
 
Chin. Geogra. Sci. 2019 Vol. 29 No. 5 pp. 725–740   Springer      Science Press 

https://doi.org/10.1007/s11769-019-1063-x www.springerlink.com/content/1002-0063 

                                       

Received date: 2018-09-26; accepted date: 2018-11-18 
Foundation item: Under the auspices of Asia Pacific Network for Global Change Research (APN), Global Change Fund Project (No. 

ARCP2015-03CMY-Li), National Natural Science Foundation of China (No. 41271361, 41501575), National Key Research and De-
velopment Project (No. 2018YFD0800201), Key Project of Chinese National Programs for Fundamental Research and Development 
(No. 2010CB950702)  

Corresponding author: LI Jianlong. E-mail: jlli2008@nju.edu.cn; SHI Aiping, shap@ujs.edu.cn 
© Science Press, Northeast Institute of Geography and Agroecology, CAS and Springer-Verlag GmbH Germany, part of Springer Na-

ture 2019 

Assessing the Dynamics of Grassland Net Primary Productivity in Re-
sponse to Climate Change at the Global Scale 

LIU Yangyang1, YANG Yue2, WANG Qian1, KHALIFA Muhammad3, 4, ZHANG Zhaoying5, TONG Linjing1, LI 
Jianlong1, SHI Aiping6  

(1. Department of Ecology, School of Life Science, Nanjing University, Nanjing 210046, China; 2. Nanjing Institute of Environmental 
Sciences, Ministry of Environmental Protection of the People’s Republic of China, Nanjing 210042, China; 3. Institute for Technology 
and Resources Management in the Tropics and Subtropics (ITT), Technische Hochschule Köln-Cologne University of Applied Sciences, 
Cologne 50679, Germany; 4. Department of Geography, University of Cologne, Albertus-Magnus-Platz, D-50923 Cologne, Ger-
many; 5. International Institute for Earth System Sciences, Jiangsu Provincial Key Laboratory of Geographic Information Science and 
Technology, Nanjing University, Nanjing 210023, China; 6. School of Agricultural Equipment Engineering, Jiangsu University, Zhenji-
ang 212013, China) 

Abstract: Understanding the net primary productivity (NPP) of grassland is crucial to evaluate the terrestrial carbon cycle. In this study, 

we investigated the spatial distribution and the area of global grassland across the globe. Then, we used the Carnegie-Ames-Stanford 

Approach (CASA) model to estimate global grassland NPP and explore the spatio-temporal variations of grassland NPP in response to 

climate change from 1982 to 2008. Results showed that the largest area of grassland distribution during the study period was in Asia 

(1737.23 × 104 km2), while the grassland area in Europe was relatively small (202.83 × 104 km2). Temporally, the total NPP increased 

with fluctuations from 1982 to 2008, with an annual increase rate of 0.03 Pg C/yr. The total NPP experienced a significant increasing 

trend from 1982 to 1995, while a decreasing trend was observed from 1996 to 2008. Spatially, the grassland NPP in South America and 

Africa were higher than the other regions, largely as a result of these regions are under warm and wet climatic conditions. The highest 

mean NPP was recorded for savannas (560.10 g C/(m2·yr)), whereas the lowest was observed in open shrublands with an average NPP of 

162.53 g C/(m2·yr). The relationship between grassland NPP and annual mean temperature and annual precipitation (AMT, AP, respec-

tively) varies with changes in AP, which indicates that, grassland NPP is more sensitive to precipitation than temperature. 
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1  Introduction 

The earth has experienced two of the warmest decades 
during the period from 1980 through 2000 (Knutson et 
al., 1999; Nemani et al., 2003). The period of 2000 to 

2009 is considered as the warmest decade since the 
1880s in the records reported by the World Meteoro-
logical Organization (WMO) (Barford et al., 2001; Zhao 
and Running, 2010). Overall, global climate change has 
been seriously affected by the increase in atmospheric 
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CO2 concentration (Joos et al., 2001; Keenan et al., 
2012). Terrestrial ecosystems, which are the most con-
tributors of the inter-annual variability in the atmospheric 
CO2 concentration, play an important function in seques-
tering carbon from the atmosphere (Khalifa et al., 2018). 
As an important part of the global terrestrial ecosystem, 
grasslands are one of the most common types of vegeta-
tion, covering approximately 25% of the earth’s terrestrial 
area, which makes a significant contribution to ruminant 
milk and meat production for global food supply (Zhou et 
al., 2018). In addition, grasslands also have a key role in 
balancing atmospheric greenhouse gas concentration 
through further carbon sequestration (Ling et al., 2016; 
Zhou et al., 2017). However, the ability of grasslands in 
storing/sequestering carbon is also easily affected by cli-
mate changes. Specifically, the differences of hydrother-
mal conditions can significantly govern the distribution, 
structure and productivity of grassland ecosystems, which 
can directly influence carbon storage and carbon seques-
tration (Gang et al., 2015).  

Net primary productivity (NPP), which refers to the 
amount of new carbon fixed through photosynthesis by 
green plants per unit of time and space, is not only an 
important indicator of vegetation growth status and 
ecosystem health, but also plays a crucial role in the 
terrestrial carbon cycle (Beer et al., 2010; Potter et al., 
2012; Chen et al., 2015). Meanwhile, NPP also closely 
linked to the climate system and biosphere through the 
carbon and water cycle of global terrestrial ecosystems, 
which, to a certain extent, can reflect the response of 
ecosystems to climatic change (Gang et al., 2015). 
Stated thus, the spatio-temporal variations of NPP and 
its response to climate changes have been the key fo-
cuses of global change studies over the past decade 
(Hicke et al., 2002; Liu et al., 2002).  

Numerous NPP models have been widely used to 
quantify and simulate NPP over time and space by con-
sidering that vegetation NPP cannot be measured di-
rectly at a large scale. NPP models include models based 
on the light use efficiency concept (Global Production 
Efficiency Model (GLO-PEM); Carnegie-Ames-Stanford 
Approach (CASA) (Field et al., 1995; Liang et al., 
2015)), process-based models (CENTURY, BIOME- 
BioGeoChemical (BIOME-BGC) (Raich et al., 1991; 
Melillo et al., 1993)), as well as climate-based NPP 
models (Thornthwaite Memorial model (Lieth, 1975)), 
Miami model (Alexandrov et al., 1999) and Chikugo 

model (Uchijima and Seino, 1985)). Among these mod-
els, the light use efficiency models, which rely mainly 
on the readily available remote sensing data, are exten-
sively applied for the quantitative assessment of the spa-
tio-temporal variation of NPP at regional or global scale. 
On the other hand, the development of remote sensing 
data has also greatly enhanced the ability of the light use 
efficiency models to simulate the year-to-year variation 
of vegetation NPP (Dong et al., 2003). 

Many studies on NPP have been conducted since 
1995. These studies have mainly focused on studying 
the effects of climate change on terrestrial NPP at dif-
ferent spatio-temporal scales (Field et al., 1995; Hicke et 
al., 2002; Zheng et al., 2013). However, the spa-
tio-temporal variation of NPP in grassland ecosystem 
and their climate controls have rarely been identified in 
different parts of the world, and these variations and 
interactions have received a little attention at the global 
scale (Xing et al., 2010; Gang et al., 2015). Moreover, 
as mentioned earlier, the earth has experienced three 
warmest decades during the period from 1980 through 
2009 (Liu et al., 2019a). Consequently, a consecutive 
study on global grassland NPP over the past warmest 
three decades (1980−2009) is indispensable. Such a re-
search is believed to provide essential information on 
when, where, and why NPP changed in global grassland 
ecosystem during the selected period.   

To bridge the knowledge gap mentioned above, a 
light use efficiency model, the CASA model was used in 
the current study. The ultimate goal is to explore the 
spatio-temporal variations of global grassland NPP and 
the relationships between NPP and climate variables 
from 1982 to 2008. The CASA model has been widely 
used in the estimation of terrestrial NPP at local and 
sub-catchment scales (Chen et al., 2008; Zheng et al., 
2013), but the estimation of grassland NPP based on the 
CASA model has not been reported at a global scale. 
Therefore, our primary objectives in this study are: 1) to 
map and compare the distribution of different grassland 
types in each continent; 2) to examine the spatiao-temporal 
variations of the global grassland NPP based on CASA 
model during 1982−2008; 3) to identify the correlations 
between global grassland NPP and climatic factors to 
elucidate effects of climate variations on grassland car-
bon cycles across the globe. The findings of this study 
can provide theoretical and methodological baselines for 
government and policy makers in optimizing ecosystem 
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management and realizing the sustainable utilization of 
grassland resources. Moreover, these findings are also 
expected to notify future United Nations Climate 
Change conferences and reported by the Intergovern-
mental Panel on Climate Change (IPCC). 

2  Materials and Methods  

2.1  Data sources and processing 
2.1.1  NDVI data  
In this study, two types of Normalized Difference Vegeta-
tion Index (NDVI) sources were selected to generate a 
long time series of NDVI dataset from 1982 to 2008. 
Moderate-resolution imaging spectroradiometer MODIS- 
derived 16-day composite product (MOD13A2) from 
2001 to 2008, with a spatial resolution of 1 km, were 
downloaded from http://ladsweb.nascom.nasa.gov/data/ 
search.html. The MODIS-NDVI data were converted into 
TIFF format and merged together by using the MODIS 
Reprojection Tool (MRT). Another NDVI dataset used in 
this study is the high-resolution radiometer GIMMS 
(Global Inventory Modeling and Mapping Studies). This 
product provide NDVI data that covers the period from 
1982 to 2006, with a spatial resolution of 8 km. 
GIMMS-NDVI are produced by the Global Land Cover 
Facility of the University of Maryland (GLCFUM). 

In order to perform a consistency test for two types of 
NDVI datasets, a linear regression model was estab-
lished on the pixel level for the overlapping period time 
of the two NDVI datasets; i.e. 72 months for the years 
from 2001 to 2006 (Zhang et al., 2016). The MODIS- 
NDVI dataset was resampled to have a consistent spatial 
resolution with that of GIMMS-NDVI data using the 
nearest neighbor resampling method. The two types of 
NDVI data were smoothed and filtered using Spec-
tor-Grant filtering method. Moreover, the maxi-
mum-value compositing (MVC) procedure was used to 
merge the 16-day MODIS-NDVI data and the 15-day 
GIMMS-NDVI data in order to generate monthly data-
sets. These NDVI data were re-projected from the origi-
nal integerized sinusoidal projection into Albers equal 
area conical projection based on the WGS-84 datum us-
ing ArcGIS V10.3 software (ESRI, California, USA).   
2.1.2  Meteorological data  
Meteorological data is another forcing data to drive the 
CASA model, mainly include monthly temperature, pre-
cipitation and total solar radiation data. This new dataset 
based on global observation datasets and National 

Centersfor Environmental Prediction (NCEP)/ National  
Center for Atmospheric Research (NCAR) reanalysis 
were obtained from Global Meteorological Forcing 
Dataset for Land Surface Modeling archive (http://rda. 
ucar.edu/datasets/ds314.0/), which is provided by the 
U.S. National Center for Atmospheric Research, Com-
putational and Information Systems Laboratory, extends 
from 1948 to 2010. These meteorological data were re-
sampled to 8 km from 1982 to 2008 to match the spatial 
resolution of the NDVI data. The coordinate system and 
projection were the same as remote sensing data. The 
annual mean temperature (AMT) and annual precipita-
tion (AP) were calculated from the monthly data over 
the study period by using ArcGIS V10.3 (ESRI, Cali-
fornia, USA) (Gang et al., 2016b; Liu et al., 2019b). 
2.1.3  Grassland types  
To facilitate depicting the spatial distribution of the 
grassland around the globe, land cover data provided by 
MODIS Terra Aqua Combined Land Cover product 
(MCD12Q1) was used. This land cover data could be 
downloaded from http://modis-land.gsfc.nasa.gov/ 
landcover.html/. The version of the International Geo-
sphere-Biosphere Project (IGBP) global vegetation clas-
sification, which is based on satellite imagery of land 
cover and vegetation type (Liu et al., 2019c), was used 
for the purpose of this analysis. The primary land cover 
scheme consists of 17 land cover classes defined by the 
IGBP, which could be classified into 11 natural vegeta-
tion classes, three non-vegetated land classes and three 
human-altered classes. The grassland cover categories 
considered in this study include mainly closed shrub-
lands, open shrublands, woody savannas, savannas, and 
non-woody grasslands (Gang et al., 2015).  
2.1.4  Measurement data 
Multi-year global data on field NPP observations of 
grassland were used to validate the NPP simulated by 
the CASA model. These datasets have a complete site 
description, and include ground and underground NPP 
measurements, which were obtained from the Net Pri-
mary Production database, and was maintained by the 
Oak Ridge National Laboratories (ORNL) (http://www. 
eosdis.ornl.gov/NPP/npp_home.html). The NPP data 
from ORNL has been used widely in the regional NPP 
simulation research (Gang et al., 2015). Extensive data 
on grassland ecosystem, including biomass dynamics 
and climatic variables data were obtained from over 35 
observational plots to validate the results in this study 
(Scurlock et al., 2002; Lin et al., 2017).  
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2.2  Methods 
2.2.1  Model description 
This study uses CASA model simulated by meteoro-
logical and vegetation data derived from remote sensing 
observations to produce a global distribution of NPP 
(Potter et al.,1993). NPP in this model is determined by 
the Absorbed Photosynthetically Active Radiation 
(APAR) and light-use efficiency (ε). The essential cal-
culation principle of CASA model can be expressed by 
the following formulae (Zhang et al., 2016): 

( , ) ( , ) ( , )NPP x t APAR x t x t   (1) 

( , ) ( , ) ( , ) 0.5APAR x t SOL x t FPAR x t    (2) 

1 2 max( , ) ( , ) ( , ) ( , )x t T x t T x t W x t        (3) 

2
1( , ) 0.8 0.02 ( ) 0.0005 ( ( ))opt optT x t T x T x       (4) 

2 ( , ) 1.184 /(1 exp(0.2 ( ) 10 ( , )))

1/(1 exp(0.3 ( ( )) 10 ( , )))

opt

opt

T x t T x T x t

T x T x t

     

     
 (5) 

   , 0.5 0.5 ( , ) / ,W x t PPT x t PET x t     (6) 

where x is the spatial location, t is time, APAR (x, t) 
represents the canopy-absorbed incident solar radiation 
of pixel x in t time (MJ/m2), and ε (x, t) represents the 
actual light use efficiency (g C/MJ) of pixel x in t time; 
SOL (x, t) is the total solar radiation (MJ/m2) of pixel x 
in t time, FPAR (x, t) is the fraction of the incoming 
photosynthetically active radiation (FPAR) intercepted 
by green vegetation and determined by NDVI, and 0.5 
accounts for the fraction of the total solar radiation 

available for vegetation in the PAR waveband 
(0.39−0.71μm); Tε1 (x, t) and Tε2 (x, t) represent the 
effects of low and high temperature stress, respectively, 
and Topt (x) is the optimum air temperature when the 
vegetation biomass reaches the maximum value; Wε (x, t) 
represents the effects of water stress, which is range 
from 0.5 for arid and 1.0 for wet; PPT (x, t), PET (x, t) 
are the precipitation and potential evapotranspiration 
of location x at month t, respectively. PET (x, t) can be 
calculated according to the CASA soil moisture 
sub-model; εmax is the maximum possible efficiency 
(Potter et al., 2012). In the current study, εmax is as-
signed 0.5 globally for grassland based on the previous 
study (Chen et al., 2013). 
2.2.2  Validating CASA model 
To validate the CASA model, the results simulated by 
CASA model were compared with the field observed 
data (Fig. 1). Correlation analysis between the simulated 
NPP and observed NPP indicates that the NPP derived 
from CASA model showed good agreements with field 
observed NPP in global grassland (R2 = 0.79, P < 
0.0001) (Fig. 1a). Moreover, field data collected from 
three field observation station located in Inner Mongo-
lia, Loess Plateau and Qinghai-Tibetan Plateau were 
used to validate the CASA model. A systematic of vali-
dation CASA model with field observations yields high 
consistency with correlation coefficients (R2) 0.60, 0.82 
and 0.69 for these three regions, respectively (Fig. 1b). 
The validation results showed that, the CASA model has 
a high accuracy and reliability in the simulation of the 
global grassland NPP. 

 

Fig. 1  Plot of simulated Net Primary Productivity (NPP) using the Carnegie-Ames-Stanford Approach (CASA) model and the ob-
served Net Primary Productivity (NPP) from ground stations. a. The validation of the CASA model accuracy in global grassland through 
the correlation analysis between estimated NPP based on the CASA model and the field observation NPP. (The field observed data is 
provided by the Oak Ridge National Laboratories (http://www.eosdis.ornl.gov/NPP/npp_home.html)); b. Plot of estimated NPP using 
the CASA-model compared with the observed values for Inner Mongolia, Loess Plateau and Qinghai-Tibetan Plateau in China 
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2.2.3  Analysis of the relationship between the dy-
namics of grassland NPP and climate change 
The ordinary least square estimation was calculated for 
each pixel to quantify the linear trends of all variables; 
i.e. NPP, and climate variables (Gang et al., 2018). The 
significance of the variation tendency is determined by 
the F-test to represent the confidence level of variation 
(Gang et al., 2016b). Then, the variation trend was clas-
sified into the following six standards based on the re-
sults of F-test (Yang et al., 2017): 1) ESD (Extremely 
Significant Decrease, Slope < 0, P < 0.01); 2) SD (Sig-
nificant Decrease, Slope < 0, 0.01 < P < 0.05); 3) NSD 
(Not Significant Decrease, Slope < 0, P > 0.05); 4) NSI 
(Not Significant Increase, Slope > 0, P > 0.05); 5) SI 
(Significant Increase, Slope > 0, 0.01 < P < 0.05); 6) 
ESI (Extremely Significant Increase, Slope > 0, P < 
0.01). The piecewise linear regression (PLR) model was 
used to detect the time and magnitude of potential 
changes in NPP time-series trends, which has been 
widely used to detect the turning point (TP) in noisy 
time-series data in previous ecological studies (Toms 
and Lesperance, 2003; Liang et al., 2015). The specific 
description of the PLR method can be seen in the study 
of Liang et al. (2015). 
2.2.4  Mann-Kendall test 
The Mann-Kendall test was used in the trend analysis of 
the AMT and AP during the period of 1982−2008.  
Mann-Kendall statistic (S) for a time series x1, x2, x3  
xn is calculated as (Liu et al., 2019a): 

1

  2,3, ,
k

k i
i

S r k n


   ，  (7) 

In this study, k refers to the sequence of year, n = 27, ri 
means that the cumulative number of i samples in the 
sequence is xi larger than xj (1 ≤ j ≤ i). Under the as-
sumption that the original sequence is stationary and 
random independent, the mean (E(Sk)) and variance of 
Sk (VAR(Sk)) can be calculated by formulas (8) and (9). 

E( ) ( 1) / 4kS n n   (8) 

VAR( ) ( 1)(2 5) / 72kS n n n    (9) 

Sk standardization is shown as: 

( )) (( ) /k k k kUF S E S VAR S   (10) 

In this study, given a significance level of 0.05, the  

series of AMT and AP will have significant trend varia-
tion if |UFk| is greater than U0.05. Repeat the above 
process according to the inverse sequence of time series 
of AMT or AP, and then make UBk = UFk, where k = n, 
n−1,…; UB1 = 0. When UF exceeds the confidence line, 
the time series of AMT and AP show a significant upward 
or downward trend; if UFk and UBk intersect between the 
confidence line, the corresponding time point at the in-
tersection point is the time when the mutation begins; if 
the intersection point is outside the confidence line, or 
there are many obvious intersections, the sliding T test is 
used to determine whether the mutation point is a muta-
tion point. The abrupt time of trend component of time 
series of each characteristic area is recorded one by one. 
2.2.5  Correlation analysis between grassland NPP 
and climate factors 
The spatial distribution of correlation coefficients be-
tween global grassland NPP and climate factors were 
calculated by using the following formula (Liu et al., 
2019b): 

 
1 1 1

2 2 2 2
1 1 1 1

( ) ( )

n n n
i i i ii i i

xy n n n n
i i i ii i i i

n x y x y
r

n x x n y y

  

   

  


   

  
   

 (11) 

where n is the sequential year, xi and yi represents NPP 
and climate factor in year i, respectively. The T test is 
used to determine the significance of the correlation 
coefficients. 

3  Results 

3.1  Area of global grassland ecosystems 
The areas of global grassland ecosystems in each conti-
nent from 1982 to 2008 are shown in Fig. 2. The total 
area of global grassland is 5861.54 × 104 km2. The open 
shrublands was 1923.38 × 104 km2, which is the major 
grassland type in the global scale, and it accounted for 
around 32.81% of the total grasslands areas. The closed 
shrublands is the least distributed grassland as it covers 
only to 4.10% (240.48 × 104 km2) of total area of the 
global grassland. On the continent scale, the largest area 
of grassland is found to be in Asia (1737.23 × 104 km2), 
North America (1017.46 × 104 km2) and Africa 
(1521.70 × 104 km2), while the grassland areas in 
Europe were relatively small (202.83 × 104 km2).  
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Fig. 2  The areas of global grassland ecosystems in each conti-
nent based on Moderate Resolution Imaging Spectroradiometer 
(MODIS)-International Geosphere-Biosphere Programme (IGBP) 

 
The most widely distributed grassland type in Asia is 

the non-woody grassland (666.80 × 104 km2), which was 
mainly distributed in Kazakh hilly, Turan Plain, Pamir 
Plateau, Mongolia Plateau, Qinghai-Tibet Plateau and 
Xinjiang, China, etc. Open shrublands, which is the 
second largest grassland type (632.09 ×104 km2), are 
distributed in the western Siberia plain, middle Siberia 
plateau and the Far East Mountain area. Grassland eco-
systems in North America and Oceania are dominated 
by open shrublands, with an area of 433.27 × 104 km2 
and 395.63 × 104 km2, respectively. Woody savannas, 
which is predominantly found in Africa, is the world’s 
largest tropical savanna area (486.75 × 104 km2). This 
grassland type is widely distributed in vast areas in the 
East African plateau. European grassland ecosystems 
are dominated by woody savannas (72.80 × 104 km2). 
Finally, grassland types in South America are 
mainly comprises savannas type, with an area of 
293.33 × 104 km2. These savannas were found to be 
concentrated mainly in the eastern part of Brazil.  

3.2  Spatio-temporal variation of global grassland 
NPP  
As shown by the interannual variability of the global 
grassland NPP (Fig. 3), the total grassland NPP were 
estimated between 23.98 and 25.73 Pg C/yr for the time 
period from 1982 to 2008, with an average value of 
(24.73 ± 0.27) Pg C/yr. In general, the total NPP exhib-
ited a significant increasing trend from 1982 to 2008 
(0.03 Pg C/yr, P < 0.01). The total NPP increased from 
24.09 Pg C/yr in 1982 to 24.87 Pg C/yr in 2008, with an  

amplitude of about 3.24% (0.78 PgC). While the lowest 
total NPP was observed in 1983 (23.98 Pg C/yr), the 
highest total NPP appeared in 1997 (25.73 Pg C/yr). In 
addition, the increasing trend in NPP was not continuous 
from 1982 to 2008, with distinct shift at 1995. Two 
sub-periods, which have significantly different varia-
tions in NPP, were determined by the piecewise linear 
regression. As shown in Fig. 3, the global grassland total 
NPP experienced a significant increasing trend from 
1982 to 1995 (0.06 Pg C/yr, P < 0.01), whereas exhib-
ited an insignificant decreasing trend from 1996 to 2008 
(−0.03 Pg C/yr). 

The spatial distribution of the mean annual global 
grassland NPP from 1982 to 2008 is presented in Fig. 4. 

Overall, the grassland NPP was 462.83 g C/(m2·yr) over 

the study period. Annual NPP in the South America and 
Africa grassland was generally higher than other continents, 

with the highest grassland NPP rates (> 1000 g C/(m2·yr)) 

mainly occurred in Brazil, Ethiopia Plateau, Azand Pla-
teau and Katanga Plateau. The simulated NPP, with a 

range between 600 and 1000 g C/(m2·yr) occurs mainly 

in the southeastern United States, the Pacific coast of the 
Mexico Plateau, the eastern coast of Australia, and some 
regions of Central Asia. Furthermore, the distribution of 
global grassland NPP exhibited an obvious latitudinal 
zonation, which showed a gradually decreasing trend 
from the equator to the polar regions. In addition, longi-
tudal zonation also exists in the distribution of grassland 
NPP. This longitudinal zonation, can be primarily re-
garded to the differences in precipitation pattern caused 
by the distribution of land and sea. 

 

Fig. 3  Interannual variations in total grassland Net Primary 
Productivity (NPP) from 1982 to 2008 
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Fig. 4  The spatial distribution of global grassland Net Primary Productivity (NPP) from 1982 to 2008 
 

The spatial distribution of the variation trend of 
global grassland NPP and its significance test of the 
three periods are shown in Fig. 5. During 1982–2008 
(Figs. 5A1 and 5A2), the regions with a decreasing 
trend in NPP are found to be mainly distributed in the 
southern Congo Basin, Australia and Mongolia Plateau, 
which accounts for 49.09% of the global total grassland 
area. Among these areas, Mongolia Plateau and Middle 

Eastern part of Australia, displayed an extremely sig-
nificant to significant decreasing trend of the grassland 
NPP. These areas cover only up to 4.10% of the total 
global grassland area. On the other hand, the areas 
which account for 49.09% of the total grassland do not 
decrease significantly. On the contrary, the areas with an 
increasing trend in NPP cover up to 54.89% of total 
grassland area. NPP that accounted for 33.88% of the  

 

Fig. 5  The variation trend of global grassland Net Primary Productivity (NPP). A1: The slope of global grassland NPP during 
1982−2008; A2: The significance test of variation trend of grassland NPP during 1982−2008; B1: The slope of global grassland NPP 
during 1982−1995; B2: The significance test of variation trend of grassland NPP during 1982−1995; C1: The slope of global grassland 
NPP during 1996−2008; C2: The significance test of variation trend of grassland NPP during 1996−2008. ESD: Extremely Significant 
Decrease; SD: Significant Decrease; NSD: Not Significant Decrease; NSI: Not Significant Increase; SI: Significant Increase; ESI: Ex-
tremely Significant Increase 
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total grassland area did not exhibit any significant in-
creasing trend in NPP. The regions with an extremely 
significant increase or significant increase in NPP oc-
cupy around 21.01% of the total grassland region. These 
areas are predominantly concentrated in the south cen-
tral part of the America, Orinoco Plain of South Amer-
ica, Brazil Plateau, Congo Basin, eastern Australia and 
some other areas.  

During the period from 1982 through 1995 (Figs. 5B1 
and 5B2), the regions with a decreasing trend in NPP 
accounted for 35.25% of the total area of the global 
grassland. By contrast, the proportions of areas that dis-
played an increase in NPP occupy approximately 
64.75% of total grassland area. The regions that showed 
a significant and extremely significant increase in NPP 
occupy around 14.10%. Such regions are located mainly 
in Congo Basin, northeast of Brazil Plateau, western 
part of Eurasia and western North America. Lastly, 
50.65% of the regions experienced a non-significant 
increase of grassland NPP. 

During 1996−2008 (Figs. 5C1 and 5C2), the regions 
with decreased grassland NPP accounted for 73.78% of 
the total grassland area. Among these areas, nearly 
9.43% of the grassland NPP exhibited an extremely 
significant or significant decreasing trend, which can be 
observed in the southern Congo Basin, Brazil plateau 
and the eastern Australia. By contrast, the increase of 
NPP during 1996 to 2008 was detected in approximately 
26.22% of regions dominated by grassland ecosystems. 

Approximately 8.83% of the regions experienced an 
extremely significant or significant NPP increase, and 
these regions were mainly found in the north and south 
of North America and the northern part of Eurasia.  

3.3  Interannual variation in NPP of different 
grassland types 
The annual grassland NPP in different grassland types 
showed a temporal variation (Fig. 6). In terms of differ-
ent grassland types, all of these types showed generally 
increasing trends in NPP from 1982 to 2008. Among 
these types, the open shrublands and non-woody grass-
lands exhibited significant increasing trends (P < 
0.0001). Furthermore, all grassland types shared the 
similar changing trend with a general increasing trend 
from 1982 to 1997 and a drastically decrease thereafter. 
The continuous decline of the NPP in all grassland types 
during 1997−2001 led to an overall decreasing trend 
despite the weak increase thereafter. It is notable that, 
the NPP of all grassland types shared the similar chang-
ing trend with a general increasing trend from 2002 to 
2008. In particular, the non-woody grassland which 
showed a drastic increase in the year after 2002.  In 
general, the increasing rate of NPP of each grassland 
type from 1982 to 2008 is found to be in the following 
order: savannas (11.99 g C/(m2·yr)) > open shrublands 
(9.82 g C/(m2·yr)) > non-woody grasslands (9.24 g C/(m2·yr)) > 
woody savannas (7.92 g C/(m2·yr)) > closed shrublands 
(7.26 g C/(m2·yr)).  

 

Fig. 6  Interannual variations in mean Net Primary Productivity (NPP) of each grassland type from 1982 to 2008 
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The mean NPP and total NPP of the different grassland 
types from 1982 to 2008 were also calculated (Table 1). 
Evidently, there were significant differences in grassland 
NPP for each grassland type. The highest mean NPP with 
an annual mean value of 560.10 g C/(m2·yr) at a global 
scale was recorded in savannas, whereas the least grassland 
NPP was found in the open shrublands, with an annual 
mean value of 162.53 g C/(m2·yr). In addition, the highest 
total NPP is that of woody savannas (9.61 Pg C/yr), which 
was almost twice of that in savannas (4.89 Pg C/yr). The 
lowest total NPP was observed in the closed shrublands 
(1.18 Pg C/yr).  

3.4  Meteorological conditions during 1982−2008 
The results of Mann-Kendall test, which was used in the 
trend analysis of the AMT and AP, is shown in Fig. 7. It 
is notable that catastrophe point of AMT and AP varia-
tions occurred in 1995 according to the intersection of 
UF and UB. Particularly, AMT showed an increasing 
trend from 1982 to 2008. The variation trend of AMT 
was not obvious before 1995, but there was a significant 
increasing trend in AMT after 1995, which had passed  

 
Table 1  The total Net Primary Productivity (NPP) and mean 
NPP of different grassland types during 1982–2008 

Grassland types Total NPP (Pg C/yr) 
Mean NPP 

 (g C/(m2·yr)) 

Closed shrublands 1.15 326.18 

Open shrublands 4.53 163.09 

Savannas 9.63 474.61 

Woody savannas 4.87 560.73 

Non-woody grasslands 4.48 238.22 

 

the 0.05 significant test (U0.05 = 1.96) (Fig. 7a). While, AP 
exhibited a decreasing trend during 1982–1995, an increas-
ing trend in AP was observed from 1995 to 2008. Especially 
for the period of 1995–2006, the AP was significantly in-
creasing at the confidence level of 95% (Fig. 7b). 

The spatial dynamics of AMT and AP during the pe-
riod from 1982 through 2008 are shown in Fig. 8. In gen-
eral, AMT has higher values in most parts of the southern 
hemisphere. The highest values are found mainly located 
in Australia, Brazil Plateau and most of the regions of 
Africa. The lowest AMT was recorded in primarily in the 
northern hemisphere, especially in the north of both Asia 
and North America. The AMT exhibited a remarkable rise 
by an average of 0.96℃ during 1982−2008. Nearly, 
92.52% of the regions covered by grassland ecosystems 
exhibited increase in temperature, which mainly occurred 
in the northern of Eurasia, central Asia and the Russian 
Far East (Fig. 8A2 and 8A3). The AP was higher in the 
middle parts of Africa and Brazil Plateau, but lower in 
other areas. Generally, the AP experienced an increase by 
17.29 mm over the study period. The regions with an in-
creasing trend in AP accounted for 58.6% of the total 
global area of grassland areas (Figs. 8B2 and 8B3).  

3.5  The response of global grassland NPP to cli-
matic factors 
The spatial distributions of the correlations between 
grassland NPP and AMT/AP at different significance 
levels are presented in Fig. 9. On the whole, the positive 
correlation between AMT and NPP was 0.47 while the 
negative correlation was 0.48 (Figs. 9A1 and 9B1). The 
regions where AMT exhibited a positive correlation with 
grassland NPP occupies nearly 62.89% of the entire 
globe, which were mainly located in the Brazil Plateau,  

 

Fig. 7  Kendall statistics for annual mean temperature and annual precipitation of the global grassland during 1982–2008 
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Fig. 8  Meteorological conditions and variations in global grassland from 1982 to 2008. (A1, Spatial distributions of annual mean tem-
perature (AMT) during 1982–2008; A2, The trend of AMT from 1982 to 2008; A3, The significance test of variation trend of AMT 
during 1982–2008; B1, Spatial distributions of annual precipitation (AP) during 1982–2008; B2, The trend of AP from 1982 to 2008; 
B3, The significance test of variation trend of AP during 1982–2008. (ESD: Extremely Significant Decrease; SD: Significant Decrease; 
NSD: Not Significant Decrease; NSI: Not Significant Increase; SI: Significant Increase; ESI: Extremely Significant Increase) 

 

Central Africa, and Southeastern Asia. By contrast, for 
the annual NPP, more than 37.10% areas were found to 
be negatively correlated with AMT. The locations of 
negative correlation are mainly distributed in the South-
ern Africa and North Central Asia. The regions with 
positive correlations between grassland NPP and AP 
accounted for 58.26% of the total grasslands. These re-
gions are mainly located in Kazakh prairie, part of the 
Mongolia Plateau, Sub Saharan Africa, Central North 
America, Eastern Brazil Plateau and Northern Oceania. 
The regions that showed a negative correlation between 
grassland NPP and AP were mainly located in the north-
ern part of Asia, the southern part of the Qinghai Tibet 
Plateau, and part of the western North America.  

According to the Figs. 9A2 and 9B2, the significant 
correlations between the grassland NPP and the AP were 
31.33%, larger than those of the grassland NPP and the 
AMT (27.82%), which indicated that the NPP was more 
sensitive to precipitation than temperature. Specifically, 

the regions that displayed a significant positive correla-
tion (including 95% and 99% confidence level) between 
the grassland NPP and the AMT were mostly located in 
the northern part and Far East Mountains of Russia, the 
north and southwest parts of North America, Brazil pla-
teau and the central region of Africa (Fig. 9A2). The re-
gions where grassland NPP and the AP showed 
significant positive correlations (including 95% and 99% 
confidence level) were mainly distributed in the Australia, 
Ethiopian Plateau, south of the Africa, America, the 
southern and eastern parts of South America (Fig. 9B2).  

4  Discussion 

Exploring the spatio-temporal dynamics of the grassland 
NPP on a global-scale, and the responses of the NPP to 
climate changes is highly important for a better under-
standing of the global terrestrial carbon cycle during the 
last few decades (Liu et al., 2019c).  



 LIU Yangyang et al. Assessing the Dynamics of Grassland Net Primary Productivity in Response to Climate Change at the… 735 

 

 

Fig. 9  The spatial distribution of correlation coefficient between Net Primary Productivity (NPP) and meteorological factors. A1 and 
B1 represent the spatial distribution of correlation coefficient between NPP and annual mean temperature (AMT)/annual precipitation (AP), 
A2 and B2 corresponding their significance levels; Correlation coefficients of 0.38, and 0.49 indicate respective significant levels of 0.05, 
and 0.01 

 
4.1  Dynamics and distribution of global grassland 
NPP 
This study has found that, the total NPP showed an in-
creasing trend with fluctuations from 1982 to 2008, and 
the spatial pattern of grassland NPP showed obvious 
spatial heterogeneity on a global scale. This finding is in 
line with many previous studies conducted to analyze 
the NPP dynamics of the global terrestrial ecosystem 
under different time scales. For instance, Nemani et al. 
(2003) reported that, global NPP had experienced an 
increasing trend from 1982 to 1999, with a rate of 0.19 
Pg C/yr, which could be mainly attributed to the in-
creasing temperature and solar radiation. Although, the 
increasing trends in NPP were not continuous during the 
study period in this study. Similarly, Li et al. (2016) 
detected a slight increase in the global NPP at a rate of 
0.06 Pg C/yr during the period of 2000–2014. This 
study found that, the total NPP of global grassland also 
exhibited an overall increasing trend from 1982 to 2008 
(0.03 Pg C/yr). The discrepancy of growth rate reported 
here and that found in other studies can be mainly as-
cribed to the different vegetation type.  The increasing 

trend is also consistent with the study of Xia et al. 
(2014), who found an average trend of 1.05 Pg C/yr of 
the aboveground live biomass in global grassland during 
the period from 1982 through 2006. Previous studies 
showed that atmospheric CO2 concentration levels in-
creased markedly by 31% since 1750, and the increase 
of global terrestrial NPP was the major driver of CO2 
growth rate (Bolin, 1977; Zhao and Running, 2010). 
Our analysis indicated that global grassland NPP was 
increased by a rate of 0.6 Pg C/yr during the period of 
1982–2008, with an average NPP of 24.73 Pg C/yr , 
which emphasizes the fact that global grassland ecosys-
tems represent important sinks for atmospheric CO2 and 
play a crucial role in the global carbon sequestration 
(Liu et al., 2019c). Fig. 3 showed that, the grassland 
NPP exhibit an insignificant decreasing trend (–0.03 Pg 
C/yr) from 1996 to 2008, which could be regarded pri-
marily as the changes of the patterns in climate condi-
tions (Fig. 7). Chen et al. (2013) suggested that global 
NPP simulated by CASA model showed a decreasing 
trend for the period of 1997–2009, which was consistent 
with our results. These variation trends in NPP were also 
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in accordance with the study of Zhao and Running (Zhao 
and Running, 2010), who suggested a reduction in the 
global NPP induced by drought during 2000−2009.  

Fig. 4 shows that, NPP in global grassland ecosys-
tems exhibited the apparent spatial heterogeneity, which 
mainly attributed to the differences in the five different 
grassland types and their occurrence under different tem-
perature and precipitation gradients. Our analysis found 
that, the highest grassland NPP (>1000 g C/(m2·yr)) are 
mainly occur in Brazil, Ethiopia Plateau, Azand Plateau 
in Africa, and Katanga Plateau, where the climate is 
warm and wet (Fig. 7A1 and 7B1), These climate condi-
tions are characterized by relatively long growing sea-
son, which could be the driver for these high NPP rates 
(Delucia et al., 2007). Lower grassland NPP values were 
mainly located in the high latitudes of the Northern 
Hemisphere, which are mainly characterized by arid 
environment with low precipitation (Zhao and Running, 
2010). These results are consistent with the study of 
Mao et al. (2014), who suggested that, the distribution 
of grassland Aboveground NPP (ANPP) in Northern 
China is mainly influenced by the amount of precipita-
tion. The grassland under warm and wet climate condi-
tions induce an increase in the NPP (Lin et al., 2017), 
because grassland under favorable conditions are char-
acterized by relatively higher photosynthesis ability and 
relatively adequate soil moisture compared with those 
located in cold and dry regions. Our analysis found that, 
the regions with a decreasing trend in NPP accounted 
for 49.09% of the global grassland total area from 1982 
to 2008, which are mainly distributed in the southern 
Congo Basin, and Australia, Mongolia Plateau. In these 
areas, while the temperature experienced an increase 
trend, the precipitation remained unchanged across the 
study period. This implies that, the various trends of 
regional grassland NPP were mainly determined by re-
gional climate change (Xia et al., 2014). In this study, 
the increasing trends of NPP in most parts of the north-
ern hemisphere were observed during the period from 
1982 to 1995, but the decreasing trend of NPP was de-
tected in the southern hemisphere and tropical area since  
1995. Findings from this study are consistent with the 
findings reported by many previous studies (Hicke et al., 
2002; Nemani et al., 2003). 

4.2  Vegetation NPP in different grassland types 
The general conclusions reached in our analysis are that, 

generally, all grassland types exhibited an overall in-
creasing trend in NPP from 1982 to 2008, while there 
were differences in NPP increment and the maximum 
NPP increment occurred in savannas (11.99 g C/(m2·yr)). 
This finding is similar to that reported in the study of 
Gao et al. (2016), who analyzed the changes of grassland 
productivity in Open, Grass-and Forb-Dominated (OGFD) 
ecosystems during 1982–2011, and found that the an-
nual maximum NDVI of Savanna occupied the highest 
percentage of increasing trend, which holds the same 
results as this study, meanwhile, the highest mean NPP 
(560.10 g C/(m2·yr)), was recorded for savannas, whereas 
the lowest NPP value was recorded for open shrublands 
with an average NPP rate of 162.53 g C/(m2·yr), those 
differences could be attributed to the different types of 
conational groups and life histories. Our findings are 
also in line with the conclusion of Gang et al. (2016a). 
According to Grace et al. (2006), savannas occupy 
nearly 30% of the primary production in the global ter-
restrial ecosystem. As shown in Fig. 2A and Fig. 4, re-
gions with high NPP (>1000 g C/(m2·yr)) mainly occur 
in high precipitation regions. Therefore, by considering 
that savannas are the main grassland type distributed 
among these areas, which reveals the great concerns of 
savannas for the global carbon sequestration.  

4.3  The responses of grassland NPP to climate 
change  
Temperature and water availability exert complex and 
variable influence on different grassland ecosystems in 
different parts of the world (Xu et al., 2016). In this 
study, we found that the correlations between global 
grassland NPP and AMT, AP respectively showed an 
obvious spatial variability at the regional scale, which 
can be explained by the differences of water-thermal 
conditions determined by local elevation and hydrology 
(Zeng and Yang, 2008). Our analysis indicated that the 
majority of the grassland regions (around 62.89%) ex-
hibit a positive correlation between grassland NPP and 
AMT. The regions with negative correlation between 
NPP and AMT are mainly located in Australia and 
southern Africa. Such areas experienced a remarkable 
increasing trend in AMT and no obvious trend in AP. 
The regions with positive correlations between grass-
land NPP and AP are mainly located in Kazakh prairie, 
part of the Mongolia Plateau, Central North America, 
and Northern Oceania where the AMT showed a re-
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markable increase and no significant changes in AP 
(Figs. 7 and 8B). A possible explanation for this is that 
these arid areas are usually affected by severe water 
deficits, temperature does not represent an important 
limiting factor for vegetation growth (Liu et al., 2019a). 
Apparently, further investigation needs to be conducted 
in order to figure out how grassland respond to the 
complex interaction between AP and AMT (Xia et al., 
2014).  

Many previous studies have investigated the response 
of grassland to climate change spatio-temporally. An 
important point in these studies is to detect the limiting 
factor for the growth of grassland NPP (i.e. whether en-
ergy-limited or water-limited) based on the prevailed 
climate conditions in the corresponding study areas (Xu 
et al., 2016). Fig. 9 shows that the impacts of climate 
change on grassland NPP are likely to vary depending 
on the combinations of thermal condition and moisture 
availability in different climatic zones (Chen et al., 
2017). For example, the significant positive correlations 
between NPP and AP were mainly found in the i.e. Aus-
tralia, Ethiopian Plateau, south of the Africa, Central 
Asia and North America, and most of these regions ex-
perienced an decreasing NPP. Obviously, these areas 
were mainly located in arid and semi-arid regions where 
the climate features are hot and dry, and most of regions 
experienced a decreasing AP trend (Fig. 8B). This result 
is also consistent with the study of Liu et al. (2019b), 
who found that global grassland NPP was positively 
correlated with the AP in arid and semi-arid regions. 
Our results are also in line with the finding of Chen et 
al. (2016), who suggested that water is often considered 
the most important factor, and many vegetational limita-
tions such as the low LAI and high root-to-shoot  ratio  
might be induced result from the water scarcity, which  
could severely limit the grassland productivity in arid/ 
semiarid regions (Chen et al., 2016; Liu et al., 2019c). 
Moreover, negative correlation between NPP and AP 
also can be observed in most humid/semi-humid regions 
(Fig. 8B and Fig. 9), which can be attributed to decrease 
of photosynthetic activity in grassland and the increase 
in decomposition of soil organic matter that was caused 
by increased precipitation (Hilker et al., 2014; Xu et al., 
2016). This study found that the significant positive 
correlations between NPP and AMT were mainly oc-
curred in the most humid/semi-humid regions of the 
Northern Hemisphere (Liu et al., 2019b), where the cli-

mate features are warm and wet, and most of regions 
experienced an increasing NPP and AP (Fig. 5 and 8B), 
but grassland NPP was negatively correlated with the 
AMT in most of the arid/semi-arid regions (i.e. Austra-
lia, south of the Africa). These results were also similar 
to those found in other studies (Chen et al., 2013; Liang 
et al., 2015). A possible explanation for this was that 
warming without more precipitation can lead to inten-
sify the impacts of drought on the natural environment 
in arid/semi-arid regions, which could lead to an adverse 
effect on the growth of plants (Zeng and Yang, 2008). 
Furthermore, we concluded that the significant correla-
tions between the grassland NPP and the AP occupying 
31.33% of the total area, larger than those between the 
grassland NPP and the AMT (27.82%), implying that the 
grassland NPP was more sensitive to precipitation than 
temperature, and the variation of grassland NPP at the 
global scale during the study period was mainly con-
trolled by precipitation. This result is also consistent 
with the study of Yang et al. (2008).  

4.4  Limitations and next steps 
In this study, we found that the variation of grassland 
NPP at a global scale was mainly controlled by precipi-
tation. Our understanding of the grassland NPP dynam-
ics in relation to climate change is still limited due to 
lack of data (Gang et al., 2015). Furthermore, we only 
assessed the responses of grassland NPP to climate 
change across the globe. However, the climate change 
and NPP response mechanism in different climatic re-
gions (e.g. polar/boreal, cool temperate-moist, cool 
temperate-dry) have not been quantitatively assessed 
due to the limitation of methods. Apart from the climate 
factors, there are some other driving mechanisms in 
grassland NPP variation; e.g. CO2 fertilization and N 
deposition that have not been quantified in the present 
study because of the limitation of the CASA model 
(Schimel et al., 2001; Liu et al., 2019a). Separating the 
impacts of these multiple factors and quantifying their 
effects on grassland NPP in different climatic zones are 
obvious knowledge gap that in our understanding and 
potential topics for the future researches. 

5  Conclusion 

This study analyzed the spatial and temporal variation 
patterns of grassland NPP and their relationships with 
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climate variables at a global scale from 1982 to 2008 
based on the CASA model. Main conclusions are as 
follows: 

The distribution of grasslands presents a high spatial 
heterogeneity across the globe. The largest grassland 
area occurs predominantly in Asia (1737.23 × 104 km2), 
while less grassland areas are found in the other conti-
nents. The smallest area of grassland areas was found in 
Europe (202.83 ×104 km2). The total NPP of the global 
grassland ecosystem exhibited a temporal variation with 
a significant increasing trend from 1982 to 2008, and 
with an annual increase of rate 0.03 Pg C/yr. However, 
the increasing trends in NPP were found to be discon-
tinuous with a change in trend since 1995. The total 
NPP showed a significant increasing trend from 1982 to 
1995 (0.06 Pg C/yr), while exhibited a decreasing trend 
(−0.03 Pg C/yr) during 1996–2008. Spatially, the distri-
bution of mean annual grassland NPP showed an obvi-
ous spatial heterogeneity in the different regions across 
the globe. High grassland NPP (>1000 g C/(m2·yr)) 
were found mainly occur in the Brazil, Ethiopia Plateau, 
Azand Plateau in Africa, and Katanga Plateau, where the 
climate feature was warm and wet. On the other hand, 
low grassland NPP values were mainly located in the 
high latitudes of the Northern Hemisphere, which were 
mainly due to occurrence mainly in arid environments 
characterized by low precipitation.  

The mean NPP of the studied grassland types follow 
an order of: savannas (560.10 g C/(m2·yr)) > woody 
savannas (474.55 g C/(m2·yr)) > closed shrublands (328.59 
g C/(m2·yr)) > non-woody grasslands (237.74 g C/(m2·yr)) > 
open shrublands (162.53 g C/(m2·yr)). The relationships 
between NPP and AMT or AP vary with the changes in 
the combination of hydrothermal conditions in different 
parts of the world. Precipitation was found to be one of 
the major factors that determine the dynamics of grass-
land NPP variation at the global scale, implying that 
grassland NPP was more sensitive to changes in pre-
cipitation compared to the impact of changes in tem-
perature. However, the responses of grassland NPP to 
climate variables are different around the continents, 
and the correlations between meteorological conditions 
and the variation of grassland NPP is highly dependent 
on the thermal condition and moisture availability of 
different climatic zones. Grassland NPP was positively 
correlated with the precipitation in arid and semi-arid 
regions, but negatively related with the precipitation in 

the humid regions. Positive correlations between NPP 
and temperature were observed only for humid regions. 
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