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Temperate- and high-latitude forests have been shown to con-
tribute a carbon sink in the Northern Hemisphere, but fewer
studies have addressed the carbon balance of the subtropical
forests. In the present study, we integrated eddy covariance
observations established in the 1990s and 2000s to show that
East Asian monsoon subtropical forests between 20°N and 40°N
represent an average net ecosystem productivity (NEP) of 362 ±
39 g C m−2 yr−1 (mean ± 1 SE). This average forest NEP value is
higher than that of Asian tropical and temperate forests and is
also higher than that of forests at the same latitudes in Europe–
Africa and North America. East Asian monsoon subtropical forests
have comparable NEP to that of subtropical forests of the south-
eastern United States and intensively managed Western European
forests. The total NEP of East Asian monsoon subtropical forests
was estimated to be 0.72 ± 0.08 Pg C yr−1, which accounts for 8%
of the global forest NEP. This result indicates that the role of sub-
tropical forests in the current global carbon cycle cannot be ignored
and that the regional distributions of the Northern Hemisphere’s
terrestrial carbon sinks are needed to be reevaluated. The young
stand ages and high nitrogen deposition, coupled with sufficient
and synchronous water and heat availability, may be the primary
reasons for the high NEP of this region, and further studies are
needed to quantify the contribution of each underlying factor.

Understanding the location of carbon sources and sinks and
the underlying driving forces at scales ranging from local to

global is crucial for accurately predicting future changes in at-
mospheric carbon dioxide and climate, and is helpful for defining
management options for the global carbon cycle (1). In the
Northern Hemisphere, mid- to high-latitude (40–60°N) terres-
trial ecosystems have been shown to be carbon sink regions (2,
3), with a high carbon uptake by the large areas of temperate and
boreal forests that are distributed from North America to Asiatic
Russia (4). Tropical (0–20°N) forests in the Neotropics (5) and
Africa (6) are also found to be carbon sinks. Conversely, the mid-
to low-latitudes (20–40°N) of the American, European, and
African continents include large areas under the control of the
subtropical anticyclone that prevailing desert, steppe, and shrub
ecosystems, such as the Sahara Desert, the Sonoran Desert, and
the North American Prairie. Interestingly, the subtropical anti-
cyclone zone also contains distinctive subtropical forests in the
southeastern United States and East Asian monsoon region.
There are large areas of subtropical forests in the East Asian
monsoon region that benefit from the uplift of the Tibetan
Plateau and the water supply furnished by the East Asian mon-
soon (SI Appendix, Fig. S1). The Tibetan Plateau (mean eleva-
tion over 4,000 m), acting as a strong heat source in summer,
generates upward airflow motions over its eastern flank that,
combined with large amounts of moisture from the tropics, result
in strong monsoons and wet climate in East Asia (7, 8).

The approximate location of the East Asian monsoon region is
latitude 20–40°N, longitude 100–145°E. This region includes the
eastern part of China and the southern parts of Japan and Korea
(9), and is characterized by wet, warm summer and dry, mild
winter. The East Asian summer monsoon can bring large amounts
of water vapor from the Pacific and Indian Oceans to the conti-
nent in summer, and the East Asian winter monsoon, driven by
the Siberian high, brings large amounts of cold air to the con-
tinent in winter (Fig. 1). Forests in this region are typically com-
posed of subtropical evergreen broad-leaved, deciduous broad-
leaved, and mixed stands (10). Moderate resolution imaging
spectroradiometer (MODIS) land-cover estimates indicate that the
area of forest in the East Asian monsoon region increased from
2001 to 2010 (SI Appendix, Fig. S2). Furthermore, nitrogen de-
position in this region has increased significantly, and it has been
predicted to be one of the areas with the largest future increase in
nitrogen deposition (11) (SI Appendix, Fig. S3). These changes are
expected to cause a large carbon dioxide uptake by the forests in
the East Asian monsoon region; however, there are limited data
regarding the role of these forests in the global carbon cycle.
Here, we present estimates of the forest net ecosystem pro-

ductivity (NEP) in the East Asian monsoon region based on
a compilation of field observations using the eddy covariance
technique during the period of the 1990s and 2000s. We analyzed
467 NEP records of 106 forest sites from ChinaFlux, AsiaFlux,
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AmeriFlux, CarboEurope, and other networks, covering lat-
itudes from 2° to 70°N and longitudes from 147°W to 143°E in
the Northern Hemisphere (SI Appendix, Fig. S4 and Table S1).
To better understand the importance of low-latitude Asian for-
ests to the Northern Hemisphere land carbon uptake, we further
investigated the determinants of NEP in the region and evalu-
ated their impacts on NEP by comparing our eddy-covariance
estimates with the results of three process-oriented models
[Lund-Potsdam-Jena (LPJ) (12), Organizing Carbon and Hy-
drology In Dynamic Ecosystems (ORCHIDEE) (13), Commu-
nity Land Model version 4-Carbon Nitrogen (CLM4CN) (14)]
that have been used extensively in global terrestrial carbon flux
evaluations (Materials and Methods).

Results and Discussion
By analyzing the latitudinal distribution of gross primary pro-
ductivity (GPP), ecosystem respiration (RE), and NEP (Fig. 2),
we found that the East Asian monsoon forests from 20°N to 40°N
had the highest average NEP (Fig. 2B). The NEP values from
20°N to 30°N and from 30°N to 40°N reached 341 ± 67 (n = 4)
and 368 ± 45 g C m−2 yr−1 (n = 14) (mean ± 1 SE), respectively,
which are significantly higher than the corresponding values at
low latitudes (0–20°N, 63 ± 52 g C m−2 yr−1, n = 5, P < 0.05) and
high latitudes (50–70°N, 127 ± 34 g C m−2 yr−1, n = 6, P < 0.05)
in Asia (Fig. 2 and SI Appendix, Table S2). Compared with av-
erage forest NEP at the same latitudes, the NEP of the East
Asian monsoon forests is significantly higher than that of the
Europe–Africa (n = 2, P < 0.05) (Fig. 3). The average NEP is
close to the value measured in subtropical forests of the south-
eastern United States (n = 3, P > 0.05) (Fig. 3), but the latter
forests exhibit a larger spatial variation in NEP from available
eddy covariance data (Fig. 3). The magnitude of NEP in the East
Asian monsoon region is comparable to the average NEP mea-
sured in intensively managed Western European forests between
40°N and 60°N (392 ± 47 g C m−2 yr−1, n = 19) but much higher
than the average NEP of Asian (157 ± 28 g C m−2 yr−1, n = 11)
and North American forests (180 ± 33 g C m−2 yr−1, n = 28)
between 40°N and 60°N (Fig. 3).
A deeper understanding of the driving forces underlying the

high NEP values in the East Asian monsoon region is critical for

understanding the mechanisms that control the terrestrial carbon
cycle and the sustainability of the current carbon uptake. Previous
studies indicated that recovery from past disturbance coupled
to changes in disturbance regimes, plays an important role in
controlling NEP variations (15–17). Because the age structure of

Fig. 1. Location of the East Asian monsoon region. The red circle and inner blue lines represent the East Asian monsoon region. The yellow arrows represent
the Western Pacific subtropical high, Siberian high and Indian Ocean high. The green region indicates the Tibetan Plateau (9).

Fig. 2. Estimates of GPP, RE, and NEP for 10° latitude bins in the Asian region.
(A) The seven bins indicate the latitudinal estimates of GPP and RE for Asian
forest ecosystems from 0°N to 70°N. n = 2, 3, 4, 7, 6, 1, 1, respectively. (B) The
seven bins indicate the latitudinal estimates of NEP for Asian forest ecosystems
from 0°N to 70°N. n = 2, 3, 4, 14, 9, 2, 4, respectively. The circles or columns and
bars represent the mean ± 1 SE. The different lowercase letters indicate values
that differ significantly and are marked as a and b, successively. The average
NEP of 20–40°N was significantly larger than that of other latitudes (P < 0.05),
while the average NEP of 20–30°N was marginally larger than that in 40–50°N
(P = 0.056) and in 60–70°N (P = 0.073). The average NEP in 50–60°N is not
significantly different from that in 40–50°N or 60–70°N (P > 0.1).

Yu et al. PNAS | April 1, 2014 | vol. 111 | no. 13 | 4911

EC
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1317065111/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1317065111/-/DCSupplemental/sapp.pdf


a forest is a simple and direct proxy for time since disturbance,
we analyzed how forest age affects NEP. Integrating site-level,
directly observed NEP, and forest age data, we found that NEP
shows a clearly decreasing relationship with increasing forest age,
although variation occurred within the age bands (Fig. 4A).
Maximum NEP is observed in forests of less than 50 y, a phe-
nomenon that is most likely a result of the high level of photo-
synthesis by young forests to produce biomass and structure that
are consistently observed in tropical to boreal forests (18–20). In
young forests, net primary productivity (NPP) exceeds hetero-
trophic respiration (Rh), resulting in high NEP, whereas in older
stands, NPP may decline while Rh continues to increase because
of the accumulation of detritus and soil organic matter from
earlier production (21). Fig. 5A illustrates that the average stand
age in the East Asian monsoon forests with eddy-covariance mea-
surements, is significantly younger than those forests measured
at other latitudes. At the regional scale, intensive afforestation and

reforestation indeed have been conducted in the East Asian mon-
soon region since the 1960s. In particular, the area of plantation
forest increased to 38.22 Mha and the area of secondary natural
forest increased by 2.03 Mha in subtropical China from 2004 to
2008 (22). Planted and naturally regenerated forests are estimated
to occupy 94%, 81%, and 52% of the area of forest in China, Japan,
and Korea, respectively (23), and most of these planted and natu-
rally regenerated forests are currently in the rapidly growing young-
and middle-aged categories with high carbon uptake capacity (20,
24). High regional NEP is thus likely to prevail in the East Asian
monsoon region given the absence of deforestation.
High nitrogen deposition may be another important factor

driving the high NEP of the East Asian monsoon forest ecosys-
tems. Direct information on the contribution of nitrogen de-
position to NEP in the study region is, however, limited by the
availability of colocated NEP and nitrogen deposition measure-
ments. Here, we performed a spatial regression analysis between
forest NEP and nitrogen deposition across Asian forest sites.
The results show that forest NEP is positively correlated with
nitrogen deposition (R2 = 0.46; P = 0.0011) (Fig. 4B and SI
Appendix, Table S3). Forest NEP thus covaries spatially with
nitrogen deposition, although it should be noted that a statisti-
cally significant relationship does not necessarily imply causality.
Importantly, the East Asian monsoon region has experienced
a high rate of increase in nitrogen deposition because of rapid
industrial and agricultural development and marked population
expansion (11). In the 2000s, wet nitrogen deposition rates in the
East Asian monsoon region averaged 22.64 ± 1.22 kg N ha−1 yr−1

(mean ± 1 SE) (Materials and Methods), significantly higher than
that in tropical (0–20°N) and temperate (40–60°N) forests
regions (Fig. 5B). Atmospheric deposition supplies large amounts
of nitrogen to Asian subtropical forests, which are generally poor
in soil organic carbon and nitrogen because of heavy leaching and
fast mineralization (25). As a result, nitrogen inputs generally
stimulate tree growth before nitrogen reaches saturation (26,
27), while altering soil respiration slightly or possibly limiting soil
respiration on a long-term basis (28–30). An increasing nitrogen
deposition trend is projected from emission scenarios prescribed
to atmospheric chemistry models in Asia—particularly in East
and South Asia—over the next 30 y (31, 32), which would act to
continue increasing NEP (27).
Young age structure of forest stands and high nitrogen de-

position have been identified as drivers of net carbon uptake by
forests, but the magnitude of age and nitrogen deposition effect

Fig. 3. Comparison of NEP for the Asian, European–African, and North
American regions according to latitude. The points and bars represent the
means ± 1 SE. The black points represent the Asian region, where n = 38,
n = 2, 3, 4, 14, 9, 2, 4, respectively, for seven bins from 0°N to 70°N. The red
triangles represent the European–African region, where n = 29, n = 2, 8, 11,
8, respectively, for four bins from 30°N to 70°N. The green squares represent
the North American region, where n = 39, n = 1, 2, 7, 18, 10, 1, respectively,
for six bins from 10°N to 70°N.

Fig. 4. Relationships between NEP and forest age and NEP and wet nitrogen deposition in the Asian region. (A) Correlation of NEP and forest age, n = 34,
P < 0.001. (B) Correlation of NEP and wet nitrogen deposition, n = 20, P = 0.0011.
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is associated with climate conditions. Young stands exhibit rapid
growth, high carbon uptake corresponding to threshold values
of high nitrogen addition; they also require sufficient light and
water. The multivariate regression analysis indicates that age
structure and nitrogen deposition coupled with favorable climate
conditions explain more than 70% of the variation in NEP in
Asia (SI Appendix, Table S4). The East Asian monsoon region
between 20°N and 40°N is characterized by a subtropical humid
monsoon climate, with humid summer and dry winter. Climate
data indicate that the average temperature during the growing
season (i.e., May–October) in forested areas of the East Asian
monsoon region is ∼20 °C, which is comparable with temper-
atures at the same latitudes of European–African (18 °C) and
North American (21 °C) regions. However, average precipitation
during the growing season in forested areas in the East Asian
monsoon region is up to 1,020 mm, considerably higher than that
at the same latitudes of European–African (260 mm) and North
American (630 mm) regions (SI Appendix, Fig. S5). Such suffi-
cient and synchronous water resources and temperature thus
furnish a good foundation for forest growth and carbon uptake.
Coupledwith the rapidly growing young- andmiddle-aged structure
and the increase in nitrogen deposition, these factors contribute
to the high NEP of forests in the East Asian monsoon region.
By simply multiplying the averaged forest NEP of the East

Asian monsoon region by the total forest area from MODIS
land-cover data (197 Mha), the total NEP of the East Asian
monsoon forests is estimated to be ∼0.72 ± 0.08 Pg C yr−1 (mean ±
1 SE) [90% confidence interval (CI) 0.24–1.22] (Materials and
Methods). This forest NEP represents 30% of the total Asian
forest NEP (2.46 Pg C yr−1) (CI 2.38–2.55) and 8% of the global
forest NEP (8.95 Pg C yr−1) (CI 8.79–9.13) (Materials and Meth-
ods). The regional NEP value is large relative to the forested area
in this region (i.e., 5% of the global forest areas). Several uncer-
tainties in our estimation of East Asian monsoon forest NEP may
originate from random errors in eddy covariance measurements
and from current limited sampling in forest demographics (dif-
ferent ages) and in time. In addition, there is a large uncertainty
in our estimation of global and Asian forest NEP because of

the relatively coarse spatial resolution of the climate fields and
satellite fraction of absorbed photosynthetically active radia-
tion (FAPAR) predictors (0.5°) and the biased sampling (33).
Furthermore, it also should be noted that NEP is from eddy co-
variance techniques recording the net carbon dioxide exchange
between the atmosphere and terrestrial ecosystem, which cannot
be directly interpreted as an estimation of the forest carbon sink.
To precisely assess the carbon sink of the Asian region, further
consideration needs to be given to the precise regional distribution
of forest age and other drivers, the effects of deforestation, and
disturbance-induced mortality and subsequent carbon losses (34).
To better understand the contribution of forest age and

nitrogen deposition to NEP, we further used three models [LPJ
(12), ORCHIDEE (13) and CLM4CN (14)] to estimate the East
Asian monsoon region NEP (35) and compared these estimates
to the results of our study (Materials and Methods). These three
models have been used extensively in the Fourth and Fifth As-
sessment Reports of the International Panel on Climate Change
and in global terrestrial carbon budget evaluations (35–37). The
results indicated that those three process-oriented models tend
to underestimate the carbon uptake by five- to sevenfold (SI
Appendix, Fig. S6). The most likely explanation of this substantial
difference is that the models consistently assume that the eco-
system has approached an equilibrium state. This assumption
obviously neglects age-structure–related effects. In addition, the
significant role of nitrogen deposition in carbon uptake was
not considered by most models. Incorporating forest age-driven
growth and mortality, and the effects of nitrogen deposition on
carbon storage in soils and biomass into calibrated process-based
models, and further evaluating the contribution of each process,
is greatly important for accurately evaluating the carbon balance
of the East Asian monsoon subtropical forests.
Our quantitative evaluation indicated that East Asian mon-

soon forest ecosystems have one of the highest carbon uptakes of
forests worldwide, and demonstrated that these monsoon forest
ecosystems represent another large carbon uptake region in
addition to those furnished by mid- and high-latitude European
and North American forests. The large and expanding areas of

Fig. 5. Latitudinal distribution of NEP, wet nitrogen deposition and forest age in the Asian region. (A) The latitudinal distribution of forest age for Asian forest
ecosystems between 0°N and 70°N. n = 2, 2, 4, 12, 9, 2, 4, respectively, for seven bins from 0°N to 70°N. (B) The latitudinal distribution of wet nitrogen deposition
for Asian forest ecosystems between 0°N and 70°N. n = 4, 13, 98, 80, 20, 5, respectively, for six bins from 0°N to 60°N. (C) The latitudinal distribution of NEP for the
Asian forest ecosystems between 0°N and 70°N. n = 2, 2, 4, 14, 9, 2, 4, respectively, for the seven bins from 0°N to 70°N. The circles and bars represent the mean ± 1
SE for 10° latitude bins. The values that differ significantly are labeled with different lowercase letters, marked as a, b, and c, successively (P < 0.05).
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young planted and natural forests in subtropical Asia, combined
with high and increasing nitrogen deposition, will cause these
forests to continuously absorb substantial carbon in the future.
These results underscore the need to reevaluate the geographic
distribution of carbon sinks in Northern Hemisphere forest eco-
systems by focusing on the carbon-cycle processes and regional
carbon sinks in the low-latitude subtropical regions of Asia.

Materials and Methods
Flux Data Collection. We collected published annual carbon flux data mea-
sured by the eddy covariance technique during the period of the 1990s and
2000s for Asia, Europe, North America, and the parts of Africa and South
America in the Northern Hemisphere. The average data-collection period for
Asia, Europe, and North America was from roughly the same time period:
1999–2008, 1997–2006, and 1997–2006 (10–90th percentile), respectively.

Flux Data Observation. Continuous CO2 and H2O densities were measured using
an infrared gas analyzer. Wind speed was measured using a 3D sonic ane-
mometer at a sampling frequency of 10 or 20 Hz at flux sites. The data were
filtered and corrected by individual researchers from each site, with coordinate
rotation, Webb-Pearman-Leuning correction (38), storage flux calculation, out-
lier filtering, nighttime CO2 flux correction (39), gap filling (40), and net eco-
system exchange flux partitioning into GPP and RE (39). Nighttime CO2 eddy-
covariance flux under low atmospheric turbulence conditions was filtered using
site-specific thresholds of friction velocity (u*) by individual site researchers.
Detailed u* information for the sites is provided in SI Appendix, Table S1.

Flux Data Selection. For the process of data selection, in addition to the re-
quirement that the flux data must be subject to rigid correction and quality
control, the data were required to satisfy the following criteria: (i) Flux data
should be continuously available for more than 1 y. It was difficult to cor-
rectly measure the flux during wintertime at five sites [Huzhong (HZ), Yichun
(YC), Daxinganling (DXAL), Zotino, and Tura]. At the Tura site, however, the
winter CO2 flux based on chamber measurements was shown to represent
a negligible proportion of the annual flux (41). The Zotino site data for the
nongrowing-season carbon fluxes were obtained by extrapolating the short-
term nongrowing-season measurement (42). For the YC, HZ, and DXAL sites,
we estimated that the nongrowing-season fluxes were ∼40% of the grow-
ing-season fluxes based on the nearby Laoshan sites. Considering their
negligible wintertime fluxes but high representativeness, the above five
sites were accepted in our study. However, the annual value at these sites
might overestimate the NEP because of the underestimation of RE during
the dormant season. (ii) The site must have been undisturbed by fire, log-
ging, or other serious disturbances for the past 10 y.

Flux Data Synthesis. Through the data-selection process outlined above, we
ultimately selected 106 flux sites and 467 site-year records. The sites span
latitudes from 2°N to 70°N and longitudes from 147°W to 143°E. The sites
included 9 evergreen broad-leaved forests, 50 evergreen coniferous forests, 25
deciduous broad-leaved forests, 7 deciduous coniferous forests, and 15 mixed
forests (International Geosphere-Biosphere Program). We then divided these
data geographically to correspond to the Asian region, European region (in-
cluding parts of North Africa), and North American region (including parts of
South America) (SI Appendix, Fig. S4). For continuous observations, we calcu-
lated the multiple-year average value for each site. Finally, we averaged the
data into 10° latitude bins for our integrated analysis.

Flux Data Sampling Time Analysis. To estimate the potential bias caused by
incompletely uniform sampling time, we performed the same analysis using
a subset of the data from the same period (2000–2005). As shown in SI
Appendix, Fig. S7, a similar pattern was found by the eddy covariance data
from the entire period of 1990–2010 and the common period of 2000–2005.
This result suggests that the slightly different periods of collection in the
three regions do not significantly affect our main conclusion.

Meteorological Data. Synchronous meteorological data were also measured and
collected at the flux sites. For sites withmissingmeteorological data, we first used
the observations from a neighboring meteorological station obtained from the
global surface summary of daily data produced by the National Climatic Data
Center (ftp://ftp.ncdc.noaa.gov/pub/data/gsod). For the remaining sites with
missing data, we used the observation-based temperature and precipitation data
available in the Climate Research Unit (CRU05) monthly climate dataset from the
International Satellite Land Surface Climatology Project П (http://daac.ornl.gov/
cgi-bin/dsviewer.pl?ds_id=1015) to fill the gaps.

Forest Age Data. Information on the forest age structure for each study site was
obtained from data collected through site investigations. However, if the forest
agedatawere specified in termsof a range,weused theaverage value (e.g., 110 y
old to represent a range of 100–120 y old). This format included the Kahokuk,
Yamashiro, Gwangneung deciduous forest, Mongonmorit, and Spasskaya Pad
Pine sites. If only a minimum forest age was given (e.g., more than 100 y old), we
used the minimum value. This format included the Nagoya and Teshio sites.
Additionally, certain sites, such as the primary tropical rain forests at the Pasoh,
Lambir, Sakaerat, and Mae Klong sites, had no clearly specified age data. We
assumed that these sites were older than 350 y because they were even older
than the primary tropical rainforests at the Xishuangbanna sites. Detailed age
information for the sites is provided in SI Appendix, Table S3.

Wet Nitrogen Deposition Data. We collected published annual wet nitrogen
deposition data in China based on rain collection measurements performed
from 2000 to 2010. In all, 167 nitrogen deposition measurement sites in China
were included. Moreover, we collected wet nitrogen deposition data from
the Acid Deposition Monitoring Network in East Asia. The mean monthly
value for wet nitrogen deposition was measured continuously from 2000 to
2009 by the Acid Deposition Monitoring Network in East Asia. In 2009, wet
nitrogen deposition monitoring was conducted at 54 sites (remote, 20; rural,
13; urban, 21) following a set of uniformmonitoring guidelines and technical
manuals (www.eanet.asia/product/index.html).

In total, 221 wet nitrogen deposition observation sites were collected in
the Asian region (SI Appendix, Fig. S8). Seven of these sites are forest flux
sites for which in situ continuous wet nitrogen deposition measurements are
available. We then used the observed values from sites located within a 1°
circular buffer area around the forest flux site to supply data for the sites for
which measurements of wet nitrogen deposition were missing. The results
showed a good relationship between the observed and averaged wet ni-
trogen deposition from the sites in the 1° buffer circle if the wet nitrogen
deposition was less than 40 kg N ha−1 yr−1, although an underestimate of
∼40% was detected (SI Appendix, Fig. S9). A total of 20 sites with wet ni-
trogen deposition data were obtained after integration, as shown in SI
Appendix, Table S3. We conducted a type II regression to analyze the cor-
relation between NEP and wet nitrogen deposition. Similarly, we averaged
the data from the 221 wet nitrogen deposition observation sites into 10°
latitude bins for our integrated analysis.

East Asian Monsoon Forest NEP Estimation. The total East Asian monsoon
forest NEP was the product of the average forest NEP and the forest areas of
East Asian monsoon region. The forest areas were estimated based onMODIS
land-cover products (MODIS Land Cover Type Yearly L3 Global 0.05Deg CMG
V051, MCD12C1-2008) downloaded from the National Aeronautics and Space
Administration Land Processes Distributed Active Archive Center (https://
lpdaac.usgs.gov/get_data). The MODIS land-cover products, in Hierarchical
Data Format-Earth Observing System files, were projected onto a tile-based
sinusoidal grid using the MODIS Reprojection Tool. The East Asian monsoon
region at latitudes from 20° to 40°N and at longitudes from 100° to 145°E
was then abstracted from this grid, and the abstracted land cover was
reclassified into forest and nonforest. The definition of forests in this study
was specified by the following categories in the MODIS land cover: ever-
green broad-leaved forests, evergreen coniferous forests, deciduous broad-
leaved forests, deciduous coniferous forests, and mixed forests.

Global and Asian Forest NEP Estimation. Global and Asian total forest NEP was
derived from Jung’s global NEP data product (33), which was based on the
space/time interpolation of flux tower observations using a model tree en-
semble regression trained with satellite FAPAR and gridded climate field
predictors. Here, we multiplied the NEP of each pixel with the forest area by
the MODIS reclassified forest land cover, as defined above, to estimate
global and Asian total forest NEP.

Process-Oriented Models. NEP values estimated from three different models
[LPJ (12), ORCHIDEE (13) and CLM4CN (14)] were used in this study. These
models only consider changes in climate and increasing atmospheric CO2

(37). We used the MODIS reclassified forest land cover as defined above to
extract the forest NEP for the East Asian monsoon region, the Asian region,
and globally from the three model estimates.

Data Analysis. All data were analyzed with SPSS 16.0 statistical software. We
used a one-way ANOVA and least-significant difference test (43) (P < 0.05) to
analyze the NEP differences between seven latitudinal bins in the Asian
region and to analyze the NEP differences between the Asian, European,
and North American regions. We used an independent-samples t test (P < 0.05)
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to analyze the NEP differences between the Asian and North American
regions. We used a polynomial regression to analyze the relationship of NEP
to age and a type II regression (smatr package in R software) to analyze the
relationship of NEP to wet nitrogen deposition. All figures were drawn using
Sigma Plot 10.0 software. The spatial distribution figures for the sites were
plotted with ArcGIS 10.0 software.
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