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Abstract
The response of ecosystems to different magnitudes of climate warming and corre-
sponding precipitation changes during the last few decades may provide an important 
reference for predicting the magnitude and trajectory of net primary productivity 
(NPP) in the future. In this study, a process-based ecosystem model, Carbon Exchange 
between Vegetation, Soil and Atmosphere (CEVSA), was used to investigate the re-
sponse of NPP to warming at both national and subregional scales during 1961–2010. 
The results suggest that a 1.3°C increase in temperature stimulated the positive 
changing trend in NPP at national scale during the past 50 years. Regardless of the 
magnitude of temperature increase, warming enhanced the increase in NPP; however, 
the positive trend of NPP decreased when warming exceeded 2°C. The largest in-
crease in NPP was found in regions where temperature increased by 1–2°C, and this 
rate of increase also contributed the most to the total increase in NPP in China’s ter-
restrial ecosystems. Decreasing precipitation depressed the positive trend in NPP that 
was stimulated by warming. In northern China, warming depressed the increasing 
trend of NPP and warming that was accompanied by decreasing precipitation led to 
negative changing trends in NPP in large parts of northern China, especially when 
warming exceeded 2°C. However, warming stimulated the increase in NPP until warm-
ing was greater than 2°C, and decreased precipitation helped to increase the NPP in 
southern China.
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Carbon Exchange between Vegetation, Soil and Atmosphere (CEVSA), climate warming, 
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1  | INTRODUCTION

Air temperatures have increased by as much as 0.85°C [0.65–1.06°C] 
from 1880 to 2012, and they are predicted to rise another 0.3–4.8°C 

by 2081–2100 relative to 1986–2005, based on various modeled sce-
narios (International Panel on Climate Change (IPCC), 2014). A maxi-
mum reasonable increase in temperature of 2°C was first proposed by 
Nordhaus (1977). The Ministerial Conference of the European Union 
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in 1996 first accepted the maximum threshold of 2°C warming for the 
earth’s climates (Schleussner et al., 2016); since then, the threshold of 
2°C warming had become a common standard and has been accepted 
by parties of the United Nations Framework Convention on Climate 
Change (UNFCCC, 2012). Representative of many countries attending 
the 2015 climate conference in Paris signed an agreement to set a goal 
of limiting global warming to less than 2°C when compared with prein-
dustrial era (UNFCCC, 2015). However, the threshold of 2°C warming 
is not a scientific prediction (Jaeger & Jaeger, 2011), and researchers 
need to conduct in-depth discussions related to how terrestrial eco-
systems would respond to the climatic warming exceeding 2°C. At 
present, the average global temperature has increased almost 1°C 
since preindustrial times with the large regional difference in magni-
tude of warming (IPCC, 2014). The response of different ecosystems 
to different magnitudes of warming is far from clear, especially in 
China. This may hinder our future ability to manage the ecosystems in 
response to climatic warming in different regions.

Net primary productivity (NPP) represents the production of 
gross photosynthesis minus autotrophic respiration and is considered 
as a critical indicator for researchers who analyze the effects of cli-
mate change on terrestrial ecosystems (Ito, 2011). Quantifying the 
interannual variability in NPP would help us to understand the ter-
restrial carbon dynamics and underlying mechanisms in response to 
climate change (Twine & Kucharik, 2009). Numerous studies have 
demonstrated that warming can stimulate plant growth and carbon 
uptake (Delpierre et al., 2009; Oberbauer et al., 2007; Sullivan, Arens, 
Chinmner, & Welker, 2008; Wu, Dijkstra, Koch, Peñuelas, & Hungate, 
2011). However, increased air temperature also stimulates autotro-
phic respiration in plants (Burton, Melillo, & Frey, 2008; Heimann & 
Reichstein, 2008; Knorr, Prentice, House, & Holland, 2005). Therefore, 
our knowledge of how NPP might respond to different magnitudes of 
warming is far from clear (Niu et al., 2008; Wu et al., 2011), because 
this response represents an integrated effect of changes in tempera-
ture and water status on photosynthesis and respiration (Angert et al., 
2005; Ciais et al., 2005; Kang, Kimball, & Runing, 2006; Sullivan et al., 
2008). The effects of warming on NPP will be either enhanced or weak-
ened, depending on whether precipitation is decreasing or increasing 
correspondingly (Chen, van der Werf, de Jeu, Wang, & Dolman, 2013; 
Kang et al., 2006; Wu et al., 2011). In addition, site experiments have 
demonstrated that the effects of temperature increase and altered 
precipitation vary widely and are highly dependent on the ecosystem 
types and climate zones involved (Davi et al., 2006; Nemani et al., 
2003; Niu et al., 2008; Wu et al., 2011). In the middle and high lati-
tudes of the Northern Hemisphere, plant growth is mainly limited by 
temperature (Schwartz, Ahas, & Aasa, 2006; Wang et al., 2011), and 
recent climatic warming has enhanced ecosystem productivity and 
carbon uptake (Delpierre et al., 2009; Deng & Chen, 2011; Nemani 
et al., 2003; Potter et al., 2003). While in arid and semiarid areas, 
the ecosystem productivity in response to warming climate is mainly 
mediated by precipitation (Fang, Piao, Tang, Peng, & Ji, 2001; Knapp 
et al., 2002; Mitchell & Csillag, 2001; Niu et al., 2008).

The complex topography of China contributes to producing very 
diverse ecosystems, such as with the effect of the uplift of the Tibetan 

Plateau and the varied climate regimes from the East Asian monsoons 
to the western arid (Ni, 2011). These very special environmental char-
acteristics make China a region that is particularly vulnerable to climate 
change (Ni, 2011), sparking concerns over the response of Chinese 
terrestrial ecosystems to climate change (Cao et al., 2003;  Ju, Chen, 
Harvey, & Wang, 2007; Mu, Zhao, Running, Liu, & Tian, 2008; Peng & 
Apps, 1997; ). Some studies have shown that China’s terrestrial NPP 
has increased in response to increases in temperature, altered precip-
itation, and elevated CO2 concentrations (Cao et al., 2003; Fang et al., 
2003). However, responses of NPP to climate change could be remark-
ably diverse because of the high level of land surface heterogeneity in 
China and regional differences in climate change. Understanding how 
terrestrial NPP responds to historical warming trends and altered pre-
cipitation is very important for researchers tasked with predicting the 
effects of future climate change (Wang et al., 2011).

Here, we used the Carbon Exchange between Vegetation, Soil and 
Atmosphere (CEVSA), a process-based model, to quantify the effects 
of warming on NPP in China during 1961–2010. Our main objectives 
were to clarify (1) whether there is a temperature threshold above 
which NPP no longer increases with warming; (2) whether changes in 
precipitation modify the response of NPP to warming; (3) if a tem-
perature threshold exists, whether it differs among ecoregions and the 
effects of altered precipitation.

2  | EXPERIMENTAL SECTION

2.1 | The CEVSA model

The CEVSA model simulates carbon synthesis as well as water and 
energy exchange among vegetation, soil, and atmosphere and also 
models the interactions between ecosystem and environmental condi-
tions. Detailed information on model structure and algorithms can be 
found in our previous publications (Cao, Prince, & Shugart, 2002; Cao 
& Woodward, 1998a,b; Cao et al., 2003; Gu et al., 2007; Tao et al., 
2007). In CEVSA, temperature influences the photosynthesis, respira-
tion, and stomatal behaviors. Soil water content, which is determined 
by the difference between precipitation and evapotranspiration in the 
soil, influences the ecophysiological processes by affecting the stoma-
tal conductance.

2.2 | Data sources

The meteorological datasets used to drive the CEVSA model include 
mean air temperature, precipitation, relative humidity, and cloud 
cover at a 10-day time-step. All meteorological datasets covering 
from 1954 to 2010 were provided by the National Meteorological 
Information Center of China, including 756 meteorological stations 
scattered across China. A 0.1° × 0.1° gridded meteorological dataset 
were obtained from the interpolation of the station observation data 
using ANUSPLINE (Hutchinson, 1989). Annual atmospheric CO2 con-
centrations were downloaded from the CO2• earth website (https://
www.co2.earth/). The Chinese soil texture classification system was 
adopted, and the 1:14,000,000 soil texture map of China (The Institute 
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of Soil Science, 1986) was digitized. The vegetation distribution map 
was derived from 1 km resolution Global Land Cover 2000 database 
(European Commission, Joint Research Centre, 2003). In order to 
be consistent with other input data, we aggregated the GLC2000 to 
obtain the 10 km land cover data by using ArcInfo 10.2. Each grid cell 
in the new vegetation map was assigned the value of land cover type 
that had the largest fraction in a 10 km grid cell.

Validation data came from three sources: (1) the recalculated 
National Forest Inventory (NFI) dataset (Luo, 1996; Wang, Zhou, Jiang, 
& Yang, 2001; Zhao & Zhou, 2004), (2) aboveground net primary pro-
ductivity (ANPP) observed in Chinese grassland (Guo et al., 2012; Hu 
et al., 2010), and (3) cropland NPP recalculated based on agricultural 
statistical data. The recalculation of ANPP to NPP involves parame-
ters such as ratio of aboveground and belowground biomass, turnover, 
etc. (Fan et al., 2008, 2009). Errors within all parameters would be 
propagated into the estimation of NPP. Therefore, we compared the 
observed ANPP with modeled NPP directly. County agricultural statis-
tical data include planting area and yield of main food crops. The yield 
can be converted into NPP based on the water content of grain and a 
harvest index (Lobell, Hicke, Asner, Field, & Los, 2002; Yan, Liu, & Cao, 
2007), and these data can be used to validate the regional simulation 
of ecosystem models. Here, for the purpose of validation, the crop 
NPP was estimated using Equation (1) based on yield data collected 
from county agricultural statistical database (Chen, 2014): 

where Yi is yield of crop i; MCi is grain water content of crop i; HIi is 
harvest index of crop i; and Ai is planting area of crop i.

We selected site-level data that included all forest types and her-
baceous covers distributed across whole China, while cropland NPP 
data included statistical data from more than 1,200 counties. The main 
time intervals of recalculated National Forest Inventory datasets were 
from 1980s to 1990s. The time intervals of ANPP in grassland covered 
from 1984 to 2005. The time of the collection cropland NPP data was 
2005.

2.3 | Model simulations

The CEVSA model was run at a 0.1° × 0.1° spatial resolution for the 
entire area of China with a 10-day time-step. First, we ran the model 
by using a 30-year averaged climatic data (1954–1983) and a fixed 
CO2 concentration level in 1954 until the model reached equilibrium 
status and the initial state parameters were obtained. Then, the simu-
lation was conducted using time-variant climate and atmospheric 
CO2 data for the period 1954–2010. In addition to including the all 
combined simulation data such as climate change and elevated CO2 
concentration, we also conducted three single-factor simulations to 
reveal the relative effects of temperature, precipitation, and CO2 
concentration on long trend of NPP. These three simulations were 
completed using (1) only air temperature change data; (2) only precipi-
tation change data; and (3) only CO2 concentration change data. The 

modeling results from 1961 to 2010 were used in our analyses. The 
run from 1954 to 1960 was designed to eliminate the effect of initial 
status on simulations for the period 1961–2010 (Cao et al., 2002).

2.4 | Trend and statistical analysis

We applied a least-squares linear regression model to determine 
trends in temperature, precipitation, and NPP during the period 
1961–2010 using Equation (2): 

where Y is the mean annual temperature (MAT), mean annual pre-
cipitation (MAP), or NPP; X is the year; a is the intercept; b is the 
slope, which represents the trend of variables during last 50 years and 
indicates the absolute change per year; and e is the residual error. 
Because the study period comprises 50 years, the total change (TC) 
of MAT, MAP, and NPP was calculated by multiplying the slope b by 
50 years, and the percentage change (PC) as TC divided by the 50-
year average value of the parameters (temperature, precipitation, or 
NPP). All significant tests for trend analyses are t test.

3  | RESULTS AND DISCUSSION

3.1 | Model validation

We have validated the CEVSA model against multiscale observations/
measurements in previous studies (Gu et al., 2007; Tao et al., 2007). In 
the present study, we compared the CEVSA-estimated average NPP 
with those from process-based as well as remote sensing models. Gao 
et al. (2012) summarized 36 estimations from these two kinds of mod-
els in China during 1980–2000, and the results showed that NPP in 
China was 1.43–4.60 Pg C/year. The CEVSA-estimated NPP during 
the 1980–2000 was 3.83 Pg C/year and fell within the reasonable 
range.

The CEVSA model simulation explained the temporal and spatial 
variations of observed NPP well (all p values were lower than .001), 
but there were still errors in the simulations (Figure 1). The errors 
came from both the model simulation and field observations. First, the 
spatial resolutions of model simulation and site observations were not 
consistent; therefore, the soil and climate data used as the model input 
would have large differences with the observation sites at the same 
time. The spatial resolution of model simulation was 0.1° × 0.1°, and 
the sizes of forest and grassland investigation plots were 10 m × 10 m 
and from 1 m × 1 m to 2 m × 2 m, respectively. The recalculated NPP 
in cropland had been sourced from the county level statistical data. 
Second, the CEVSA model does not consider the effects of all kinds 
of natural and human disturbance, such as nitrogen deposition, fire, 
harvest, management, on ecosystems. For example, the CEVSA model 
does not quantify the management in cropland, including irrigation, 
fertilization, and farming system, so the model may underestimate 
NPP in some areas, especially in irrigated cropland. Third, some errors 
were come from the recalculation of observation and statistical data. 
All field NPP used as validation data were not measured directly. It was 

(1)NPP=

n
�

i=1

Yi×(1−MCi)×0.45
gC

g

HIi×0.9
∑n

i=1
Ai

(2)Y = a + bX + e
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calculated based on variables measured directly, such as tree height, 
diameter at breast height, biomass, and statistical grain yield. All the 
calculations would bring errors into the validated data.

3.2 | The responses of total NPP to different 
magnitudes of climatic warming and the effects of 
changing precipitation

Warming resulted in an increase in NPP in China with or without the 
effects of CO2 fertilization, while decreasing precipitation resulted 
in a decline in NPP (Figures 2 and 3). During 1961–2010, the MAT 
in China showed a significant increasing trend (p < .001, t test) 
(Figure 2a), with a temperature change of 0.026°C/year and a total 
temperature change of 1.30°C over 50 years (Figure 2a). The MAP in 
China had a slight but insignificant decreasing trend during the study 
period (Figure 2b). Total NPP in China showed an increasing trend dur-
ing 1961–2010, with an increase in 0.006 Pg C/year (Figure 2c). The 
warming resulted in an increase in 0.003 Pg C/year without the effect 
of CO2 fertilization. The decreased precipitation resulted in a decline 
in NPP when temperature and CO2 fertilization were not included.

The percentage change of NPP increased with increasing mag-
nitude of warming (Table 1). The largest increase in NPP was found 
in regions where temperature increased 1–2°C regardless of any 
increase or decrease in precipitation, which contributed more than 
64% of the total increase in NPP. A relatively high increase in NPP 
occurred in regions with increasing MAP when compared with 
regions experiencing a decrease in MAP. This indicates that neg-
ative effects of decreased precipitation surpassed the stimulation 

of warming on NPP; however, a decrease in precipitation did not 
change the variation in the increase in NPP with an increased mag-
nitude of warming. The percentage change in NPP decreased 
when warming exceeded 2°C. This demonstrates that the different 
responses of plant photosynthesis and respiration to rising tem-
perature may result in the transitional change of NPP when warm-
ing exceeds a certain threshold. Moreover, warming may result in 
enhanced evapotranspiration and a reduction in soil moisture, 
thereby exacerbating the water stress on ecosystem productivity as 
influenced by rising temperature.

The second assessment report of the IPCC (Houghton et al., 
1996) integrated the research results of more than 1,000 scientists 
and pointed out that the risk of serious negative effects from climate 
change would increase significantly if the average global temperature 
increased over 2°C above preindustrial levels. In 1996, the European 
Union initially proposed 2°C as a red line for climatic warming that 
should not be exceeded (European Environment Agency, 1996), and 
climate change scientists of the European Union released “The 2°C 
target” evaluation report in 2008 (EU Climate Change Expert Group, 
2008). This report pointed out that human beings might not suffer 
from the expected effects of climate change on the economy, soci-
ety, and environment if the increase in the average global tempera-
ture was not held below 2°C (Jaeger & Jaeger, 2011). No evidence 
supports the concept that human society will be able to adapt to 
the climate change if the increase in average global temperature is 
above 3°C or 4°C (Knutti, Rogelj, Sedláček, & Fischer, 2016; Kypreos 
& Magné, 2013). However, in the present study, the total NPP is 
not expected to decrease even if the temperature increased by over 

F IGURE  1 Comparison between the 
Carbon Exchange between Vegetation, 
Soil and Atmosphere systems (CEVSA) 
estimated net primary productivity (NPP) 
with field measurements. (a) The measured 
NPP data for 420 National Forest Inventory 
plots derived from recalculated datasets 
from other research, which include all 
types of forests across all of China. (b) 
The measured aboveground net primary 
productivity (ANPP) data for 335 grassland 
observation sites derived from recalculated 
dataset from other research, which was 
distributed across western China. (c) The 
NPP of cropland estimated based on 
statistical data for 1,246 counties. The 
solid line shows the linear regression fitting 
curve, and the dotted line is 1:1 curve
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2°C, although the increasing trend of NPP decreased conspicuously. 
Therefore, 2°C did not become the threshold of limiting ecosystem 
functions in whole China even though the rate of increase in NPP 
declined at higher temperature.

3.3 | The different responses of NPP to warming 
in different ecoregions and the effects of altered 
precipitation

The total NPP in China has exhibited an increasing trend with obvious 
spatial variations (Table 2, Figure 4). Over the past 50 years, North 
received the largest decrease in precipitation, and Northeast and 

Inner Mongolia experienced the largest increase in air temperature 
(Table 2, Figure 4a and b). The decrease in NPP mainly occurred in 
North, Northeast, and the western part of Central China. Our research 
confirmed the results of Piao et al. (2011) and Zhao and Running 
(2010), which also found a negative trend for NPP in Northeast and 
North China. The western part of Southwest, Central and South 
China have the largest increases in NPP (Figure 4c). Piao et al. (2011) 
estimated that the increase in NPP in Southern China would be 
greater than 3 g C m−2 year−1, and our estimation was greater than 
2 g C m−2 year−1. The largest percentage change in NPP occurred in 
the mountainous areas of Northwest, Qinghai–Tibet Plateau and the 
western part of Southwest (Figure 4d).

In different ecoregions, the responses of NPP to warming showed 
three types of patterns (Table 2). (1) In Northeast and North China 
as well as Inner Mongolia, the increasing trend of NPP decreased in 
response to warming, especially when precipitation decreased. We 
also noticed that the increasing trend of NPP decreased even when 
precipitation increased, while decreasing precipitation merely reduced 
the rate of increase for NPP. (2) In Central, South, and Southwest 
China, warming stimulated an increase in NPP until the increase in 

F IGURE  2  Interannual variations in mean annual temperature 
(MAT) (a), mean annual precipitation (MAP) (b), and net primary 
productivity (NPP) (c) during 1961–2010. The letter a represents 
the slope of linear regression, R2 is determination coefficient, and p 
indicates significant factor of the t test

a = 0.026; R2 = 0.546; p < 0.0001 

a = –0.308; R2 = 0.010; p = 0.427 

a = 0.006; R2 = 0.276; p < 0.0001 (c)

(b) 

(a)

F IGURE  3 The experimental simulations of the Carbon Exchange 
between Vegetation, Soil and Atmosphere system (CEVSA) model 
with all combined factors (All), only CO2 concentration (CO2), only 
precipitation (P), and only temperature (T)
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TABLE  1 Percentage change (PC) in net 
primary productivity (NPP) for different 
magnitudes and trends in mean annual 
temperature (MAT) and precipitation 
(MAP)

Change in 
MAT

PC of NPP 
(%)

PC of NPP for  
increasing MAP (%)

PC of NPP for  
decreasing MAP (%)

Percentage of 
the total area (%)

Average 7.87 9.11 6.89 –

≤0°C 5.23 8.28 −0.01 7.37

0–1°C 6.61 7.97 5.02 14.4

1–2°C 9.83 10.26 9.50 52.6

>2°C 5.40 7.68 4.10 25.6
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temperature exceeded 2°C regardless of any increase or decrease 
in precipitation, which was compared with the trend for NPP in 
whole China. In these ecoregions, the NPP had an even higher rate 
of increase when precipitation decreased. (3) On the Qinghai–Tibet 
Plateau and in Northwest China, the positive trend of NPP increased 
with warming. Increased precipitation contributed to an increase in 
NPP (Dai, Zhang, Wang, Guo, & Wang, 2010; Dan, Ji, & Ma, 2007). All 
these indicate that ecosystems have different responses to changes in 
increased temperature and precipitation in different regions and cli-
matic zones. Therefore, climate change research should not promote 
the use of a single threshold or a target for warming in a global context. 
A better approach would be to establish regional thresholds for warm-
ing based on the different responses of various ecosystems to warm-
ing and changes in precipitation in different regions and climatic zones. 
Therefore, models such as CEVSA could be a useful tool to determine 
reasonable regional warming thresholds.

Falloon et al. (2007) suggested that while the pattern of warming is 
widespread in all areas, regional disparities between warming and NPP 
may be related to variations in precipitation, which shows strong varia-
tions regionally. Generally, a decrease in precipitation did not influence 
the response of an increase in NPP to warming (Table 1). However, the 
change in precipitation played different roles in responses of NPP to 
warming in different ecoregions (Table 2).

Temperature had been considered to be the principal limiting 
factor on vegetation growth in temperate and relatively cold areas 
(Nemani et al., 2003). Our results suggest that warming does not 
always result in an increase in NPP, even in areas where tempera-
ture was considered as the primary controlling factor for NPP. Recent 
research (Boisvenue & Running, 2006; Nemani et al., 2003; Running 
et al., 2004) and our results have shown that the vegetation growth 
across the entire northern China was limited by precipitation. Water 
availability plays a dominant role in plant growth and net ecosystem 
productivity in some regions (Niu et al., 2008; Potts, Huxman, Enquist, 
Weltzin, & Williams, 2006; Weltzin et al., 2003). In Northeast and 
North China as well as Inner Mongolia, NPP showed a decreasing 
trend in regions where temperature increased by more than 1°C while 
precipitation decreased (Table 2). Obviously, a combination of warm-
ing and decreased precipitation tend to be colimiting on trends of NPP 
in northern China, while warming enhanced the stress of water deficit 
induced by decreased precipitation on plant growth. In addition, the 
water shortage induced by warming could also reduce the increasing 
trend of NPP even when precipitation increased (Wu et al., 2011).

In southern China, which receives the greatest amount of precip-
itation (more than 1,000 mm), decreased precipitation does not nec-
essarily result a decline in NPP and may even exacerbate the increase 
in NPP (Table 2 and Figure 4c). The stimulation of decreased precipi-
tation on NPP in southern China may be originated from an increase 
in radiation induced by decreased precipitation; this occurred 
because the vegetation growth in southern China is limited by photo-
synthetically active radiation received by the canopy (Nemani et al., 
2003). Photosynthetically active radiation was calculated using the 
CEVSA model, which was determined by cloud cover; therefore, it 
was influenced by the change of precipitation. In fact, the change 

of surface solar radiation was influenced by many factors, such as 
sunshine duration, cloud cover, the presence of aerosols. Various 
studies suggested a decrease in surface solar radiation has occurred 
in southern China during the past decades, with a partial recovery 
more recently (Wang, Huang, & Zhang, 2009; Zheng, Guan, Cai, Wu, 
& Liu, 2011); however, the level of diffuse photosynthetically active 
radiation increased in all of China, especially in southern China (Ren, 
He, Zhang, & Yu, 2014).

In Northwest China, the increase in precipitation has been associated 
with the largest percentage change in NPP. Some evidence from satellite 
data and other sources has also confirmed the positive trends in NPP 
during the past 30 years in the northwestern part of China (Dai et al., 
2010; Dan et al., 2007). Previous studies also confirmed the climate 
evolved from warm-dry to warm-wet in northwest China (Liu, Feng, Ma, 
& Wei, 2009; Shi et al., 2003). Increased precipitation stimulated plant 
growth which was limited mainly by water scarcity in northwest China, 
so the vegetation index was obviously increased and the number of days 
experiencing sand-dust storm decreased (Shi et al., 2003).

3.4 | Uncertainty analysis and future  
research needs

Uncertainties are inevitable in modeling regional NPP and its response 
to global changes (Ito, 2011). The sources of uncertainty derive mainly 
from three aspects: (1) the input data, parameters, and the spatial resolu-
tion, including meteorological data, land use/land cover dataset, and soil 
data. For example, the sparse distribution of meteorological stations 
in western China, especially on Qinghai–Tibet Plateau, may introduce 
large errors into the analysis. Thus, the spatial and temporal variations 
in temperature and precipitation should be closely examined and vali-
dated, and more accurately interpolated meteorological data should 
be applied to analyze the effects of climate change on NPP in these 
regions. (2) The representation of carbon and water cycle processes in 
the model. For example, cultivated areas serve as the main land use in 
North China (Figure 4e). However, the CEVSA model did not include 
the effects of human management on NPP, such as irrigation, ferti-
lization, as well as the change in the variety of crops cultivated on 
cropland. Therefore, we may have underestimated the NPP in North 
China. Another example involves plant growth in most areas of west-
ern China where water is supplied mainly by runoff instead of precipi-
tation. However, the model simulates precipitation as providing water 
for plant growth instead of runoff; thus, the NPP in these regions may 
also be underestimated. A combination of hydrological and ecosystem 
models could better simulate the effects of water resources on the 
carbon cycle in these regions in the future. (3) In the present study, we 
did not consider disturbances (e.g., fire, grazing) and other environmental 
factors (e.g., nutrient availability, nitrogen deposition, ozone pollution). 
Disturbances may also bring uncertainties into the simulated results. 
An accurate estimation of the carbon budget of the terrestrial ecosys-
tem is important during the evaluation of the effect and relative contri-
butions of multiple environmental factors on productivity and carbon 
accumulation in terrestrial ecosystems (Ren et al., 2007; Tian et al., 
2011; Wang et al., 2011). Incorporating the effects of all natural and 
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anthropogenic factors into the model simulation will require greater 
effort related to the clarification and quantification of all these pro-
cesses in the models. With the further development of the ecosys-
tem model, it is necessary to analyze the effects of all these factors 
on ecosystem and their relative contributions to the carbon cycle. In 
the future, we may identify the uncertainty range of modeled carbon 
fluxes at a regional scale by using data-assimilation techniques (Cao, 
Yu, Liu, & Li, 2005; Ito, 2011; Rayner et al., 2005; ; Zhang et al., 2012). 
In addition, the multiple model intercomparison provides another 
method that can be used to evaluate the uncertainties in model simu-
lations of NPP in response to climate change and variability.

In the present study, we only examined the responses of NPP to 
warming and altered precipitation in different ecoregions. We also need 
to understand the mechanisms that control the different responses of 
NPP to warming and changing precipitation by conducting simulation 
experiments as well as by making observations in different ecosys-
tems and climate zones. Nevertheless, previous studies have demon-
strated the stimulation of warming on productivity (Delpierre et al., 
2009; Oberbauer et al., 2007; Sullivan et al., 2008; Wu et al., 2011) 
and the varied impact of altered precipitation (Chen et al., 2013; Kang 
et al., 2006; Wu et al., 2011). The different responses of plant growth 
to warming and altered precipitation as well as the related mecha-
nisms in different ecosystems are far from clear. Scientists also need 
to determine the nature of the threshold of warming at a point when 
NPP changes from having a positive response to warming to a nega-
tive one. In addition, changes in many factors, such as elevated atmo-
spheric CO2 concentration, nutrient availability (especially the rising 
nitrogen and sulfur deposition), human management, would influence 
the responses of ecosystems to climate change. Clarifying the differ-
ent responses of ecosystems to climate change under the influence 
of all environmental factors, disturbances, and human management 
is needed. All these efforts will contribute to determining whether a 
threshold of warming exists and what is the nature of threshold in dif-
ferent regions.

4  | CONCLUSIONS

As for China as a whole, no one temperature threshold exists above 
which NPP no longer increases with warming during past climate warm-
ing; however, we found that the positive trend of NPP decreased when 
warming exceeded 2°C regardless of whether precipitation increased 
or decreased. This result should be further verified by the integration of 
simulations by other models and through the analysis of remote sensing 
observational data. The responses of NPP to warming and correspond-
ing precipitation change varied in different ecoregions. All ecoregions 
showed three patterns of response to warming that were determined 
by the conditions in the local ecoregional climate and changes in pre-
cipitation. It will be better to establish a regional threshold for warm-
ing based on the different responses of various ecosystems to warming 
and to changes in precipitation in different regions and climatic zones. 
In addition, we should focus on how the different types of ecosystem 
in different climatic zones respond to climate change and how the T
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ecosystems adapt to the change, rather than setting a fixed threshold 
for all regions of China regions or on a global scale.

For accurate estimation of terrestrial ecosystem productivity, it is 
important to represent the known biogeochemical processes and their 
mechanisms, as well as the effects of interactions among multiple fac-
tors on the carbon cycle in ecosystem models. Moreover, we should 
try to reveal the different responses of plant growth to warming and 
altered precipitation patterns as well as the mechanisms involved in 

different ecosystems. The threshold of warming that occurs when 
NPP changes from a positive response to warming to a negative one 
should also be determined.

ACKNOWLEDGMENTS

This research was supported by the National Nature Science Fund (Grant 
Nos. 31370463, 41671101, 31290220), the State Key Basic Research 

(a) (b)

(c)

(e)

(d)

F IGURE  4 The spatial distribution of (a) change in mean annual temperature (MAT) over 50 years in unit of °C/50 years; (b) change in 
mean annual precipitation (MAP) over 50 years in mm/50 years; (c) trend in net primary productivity (NPP) during 1961–2010; (d) percentage 
change of net primary productivity (NPP) over 50 years; (e) vegetation map and ecoregions in China. SCS denotes “South China Sea.” Northeast, 
North, Inner Mongolia, Central, South, Southwest, Northwest, and Qinghai–Tibet Plateau represent the different ecoregions in China



6744  |     ﻿GU  et  al.

Development and Planning Project (Grant Nos. 2010CB950603, 
2010CB833503); the CAS Strategic Priority Research Program (Grant 
Nos. XDA05050601-01-30, XDA05050209, XDA05050602), and the 
State Scholarship Fund of the China Scholarship Council (Grant No. 
201303250032).

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Angert, A., Biraud, S., Bonfils, C., Henning, C. C., Buermann, W., Pinzon, J., 
… Fung, I. (2005). Drier summers cancel out the CO2 uptake enhance-
ment induced by warmer springs. Proceedings of the National Academy 
of Sciences of the United States of America, 102(31), 10823–10827.

Boisvenue, C., & Running, S. W. (2006). Impacts of climate change on natu-
ral forest productivity – Evidence since the middle of the 20th century. 
Global Change Biology, 12, 862–882.

Burton, A. J., Melillo, J. M., & Frey, S. D. (2008). Adjustment of forest eco-
system root respiration as temperature warms. Journal of Integrative 
Plant Biology, 50(11), 1467–1483.

Cao, M. K., Prince, S. D., Li, K. R., Tao, B., Small, J., & Shao, X. M. (2003). 
Response of terrestrial carbon uptake to climate interannual variability 
in China. Global Change Biology, 9, 536–546.

Cao, M. K., Prince, S. D., & Shugart, H. H. (2002). Increasing terrestrial car-
bon uptake from the 1980s to the 1990s with changes in climate and 
atmospheric CO2. Global Biogeochemical Cycles, 16, 1069. https://doi.
org/10.1029/2001 GB001553.

Cao, M. K., & Woodward, F. I. (1998a). Dynamic responses of terrestrial 
ecosystem carbon cycling to global climate change. Nature, 393, 
249–252.

Cao, M. K., & Woodward, F. I. (1998b). Net primary and ecosystem produc-
tion and carbon stocks of terrestrial ecosystems and their response to 
climatic change. Global Change Biology, 4, 185–198.

Cao, M. K., Yu, G. R., Liu, J. Y., & Li, K. R. (2005). Multi-scale observation 
and cross-scale mechanistic modeling on terrestrial ecosystem carbon 
cycle. Science in China Series D Earth Sciences, 48(supp. 1), 17–32.

Chen, J. Q. (2014). Remote sensing modeling of gross primary productivity in 
Chinese terrestrial ecosystems. Master, University of Chinese Academy 
of Sciences, Beijing.

Chen, T., van der Werf, G. R., de Jeu, R. A. M., Wang, G., & Dolman, A. 
J. (2013). A global analysis of the impact of drought on net primary 
productivity. Hydrology and Earth System Sciences Discussions, 10, 
2429–2451.

Ciais, P., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V., … Valentini, 
R. (2005). Europe-wide reduction in primary productivity caused by the 
heat and drought in 2003. Nature, 437(7058), 529–533.

Dai, S. P., Zhang, B., Wang, H. J., Guo, L. X., & Wang, Y. M. (2010). Spatio-
temporal variations and characteristics of vegetation cover in north-
west China and its response to climate change. Remote Sensing 
Technology and Applications, 1, 69–76.

Dan, L., Ji, J. J., & Ma, Z. G. (2007). The variation of net primary production 
and leaf area index over Xinjiang Autonomous Region and its response 
to climate change. Acta Ecologica Sinica, 9, 3582–3592.

Davi, H., Dufrêne, E., Francois, C., Le Maire, G., Loustau, D., Bosc, 
A., … Moors, E. (2006). Sensitivity of water and carbon fluxes 
to climate changes from 1960 to 2100 in European for-
est ecosystems. Agricultural and Forest Meteorology, 141,  
35–56.

Delpierre, N., Soudani, K., François, C., Köstner, B., Pontailler, J-Y., Nikinmaa, 
E., … Dufrêne, E. (2009). Exceptional carbon uptake in European forests 

during the warm spring of 2007: A data-model analysis. Global Change 
Biology, 15, 1455–1474.

Deng, F., & Chen, J. M. (2011). Recent global CO2 flux inferred from at-
mospheric CO2 observations and its regional analyses. Biogeosciences, 
8(11), 3263–3281. https://doi.org/10.5194/bg-8-3263-2011

European Commission, Joint Research Centre. (2003). Global land cover 
2000 database. http://bioval.jrc.ec.europa.eu/products/glc2000/
glc2000.php

EU Climate Change Expert Group (EG Science) (2008). The 2° target. In E. 
C. C. E. G. E. Science (Ed.), Background on impacts, emission pathways, 
mitigation options and costs. Information reference document (pp. 1–3). 
Brussels.

European Environment Agency (EEA) (1996). EEA climate change in the 
European Union (26 pp.). Copenhagen: EEA.

Falloon, P., Jones, C. D., Cerri, C. E., Al-Adamat, R., Kamoni, P., Bhattacharyya, 
T., … Milne, E. (2007). Climate change and its impact on soil and veg-
etation carbon storage in Kenya, Jordan, India and Brazil. Agriculture, 
Ecosystems and Environment, 122, 114–124.

Fan, J. W., Wang, K., Zhong, H. P., Hu, Z. M., Han, B., Zhang, W. Y., & 
Wang, J. B. (2009). Allocation of vegetation biomass across a climate-
related gradient in the grasslands of Inner Mongolia. Journal of Arid 
Environments, 73, 521–528.

Fan, J. W., Zhong, H. P., Harris, W., Yu, G. R., Wang, S. Q., Hu, Z. M., & Yue, 
Y. Z. (2008). Carbon storage in the grasslands of China based on field 
measurements of above- and below-ground biomass. Climatic Change, 
86, 375–396.

Fang, J. Y., Piao, S. L., Field, C. B., Pan, Y. D., Guo, Q. H., Zhou, L. M., … Tao, S. 
(2003). Increasing net primary production in China from 1982 to 1999. 
Frontiers in Ecology and the Environment, 1(6), 293–297.

Fang, J. Y., Piao, S. L., Tang, Z. Y., Peng, C. H., & Ji, W. (2001). Interannual 
variability in net primary production and precipitation. Science, 293, 
1723a.

Gao, Y. N., Yu, G. R., Zhang, L., Liu, M., Huang, M., & Wang, Q. F. (2012). 
The changes of net primary productivity in Chinese terrestrial ecosys-
tem: Based on process and parameter models. Progress in Geography, 
31, 109–117.

Gu, F. X., Cao, M. K., Yu, G. R., Tao, B., Wen, X. F., Liu, Y. F., & Zhang, L. 
M. (2007). Modeling carbon exchange in different forest ecosystems 
by CEVSA model: Comparison with eddy covariance measurements. 
Advance in Earth Sciences, 22(3), 313–321.

Guo, Q., Hu, Z. M., Li, S. G., Li, X. R., Sun, X. M., & Yu, G. R. (2012). Spatial 
variations in aboveground net primary productivity along a climate 
gradient in Eurasian temperate grassland: Effects of mean annual 
precipitation and its seasonal distribution. Global Change Biology, 18, 
3624–3631.

Heimann, M., & Reichstein, M. (2008). Terrestrial ecosystem carbon dy-
namics and climate feedbacks. Nature, 451, 289–292.

Houghton, J. T., Meiro Filho, L. G., Callander, B. A., Harris, N., Kattenburg, 
A., & Maskell, K. (1996). Climate change 1995: The science of climate 
change. Contribution of working group I to the second assessment report of 
the Intergovernmental Panel on Climate Change. Cambridge: Cambridge 
University Press.

Hu, Z. M., Yu, G. R., Fan, J. W., Zhong, H. P., Wang, S. Q., & Li, S. G. (2010). 
Precipitation-use efficiency along a 4500-km grassland transect. Global 
Ecology and Biogeography, 19, 842–851.

Hutchinson, M. F. (1989). A new objective method for spatial interpolation 
of meteorological variables from irregular networks applied to the es-
timation of monthly mean solar radiation, temperature, precipitation 
and windrun. In E. A. Fitzpatrick & J. D. Kalma (Eds.), Need for climatic 
and hydrological data in agriculture in south-east Asia. Proceedings of 
the United Nations University Workshop, December 1983. Division 
of Water Resources Technical Memorandum 89/5 (pp. 95–104). 
Canberra: CSIRO.

IPCC (2014). Climate Change 2014 Synthesis Report. In Core Writing Team, 
R. K. Pachauri & L. A. Meyer (Eds.), Climate change 2014: Synthesis 

https://doi.org/10.1029/2001
https://doi.org/10.1029/2001
https://doi.org/10.5194/bg-8-3263-2011
http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php
http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php


     |  6745﻿GU  et  al.

report. Contribution of working groups I, II and III to the fifth assessment re-
port of the intergovernmental panel on climate change (151 pp.). Geneva, 
Switzerland: IPCC.

Ito, A. (2011). A historical meta-analysis of global terrestrial net primary 
productivity: Are estimates converging? Global Change Biology, 17, 
3161–3175.

Jaeger, C. C., & Jaeger, J. (2011). Three views of two degrees. Regional 
Environmental Change, 11(Suppl 1), S15–S26.

Ju, W. M., Chen, J. M., Harvey, D., & Wang, S. Q. (2007). Future carbon 
balance of China’s forests under climate change and increasing CO2. 
Journal of Environmental Management, 85, 538–562.

Kang, S. Y., Kimball, J. S., & Runing, S. W. (2006). Simulating effects of 
fire disturbance and climate change on boreal forest productivity and 
evapotranspiration. Science of the Total Environment, 362, 85–102.

Knapp, A. K., Fay, P. A., Blair, J. M., Collins, S. L., Smith, M. D., Carlisle, J. D., 
… McCarron, J. K. (2002). Rainfall variability, carbon cycling, and plant 
species diversity in a mesic grassland. Science, 298, 2202–2205.

Knorr, W., Prentice, I. C., House, J. I., & Holland, E. A. (2005). Long-
term sensitivity of soil carbon turnover to warming. Nature, 433,  
298–301.

Knutti, R., Rogelj, J., Sedláček, J., & Fischer, E. M. (2016). A scientific critique 
of the two-degree climate change target. Nature Geoscience, 9, 13–18. 
https://doi.org/10.1038/ngeo2595

Kypreos, S., & Magné, B. (2013). Is the European climate policy target 
of 2°C temperature change feasible and justified from the c/b point 
of view? Journal of the Japan Society of Powder & Powder Metallurgy, 
34(10), 563–566.

Liu, B., Feng, J. M., Ma, Z. G., & Wei, R. Q. (2009). Characteristics of climate 
changes in Xinjiang from 1960 to 2005. Climatic and Environmental 
Research, 14(4), 414–426.

Lobell, D. B., Hicke, J. A., Asner, G. P., Field, C. B., & Los, S. O. (2002). 
Satellite estimates of productivity and light use efficiency in the United 
States agriculture, 1982–1998. Global Change Biology, 8, 722–735.

Luo, T. (1996). Patterns of net primary productivity for Chinese major for-
est types and their mathematical models. Ph.D. Dissertation, Chinese 
Academy of Sciences, Beijing, China.

Mitchell, S. W., & Csillag, F. (2001). Assessing the stability and uncertainty 
of predicted vegetation growth under climatic variability: Northern 
mixed grass prairie. Ecological Modelling, 139, 101–121.

Mu, Q. Z., Zhao, M. S., Running, S. W., Liu, M. L., & Tian, H. Q. (2008). 
Contribution of increasing CO2 and climate change to the carbon cycle 
in China’s ecosystems. Journal of Geophysical Research: Biogeoscience, 
113, G01018. https://doi.org/10.1029/2006JG0003316

Nemani, R. R., Kelling, C. D., Hashinoto, H., Jolly, W. M., Piper, S. C., Tucker, C. 
J., … Running, S. W. (2003). Climate-driven increase in global terrestrial 
net primary production from 1982 to 1999. Science, 300, 1560–1563.

Ni, J. (2011). Impacts of climate change on Chinese ecosystems: Key 
vulnerable regions and potential thresholds. Regional Environmental 
Change, 11(Suppl 1), S49–S64.

Niu, S. L., Wu, M. Y., Han, Y., Xia, J. Y., Li, L. H., & Wan, S. Q. (2008). Water-
mediated responses of ecosystem carbon fluxes to climatic change in a 
temperate steppe. New Phytologist, 177, 209–219.

Nordhaus, W. (1977). Economic growth and climate: The case of carbon 
dioxide. American Economic Review, 67(1), 341–346.

Oberbauer, S. F., Tweedie, C. E., Welker, J. M., Fahnestock, J. T., Henry, G. 
H. R., Wevver, P. J., … Starr, G. (2007). Tundra CO2 fluxes in response 
to experimental warming across latitudinal and moisture gradients. 
Ecological Monographs, 77, 221–238.

Peng, C. H., & Apps, M. J. (1997). Contribution of China to the global car-
bon cycle since Last Glacial Maximum: Reconstruction from paleoveg-
etation maps and an empirical biosphere model. Tellus, 49B, 393–408.

Piao, S. L., Ciais, P., Lomas, M., Beer, C., Liu, H. Y., Fang, J. Y., … Woodward, I. 
(2011). Contribution of climate change and rising CO2 to terrestrial car-
bon balance in East Asia: A multi-model analysis. Global and Planetary 
Change, 75, 133–142.

Potter, C., Klooster, S., Myneni, R., Genovese, V., Tan, P. N., & Kumar, V. 
(2003). Continental-scale comparisons of terrestrial carbon sinks esti-
mated from satellite data and ecosystem modeling 1982–1998. Global 
and Planetary Change, 39, 201–213.

Potts, D. L., Huxman, T. E., Enquist, B. J., Weltzin, J. F., & Williams, D. G. 
(2006). Resilience and resistance of ecosystem functional response to 
a precipitation pulse in a semi-arid grassland. Journal of Ecology, 94, 
23–30.

Rayner, P. J., Scholze, M., Knorr, W., Kaminski, T., Giering, R., & Widmann, 
H. (2005). Two decades of terrestrial carbon fluxes from a carbon cycle 
data assimilation system (CCDAS). Global Biogeochemical Cycles, 19(2), 
165–174.

Ren, X. L., He, H. L., Zhang, L., & Yu, G. R. (2014). Assessment of the spatio-
temporal variations of diffuse photosynthetic active radiation in China 
from 1981 to 2010. Acta Geographica Sinica, 69(3), 323–333.

Ren, W., Tian, H. Q., Liu, M. L., Zhang, C., Chen, G. S., Pan, S. F., … Xu, X. 
F. (2007). Effects of tropospheric ozone pollution on net primary pro-
ductivity and carbon storage in terrestrial ecosystems of China. Journal 
of Geophysical Research: Atmospheres, 112(D22S09), 1–17. https://doi.
org/10.1029/2007jd008521

Running, S. W., Nemani, R. R., Heinsch, F. A., Zhao, M. S., Reeves, M., & 
Hashimoto, H. (2004). A continuous satellite-derived measure of global 
terrestrial primary production. BioScience, 54(6), 547–560.

Schleussner, C.-F., Rogelj, J., Schaeffer, M., Limmner, T., Licker, R., Fischer, 
E. M., … Hare, W. (2016). Science and policy characteristics of the Paris 
Agreement temperature goal. Nature Climate Change, 6, 827–835. 
https://doi.org/10.1038/NCLIMATE3096

Schwartz, M. D., Ahas, R., & Aasa, A. (2006). Onset of spring starting earlier 
across the Northern Hemisphere. Global Change Biology, 12, 343–351.

Shi, Y. F., Shen, Y. P., Li, D. L., Zhang, G. W., Ding, Y. J., Hu, R. J., & Kang, E. 
S. (2003). Discussion on the present climate change from warm-dry to 
warm-wet in northwest China. Quaternary Sciences, 23(2), 152–164.

Sullivan, P. F., Arens, S. J. T., Chinmner, R. A., & Welker, J. M. (2008). 
Temperature and microtopography interact to control carbon cycling in 
a high arctic fen. Ecosystems, 11, 61–76.

Tao, B., Cao, M. K., Li, K. R., Gu, F. X., Ji, J. J., Huang, M., & Zhang, L. M. 
(2007). Spatial patterns of terrestrial net ecosystem productivity in 
China during 1981–2000. Science in China Series D: Earth Sciences, 5, 
745–753.

The Institute of Soil Science, Chinese Academy of Sciences (1986). The soil 
atlas of China. Beijing: China Cartographic Publishing House.

Tian, H. Q., Melillo, J., Lu, C. Q., Kicklighter, D., Liu, M. L., Ren, W., … Running, 
S. (2011). China’s terrestrial carbon balance: Contributions from multi-
ple global change factors. Global Biogeochemical Cycles, 25, 1–16.

Twine, T. E., & Kucharik, C. J. (2009). Climate impacts on net primary pro-
ductivity trends in natural and managed ecosystems of the central 
and eastern United States. Agricultural and Forest Meteorology, 149, 
2143–2161.

UNFCCC (2012) Report of the Conference of the Parties on its Eighteenth 
Session, Held in Doha from 26 November to 8 December 2012 – Addendum 
– Part Two: Action Taken by the Conference of the Parties at its Eighteenth 
Session FCCC/CP/2012/8/Add.1.

UNFCCC (2015) Adoption of the Paris Agreement FCCC/CP/2015/10/Add.1, 
pp2.

Wang, Y. J., Huang, Y., & Zhang, W. (2009). Changes in surface solar radia-
tion in mainland China over the period from 1961 to 2003. Climatic and 
Environmental Research, 14(4), 405–413.

Wang, X. H., Piao, S. L., Ciais, P., Li, J. S., Friedlingstein, P., Koven, C., & 
Chen, A. P. (2011). Spring temperature change and its implication in 
the change of vegetation growth in North America from 1982 to 2006. 
Proceedings of the National Academy of Sciences of the United States of 
America, 108(4), 1240–1245.

Wang, Y. H., Zhou, G. S., Jiang, Y. L., & Yang, Z. Y. (2001). Estimating bio-
mass and NPP of Larix forests using forest inventory data (FID). Acta 
Phytoecologica Sinica, 25(4), 420–425.

https://doi.org/10.1038/ngeo2595
https://doi.org/10.1029/2006JG0003316
https://doi.org/10.1029/2007jd008521
https://doi.org/10.1029/2007jd008521
https://doi.org/10.1038/NCLIMATE3096


6746  |     ﻿GU  et  al.

Weltzin, J. F., Loik, M. E., Schwinning, S., Williams, D. G., Fay, P. A., Haddaa, 
B. M., … Zak, J. C. (2003). Assessing the response of terrestrial ecosys-
tems to potential changes in precipitation. BioScience, 53, 941–952.

Wu, Z. T., Dijkstra, P., Koch, G. W., Peñuelas, J., & Hungate, B. A. (2011). 
Responses of terrestrial ecosystems to temperature and precipitation 
change: A meta-analysis of experimental manipulation. Global Change 
Biology, 17, 927–942.

Yan, H. M., Liu, J. M., & Cao, M. K. (2007). Spatial pattern and topographic 
control of China’s agricultural productivity variability. Acta Geographica 
Sinica, 62, 171–180.

Zhang, L., Yu, G. R., Gu, F. X., He, H. L., Zhang, L. M., & Han, S. J. (2012). 
Uncertainty analysis on modeled carbon fluxes in a broad-leaved 
Korean pine mixed forest by a process-based ecosystem model. Journal 
of Forest Research, 17, 268–282.

Zhao, M. S., & Running, S. W. (2010). Drought-induced reduction in global 
terrestrial net primary production from 2000 through 2009. Science, 
329, 940–943.

Zhao, M., & Zhou, G. S. (2004). A new methodology for estimating forest 
NPP based on forest inventory data – A case study of Chinese pine 
forest. Journal of Forestry Research, 15(2), 93–100.

Zheng, Y. F., Guan, F. L., Cai, Z. Y., Wu, R. J., & Liu, J. J. (2011). Variation 
of surface solar radiation over the central and east of southern China. 
Journal of Applied Meteorological Science, 22(3), 312–320.

How to cite this article: Gu F, Zhang Y, Huang M, Tao B, 
Guo R, Yan C. Effects of climate warming on net primary 
productivity in China during 1961–2010. Ecol Evol. 2017; 
7:6736–6746. https://doi.org/10.1002/ece3.3029

https://doi.org/10.1002/ece3.3029

