for a large
proportion of land area. Previous studies on ecosystems worldwide have shown
that vegetation net primary productivity (NPP) is positively correlated with
annual precipitation. Precipitation-use efficiency (PUE), defined as the ratio
of vegetation NPP to annual precipitation, reflects the relationship between
photosynthetic assimilation processes and water consumption characteristics. It
represents vegetation’s capacity to convert nutrients into biomass using water
and serves as an important indicator for analyzing and evaluating vegetation
productivity responses to precipitation spatio-temporal variations at regional
scales. Studying vegetation PUE patterns along meteorological factor gradients
helps further understand climate change impacts on ecosystems.

Research on NPP variation along precipitation gradients has focused on two as-
pects: spatial differences in multi-year average NPP among different regions
along precipitation gradients, and temporal differences in NPP fluctuations
within the same region across years. Due to variations in temporal and spa-
tial scales among studies, conclusions have been inconsistent. Le Houérou et
al. suggested that spatially, as aridity and potential evapotranspiration increase,
precipitation variability and the percentage of ineffective precipitation increase,
leading to decreasing PUE trends. Paruelo et al., based on 12 biomes, found
that PUE tends toward a common peak in the driest years. Huxman et al.,
studying 14 biomes, concluded that PUE tends toward a common peak in the
driest years and a common trough in the wettest years. Bai et al., examining a
4500 km grassland transect in Inner Mongolia, found PUE first increased then
decreased with precipitation, peaking at 400–600 mm. These studies, mostly
based on narrow precipitation intervals, yielded different conclusions.

Grassland is China’s most widely distributed terrestrial ecosystem, covering
about 40% of the country’s land area. As an important agricultural and pastoral
production base with intense human activity, most grassland vegetation occurs
in arid and semi-arid regions with fragile ecological environments, making it
highly sensitive to global climate change. Precipitation is the primary limiting
factor for grassland ecosystem functions, largely determining ecosystem function
and variability. Previous studies on western China’s grasslands were mostly
based on measured data from limited field sites, restricting temporal and spatial
scales and yielding varying results. The representativeness of selected sites also
affected conclusions. The widespread application of remote sensing data and
ecological models provides effective means to explore long-term PUE spatio-
temporal patterns at larger scales, reflecting vegetation conditions at pixel scales
more comprehensively.
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This study combines remote sensing imagery and meteorological data to inves-
tigate vegetation PUE spatio-temporal patterns and climate impacts in north-
western China using the CASA model. This will enhance understanding of
vegetation productivity formation processes in arid and semi-arid regions and
provide basis for assessing global climate change impacts on ecosystem carbon
and water cycles.

1. Methods
1.1 PUE Calculation Methods

Different studies employ varying PUE calculation methods depending on re-
search objectives and data availability. In ground-based studies, researchers
typically use aboveground net primary productivity (ANPP) to calculate PUE
= ANPP/PPT, assuming a fixed ratio between ANPP and NPP in arid ecosys-
tems. When using remote sensing data, annual NPP is often simulated to
calculate PUE = NPP/PPT. Since NPP and normalized difference vegetation
index (NDVI) show significant linear correlation, NDVI can be used to extract
vegetation cover information.

1.2 CASA Model

The CASA model is a light-use efficiency model driven by remote sensing, veg-
etation, and soil data. It estimates vegetation NPP by calculating absorbed
photosynthetically active radiation (APAR) from vegetation indices and com-
bining it with light-use efficiency. The estimation formula is:

NPP(x, t) = APAR(x, t) × �(x, t)

where APAR(x, t) represents APAR absorbed by pixel x in month t, and �(x, t)
represents actual light-use efficiency.

APAR depends on total solar radiation and vegetation absorption proportion:

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

where SOL(x, t) is total solar radiation (MJ/m²) and FPAR(x, t) is the fraction
of PAR absorbed by vegetation.

Light-use efficiency refers to vegetation’s efficiency in converting APAR to
organic carbon:

�(x, t) = T��(x, t) × T��(x, t) × W�(x, t) × �*

where T�� and T�� represent temperature effects, W� represents water stress, and
�* is maximum light-use efficiency.

The maximum light-use efficiency �* varies significantly by vegetation type. Zhu
et al. optimized �* values for Chinese vegetation types using NPP data, which
have been widely applied. This study adopts these values: evergreen needleleaf
forest (0.389 g C/MJ), deciduous broadleaf forest (0.692 g C/MJ), evergreen
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broadleaf forest (0.985 g C/MJ), needle-broad mixed forest (0.768 g C/MJ),
shrubland (0.429 g C/MJ), grassland (0.542 g C/MJ), and cropland (0.475 g
C/MJ).

1.3 Vegetation Cover Fraction Calculation

Vegetation cover fraction (FVC) is calculated using the pixel dichotomy model,
assuming each pixel’s NDVI comprises vegetation and soil components:

NDVI = NDVI� × FVC + NDVI� × (1 - FVC)

where NDVI� and NDVI� represent NDVI for full vegetation cover and bare soil,
respectively. FVC is calculated as:

FVC = (NDVI - NDVI�) / (NDVI� - NDVI�)

In practice, maximum and minimum NDVI values during the growing season
substitute for NDVI� and NDVI�:

FVC = (NDVI - NDVI���) / (NDVI��� - NDVI���)

1.4 Data Acquisition and Preprocessing

Remote Sensing Data: MOD13A1 NDVI data from NASA’s EOS/MODIS
(2001–2010) with 16-day temporal resolution and 500 m spatial resolution. Data
were processed using MRT tools for format conversion and reprojection to
WGS84/Albers Equal Area Conic projection. Maximum value compositing
(MVC) generated monthly NDVI images.

Meteorological Data: Monthly temperature and precipitation from 756 stan-
dard meteorological stations (China Meteorological Data Sharing Service Net-
work). Kriging interpolation in ArcGIS generated raster datasets matching
MODIS resolution and projection.

Land Cover Data: 1:100,000 land cover data from the Earth System Science
Data Sharing Platform, based on 2000 Landsat TM/ETM imagery with 250 m
resolution. Data include 6 primary and 25 secondary types. Grasslands were
reclassified into meadow steppe, typical steppe, desert steppe, alpine meadow,
alpine steppe, shrubland, and desert vegetation.

1.5 Model Validation

Validating regional NPP simulations is challenging. This study used above-
ground biomass data from 63 Inner Mongolia grassland sites (August 2003–
2005). Biomass was converted to NPP using a 1:5.73 aboveground:belowground
ratio and 0.475 carbon conversion factor. Correlation analysis between simu-
lated and observed NPP yielded R² = 0.61 (P < 0.001, n = 63), confirming
CASA model suitability for northwestern China grasslands.
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2. Results
2.1 Spatial Patterns of PUE in Northwestern China

The study region spans semi-humid, semi-arid, and arid zones with complex
topography, creating distinct spatial heterogeneity in climate. Annual precip-
itation decreases from southeast to northwest, ranging from 600–800 mm in
southern Tibet and western Sichuan Plateau to <100 mm in the Tarim Basin.
Mean annual temperature shows latitudinal and altitudinal patterns, with colder
temperatures (-4 to 0°C) on the Tibetan Plateau and Inner Mongolia’s Hulun-
buir Plateau, and warmer temperatures (12–15°C) in the Tarim and Turpan
Basins.

From 2001–2010, mean grassland PUE in northwestern China was 0.68 g C m�²
mm�¹. Spatial distribution was fragmented: highest values (1.5–3 g C m�² mm�¹)
occurred in the Altai Mountains (Xinjiang), Gannan Autonomous Prefecture,
eastern Qilian Mountains, and central Yinshan Mountains; moderate values
(0.5–1.5 g C m�² mm�¹) in Hulunbuir and Xilingol Leagues; and lowest values
(<0.5 g C m�² mm�¹) in the Daxing’anling forest region, Qinghai-Tibet-Sichuan
border area, and Alxa League.

2.2 PUE Distribution Among Grassland Types

Multi-year average PUE varied significantly among grassland types: meadow
steppe (1.59 g C m�² mm�¹) > typical steppe (1.24 g C m�² mm�¹) > shrubland
(0.97 g C m�² mm�¹) > desert steppe (0.84 g C m�² mm�¹) > alpine steppe (0.65
g C m�² mm�¹) > alpine meadow (0.58 g C m�² mm�¹) > desert vegetation (0.46
g C m�² mm�¹). Temperate grassland PUE (0.96 g C m�² mm�¹) significantly
exceeded alpine grassland PUE (0.65 g C m�² mm�¹).

2.3 PUE Spatial Variation Along Precipitation Gradients

Temperate Grassland: Mean annual precipitation was 271.5 mm (76.3% of
area received 100–500 mm). PUE showed a parabolic relationship with precip-
itation, peaking at P = 472.9 mm (R² = 0.65, P < 0.001). In areas with 150–
472.9 mm precipitation, PUE increased significantly with precipitation (R² =
0.57, P < 0.001). Both precipitation and temperature significantly influenced
PUE spatial variation (PUE = -0.425 + 0.00557×P + 0.00368×T, R² = 0.49,
P < 0.005), with precipitation contributing 1.5 times more than temperature.

Desert Vegetation: Mean precipitation was 154.2 mm (81.2% of area <200
mm). PUE also showed a parabolic relationship, peaking at P = 263.2 mm (R²
= 0.63, P < 0.001). Below 100 mm, PUE decreased with increasing precipitation
(PUE = 0.689 - 0.00141×P, R² = 0.25, P < 0.05). Precipitation and temperature
explained 63% of PUE variation (PUE = 0.689 - 0.00141×P - 0.0146×T, R² =
0.63, P < 0.001), with stronger negative temperature effects.

Alpine Grassland: Mean precipitation was 366.1 mm (64.5% of area 200–
525 mm). PUE showed a parabolic relationship, peaking at P = 559.2 mm (R²
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= 0.47, P < 0.001). In 200–525 mm zones, PUE increased significantly with
precipitation (R² = 0.61, P < 0.001). Precipitation and temperature explained
75.3% of variation (PUE = -0.423 + 0.00516×P + 0.00457×T, R² = 0.753, P
< 0.001), with precipitation and temperature effects being comparable.

2.4 Temporal Variation of PUE and Climate Factors

Inter-annual PUE variation (2001–2010) differed among grassland types: tem-
perate grassland PUE fluctuated 0.36–0.55 g C m�² mm�¹ (±22.5% from mean),
desert grassland 0.57–0.76 g C m�² mm�¹ (±21.2%), and alpine grassland 0.97–
1.22 g C m�² mm�¹ (±14.9%).

Spatial correlation patterns revealed: PUE-precipitation correlations ranged
widely (-0.7 to 0.7), with strongest positive correlations (0.45–0.6) on the Ti-
betan Plateau, southeastern Qinghai, and western Sichuan Plateau. Negative
correlations (-0.3) occurred in the Tarim Basin, Qaidam Basin, and western
Alxa League. PUE-temperature correlations were weaker (-0.2 to 0.2), with
moderate positive correlations (0.4–0.6) in southeastern Tibetan Plateau, west-
ern Sichuan, and northern Xinjiang.

2.5 PUE-Climate Relationships Along Precipitation Gradients

PUE-precipitation correlation varied parabolically with precipitation: negative
in <200 mm zones, increasingly positive in 200–1000 mm zones (peaking at
1000 mm), then declining in >1000 mm zones. PUE-temperature correlation
remained weakly positive (0–0.2) across most precipitation ranges but strength-
ened (up to 0.6) in >1050 mm zones, where low temperatures become the pri-
mary growth-limiting factor.

3. Discussion
3.1 PUE Distribution Range

The 2001–2010 PUE range (0.42–1.59 g C m�² mm�¹) aligns with global arid
grassland estimates (0.24–0.71 g C m�² mm�¹) and Inner Mongolia grassland
results (0.13–0.64 g C m�² mm�¹). Temperate grassland PUE (0.96 g C m�²
mm�¹) exceeded alpine grassland PUE (0.65 g C m�² mm�¹), possibly due to
harsh alpine conditions (short growing season, intense solar radiation) limiting
water-use efficiency.

3.2 PUE Spatial Patterns Along Precipitation Gradients

The parabolic PUE-precipitation relationship, peaking at 472.9 mm (temperate),
263.2 mm (desert), and 559.2 mm (alpine), reflects trade-offs between water
limitation and nutrient leaching. In dry regions, water is the primary growth-
limiting factor, so PUE increases with precipitation. In wet regions, saturated
soils limit root oxygen availability, reduce microbial activity, and cause nutrient
leaching, decreasing PUE.
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The lower precipitation optimum for desert vegetation (263.2 mm) reflects adap-
tations: high root:shoot ratios, small leaf area, and low stomatal conductance
limit responses to precipitation increases. Exceptionally high PUE in extremely
arid areas (<100 mm) may result from: (1) topographic redistribution (e.g.,
alpine snowmelt feeding desert margins), (2) deep root systems accessing sub-
surface water, and (3) xerophytic species (e.g., Haloxylon ammodendron, Callig-
ortum mongolicum) with high water-use efficiency.

3.3 PUE Temporal Variation and Driving Factors

Inter-annual PUE variation correlates positively with precipitation in 200–1000
mm zones, consistent with previous studies. The parabolic correlation pattern
reflects trade-offs between plant physiological traits (dominant in dry zones)
and biogeochemical constraints (dominant in wet zones). In dry ecosystems,
high root:shoot ratios and low relative growth rates reduce PUE sensitivity
to precipitation changes. In wet ecosystems, high meristem density and rapid
physiological adjustment increase sensitivity.

The strengthening PUE-temperature correlation in >1050 mm zones confirms
temperature as the primary limiting factor in humid, cold regions like the Ti-
betan Plateau. The weakening PUE-precipitation correlation in extreme wet
conditions reflects nutrient limitation and oxygen stress.

3.4 Conceptual Model

A conceptual model illustrates the trade-off between plant traits and biogeo-
chemical factors along precipitation gradients. PUE spatial distribution peaks
at intermediate precipitation where water and nutrient limitations are balanced.
Inter-annual PUE variation is most sensitive to precipitation changes in these
intermediate zones, while being constrained by physiological traits in dry zones
and nutrient cycling in wet zones.

4. Conclusion
Based on remote sensing and meteorological data (2001–2010), this study re-
veals:

1. Mean PUE of northwestern China grasslands was 0.68 g C m�² mm�¹,
with fragmented spatial distribution. Among temperate grasslands,
meadow steppe > typical steppe > desert steppe. Alpine steppe PUE
significantly exceeded alpine meadow PUE.

2. Spatial patterns: Temperate and desert grassland PUE showed
parabolic relationships with precipitation, peaking at 472.9 mm and
263.2 mm respectively. Alpine grassland PUE also showed a parabolic
relationship, peaking at 559.2 mm.
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3. Temporal patterns: Inter-annual PUE variation correlated positively
with precipitation in 200–1000 mm zones. In >1050 mm zones, tempera-
ture effects exceeded precipitation effects.

4. Mechanisms: PUE-precipitation correlation strength varied paraboli-
cally with precipitation, being weakest at precipitation extremes due to
physiological and biogeochemical constraints, and strongest at intermedi-
ate precipitation levels where vegetation is most sensitive to water avail-
ability changes.

These findings improve understanding of grassland ecosystem responses to cli-
mate change and provide scientific basis for regional carbon and water cycle
management.
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