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ARTICLE INFO ABSTRACT

Keywords: Accurate assessment of the strength of China’s terrestrial ecosystem carbon sink is key to understanding its
Net ecosystem productivity (NEP) regional carbon budget. However, large uncertainties in current carbon sink estimations still exist, which hinder
Model tree ensemble the prediction of future climate change trajectories. In this study, we generated a high-resolution (1 km X 1 km)
China

dataset of China’s net ecosystem productivity (NEP) in the last decade via a model tree ensemble approach
combined with data from 46 flux sites in China and neighboring regions. The upscaling also included detailed
information on nitrogen (N) deposition and forest age that have often been neglected in previous studies. The
performance of MTE algorithm in simulating NEP at the site level is relatively high for both training (R* = 0.81,
RMSE = 0.73 gCm~*day ') and validation datasets (R* = 0.76, RMSE = 0.81 gCm~2day " !). Our data-driven
estimation showed that roughly 70% of the area is a carbon sink, and the largest carbon sinks are found in the
southeast and southwest monsoon regions. The total annual NEP in China in the last decade was
1.18 = 0.05Pg Cyr ™!, which is similar to the results found by another foundational global-scale study. Yet, the
two studies significantly differ in the spatial distribution of carbon sink density. The seasonality of China’s NEP is
characterized by region-specific kurtosis and skewness in most areas. Furthermore, ecosystem carbon use effi-
ciency (CUE), defined as the annual NEP/GPP ratio, also showed high spatial variation. For example, the
Xiaoxing’anling and Changbai Mountains in northeastern China, the eastern edge of the Tibetan Plateau, and
bordering areas of the southeast and southwest monsoon regions have a larger CUE than the rest of China. On
average, China’s terrestrial ecosystem CUE is approximately 0.17. Our data-driven NEP and CUE estimates
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provide a new tool for assessing China’s carbon dioxide flux. Our study also highlights the necessity to in-
corporate more environmental variables related to vegetation growth and more data derived from flux sites into
NEP upscaling to reduce uncertainties in carbon budget estimations.

1. Introduction

Increasing atmospheric carbon dioxide (CO,) concentrations,
mainly caused by anthropogenic activities, including fossil fuel burning
and deforestation, have been altering the Earth’s systems and threa-
tening human survival (Intergovernmental Panel on Climate Change
[IPCC], 2013). As a large carbon (C) sink, terrestrial ecosystems an-
nually sequester about 3 Pg C from the atmosphere, which accounts for
30% of anthropogenic emitted CO, in the last decade (Le Quéré et al.,
2015). Terrestrial C sinks, however, have large spatial and temporal
variability (Gurney and Eckels, 2011; Le Quéré et al., 2009; Luyssaert
et al., 2008; Pan et al., 2011; Piao et al., 2009a; Wang et al., 2014).
Monitoring and understanding the spatiotemporal variation in terres-
trial C balance is a key step in accurately predicting future climate
change scenarios (Friedlingstein et al., 2006, 2014; Gregory et al.,
2009) and developing climate negotiations strategies. Thus, the IPCC
(2013) has recognized it as an important global issue.

During the last four decades, several approaches have been devel-
oped to quantify C sequestration in terrestrial ecosystems at the re-
gional and global scales including atmospheric inversions (Denning
et al., 1996; Tans et al., 1990), process-based ecosystem models
(Krinner et al., 2005; Sitch et al., 2003), inventory approaches (Pacala
et al., 2001; Pan et al., 2011), and eddy covariance (EC) flux data or-
iented regional or global estimations of C flux (Jung et al., 2011; Xiao
et al., 2008, 2011a). Among these approaches, EC flux data oriented
regional estimations of Net Ecosystem Productivity (NEP) has been
widely used to understand spatiotemporal patterns of C balance and its
controlling processes (Schwalm et al., 2012; Xiao et al., 2011b). This
method has even been applied to evaluate process-based ecosystem
models as ‘observations’ (Anav et al., 2013; Piao et al., 2013). It should
be noted that only variables indicating vegetative characteristics (e.g.,
the fraction of absorbed photosynthetic active radiation [FPAR] derived
from remote sensing and land cover) and climate have been taken into
account when upscaling CO fluxes from flux networks to the regional
or global scale in previous studies (Jung et al., 2011; Xiao et al., 2008,
2011a). However, other factors such as forest stand age and nitrogen
(N) deposition can similarly help determine the C exchange between
terrestrial systems and the atmosphere by regulating gross primary

productivity (GPP) and terrestrial ecosystem respiration (TER)
(Hyvonen et al., 2007). For example, there is a general consensus that
NEP increases with stand age in young forests but declines in old forests
(Goulden et al., 2011; Luyssaert et al., 2008). It has also been suggested
that N deposition enhances NEP through increasing GPP and declining
soil respiration, although the magnitude of the effect of N deposition on
NEP remains poorly quantified (De Vries et al., 2009; Magnani et al.,
2007; Sutton et al., 2008). These findings highlight the necessity of
integrating stand age and N deposition into approaches that upscale
FLUXNET observations of CO, to regional or global scale estimations of
NEP.

China has the most diverse climate regimes and ecosystems in the
world. Thus, knowledge of its C sources and sinks, their spatial dis-
tributions, and the underlying mechanisms can improve the under-
standing of global C cycles (Canadell et al., 2011). To this end, since the
early 2000s, great efforts have been made to investigate the magnitude
and distribution of C sinks and sources in China (Cao et al., 2003; Fang
et al., 2007; Piao et al., 2009b; Tian et al., 2011a, 2011b; Yu et al.,
2014), but studies significantly differ regarding the magnitude of
China’s C budget (Cao et al., 2003; Piao et al., 2009b). This is partly due
to the lack of direct in situ observations of NEP. To overcome this
limitation, China has built more than 100 EC flux towers in a variety of
ecosystems during the past 10 years (Yu et al., 2006a, 2006b, 2016). In
this study, we upscaled China’s FLUXNET observations of NEP to the
country scale using a machine-learning technique (model tree en-
semble, MTE) (Jung et al., 2009, 2011). The MTE algorithm used in this
study is notable for its step-wise regression mode in leaf nodes rather
than constant number like Regression Tree, its ensemble attributes and
its processing capacity on categorical variables that are all superior to
most of machines learning methods (Jung et al., 2009). Note that due to
the lack of data sharing, only 46 flux sites in (37 sites) and near (9 sites)
China are used in this study, but this is far more than the number of
Chinese sites (only 9) used in determining global NEP in a previous
foundational study (Jung et al., 2011). Moreover, in addition to sa-
tellite-observed FPAR, vegetation distribution, and climate variables,
both forest stand age and N deposition are also taken into account in
our MTE approach.

Since including much more flux sites in the Asian region and taking

60°E 70°E 80°E 90°E 100°E 110°E 120°E 130°E 140°E 150°E Fig. 1. The spatial distribution of eddy covariance flux towers used in our
; 7 f 0 | | ! ) : . model tree ensemble approach (n = 46). The 9 flux sites used in Jung et al.
(2011) are displayed as colored circle with a black cross. DBF: deciduous
broadleaf forest, DNF: deciduous needleleaf forest, EBF: evergreen broad-
Y leaf forest, ENF: evergreen needleleaf forest, MF: needleleaf and broadleaf
® L40°N mixed forest.
40°NH
30°NA r30°N
Legend A
DBF & 0 71 .
20°N{ - DNF . Cropland Q r20°N
e EBF Grassland /
o ENF Shrubland /
e MF ¢ Wetland
80°E 90°E 100°E 110°E 120°E

85



Y. Yao et al.

into account the effects of forest age and N deposition would sig-
nificantly improve the estimation of Chinese NEP, here we compared
our estimate to the previous global estimate by Jung et al. (2011) in
terms of spatial variation, seasonal distribution, and ecosystem carbon
use efficiency (CUE).

2. Material and methods
2.1. Collection of EC flux data

EC technique has been widely used for the direct measurement of
net C exchange between atmospheric and terrestrial ecosystems
(Baldocchi, 2008, 2014). EC flux towers provide half-hourly values of
net CO, exchange with positive values indicating the C lost to the at-
mosphere and negative values indicating the net gain of C by the eco-
systems. Net ecosystem exchange (NEE) with a change in sign is often
referred to as approximate Net Ecosystem Productivity (NEP = —NEE).
We collected flux data from ChinaFlux (www.chinaflux.org) (Yu et al.,
2006b), AsiaFlux (www.asiaflux.net) (Saigusa et al., 2013), and the
global FLUXNET database (www.fluxdata.org) (Baldocchi, 2008). In
total, 46 sites were included in this study (Fig. 1 and Table A.1 in the
Supplementary material), encompassing nine typical vegetation types
in China: deciduous broadleaf forest (DBF), deciduous needleleaf forest
(DNF), evergreen broadleaf forest (EBF), evergreen needleleaf forest
(ENF), mixed forest (MF), cropland, grassland, shrubland, and wetland.
The original flux data in half-hour frequencies were first aggregated to
daily values and averaged within 1 month. These collected flux data
span from 2001 to 2015. Totally 1181 site-month flux data points were
used for construction of the Chinese NEP dataset after quality control.

2.2. Climate and satellite input datasets

Monthly air temperature, total precipitation, and shortwave radia-
tion used in this study were obtained from a dataset developed by the
hydro-meteorological research group at the Institute of Tibetan Plateau
Research, Chinese Academy of Sciences (Chen et al., 2011; Yang et al.,
2010). The temporal and spatial resolutions of these climate datasets
used a daily frequency of 0.1° X 0.1°, respectively. Temperature data
were obtained by merging China Meteorological Administration (CMA)
observations into the Princeton meteorological forcing data (Sheffield
et al., 2006). Precipitation data were a combination of Tropical Rainfall
Measuring Mission data products (Huffman et al., 2007), CMA opera-
tional observation stations, and Asian Precipitation-High Resolution
Observational Data Integration Toward Evaluation of Water Resources
data (Yatagai et al., 2009). Shortwave radiation data were obtained by
incorporating available CMA radiation observations with the correct
Global Energy and Water Cycle Experiment-Surface Radiation Budget
and a hybrid radiation model (Yang et al., 2006). This reanalysis da-
taset was evaluated against quality-checked shortwave radiation data at
95 CMA stations and other independent datasets such as data from the
Coordinated Enhanced Observing Period Asia-Australia Monsoon Pro-
ject-Tibet (Chen et al., 2011). In this study, the daily data were ar-
ithmetically averaged, maximized, or summed to provide monthly va-
lues. We used monthly mean temperature, monthly maximum
temperature, monthly total precipitation, and monthly mean radiation
as explanatory variables in NEP upscaling.

The FPAR is a biophysical indicator that reflects the vegetation
canopy energy absorption capacity (Myneni et al., 2002). A Moderate
Resolution Imaging Spectroradiometer onboard the Terra satellite has
provided global FPAR data products (MOD15A2) in 1km x 1km spa-
tial resolution and 8-day time intervals since 2000. These data were
downloaded from https://Ipdaac.usgs.gov/data_access/data_pool. The
original 8-day FPAR data were first aggregated to monthly intervals
using a maximum value composition approach (Holben, 1986).
Monthly FPAR was also used as an explanatory variable in NEP up-
scaling.
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2.3. Forest age dataset

Forest stand age is a meaningful metric in reflecting ecosystem
disturbance history and quantifying C sequestration potential (Gao
et al., 2016; Pregitzer and Euskirchen, 2004; Yu et al., 2014; Zhang
et al., 2017). To incorporate forest age effects into our forest NEP es-
timations, we applied a Chinese forest age map developed by Zhang
et al. (2017). This Chinese forest age map, which uses 2005 as a re-
ference year, was generated in a 1 km X 1 km spatial resolution by
downscaling the provincial statistics from national forest inventory data
in combination with climate data and tree height data (Fig. A.1 in the
Supplementary material). In this study, forest age was used as an ex-
planatory variable in forest NEP upscaling.

2.4. N deposition dataset

We used the N deposition dataset from the Multi-scale Synthesis and
Terrestrial Model Inter-comparison Project environmental forcing data
(Wei et al., 2014), which was generated via interpolating the Dentener
global N deposition data product in 1860, 1993, and 2050 (Dentener,
2006) using an approach described in Tian et al. (2010) and Lu et al.
(2012). These dataset encompassed spatial and temporal N emission
variation, and provided time-varying annual N deposition rates (NHx-N
and NOy-N) at 0.5° X 0.5° resolution from 1860 to 2050. Then we were
able to extract corresponding annual N deposition rates for each flux
measurement. We resampled the N deposition data to 1km x 1km
resolution using the nearest neighbor method. The mean annual N
deposition rate during 2005-2015 is shown in Fig. A.2 in the Supple-
mentary material. The annual N deposition rate was also used as an
explanatory variable in NEP upscaling.

2.5. Chinese vegetation distribution map

In this study, we used the 1:1000,000 Chinese vegetation distribu-
tion map (Editorial Board of Vegetation Map of China, 2007). The
original 573 types were first reclassified into nine vegetation types in-
cluding DBF, DNF, EBF, ENF, MF, cropland, grassland, shrubland, and
wetland, which are the same as the 9 typical vegetation types at the flux
sites.

We compared the Chinese vegetation map to the SYNMAP (re-
classified into the IGBP classes) used in Jung et al. (2011). The SYNMAP
does not include the wetland, but include needleleaf mixed forests and
broadleaf mixed forests that are not considered in the Chinese vegeta-
tion map. So we mainly compare the distribution of the 8 vegetation
types (DBF, DNF, EBF, ENF, MF, cropland, grassland and shrubland)
(Fig. A.3 in the Supplementary material). Moreover, we also summarize
the percent of consistency/inconsistency between the two vegetation
maps in Table A.2 in the Supplementary material. In terms of cropland
and grassland, the map consistency is higher than 50%. But the map
consistency is only ~30% for the forest types such as DBF, EBF, ENF,
and MF. There is notable regional difference between the two vegeta-
tion maps. For example, northern and northwestern parts of Tibetan
Plateau are identified as grasslands in the Chinese vegetation map, but
denoted as shrublands in SYNMAP. The border of Daxing’anling is
classified as DNF in the Chinese vegetation map but as ENF for
SYNMAP. In southern China, fraction of EBF in southwest area in
SYNMAP is higher than that in the Chinese vegetation map. Shrubland
mainly distributes around the Sichuan Basin from the Chinese vegeta-
tion map but much less shrubland is identified based on the SYNMAP.

2.6. Chinese NEP estimation

Here we applied a MTE approach to upscale the flux NEE mea-
surement. The MTE method was first discussed by Jung et al. (2009)
and has since been applied to upscale C and water flux at a global scale
(Beer et al., 2010; Jung et al., 2010, 2011; Zeng et al., 2014). To avoid
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the over-fitting, we firstly randomly divided the flux data into the two
groups: 90% sample data (1063 site-months) as training dataset and the
remaining 10% (118 site-months) as the validation dataset. The model
trees were trained on site-level NEE using meteorological inputs, FPAR,
vegetation type, forest age and N deposition based on the training da-
taset. The specific explanatory variables for NEP estimation are listed in
Table A.3 in the Supplementary material, which are classified into two
types: split & regression variables and split variables. The trained MTE
is then applied on the validation dataset to test the MTE performance in
NEE simulation. The output NEP estimation is the median of 25 in-
dependent best ensemble members. Finally, we obtained the time-
varying NEP estimation in each pixel by applying the well-trained MTE
on spatio-temporal varying gridded input datasets with 1km spatial
resolution and monthly time step from the period 2005-2015.

2.7. Global NEP dataset

Jung et al. (2011) generated a 0.5° X 0.5° gridded monthly global
NEP during 1982-2011 by training MTE over La Thuile NEE data with
climatic factors (temperature, precipitation and potential radiation)
and satellite-derived vegetation biophysical parameter (FPAR). We
used the overlapped time span (2005-2011) of NEP in this study for
their comparison.

2.8. Chinese GPP dataset

To calculate the CUE at ecosystem level, which is defined as the
ratio between annual NEP and GPP (Fernandez-Martinez et al., 2014),
we employed the Chinese GPP dataset at 0.1° X 0.1° spatial resolution
at monthly intervals (Yao et al., 2018). Applying the MTE method for
both climate fields and satellite-based vegetation proxies generated this
dataset. We subtracted the same time period of 2005-2015 from the
Chinese GPP dataset and resampled it to 1 km X 1 km using the nearest
neighbor method.

2.9. Comparison map profile method

To examine spatial similarity and different patterns between the
annual NEP produced in this study and in Jung et al. (2011), we applied
the comparison map profile (CMP) method, which is based on a simi-
larity index computation (absolute distance [D] and cross-correlation
coefficient [CC]) between moving windows of two spatially explicit
datasets (Arnan et al., 2011; Gaucherel et al., 2008). The D between
moving windows in the two compared NEP maps was calculated using
Eq. (1), which provides an absolute value for the differences between
them. A low D value indicates a good agreement between the moving
windows.

D = abs(X—y) (€8]

where X and y are the averaged NEP computed over two moving
windows in two compared maps. The CC is calculated using Eq. (2),
which suggests similar or contrasting directions in gradient (Gaucherel
et al., 2010; Gritti et al., 2013). A low CC value indicates that the si-
milarity between the two moving window in two maps is poor.

o o 5=%) X 0y=)
R
N o1 =1 Oy X ay (2)
1 N N
witho? = — Z Z (x5—X)?
N*-1i7 53 3

where x;; and yj; are the pixel value at row i and column j of the two
moving windows in the compared NEP maps. Each moving window
covers N pixels. o, and oy are the standard deviations calculated within
the two moving windows. By repeating these similarity index compu-
tations 20 times successively by increasing the window size from scale 1
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(window size: 3 X 3 pixels) to scale 20 (window size: 41 X 41 pixels),
maps of D and CC values are computed for each mono-scale.
Calculations of scale 1 reflect an approximate pixel-to-pixel difference
in the two maps, while scale 20 suggests a large gradient similarity or
inconsistency between the two datasets. All of these mono-scale maps
were combined into one mean CMP map by arithmetically averaging
the similarity value over 20 mono-scales in each pixel. This method
enables the quantification of differences both with regard to magnitude
and the local gradient between the maps when changing spatial scales.
The annual NEP produced in this study was resampled to a 0.5° x 0.5°
resolution to match the NEP of Jung et al. (2011) during CMP com-
parison procedures. See Gaucherel et al. (2008) for detailed description
of the CMP method.

2.10. Seasonal NEP statistics

Kurtosis is a descriptor of the shape of the probability distribution
curve. Skewness is a measurement of the asymmetry of the probability
distribution. Here we used kurtosis and skewness to characterize sea-
sonal NEP in China. To transfer the multi-year averaged 12 monthly
NEP values in each pixel to an equivalent distribution, we assumed
1000 numbers and repeated month i for instances of num;. num; was
calculated using Eq. (4). Then we assembled all of these repeated
months as array L (Eq. (5)). The length of array L was 1000. Finally, we
obtained kurtosis and skewness of array L (Egs. (6) and (7)). When
individual monthly NEP was negative in one pixel, we added the re-
verse of the minimum value to all 12 monthly NEP values in that pixel.

num; = round fji X 1000 (i = 1,2, 3, ...11,12)
2., NEP @
numl  num2 numl2
L={11,..2,2, ... 12,12, ...} 5)

where NEP; is the mean monthly NEP value in month i and numy; is
the repeated times for month i in array L.

_ Ela-w*_,

is(L) = H4
kurtosis(L) = o o (6)

where y, is the fourth central moment, u is the mean, o is the
standard deviation, and E is the expectation operator.

3
skewness (L) = ,u_g =E [M ]
o o

)

where i, is the third central moment. Zero values for kurtosis and
skewness correspond to a standard normal (gaussian) seasonal NEP
distribution. A negative value for the skewness indicates a left-skewed
data distribution and a peak value appearance suggests that it is skewed
to later in the year. By contrast, positive skewness suggests a right-
skewed seasonal dynamic. A negative kurtosis value represents a more
leveled seasonal NEP distribution than normal and positive kurtosis
reflects a sharp peak in seasonal cycles.

3. Results
3.1. MTE performance on estimating NEE

We used the R? coefficient and root mean square error (RMSE) to
quantify the MTE algorithm performances on estimating NEE against
observed NEE. The MTE estimated NEE showed great consistency with
the flux observed NEE. Regarding the training samples, R? was 0.81 and
RMSE was 0.73gCm ™ 2day ' (Fig. 2), and similarly for validation
samples, R? reached 0.76 and RMSE was 0.81 gCm™2day ! (Fig. 2).
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Fig. 2. The relationship between MTE predicted NEE and flux NEE observation. The
performance of MTE is labeled.

3.2. Spatial distribution of mean annual Chinese NEP

Fig. 3a shows the spatial distribution of mean annual NEP during
the period 2005-2011. A geological heterogeneity existed with a pro-
nounced ascendant gradient. As shown in this figure, C sink density
increased from northwest to southeast. The largest C sink mainly dis-
tributed in the two monsoon regions: southwest and southeast China,
where the magnitude of the C sink was generally larger than
500 gCm ™~ 2yr~!. In addition to these two monsoon regions, mountai-
nous regions such as Daxing’anling, Xiaoxing’anling, and the Changbai
Mountains also had a relatively high C sink with a magnitude larger
than 300gCm~2yr~!. The North China Plain, Sichuan Basin, and
central China generally had C sinks lower than 300 gCm ™~ 2yr~'. By
contrast, terrestrial ecosystems in most of Inner Mongolia and the
hinterland of the Tibetan Plateau acted as C source (Fig. 3a). Overall,
our estimations suggest that about 70% of the area plays a role as C sink
in China.

At the country scale, the annual NEP in China is about
1.18 + 0.05PgCyr ! with C sink density of 158.9gCm ™ 2yr~ ! from
2005 to 2015. This estimation is slightly lower (4.9%) than that of the
study by Jung et al. (2011), who predicted that the magnitude of
China’s annual NEP was about 1.22 = 0.06 Pg Cyr~! during the same
time period. Despite the similar magnitudes with regard to the total
amount of C sinks in the two datasets, remarkably large discrepancies
lie in their spatial distribution. For instance, compared to the estimation
by Jung et al. (2011), our derived dataset estimated distinctly higher C
sink density in the northeastern forested area of the country (Fig. 3a, b,
more than 300gCm~2yr~! in this study versus less than
250 gCm~2yr~! by Jung et al., 2011). By contrast, C sink density in
the Sichuan Basin and in central China estimated in our study was
dramatically lower than that from Jung et al. (2011) (Fig. 3a, b, less
than 250gCm~2yr~! in our study versus greater than
300gCm~2yr~! by Jung et al.,, 2011). The percentage of area func-
tioning as C sources in this study was higher than in Jung et al. (2011)
(30.5% in this study versus 21.9% in Jung et al., 2011), and these ad-
ditional C sources mainly distributed in the east of the Tibetan Plateau
and part of the grassland areas in northeastern China.

Furthermore, we used the CMP method to explore the inconsistency
of the spatial patterns of annual NEP estimations between our study and
that by Jung et al. (2011). This approach included the comparison of
spatial magnitudes and regional gradients of C sink density. Here, dis-
crepancies of magnitudes and gradients were characterized by D and CC
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over spatial moving windows, respectively. Larger D and lower CC in-
dicated more inconsistent magnitudes and local gradient distributions
between the two datasets. The magnitude differences mainly existed
around the Sichuan Basin, southwest China, and mountainous regions
such as Daxing’anling, where the regional D between the two datasets
exceeded 100 gCm™~2?yr? (Fig. A.4a in the Supplementary material).
Regarding the spatial gradient comparison, the border of Daxing’anling
had negative CC, which suggests a local reverse spatial gradient be-
tween the two datasets (Fig. A.4b in the Supplementary material).
Furthermore, southern China also had an inconsistent spatial gradient,
whose CC is below 0.2 (Fig. A.4b in the Supplementary material).

3.3. Seasonal cycles of NEP in China

The seasonal distribution of China’s NEP is characterized by kurtosis
and skewness (Fig. 4). Kurtosis is positive when the peak of the seasonal
NEP is sharper than normal and vice versa. Spatially, the kurtosis values
of China’s seasonal NEP distribution range from -1.9 to 12.3, with the
majority of areas having a negative kurtosis. This indicates that there is
a more leveled seasonal NEP distribution than normal in most areas.
The smallest kurtosis values were found in the southeast Tibetan Pla-
teau and the southwest monsoon regions. However, in most areas of the
Tibetan Plateau, the kurtosis value was positive (and the highest in
China), suggesting an acute central NEP peak over a very short period
(1-2 months). For the same region at the same period, our results of the
kurtosis distributions of seasonal C sink density markedly differ from
the findings of Jung et al. (2011). For instance, we found a lower
kurtosis of seasonal NEP in the northeastern forested area, parts of
North China, and the eastern edge of the Tibetan Plateau than did Jung
et al. (2011) (Fig. 4a, c), meaning the duration of the large monthly
local NEP was longer in our study than in Jung et al. (2011). By con-
trast, in Inner Mongolia and west of the Tibetan Plateau, the kurtosis
values were more negative in Jung et al. (2011) than in our study
(Fig. 4a, c).

Furthermore, we also used skewness to evaluate the asymmetry of
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Fig. 3. The spatial pattern of the mean annual Chinese NEP from 2005 to 2011 from (a)
our study and (b) Jung et al. (2011).
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(2011).

seasonal NEP dynamics. A skewness value within + 0.5 was deemed to
be an approximately symmetrical distribution; in contrast, a negative
(left-skewed) skewness indicated that the peak of the seasonal NEP was
skewed to the later part of the year, and vice versa. Here, we found that
the seasonal NEP dynamic in more than 70% of the areas was ap-
proximately symmetrical, except in the Tibetan Plateau and the
Hengduan Mountains, where the seasonal NEP exhibited a moderately
left-skewed distribution (Fig. 4b). This type of skewness for China’s
seasonal NEP distribution also significantly differed from the findings of
Jung et al. (2011). In particular, Jung et al. (2011) identified a dis-
tinctly left-skewed seasonal NEP dynamic on the eastern edge of the
Tibetan Plateau, while we found a moderately left-skewed monthly NEP
distribution locally. From west to east in the Tibetan Plateau, Jung et al.
(2011) derived a pronounced ascending gradient of left skewness, while
a weakly opposite trend was found in our study (Fig. 4b, d). Further-
more, on the Northeast Plain and parts of North China we found
roughly symmetrical seasonal C sink density distributions, rather than a
gently left-skewed seasonal dynamic as in Jung et al. (2011).

3.4. Ecosystem CUE(NEP/GPP) in China

The ratio between annual NEP and annual GPP, NEP/GPP, is a di-
rect measurement of ecosystem CUE. A higher NEP/GPP value implies
higher efficiencies of photosynthate transforming into C sink. Fig. 5a
shows the spatial distribution of the annual NEP/GPP ratio in China.
The annual NEP/GPP ratio was larger than 0.3 over parts of Xiaox-
ing’anling and the Changbai Mountains in northeastern China, and in
high-altitude areas such as the eastern edge of the Tibetan Plateau; the
ratio was between 0.25 and 0.3 in areas bordering the southwestern and
southeastern monsoon regions (Fig. 5a). These regions also had higher
CUE than the rest of China (Fig. 5a). Overall, the annual NEP/GPP ratio
in more than 40% of the study area fell within the range of 0.1-0.3; and
the averaged ecosystem CUE was 0.17, meaning that less than 20% of
the total photosynthetic products were converted into ecosystem C
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storage in China.

Our country average annual NEP/GPP ratio was similar to the one
derived by Jung et al. (2011; 0.18). However, we found a very different
spatial distribution pattern of CUE than Jung et al. (2011). CUE was
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Fig. 5. The spatial pattern of the mean annual NEP/GPP ratio (a) in our study and (b) in
Jung et al. (2011).
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higher in our study than in Jung et al. (2011) in roughly 40% of the
area examined, particularly in northeastern China where the largest
inter-study discrepancy in the annual NEP/GPP ratio was about 0.2
(Fig. 5a, b). In other parts of China, predominantly in North China, the
southwest monsoon regions, and central China, we derived a lower
annual NEP/GPP ratio than did Jung et al. (2011) (Fig. 5a, b). In some
parts of the southwestern monsoon regions, our estimated ecosystem
CUE was less than Jung et al. (2011) by a unit of 0.15 (Fig. 5a, b). It is
noteworthy that in areas where the two studies had large discrepancy in
the estimation of annual NEP/GPP ratios, it is more likely a difference
in NEP rather than GPP estimates (Fig. A.5 in the Supplementary ma-
terial).

4. Discussion

Accurately characterizing the size of China’s C sink is critical for
understanding its role in regional and global C cycles. Previous studies
based on bottom-up (national inventory and process-based models) and
top-down (atmospheric inversion) approaches (Jiang et al., 2016; Piao
et al., 2009b; Tian et al., 2011a, 2011b) suggested that China’s terres-
trial ecosystems function as C sink, sequestrating 0.18-0.35Pg Cyr~ 1.
Here, however, we found that China’s terrestrial NEP during the last
decade wupscaled from flux observations was as large as
1.18 + 0.05PgCyr~'. Nonetheless, it should be noted that because
NEP is the imbalance between GPP and TER, it does not account for
some key component fluxes such as the lateral fluxes of non-CO, gas-
eous compound loss (e.g., volatile organic carbon [VOC], methane
[CH4], and carbon monoxide [CO]), C loss from soil erosion, harvest
and grazing, and non-respiratory CO- losses (e.g., fire emissions) from
ecosystems (Chapin et al., 2006; Jung et al., 2011; Lovett et al., 2006;
Luyssaert et al., 2007; Wang and Wesche, 2016). Therefore, our flux-
based NEP estimate should not be directly compared to those from
bottom-up or top-down C accounting approaches from earlier studies.
After accounting for other component fluxes based on published esti-
mates (C losses of non-CO, gaseous compounds (including VOC, CHy,
and CO) (Piao et al., 2009b); C releases due to soil erosion (Jiang et al.,
2016); agriculturally harvested biomass (National Bureau of Statistics
of China, 2016); C emissions caused by non-forest fires (Song et al.,
2009); land use change and management (include forest fires) C budget
(Lai et al., 2016)), we estimated that China’s terrestrial ecosystem
functioned as C sink for 0.65Pg Cyr~! over the last decade (Table 1),
which is still much larger than previous estimations. This large dis-
crepancy between current research and earlier studies (e.g., Ichii et al.,
2017; Thompson et al., 2016; Tian et al., 2011a,b) is tied to the large
uncertainties in those subtracted component fluxes, such as C loss from
soil erosion (Jiang et al., 2016; Zhang et al., 2014).

On the other hand, our NEP estimation was close to the value es-
timated by Jung et al. (2011, 1.22 + 0.06 PgCyr~!) during the same
time period. Accordingly, our estimate of China’s terrestrial ecosystem
NEP was about 6.8% of global annual NEP (Jung et al., 2011). How-
ever, while our estimate of terrestrial NEP of the entire country agreed
well with that of Jung et al. (2011), the two studies significantly differ
regarding the spatial distribution of terrestrial NEP across China. For
instance, by including more representative flux sites in China (46 in this

Table 1
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study versus 9 sites in Jung et al. (2011)) and by including detailed N
deposition and forest age information, we suggest that the absence of
northeastern forest flux sites in Jung et al. (2011) may be inadequate to
produce plausible NEP environmental gradients, which in turn has led
to an underestimation in local NEP. If the 9 flux sites used in Jung et al.
(2011) were denoted in the climate space, all of them are located in the
climate regime with mean annual temperature below 10 °C and mean
annual precipitation below 1000 mmyr~' (Fig. A.6 in the Supple-
mentary material). Extrapolation then occurs since the fluxes are pre-
dicted for the climate regimes that are not sampled by these 9 flux sites.
This kind of upscaling (extrapolation) would lead to the unrealistic NEP
estimation. Our comparison analysis highlights that much more flux
sites, which could cover a wide range of the climate space, are needed
to reduce the uncertainty in MTE upscaling of flux observations. In
addition, we re-run the MTE model without using N deposition and
forest age as additional explanatory variables. As shown in Fig. A.7 in
the Supplementary material, the MTE model considering effects of N
deposition and forest age (R?= 0.76, RMSE = 0.81 gCm ™ 2day™)
performs better at the site level in estimating NEE than that without
incorporating these effects (R? = 0.68, RMSE = 0.93 gCm ™ 2day!).
For example, the estimated NEP without considering N deposition does
not work well in cropland, since which acts as a carbon source for at-
mospheric CO; in northeastern plain and part of North China (Fig. A.8
in the Supplementary material). Annual NEP for forests in Changbai
Mountains is even higher than the annual net primary productivity
(NPP) (Fig. A.8 in the Supplementary material). In addition, annual
NEP in north of Yunnan province is also unrealistically high
(> 700 gCm~2?yr~ 1), compared to our estimate considering effects of
N deposition and forest age (< 500gCm~2yr~'). This additional
analysis highlights that including N deposition and forest age as addi-
tional explanatory variables can significantly improve NEP estimation
particularly in regions with large-scale afforestation programs like
southwest areas. Furthermore, different climate factor inputs could also
contribute to the different spatial patterns of terrestrial NEP found in
Jung et al. (2011). In particular, Jung et al. (2011) used potential ra-
diation as an explanatory variable, which does not change over the
years, rather than monthly radiation, which varies annually. A study
performed in Sapporo, Japan, whose latitude is similar to that of
China’s northeastern forest ecosystems, found that annual NEP was
closely related to shortwave radiation (Kitamura et al., 2012). There-
fore, the use of seasonal potential radiation without considering its
inter-annual variability in Jung et al. (2011) may also be a possible
source of bias in regional C sink estimation. The difference in radiation
variables may also partly explain the NEP discrepancy in some south-
west China areas between our study and Jung et al. (2011), because
diffuse radiation has been recognized as an important factor con-
tributing to the large C sink of subtropical forests in southwest China
(Tan et al., 2011). Furthermore, the insufficient consideration of human
management activities may also contribute to the uncertainties in re-
gional NEP estimates. For example, vegetation in the Sichuan Basin is
largely dominated by croplands, whose NEP can only be indirectly es-
timated via vegetation proxy of FPAR in the current upscaling process,
which is very uncertain (Ichii et al., 2017; Osborne et al., 2010; Smith
et al., 2010). Overall, the remarkable spatial difference in terrestrial

Synthesis of component C fluxes that are not accounted for in our NEE-based NEP estimates in China.

C balance component flux Values (PgCyr~ 1) Methods References

Fire emissions (non-forest) 0.003 Satellite Song et al. (2009)

Land use change and land management emissions (including forest fire)* 0.07 Satellite and inventories Lai et al. (2016)

Crop harvest 0.25 Inventories National Bureau of Statistics of China (2016)
VOC, CO and CH,4 0.10 Transport model Piao et al. (2009b)

Soil erosion 0.11 Inventories Jiang et al. (2016)

? Land use management emissions include emissions from forest fires, pests and diseases, timber harvesting, firewood collection, fertilization, and drainage (Lai et al., 2016).
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NEP estimates between our study and that of Jung et al. (2011) high-
lights the importance of incorporating more vegetation growth-related
explanatory variables and more representative flux sites in NEP up-
scaling.

Although MTE model generally well captures the NEP at the site
level, our neglect of the legacy effects of historical climate change on
NEP might suggest a high risk of over-fitting. But such over-fitting issue
might not be as severe as we thought. On the one hand, Yu et al. (2013)
documented a strong linear relationship between GPP and NEP over all
terrestrial ecosystems in China (including forest, cropland, grassland
and wetland), tentatively suggesting that factors determining GPP such
as meteorological variables and canopy properties could play an im-
portant role in NEP estimation. On the other hand, we have included
the forest age in the MTE algorithm, which considers the effect of his-
tory disturbance regime to a certain extent. Such demographic process
affects the carbon decomposition and changes in NPP during the forest
succession (Amiro et al., 2010). For example, including forest age can
significantly improve the MTE model performance in NEP estimation
(Fig. A.7 in the Supplementary material). But these arguments may not
be enough to fully justify the neglect of historical legacy effects on the
carbon pool and then NEP. Further studies based on the collection of
metadata and including other historical regimes as candidate predictors
should be conducted.

While there still exists large uncertainties in the estimation of local-
to country-level NEP and their driving variables in China, several fac-
tors could be particularly important for explaining the observed spatial
pattern of China’s terrestrial C sink distribution. In particular, CO,
fertilization may be a major factor contributing to China’s current net C
uptake (Piao et al., 2012; Tian et al., 2011a). The rise of atmospheric
CO, concentration stimulates vegetation growth, further enlarging net
C uptake (Sitch et al., 2007). Furthermore, climate warming generally
enhances C sequestration in China through extending the C sequestra-
tion period (Keenan et al., 2014; Peng et al., 2013); this warming effect,
however, contributes differently to C cycles in China’s northern and
southern regions (Piao et al., 2012). For example, warming intensifies
water limitation, and together with the decrease in rainfall over recent
years, this may be a major contributor to the local C source in Inner
Mongolia (Piao et al., 2010). By contrast, warming in southern China
enhances the strength of local C sinks (Piao et al., 2012). In addition to
the above CO, fertilization and climate change effects, enhanced an-
thropogenic N deposition in China (Liu et al., 2013) has also sig-
nificantly facilitated vegetation growth, particularly in southeast China
(Piao et al., 2015), and consequently the strength of C sequestration (Lu
et al., 2012; Tian et al., 2011a; Yu et al., 2014). Finally, forest age is
another important variable responsible for the large spatial and tem-
poral variability in C fluxes (Amiro et al., 2010; Tang et al., 2014). The
highest C sequestration capacity was found in young forest plantations
less than 50 years old (Gao et al., 2016; Yu et al., 2014). And the spatial
distribution of forest age is also highly heterogeneous, which favors
southern China’s forests in C sequestration capacity given their overly
young forest structures. The effects of forest ages, however, have not
been explicitly quantified in process-based models that measure China’s
C balance (Piao et al., 2012; Tian et al., 2011a). Because young forests
less than 40 years old currently account for more than 60% of China’s
forested area trees (Zhang et al., 2017), future modeling studies on
China’s C cycle trajectory need to explicitly include forest age in-
formation. Collectively, CO, fertilization, climate change, high N de-
position and young forest age together contribute to the large C sink in
the southern China.

5. Conclusions

In this study, we empirically estimated China’s land NEP at a high
spatial resolution (1 km X 1km) based on a model tree ensemble ap-
proach and used 46 flux sites located in China and its neighboring
countries. By including more flux sites, as well as N deposition and
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forest age information, we found that China’s annual land NEP over the
period of 2005-2015 was 1.18 + 0.05PgCyr~ %, a result similar to
that of Jung et al. (2011). However, we found that the spatial dis-
tributions of annual NEP, seasonality, and ecosystem CUE differ greatly
from those found by Jung et al. (2011). The greater number of flux sites
used in our study (46 in our study versus 9 in Jung et al., 2011) may
explain the improved spatial distribution estimation of China’s land
NEP. Nonetheless, there are still some uncertainties in our estimation.
Further studies should include more flux sites in NEP upscaling. Fur-
thermore, it should be noted that NEP is not equivalent to C sink. NEP is
the difference between GPP and TER, where lateral fluxes, C loss from
soil erosion, grazing and harvesting and non-respiratory CO, losses
from ecosystems are not accounted for in the NEP estimation. To reduce
the uncertainties in C sink estimation, we also need to carefully eval-
uate those unaccounted component fluxes. Only by doing this, will we
be able to obtain a more accurate picture of the C sink strength in China
and formulate climate change mitigation strategies accordingly.
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