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ARTICLE INFO ABSTRACT

Keywords: Precipitation-use efficiency (PUE) is an important ecosystem indicator of the efficiency of carbon-water con-
Precipitation-use efficiency version. The trend and interannual variation of precipitation-use efficiency (PUE) response to climatic factors
Trend

provide a theoretical foundation for understanding how Eurasian grasslands adapt to climate change. However,
the long-term trends and regulating factors of PUE in Eurasian grasslands at the continental scale are still unclear.
Here, we integrated long-term Global Inventory Monitoring and Modeling System (GIMMS) Normalized Dif-
ference Vegetation Index (NDVI), field surveys of aboveground net primary production (ANPP) and meteoro-
logical datasets during 1982-2015 to reveal the temporal variations and controls of PUE in Eurasian grasslands.
We found that there was an overall uptrend of PUE (3 x 10~ g C m~2 mm~1/10 yr) in Eurasian grasslands. The
greatest increasing trends of PUE was found in forest steppe at the rate of 13 x 107> g Cm ™2 mm™'/10 yr, while
greatest decreasing trend presented in alpine steppe at the rate of —2.6 x 10~ g C m~2 mm~'/10 yr. The PUE
showed linearly decreasing patterns with precipitation at the biome and continental scales, while it was un-
correlated with temperature at the continental scale and showed diverse patterns of linear increase, concave-
down and no correlation with temperature for different biomes. The temporal variation of PUE was mainly
controlled by precipitation in Eurasian grasslands. This result further revealed that climatic factors shaped the
temporal pattern of PUE by the cascading effects networks of climatic factors (precipitation and temperature) —
vapor pressure deficit (VPD) — leaf area index (LAI) — ANPP — PUE (CVLP-CENet). This study identified the long-
term trends, interannual variations and controls of PUE in Eurasian grasslands over the past three decades, and
provided crucial insights into understanding grassland ecosystems dynamics and response to climate change.

Climate change
Interannual variation
Eurasian grasslands

1. Introduction

With continued warming, climate is becoming increasingly variable
and models predict that this trend will continue in the future (Diffen-
baugh et al., 2008; Wuebbles et al., 2014). Under climate change,
increased drought intensity will have far-reaching implications for the
structure and functioning of ecosystems, particularly in arid areas
(Berdugo et al., 2020; Maurer et al., 2020). It has been reported that
dryland grassland ecosystems were most sensitive to climate change

(Maurer et al., 2020), and have controlled the trend and variability of
the global carbon budget over the past few decades (Ahlstrom et al.,
2015; Poulter et al., 2014). As the main ecosystem type in arid and semi-
arid areas, grassland ecosystems serve as habitat for various plants and
animals and provide numerous benefits to human development,
particularly in developing countries (Berdugo et al., 2020; Middleton
and Sternberg, 2013). Therefore, it is critical to recognize how the
resource utilization strategy of grassland ecosystems adapt to a changing
climate, as this will help predict future changes in grassland ecosystem
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services in arid and semi-arid areas.

Precipitation is one of the most important limiting factors in regu-
lating the structure and function of grassland ecosystems (Hu et al.,
2008; Huxman et al., 2004). Exploring the relationship between vege-
tation productivity and precipitation is the key to understanding the
formation of ecosystem productivity. Precipitation-use efficiency (PUE),
the ratio of vegetation aboveground net primary production (ANPP) to
annual precipitation, is an indicator of the efficiency of carbon-water
conversion in ecosystems (Gamoun, 2016; Hu et al., 2010; Lehouerou,
1984). Meanwhile, as an important ecosystem functional trait, it can be
used to measure the strategic change of precipitation when an ecosystem
adapts to environmental changes (He et al., 2019). The increase in PUE
indicates an increase in the efficiency of carbon-water conversion in
ecosystems. Studying the dynamic change in carbon-water conversion
efficiency in grassland ecosystems can more accurately predict the
impact of changes in precipitation resources on productivity. Experi-
mental warming enhanced PUE in most years, with larger positive ef-
fects in normal and wet than dry hydrological years in tallgrass prairie
site study (Yan et al., 2014). The increase in PUE has been substantial in
the Sahelian zone during 1982-2011 (Fensholt and Rasmussen, 2011;
Gamoun, 2016). Although prior studies have analyzed the interannual
dynamics of PUE, the long-term adaptation of ecosystems to climate
change is often difficult to capture at short-time scales.

Previous studies of changes in precipitation utilization strategy in
response to climate in grassland ecosystems have conducted using iso-
lated ground-based observations in temperate and desert grasslands and
experimental manipulations in tallgrass prairie (Bai et al., 2008; Liu
et al., 2012; Yan et al., 2014). Bai et al. (2008) found that the temporal
PUE negatively correlated with annual precipitation at the study site. Hu
etal. (2010) study used 23 data sites, which concluded that inter-annual
variations in precipitation and PUE was no significant relationship
within given ecosystems along the China Grassland Transect (CGT).
Most studies elucidated the physiological processes of using precipita-
tion resources and the effects of surface transport on PUE for different
grassland ecosystem types in arid areas (Guo et al., 2015; Huang et al.,
2015; Liu et al., 2012). These efforts were valuable and provided a
theoretical basis for understanding the changes in grassland ecosystem
PUE in response to climate at the biome scale.

Eurasian grasslands, located in arid and semi-arid areas, are an
important component of global grasslands (Jiao et al., 2017) and highly
sensitive to climate change (Hu et al., 2018; Zhang et al., 2016). With
their large and continuous spatial distribution, diverse vegetation types,
complex topography and a wide range of climate gradients, Eurasian
grasslands serve as an indispensable and exemplary macrosystem for
conducting the continental scale analysis to understand the temporal
variation and controls of PUE. However, previous studies of Eurasian
grasslands were mostly focused on subregions (eg. Mongolian plateau,
Tibet plateau) and at short-term observation scales that found PUE
exhibited linear increases, decreases, or unrelated variation patterns
with temperature and precipitation (Bai et al., 2008; Hu et al., 2010; Sun
and Du, 2017). At present, at the continental scales, there is still a lack of
holistic understanding of the long-term temporal patterns and controls
of PUE in Eurasian grasslands.

In this study, we integrated field-observed aboveground net primary
production (ANPP), long-term Global Inventory Monitoring and
Modeling System (GIMMS) Normalized Difference Vegetation Index
(NDVI), and meteorological datasets to calculate PUE in Eurasian
grasslands from 1982 to 2015, aiming to answer the following questions:
(1) What was the trend and spatial distribution of PUE in Eurasian
grasslands during the period of 1982-2015? (2) What was the temporal
variation pattern of PUE response to climate changes? (3) What were the
main controls of temporal variation patterns of PUE in Eurasian grass-
lands? Addressing these questions would be of great importance for
improving the understanding and predictions of productivity in
Eurasian grasslands under the future precipitation resources changes.
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2. Material and methods
2.1. Data collection

2.1.1. ANPP field observation data

Field-observed ANPP datasets were collected from three resources:
(a) publications, from which 1015 field-observed ANPP datasets were
extracted from the tables or figures of 206 publications in the Web of
Science (https://apps.webofknowledge.com) and China National
Knowledge Infrastructure (https://www.cnki.net/); (b) seven field-
observed ANPP datasets from the Oak Ridge National Laboratory
(https://daac.ornl.gov/cgi-bin/datasetlister.pl?
p=13#grassland_anchor); and (c) 809 field-observed ANPP datasets
were obtained directly from field surveys by the researchers of this
study. To ensure data quality, we excluded datasets with ANPP outliers
(observations falling outside the range of the mean + 3 standard de-
viations) and those that did not belong to grassland ecosystems in the
Moderate Resolution Imaging Spectroradiometer Land cover product
(MCD12C1) according to the vegetation classification scheme of the
International Geosphere-Biosphere Programme (IGBP). Finally, 1539
field survey and observation ANPP datasets in total were used in this
study. ANPP was estimated as the peak above-ground biomass
(including live biomass as well as standing dead biomass produced in the
current year) during the growing seasons (from April to October of the
year). Detailed descriptions of these ANPP datasets are available in Jiao
et al. (2017).

2.1.2. Long term GIMMS NDVI and LAI data

The full-year coverage of GIMMS NDVI (1982-2015) remote sensing
datasets was obtained from Advanced Very High Resolution Radiometer
(AVHRR) sensors (https://www.ncei.noaa.gov/data/avhrr-land-
normalized-difference-vegetationindex/ac cess/). The AVHRR reflec-
tance data were from NASA’s Land Long-Term Data Record (LTDR)
project, with a spatial resolution of 0.05° and a daily temporal sampling
period, and used a geographic latitude/longitude projection. The
maximum-value composite (MVC) approach was used to composite the
daily AVHRR surface reflectance data into eight-day temporal resolution
time series (Holben, 1986; Tucker et al., 2005). Data were corrected for
sensor degradation, cloud cover, the solar zenith angle, and the viewing
angle effects of the satellite as well as the presence of volcanic aerosols.
The Global Land Surface Satellite (GLASS) leaf area index (LAI) product
had a temporal resolution of eight-day and spans from 1982 to 2015. For
the period of 1982-2015, the LAI product was generated from LTDR
AVHRR reflectance data. It was provided in a geographic latitude/
longitude projection with a spatial resolution of 0.05 , and eight-day
temporal resolution. The GLASS LAI product version 3.0 was obtained
from the National Earth System Science Data Center, National Science &
Technology Infrastructure of China (http://www.geodata.cn). These
data have been widely used to monitor long-term vegetation activation
trends (Chen et al., 2019; Fensholt and Rasmussen, 2011; Piao et al.,
2015).

2.1.3. CRU climate data

Meteorological data were derived from the Climate Research Unit
4.05 (CRU) dataset available from University of East Anglia Climate
Research Unit (https://crudata.uea.ac.uk/cru/data/hrg/cru_ts 4.05/
cruts.2103051243.v4.05/) (Harris et al., 2020), which had a spatial
resolution of 0.5°. The climate variables included temperature, precip-
itation, vapor pressure and shortwave radiation from 1982 to 2015. The
climate anomaly method (CAM) was used to identify and remove out-
liers of precipitation and air temperature values beyond + three times
the standard deviations (four times for precipitation) (Peterson et al.,
1998). Annual temperature and precipitation were calculated from the
monthly temperature and precipitation datasets, respectively. Annual
shortwave radiation was calculated from the six-hourly shortwave ra-
diation datasets. Vapor pressure deficit (VPD) was calculated from the
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actual vapor pressure (AVP) and temperature datasets, according to
follow equation (Buck, 1981; Yuan et al., 2019):

VPD = SVP-AVP (@]
SVP = 6.112 x et 25 2

Where SVP and AVP are saturated vapor pressure and actual vapor
pressure (kPa), Ta is the land air temperature (°C). We used a simple
regression model to analyze those climate factors (temperature and
precipitation) changes of long-term trends, and applied the Structural
equation modeling (SEM) to clarify their influences on the PUE during
1982 to 2015 in Eurasian grasslands.

2.1.4. ENSO data

The El Nino/Southern Oscillation (ENSO) variability was evaluated
using a revised Multivariate ENSO Index (MEI) (https://www.psl.noaa.
gov/enso/mei/), which based on five variables: sea level pressure (SLP),
SSTs, 10-m zonal wind (U), 10-m meridional wind (V), and outgoing
longwave radiation (OLR). A principal-component (i.e., Empirical
Orthogonal Function (EOF)) analysis is performed upon an array
composed of column vectors of the standardized anomalies of SLP, SST,
U, V, and OLR (Wolter and Timlin, 2011). November-December MEI for
the labeled year organized by El Nino and La Nina events. El Nino and La
Nina events based on a threshold of +/- 1. MEI > 1 indicates particularly
strong El Nino event. MEI < 1 reveals the particularly strong La Nina
events that related ocean conditions exert on the tropical Pacific atmo-
sphere (Zhang et al., 2019).

2.2. Data post-processing and methodology

2.2.1. ANPP estimation from GIMMS NDVI

Field-observed ANPP and GIMMS NDVI were used to construct 52
regression models, including linear, exponential, power, and logarith-
mic models, and the optimization model was assessed by the maximum
R-squared (R?, Equation 3) and the minimum root mean square error
(RMSE, Equation 4) of these regression models:

L (AN -(ANPPL,) ) (ANPPy) - (ANPPL) )

R? =

<(ANPPQbs)['(WP0b;> )2 ) ((ANPPmod)[-(m) )2

t=1

M=

V

3

((ANPPg,),-(ANPP,,oy), )’

RMSE = - @

M-

where R? explains the strength of the relationship between field-
observed ANPP (ANPP,s) and modeled ANPP data (ANPPy,0q), RMSE
was the root mean square error between ANPP,,s and ANPP,4, n was
the number of field-observed ANPP for model validation.

As stated above, the model with the highest R? (0.68) and lowest
RMSE (14.76 g C m~2) of these 52 regression models was identified as
the optimal model for estimating the ANPP in Eurasian grasslands.
Approximately 75% of the field-observed ANPP data were randomly
selected to develop the ANPP estimation model, and the remaining 25%
were used to validate the model. Detailed information about the
development of the empirical ANPP-NDVI model was available in Jiao
et al. (2017). To match the CRU climatic dataset, the ANPP gridded
dataset was scaled to a resolution of 0.5° by bilinear interpolation
resampling (Parker et al., 1983).
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2.2.2. PUE calculation

The PUE in this study was calculated as the ratio of ANPP to the
corresponding annual precipitation (AP) at each pixel from 1982 to
2015 (Knapp and Smith, 2001; Lehouerou, 1984), according to Equation
(5):

ANPP . j

)
APy (i, j)

PUE i j) =

where PUE was the precipitation-use efficiency (g C m~2 mm™!), ANPP
was the aboveground net primary productivity (g C m~2 yr™1), and AP
was the annual precipitation (mm). yr was long term time series, cor-
responding with grid cell (i, j) for each year from 1982 to 2015.

2.3. Data analysis

2.3.1. Trend of PUE and climate
PUE, temperature and precipitation time series trends during
1982-2015 were analyzed using a simple regression model:

y=a+pt+¢ (6)

where t was the year of time series from 1982 to 2015. y was PUE,
temperature and precipitation per year. I+ was intercept, and p was
slope, and & was the residual of the fit. A statistical probability of P < 0.1
determined significance. We used Kolmogorov-Smirnov parameters to
test the normality of PUE, AP and AT data series. The results of
Kolmogorov-Smirnov parameters analysis showed that the PUE (0.07 >
0.05), AP (0.11 > 0.05), AT (0.20 > 0.05) data series all conform to
normal distribution.

2.3.2. Contribution of grassland types to Eurasian grasslands PUE

The partitioning of the trend to grassland types followed the defi-
nition of Equation (7). For the entire PUE, the contribution of the trend
of grassland types j (alpine meadow, alpine steppe, arid steppe, desert
steppe, forest steppe and typical steppe) to the Eurasian grasslands PUE
trend was defined as (Ahlstrom et al., 2015):

e [Xi|

. _ 27X, 7
h=S K @

where x;j; was the PUE long-term interannual dynamic for grassland type
j at time t (years), and X; was the entire Eurasian grasslands PUE, so that
X = > ;% By this definition f; was the contribution of j grassland type
to the entire Eurasian grasslands PUE.

2.3.3. Z-score of PUE and climatic factors

In order to explore the synergy between annual temperature and
annual precipitation on temporal variations of PUE, we applied the z-
score methods to normalize annual temperature, precipitation, and PUE
from 1982 to 2015 (Ahlstrom et al., 2015; Poulter et al., 2014), ac-
cording to Equation (8):

Zg,j) = 8

0X1982 - 2015, (i, j)

where Z (i, j) was the z score of annual temperature, annual precipitation
and PUE for grid cell (i, j) in each year (1982-2015). X was the tem-
perature, precipitation, and PUE values for each grid cell (i, j) in each
year (1982-2015). X was the average value of temperature, precipita-
tion, and PUE for each grid cell (i, j) from 1982 to 2015. ¢ was the
standard deviation of temperature, precipitation, and PUE for each grid
cell (i, j) from 1982 to 2015.

2.3.4. Cascading effects networks
SEM is a methodology for representing a theoretical network of
linear relations between variables (Gefen et al., 2011). We performed
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SEM to construct the cascading effects networks of climatic factors
(precipitation and temperature) — VPD — LAI — PUE (CVLP-CENet), and
explore how climate factors controlled the temporal variation of PUE.
Optimal model was determined by the standard of the y*-test (P > 0.05),
the comparative fit index (CFI) (>0.9) (Bentler, 1990), and low RMSEA
(<0.08). SEM was conducted in the AMOS 18.0 software (IBM, Chicago,
IL, USA). Further statistical analyses were conducted in SPSS 13.0 (IBM).

3. Results
3.1. Temporal dynamics of PUE in eurasia grasslands

The PUE showed a significant uptrend from 1982 to 2015 over the
Eurasian grasslands (P < 0.1) (Fig. 1a). The PUE fluctuated from 0.13 to
0.16 g C m 2 mm ™}, with fluctuation of 20.4% of the 34 years average
value (0.15 + 0.01 g Cm~2mm™!). The PUE increased at an average rate
of 3 x 1073 ¢ Cm~2 mm™/10 yr, which implied that the efficiency of
carbon-water conversion of Eurasian grassland ecosystems slightly
increased over the past three decades.

The mean annual temperature in Eurasian grasslands fluctuated from
—1.78 to 3.9 °C, with an average temperature of 0.31 °C. There was a
significant increase of temperature at a rate of 0.3 °C/10 yr from 1982 to
2015 in Eurasian grasslands (P < 0.1) (Fig. 1b). By contrast, over the
period of 1982-2015, the change in annual precipitation was relatively
stable with no significant trend changes (P > 0.1) (Fig. 1b). The annual
precipitation fluctuated from 285.20 to 358.67 mm.

The MEI represents ENSO events, which indicated warm and dry
years in El Nino and cold and rainy years in La Nina. However, our result
showed that temperature and precipitation in Eurasian grasslands did
not correspond to the expected El Nino and La Nina event (Fig. 1b). The
result suggested that the ENSO event had no significant direct effects on
the interannual dynamic changes of the PUE in Eurasian grasslands.

3.2. PUE trends and contribution of different grassland types

The PUE trend of Eurasian grasslands varied greatly at geographic

1 Slope = 0.3% 10%
P<0.1

PUE anomaly (#10* ¢C m? mm™)

E ] Q
E30{® M- 1T
2 =)
g 0 ] o A A)-/-\' - A{[ 0 g
s JNREFA V i g
= 2
£-30 - -l 2
= <
= [ (1] 5_EE g
§- AP Slope = 0.02 mm/yr P> 0.1 El Nifio g
¢ S
£ - ——. AT Slope=0.03 °Clyr P<0.01 B LaNifa =

— 77—
1985 1990 1995 2000 2005 2010 2015
Precipitation =~ —=—Temperature
Fig. 1. Interannual dynamics of PUE (a), annual precipitation and annual
temperature (b) in the whole Eurasian grasslands during 1982-2015. The slope
of PUE, annual precipitation and annual temperature were shown in each
subplot. The red and blue squares represented El Nino and La Nina events,
respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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distribution. The result showed that the PUE trend varied from —25 x
103t0 45 x 1073 g Cm ™2 mm~1/10 yr at grids, with an average of 2.6
x 1072 g Cm~2 mm~1/10 yr. The PUE increasing trends were found in
54.3% of the total area (Fig. 2b). PUE significantly increased in the
eastern region of the Eurasian grasslands, while it decreased in the
central and western regions (Fig. 2a).

The trend of PUE also varied greatly among different grassland types
(Fig. 2¢, d, e, f, g, h). The PUE in alpine meadow, alpine steppe, desert
steppe and typical steppe showed decreasing trend, with the mean rate
of —0.2 x 1073, —2.6 x 1073, —0.03 x 1073 and —0.9 x 103 gCm™2
mm~1/10 yr, respectively (Fig. 2 ¢, d, f, h). On the contrary, the PUE in
arid and forest steppe were in increasing trend. The PUE in forest steppe
showed the greatest increasing trend (13 x 103 g Cm~2 mm~1/10 yr),
and the areas with growing trend accounted for 95% of the total area of
forest steppe (Fig. 2g).

The PUE trends of different grassland types played different roles in
the overall trend of PUE in Eurasian grasslands (Fig. 2c, d, e, f, g, h).
Forest steppe contributed the most to PUE trend of Eurasian grassland,
at 31.42% (Fig. 2g). The following contribution was arid steppe
(25.31%) (Fig. 2e), while the alpine grasslands contributed the least to
the trend of Eurasian grassland (1.90%). The contribution of alpine
meadow, typical steppe and desert steppe to the trend of the Eurasian
grassland were 9.94%, 11.90% and 19.52%, respectively (Fig. 2a, f, h).

3.3. Relationships between the temporal variations of PUE and climatic
factors

We analyzed the effects of temperature, precipitation and radiation
variables on the temporal variation of PUE (Fig. 3). On the continental
scale, the PUE was not significantly correlated with temperature (P >
0.05, Fig. 3a), but it showed a linear decrease pattern with precipitation
(P < 0.01, Fig. 3b), and exhibited a secondary concave function with
radiation pattern (P < 0.01, Fig. 3c). Among the climatic factors, pre-
cipitation shown as the main factor affecting the interannual variation of
PUE at the continental scale in Eurasian grasslands.

The synthetic effects of temperature and precipitation on PUE were
further analyzed by using the normalized z-score of annual precipitation
and temperature (Fig. 4). We found that PUE had a decreasing trend
along the increase of precipitation, but no significant trend with the
increase of temperature (Fig. 4a). It further demonstrated that the
interannual variation of PUE was mainly affected by precipitation,
showing PUE being smaller in wet years and larger in dry years.

We then used a linear regression model to analyze how the PUE
response to temperature and precipitation in different grassland types
(Fig. 4b, c, d, e, f, g). The result showed that the interannual variation of
PUE response to precipitation had similar linear decreasing patterns for
all grassland types. By comparison, the PUE in forest steppe was most
sensitive to precipitation change (5 x 10~* gC m 2 rnrnfz) (Fig. 4f),
while in alpine steppe and alpine meadow remained a slight decrease
with precipitation (Fig. 4b, c).

The PUE showed various patterns with temperature in different
grassland types. In alpine meadow, arid steppe and forest steppe, the
PUE exhibited a linear increase pattern with temperature (P < 0.05,
Fig. 4 b, d, ). In typical steppe, the PUE showed a significant concave-
down pattern with temperature (P < 0.05, Fig. 4g). However, there
were no significant relationships between PUE and temperature in
alpine steppe and desert steppe (P > 0.05, Fig. 4c, e).

4. Discussion

4.1. Long-term trend and interannual variations of PUE in eurasia
grasslands

We integrated long-term observations during 1982-2015 to identify
the trend of PUE at the continental scale in Eurasian grasslands. We
found that PUE showed an uptrend in Eurasian grasslands over the past
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three decades. This increase in PUE suggested an increase in the effi-
ciency of carbon-water conversion in Eurasian grasslands, which was
consistent with the results of increased vegetation productivity observed
in this region (Jiao et al., 2017). Previous studies in Sahelian similarly
found that PUE displayed significant increase during 1982-2007 (Fen-
sholt and Rasmussen, 2011). However, in Tunisia rangeland and
Northwestern China grasslands, the PUE were shown in decreasing trend
and no trend, respectively (Chang et al., 2018; Gamoun, 2016).

We found that the Eurasian grasslands consist of various types
exhibited different PUE trends. The PUE in arid and forest steppe had an
increasing trend, of which forest steppe showed the largest growth rate.
It would be attributed to that forest grasslands are mainly distributed in
the East Asian monsoon region, where sufficient hydrothermal resources
and nitrogen deposition greatly facilitate the fastest growth of produc-
tivity and PUE (Fang et al., 2014; Palpurina et al., 2019; Yu et al., 2014).
On the contrary, the PUE in alpine meadow, alpine steppe, desert steppe
and typical steppe showed decreasing trend, of which the decrease rate
of PUE in alpine steppe was maximal. Previous study shown that nu-
trients were main factor in limiting the growth of vegetation in alpine
steppe (Kou et al., 2020). In addition, increased precipitation is liable to

lost as runoff (Hu et al., 2010; Lehouerou, 1984), which likely increases
the loss of soil nutrients, limits vegetation productivity and thus results
in the decline of PUE (Yang et al., 2010; Zhang et al., 2017). The
decreasing trend of PUE generally indicates that the stability and pro-
ductivity potential of grassland ecosystems tend to decrease (Gamoun,
2016; Huxman et al., 2004). Therefore, the maintenance of these
grassland ecosystems with decreasing trend of PUE needs to be paid
more attention by grassland managers.

4.2. Climate controls on the interannual variation of PUE

Climate variations are important factors in regulating the structure
and function of grassland ecosystems in arid and semi-arid areas (Hux-
man et al., 2004; Zhao et al., 2020). We found that the interannual
variation of PUE was mainly regulated by precipitation at the conti-
nental and biome scales, and the PUE showed a linearly decreasing trend
with the increase of precipitation (Fig. 3b). Previous local studies in
North America and Inner Mongolian grasslands similarly indicated that
the temporal pattern of PUE showed significant decreasing trends with
precipitation (Bai et al., 2008; Huxman et al., 2004). At the regional
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scale, the consistent decreasing patterns were reported in alpine grass-
land in the Tibetan Plateau (Sun and Du, 2017). This is likely because the
proportion of runoff and soil evaporation loss (ineffective precipitation)
increased overwhelms the proportion of vegetation absorption and uti-
lization (effective precipitation) with the increase of precipitation
(Lehouerou, 1984; Yan et al., 2014). For example, in desert and arid
steppe with low precipitation, low vegetation cover usually causes
increased precipitation to be lost by soil evaporation (Gaitan et al.,
2014). In alpine grasslands with more precipitation, while temperature
and nutrients limit the absorption and utilization of water, resulting in
increased precipitation likely being lost by runoff (Lehouerou, 1984).

Compared to precipitation, temperature played relatively minor ef-
fects on the temporal variation of PUE in Eurasian grasslands. We found
that the interannual variation of PUE at the whole continental scale was
not significantly correlated with temperature, but showed diverse pat-
terns for different biomes scale that explained the weak relations at
continental (Fig. 3a). We found that in alpine meadow, arid steppe and
forest steppe, the PUE showed linear increase patterns with tempera-
ture, but a first increase and then decrease pattern with temperature in
typical steppe (Fig. 4 b, d, f). Increases of temperature facilitate vege-
tation optimal photosynthesis and promote the PUE in low temperature
regions (Xu et al., 2012). Continuously rising temperatures could also
accelerate soil moisture loss, which lead to droughts with a negative
effect on PUE (Liu et al., 2012).

The PUE are closely related to carbon uptake and multiple water
cycling processes which with complicated regulating components. Hy-
drothermal conditions are found to be the most important influence
factors for the temporal variations of PUE. We then built the cascading
effects networks to further reveal the underlying mechanism of inter-
annual variations of PUE (Fig. 5). We found that precipitation had direct
negative effect on PUE, and indirect positive effect on PUE through its
positive effects on LAI and ANPP. However, the direct negative effect
(-0.92) of precipitation was overwhelmingly stronger than that indirect

56%

Fig. 5. Structural equation models of climatic factors (annual temperature, AT;
annual precipitation, AP), atmospheric vapor pressure deficit (VPD), leaf area
index (LAI) and aboveground net primary production (ANPP) with
precipitation-use efficiency (PUE) in Eurasian grasslands. Solid and dashed
arrows represented the positive or negative effects in fitted structural equation
models, respectively. The widths of arrows indicated the strength of the re-
lationships. The percentage (R?) indicated the degrees of explanation of vari-
ables, and *, " and " represented a significant relationship at P = 0.05, P =
0.01 and P = 0.001 level, respectively.

positive effect (0.41) on PUE. Temperature had no direct effect on PUE,
while have indirect positive effect though its positive effects on VPD, LAI
and ANPP. LAI, shaped by the climate pattern, as an important
ecosystem trait directly affects PUE (Konings et al., 2017; Niu et al.,
2011). The increase of LAI is beneficial to plant photosynthesis, and
meanwhile reduces water dissipation by intercepting soil moisture
evaporation thus improves the efficiency of precipitation conversion
into biomass (Tao et al., 2020). The direct effect of precipitation and
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temperature and their indirect effects on VPD, LAI and ANPP together
determined 92% of the temporal variations of PUE in Eurasian grass-
lands. These results clarified the underlying processes that climate fac-
tors shaped the PUE temporal pattern by the cascading effects networks
of precipitation and temperature — VPD — LAI — ANPP — PUE (CVLP-
CENet).

5. Conclusions

We analyzed a long-term dynamic PUE and clarified the trend and
temporal variations of PUE in response to climatic factors at the biome
and continental scales in Eurasian grasslands. Our results showed that,
overall, the PUE in Eurasian grasslands increased from 1982 to 2015,
implying that the efficiency of water-carbon conversion was gradually
increasing. In forest steppe the PUE was fastest increased, while in alpine
steppe the PUE was fastest decreased. Our results indicated that pre-
cipitation was the dominant factor to control the temporal variation of
PUE, and PUE exhibited consistent linear decreasing response to pre-
cipitation at the biome and continental scale. The PUE had hardly
relationship with temperature at the continental scale, but showed
linear increase, concave-down and no correlation with temperature for
different biomes. Climatic factors shaped the temporal variations of PUE
through the underlying cascading effects networks of precipitation and
temperature — VPD — LAI — ANPP — PUE (CVLP-CENet) in Eurasian
grasslands. Our study identified the long-term trends, interannual vari-
ations and controls of PUE responses to climate change and would be
helpful for understanding the mechanisms and predicting future grass-
land ecosystems dynamics.
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