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Abstract

The possible response of the carbon (C) balance of China’s forests to an increase in atmospheric CO, concentration and climate change
was investigated through a series of simulations using the Integrated Terrestrial Ecosystem Carbon (InTEC) model, which explicitly
represents the effects of climate, CO, concentration, and nitrogen deposition on future C sequestration by forests. Two climate change
scenarios (CGCM2-A2 and -B2) were used to drive the model. Simulations showed that China’s forests were a C sink in the 1990s,
averaging 189 Tg Cyr~' (about 13% of the global total). This sink peaks around 2020 and then gradually declines to 33.5Tg Cyr~'
during 2091-2100 without climate and CO, changes. Effects of pure climate change of CGCM2-A2 and -B2 without allowing CO, effects
on C assimilation in plants might reduce the average net primary productivity (NPP) of China’s forests by 29% and 18% during
2091-2100, respectively. Total soil C stocks might decrease by 16% and 11% during this period. China’s forests might broadly act as C
sources during 2091-2100, with values of about 50 g Cm~2yr~! under the moderate warming of CGCM2-B2 and 50-200g Cm 2 yr !
under the warmer scenario of CGCM2-A2. An increase in CO, might broadly increase future C sequestration of China’s forests.
However, this CO, fertilization effect might decline with time. The CO, fertilization effects on NPP by the end of this century are 349.6
and 241.7Tg Cyr~! under CGCM2-A2 and -B2 increase scenarios, respectively. These effects increase by 199.1 and 126.6 Tg Cyr~ ! in
the first 50 years, and thereafter, by 150.5 and 115.1 Tg Cyr~" in the second 50 years under CGCM2-A2 and -B2 increase scenarios,
respectively.

Under a CO, increase without climate change, the majority of China’s forests would be C sinks during 2091-2100, ranging from 0 to
100 g Cm~2yr~'. The positive effect of CO, fertilization on NPP and net ecosystem productivity would be exceeded by the negative effect
of climate change after 2050. Under the CGCM2-A2 climate scenario and with direct CO, effects, China’s forests may be a small C
source of 7.6 Tg Cyr~! during 2091-2100. Most forests act as C sources of 0-40g Cm ™ 2yr—'. Under the CGCM?2-B2 climate scenario
and with direct CO, effects, China’s forests might be a small C sink of 10.5Tg Cyr~' during 2091-2100, with C sequestration of most
forests ranging from 0 to 40 g Cm~>yr~!. Stand age structure plays a more dominant role in determining future C sequestration than
CO, and climate change. The prediction of future C sequestration of China’s forests is very sensitive to the Qo value used to estimate
maintenance respiration and to soil water availability and less sensitive to N deposition scenario.

The results are not yet comprehensive, as no forest disturbance data were available or predicted after 2001. However, the results
indicate a range of possible responses of the C balance of China’s forests to various scenarios of increase in CO, and climate change.
These results could be useful for assessing measures to mitigate climate change through reforestation.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Over half of the world’s terrestrial organic soil and
vegetation carbon (C) (~1150Pg) is currently resident in
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forests (Prentice et al., 2001; Lal, 2005). These ecosystems
play a significant role in the global C budget and in the
variation of atmospheric CO, concentration. Small shifts in
the balance between their photosynthesis and ecosystem
respiration can result in large changes in C net exchange
between forests and the atmosphere. The sizes of vegeta-
tion and soil C pools and fluxes in forests depend on
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climate (Apps et al., 2000; Black et al., 2000; Barr et al.,
2002; Griffis et al., 2003; Wang et al., 2003), atmospheric
CO, concentration (Chen et al., 2000a; Johnson et al.,
2000; Alexandrov et al., 2003), nitrogen (N) deposition rate
(Turunen et al., 2004), soil texture (Torn et al., 1997),
drainage class (Rapalee et al., 1998), disturbance history
(Sun et al., 2004), and stand age (Gower et al., 1996;
Peltoniemi et al., 2004).

Climate affects photosynthesis and respiration processes
in forests. Therefore, it is a major determinant of the C
holding capacity and C budget of these ecosystems at
various temporal scales. The future interaction between the
C cycle and climate is a longstanding concern in climate
change research. Several modelling studies simulate the
possible impact of increasing atmospheric CO, concentra-
tion and future climate change on the terrestrial C cycle
(Ludeke et al., 1995; King et al., 1997, Cao and
Woodward, 1998; White et al., 2000; Cramer et al., 2001;
Berthelot et al., 2002). It is commonly reported that the
future increase in CO, concentration will enhance C
sequestration by global terrestrial ecosystems, whereas
climate change alone could reduce global terrestrial C
stocks due to the reduction of global net primary
productivity (NPP) (NPP reduction in the south exceeding
NPP increase in the north) (Ludeke et al., 1995; Cao and
Woodward 1998; Cramer et al., 2001; Berthelot et al.,
2002). The combination of climate change and an increase
in CO» concentration may enhance global terrestrial NPP
and C sequestration during the 21th century (Ludeke et al.,
1995; Cao and Woodward 1998; Cramer et al., 2001). The
rate of increase of net ecosystem productivity (NEP) may
begin to level off around 2030 (Cramer et al., 2001),
although the current C sink at high latitudes could grow
for a longer time than that in lower latitudes (White et al.,
2000). The conclusions about the effect of climate change
on global NPP and terrestrial C are not consistent.
Anthony et al. (1997) reported that pure climate effects
could increase global NPP by 10-15%.

China is the third largest country in the world and
encompasses a broad range of climates, from tropical to
subarctic/alpine and from rainforest to desert. Vegetation
in China is diverse and species-rich (Fang et al., 2003). In
the two most recent decades, China’s biomes experienced a
substantial increase in temperature, at a rate of
0.062K yr~! from 1982 to 1998 (Fang et al., 2003). Model
simulations, remote sensing monitoring, and forest inven-
tory surveys show that China’s terrestrial NPP increased
significantly due to increases in temperature, precipitation
and CO, concentration (Fang et al., 2003). The increase in
NPP was spatially heterogeneous (Cao et al., 2003). The
largest increases in NPP occurred in broad-leaf and needle-
leaf mixed forests, located in Northeast China (Fang et al.,
2003). A modeling experiment shows that future changes in
climate with and without CO, direct physiological effects
will result in an increase of C storage of 9% and 3%,
respectively (Ni, 2000). China’s forests occupied a total
area of 229 Mha in 2001 (Wang et al., 20006, this issue) and

are an important component of the global terrestrial C
cycle. Recent estimates of the C balance in China’s forests
indicate that these ecosystems acted as a C sink during the
past decades (Fang et al., 2001; Pan et al., 2004). Chinese
biomes were projected to have a much greater increase in
temperature than in the global mean and to have smaller or
even no increases in precipitation (Giorgi et al., 2001).
Therefore, it is important to predict the future C balance of
China’s forests under changing climate and increasing COs,.

This study predicts the C balance in China’s forests
during the 21th century under climate change as simulated
by the second version of the coupled atmosphere—ocean
general circulation model (CGCM2) from the Canadian
Climate Center, using radiative forcing from the SRES A2
and B2 emission scenarios. These climate change scenarios
are used along with increasing atmospheric CO, concen-
tration to drive the Integrated Terrestrial Ecosystem
Carbon (InTEC) model (Chen et al., 2000b), which we
describe here prior to presenting our results.

2. Model and simulation description
2.1. Model introduction

The InTEC C model is a process-based biogeochemical
model designed to simulate annual C and N fluxes and pool
sizes in forested ecosystems. It is driven by spatial data sets,
including climate, soil texture, remotely sensed vegetation
parameters (leaf area index (LAI) and land cover type),
forest stand age, and N deposition data sets. It progres-
sively simulates historical annual NPP for each pixel in
terms of the initial value of NPP in the starting simulation
year, age-dependent productivity of forest, and the
combined effects on NPP of climate, CO, concentration,
and N deposition (Chen et al., 2000b, 2003). These effects
are simulated using a canopy-level photosynthesis module
developed from Farquhar’s instantaneous leaf-level bio-
geochemical model using a temporal and spatial scaling
scheme (Chen et al., 2000b). The interannual variability of
NPP is separated into contributions from changes in CO,
concentration, growing season temperature, N content of
foliage, growing season length, and LAI (Appendix Egs.
(A.10)—(A.41)). In the simulation, the initial NPP value of
each pixel is iteratively tuned until the NPP value in a
reference year (2001 in this study) simulated by InTEC at
annual steps approaches that from the daily Boreal
Ecosystems Productivity Simulator (BEPS) model (Liu
et al., 2002). Soil C and N dynamics are simulated using the
approaches of CENTURY (Parton et al., 1987), with some
modifications (Ju and Chen, 2005).

The InTEC model includes two effects of fire on the C
balance of forests. First, direct C release from forests to the
atmosphere is estimated using the simplified model of
Kasischke et al. (2000) (Appendix A.2), assuming that
100% of foliage C, 25% of stem C and 100% of surface
litter C are burned, with the remaining biomass C
transferred to soil C pools through the pathways embedded
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in the model (Chen et al., 2003). Second, fire changes the
age structure of forests and consequently forest productiv-
ity (Chen et al., 2003). The NPP of a forest is determined
by the integrated effect of nondisturbance factors and by
the normalized forest productivity, which changes with
forest stand age (A.10). Climate affects NPP through its
regulation of growing season length and photosynthesis
rate. CO, is directly linked with intercellular CO,
concentration and always has a direct positive effect on
photosynthesis. The photosynthesis rate is positively
related to the N content of foliage. N deposition normally
enhances C sequestration prior to the maximum value of
the N content of foliage being reached. No acidifying
effects are included yet. The model assumes that all
disturbances cause complete stand mortality and that the
disturbed forest regenerates without cover-type change in
the second year after a disturbance. Like other terrestrial
biogeochemical models, INTEC uses a fixed land cover map
in the whole simulation period. The incorporation of land
use change and vegetation dynamics are tasks for further
model improvement.

The InTEC model has been validated and used to (1)
estimate the historical trend of the C balance in Canada’s
forests (Chen et al., 2000a); (2) to analyze the spatial
patterns of current C sources and sinks in Canada’s forests
(Chen et al., 2003); (3) to simulate the spatial distribution
of soil C stocks in Canada’s forests and wetlands (Ju and
Chen, 2005); and (4) to investigate hydrological effects on
the C balance of Canada’s forests and wetlands (Ju et al.,
20006).

For the application of this model to China’s forests, its
soil carbon module was calibrated using measured soil
organic C density and the decomposition rates of different
soil C pools measured at several forested sites in China
(Shao et al., 20006, this issue; Yang et al., 2006, this issue).

2.2. Model modification

The complete description of the InNnTEC model with
modifications is presented in the appendix. The previous
versions of the INTEC model do not explicitly include the
effect on NPP of the change in canopy conductivity caused
by the change in soil moisture availability. Canopy
conductivity determines intercellular CO, concentration
C; and therefore has considerable influence on photosynth-
esis. The exclusion of interannual variability of canopy
conductivity related to soil moisture availability could
result in uncertainties in the simulated interannual varia-
bility of NPP. Canopy conductivity depends on maximum
stomatal conductance, LAI, air temperature, incoming
solar radiation, water vapor pressure deficit, and soil
moisture (Jarvis, 1976).

Following the strategy of the TEM model (Pan et al.,
1998), the intercellular CO, concentration C; is linked with
the atmospheric CO, concentration C, as

C,‘ = O(Ca, (1)

where o is a dimensionless multiplier that accounts for
changes in canopy conductivity to CO, resulting from
changes in soil moisture availability.

According to Eq (1), we replace the variable C; in the
canopy photosynthesis model with o to account for the
effect of soil moisture availability on NPP (A.25, A.27,
and A.36). The multiplier « is a function of the ratio of
actual evapotranspiration to potential evapotranspiration
(Pan et al., 1998) (A.65).

Elevated CO, can reduce transpiration (Tricker et al.,
2005) and therefore increase water use efficiency, which will
enhance C assimilation under dry conditions. However, the
plant response to elevated CO, varies by species, and most
experimental data come from pot or chamber experiments
and are thus not well suited for models of mature
ecosystems. The InTEC model has not included this
mechanism yet. This exclusion of reduced transpiration
caused by increase in CO, possibly underestimates NPP in
the coupled runs.

Previously, INTEC assumed that the ratio of NPP to
GPP is constant as climate and N status change (Chen et
al., 2000b). This implies that climate warming generally has
positive effects on NPP, which is not true in some cases. To
remove this assumption, the effect of temperature on
autotrophic respiration is added in this study. Interannual
variability of GPP is first calculated using a modified
algorithm (A.18-A.41). The historical values of NPP are
progressively computed from the interannual variations of
GPP and autotrophic respiration, and the ratio of
respiration to GPP (A.11-A.17). The reduction of Qg
(the sensitivity of maintenance respiration to temperature)
with increasing temperature is not included in this study.
This may overestimate the negative effect of climate
warming on NPP.

2.3. Data used

This study uses a control and two projected future
climates (A2 and B2) from the second version of the first
generation of the Canadian coupled general circulation
model (CGCM2) (Gough and Leung, 2002). The outputs
of CGCM2 are at a 3.75° x 3.75° spatial resolution. To
adjust for climate model bias, the additive departures for
temperature and multiplicative departures for precipitation
during 2002-2100 relative to the 1990-2001 projected mean
climates were interpolated to 1km resolution in the same
way for historical climate data. The interpolated anomalies
were applied to the historical climatology observed during
19902001 to produce time series of future climates during
2002-2100 for each pixel. This strategy of downscaling
climate model outputs preserved interannual variability of
the projected climates, while simultaneously forcing their
spatial patterns to be in agreement with recent observations
(Cramer et al., 2001).

In the control run of CGCM2, current greenhouse gas
levels are used. Therefore, projected future climates do not
depart from contemporary ones (Fig. 1). In the A2 run,
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Fig. 1. Time series of mean annual temperature (MAT), annual
precipitation, annual potential evopotranspiration (PET) used in simula-
tions. Values prior to 2002 are interpolated and calculated from historical
observations. Projected climates from control, A2 and B2 runs of CGCM2
are used for the period from 2002 to 2100.

CO; increases from 350 in 1990 to 850 ppmv in 2100. This
is a warming scenario. On the average, mean annual
temperature (MAT) in China’s forested areas increases by
5K during 2001-2100, whereas precipitation increases by
only about 10%. PET almost doubles by 2100 (Fig. 1). In
the B2 run, CO», increases from 350 in 1990 to 600 ppmv in
2100. The warming in this scenario is moderate, with an
increase in MAT of about 3.0K during 2001-2100. This
scenario also projects a smaller increase in the total
precipitation than does CGCM2-A2 (Fig. 1). More
detailed descriptions of the CGCM2 model and corre-
sponding runs are found in Flato and Boer (2001). The
changes in temperature and precipitation projected by
CGCM2-A2 and CGCM2-B2 are not spatially uniform
(Fig. 2). Increases in temperature occur in all areas,
especially in Central, North and Northwest China, while
some coastal and southwestern areas experience smaller
temperature increases during the following 100 years. The
changes in precipitation are more spatially heterogeneous

with increases in precipitation projected by CGCM2-A2
mainly the southern part of Northwest, North, and the
southwestern part of Northeast China. In regions such
as the northern part of Northwest, most of Southwest,
and the southwestern part of Southeast China, precipita-
tion will decrease slightly during the following 100 years
(Fig. 2b). The CGCM2-B2 scenario projects smaller
increases or even larger decreases in precipitation for most
regions of China than does the CGCM?2-A2 scenario.

In all simulations, we drive the model with the same
spatial data sets of LAI, land over, stand age, soil texture,
reference NPP and N deposition in 2001, and historical
climate. Historical climate data from 1901 to 1998 was
developed from the 0.5° global data set established by the
UK Climate Research Unit from available station observa-
tions (New et al., 1999, 2000). Meteorological data at 743
stations of the National Meteorological Administration in
China were used for 1999-2001 since the global data set is
only available prior to 1999. Historical climate data were
interpolated to 1 km resolution using a bilinear interpolation
scheme. All simulations used the same method to initialize
biomass and soil C pools (Ju and Chen, 2005). The future N
deposition rate was estimated from the measured N
deposition rate in 2001 (Wang et al., 20006, this issue) and
estimated future national greenhouse gas emissions under
the assumption that the national emission will be doubled
during 2001-2100. Soil texture data were interpolated from
5405 soil profiles of the second national soil survey taken
during the 1980s. A map of stand age in 2001 was
constructed based on inventory data recorded during
1989-1993 in 32 provinces (Wang et al., 20006, this issue).
NPP in 2001 simulated at a daily time step using the BEPS
model (Feng et al., 2006, this issue) was used to tune the
initial NPP value. Maps of LAI and land cover were derived
from remote sensing data (Feng et al., 2006, this issue).

2.4. Simulations performed

In order to investigate the response of the C cycle in
China’s forests to climate change and increasing CO,, we
conducted seven model simulations (Table 1). In simula-
tion 1, contemporary CO, concentration and climates from
the control run of CGCM2 were used to drive the model.
The changes in C balance are due to the change of stand
age and N input from atmospheric deposition. In simula-
tions 2 and 5, the A2 and B2 CO, concentration scenarios
and the corresponding climates as projected by CGCM?2
were used to evaluate the response of the C balance in
China’s forests to the integrated effect of changing climate
and increasing CO,. In simulations 3 and 6 the model is
driven using projected climate alone. These runs are to
investigate how pure climate change could impact the
future C balance of China’s forests. In simulations 4 and 7,
the model is driven by the changing CO, concentration
alone (using the control run climate). These simulations are
to predict the responses of the future C balance of China’s
forests to different levels of CO, concentration.
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Fig. 2. Spatial distribution of changes in mean annual temperature (MAT). (upper panel). Values are the difference of MAT during 2091 compared with
that during 2001-2010: (a) CGCM2-A2; (b) CGCM2-B2. The change in annual total precipitation during 2091-2100 relative to that during 2001-2010

(lower panel): (¢) CGCM2-A2; (d) CGCM2-B2.

Table 1
Description of seven simulations performed

Run no. Run name Future climate Future CO, (ppmv)

1 Baseline CGCM2-control 371 during 2001-2100

2 CGCM2-A2 coupled CGCM2-A2 From 371 to 850 during 2001-2100
3 CGCM2-A2 climate CGCM2-A2 371 during 2001-2100

4 CGCM2-A2 CO, fertilization CGCM2-control From 371 to 850 during 2001-2100
5 CGCM2-B2 coupled CGCM2-B2 From 371 to 600 during 2001-2100
6 CGCM2-B2 climate CGCM2-B2 371 during 2001-2100

7 CGCM2-B2 CO, fertilization CGCM2-control From 371 to 600 during 2001-2100

3. Results and discussions
3.1. Response of NPP to climate change and increasing CO»

Simulated series of historical and future NPP are shown
in Fig. 3. NPP of China’s forests increases from 951.4 Tg
Cyr~'in 1901 to 1131.0 Tg Cyr~ " in 2001 according to our
simulation. The quick increase in NPP of China’s forests
during the 1980s and 1990s is possibly due to the effect of
climate change and forest regrowth acting together (Fang
et al., 2003). When the model is driven by the contempor-
ary CO, concentration and the CGCM2 control climate,
the mean NPP of China’s forest increases to 1252.5Tg

Cyr~' during 2091-2100, 121.5Tg Cyr~ " higher than the
value in 2001. This increase in NPP is mainly due to the
effects of N input from atmospheric deposition and
changes in forest productivity related to the change of
stand age structure. The increase of CO, concentration will
enhance the NPP of China’s forests while pure climate
warming has a considerable negative effect on NPP. The
CGCM2-A2 CO;, fertilization run yields the highest NPP
(Fig. 3a). In this run, the average NPP during 2091-2100
increases to 1602.1 Tg Cyr~', 362Tg Cyr ! higher than
the value during 2001-2010 (Table 2). The CO, increase in
the B2 fertilization run is smaller and so leads to a smaller
increase in NPP (Fig. 3b); the average NPP during
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Fig. 3. Time series of NPP output from different simulation experiments. All simulations were driven by same spatial and historical climate data sets and
produced same NPP values for the period from 1901 to 2001. The difference in NPP during 2002-2100 is due to different future climate and CO,

concentration data sets used.

Table 2
Simulated mean NPP of China’s forests under different climate and CO,
change scenarios (Tg Cyr™")

2001-2100 2001-2010 2045-2054 2091-2100

A2 Climate and CO, 1432.4 1274.2 1472.1 1470.5
A2 Climate 1128.1 1233.9 1190.1 889.4
A2 CO, 1425.0 1240.1 1390.6 1602.1
B2 Climate and CO, 1323.0 1255.2 1323.1 1341.3
B2 Climate 1148.2 1233.5 1141.7 1025.4
B2 CO, 1354.3 1219.2 1324.9 1494.2
Baseline 1221.3 1198.8 1197.5 1252.5

Values in this table are the NPP simulated using different scenarios of
climate and CO; concentration changes in comparison with that simulated
in the baseline run using contemporary CO, concentration (371 ppmv) and
climate from the control run of CGCM2.

2091-2100 increases to only 14942Tg Cyr~!, 107.9Tg
Cyr~! lower than the value in the A2 CO, fertilization run
(Table 2).

The values of the f factor (f = [NPP¢,/NPP, — 1)]/
In(Ca/ Cg), where C, is ambient CO, concentration, Cg is
baseline concentration of CQO,) (Alexandrov et al., 2003)
for the future CO, enrichment of NPP are 0.35 and 0.42 for
the CGCM2-A2 and -B2 CO, fertilization scenarios,
respectively. They are much higher than the value of 0.14

simulated by Chen et al. (2000a) for Canada’s forests
during 18961996, but are in the lower part of the range of
0.3-0.6 in studies of the response of global NPP to future
CO, fertilization (Cao and Woodward, 1998; Cramer et al.,
2001). When CO, concentration increases to 550 ppmv,
simulated NPP will increase by 13% under the CGCM2-
A2 increase scenario and by 16% under the CGCM2-B2
increase scenario, only about 57% and 70% of the value of
Norby et al. (2005) derived from FACE experiments across
a broad range of conditions. Their stimulation of NPP by
elevated CO, (/550 ppmv) is at the median of 23+2%.
Our simulated CO, fertilization enhancement of NPP
during 2001-2100 is 28% for the CGCM2-A2 CO, increase
scenario and 19% for the CGCM2-B2 CO, increase
scenario, respectively. Both are smaller than a simulated
increase of about 52% in global NPP due to a gradual CO,
increase to 795ppmv in 2100 obtained by Cramer et al.
(2001). A coupled climate—carbon cycle model predicts that
CO, fertilization without climate change will increase NPP
in 30°N-50°N by 60% in 2100 under the A2 scenario
(Berthelot et al., 2002). This projected CO, fertilization
effect is much stronger than our results (28% for the
CGCM2-A2 CO, increase scenario and 19% for the
CGCM2-B2 CO, increase scenario).

Our model predicts that the CO, fertilization effects on
NPP by the end of this century are 349.6 and 241.7Tg
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Cyr~! under CGCM2-A2 and -B2 increase scenarios,
respectively. These effects increase by 199.1 and 126.6 Tg
Cyr~ ! in the first 50 years, and thereafter, by 150.5 and
115.1 Tg Cyr~' in the second 50 years under CGCM2-A2
and -B2 increase scenarios, respectively (Table 3). This
early rise and subsequent decline of the CO, enhancement
of NPP is consistent with some other recent findings (Oren
et al., 2001; Marissink et al., 2002; Rasse et al., 2005). After
long-term exposure to elevated CO,, forests produce litter
with a high C/N ratio (Cotrufo and Ineson, 1996;
Sadowsky and Schortemeyer, 1997), which increases
immobilization and reduces the amount of N available
for the uptake by forests. The positive effect of an increase
in CO, on NPP is partially offset by the reduced N content
of foliage. Through this mechanism, the benefit of NPP
from CO, fertilization will gradually decline with time.
Pure climate changes projected by CGCM2-A2 and -B2
cause considerable reductions in NPP of China’s forests
according to our simulations. The warmer climate of
CGCM2-A2 will possibly result in a decrease of about 29%
in decadal average NPP (2091-2100) by the end of this
century. The moderate warming of CGCM2-B2 has a less
negative influence on NPP, reducing NPP by about 18%

Table 3
Effects of different climate and CO, change scenarios on mean NPP of
China’s forests (Tg Cyr™')

2001-2100 2001-2010 2045-2054 2091-2100

A2 Climate and CO, 211.1 75.5 274.6 218.0
A2 Climate —93.2 35.1 —7.4 —363.1
A2 CO, 203.6 413 199.1 349.6
B2 Climate and CO,  101.7 56.4 125.6 88.8
B2 Climate —73.1 34.8 —55.8 —227.1
B2 CO, 133.0 20.4 126.6 241.7

Values in this table are differences between the NPP simulated using
different scenarios of climate and CO, concentration changes and that
simulated using contemporary CO, concentration (371 ppmv) and climate
from the control run of CGCM2.

after 100 years (Table 3). Pure climate change will mainly
negatively impact NPP in the late half of this century (Fig. 3
and Table 3), when the positive effect of warming on
transport and rubisco activity is exceeded by the combina-
tion of negative effects of reduced canopy conductance on
GPP due to water stress (Fig. 4) and enhanced maintenance
respiration. During the first 50 years of this century, the
negative effect of climate change on NPP is relatively small.

The coupled effect of CO, and climate change will
largely enhance NPP before 2050. In the CGCM2-A2
coupled run, average NPP will increase from 1274.2 Tg
Cyr~'in 2001-2010 to 1472.1 Tg Cyr~' during 2045-2054,
1526.6Tg Cyr~' in the 2070s and then decrease to
1470.5Tg Cyr~' in 2090-2100 due to the positive effect
of CO, fertilization being exceeded by the negative effect of
climate change. In the CGCM2-B2 coupled run, the change
of NPP shows a similar temporal pattern but with a smaller
magnitude. The simulated response of NPP to the
combined effect of climate change and the increase in
CO, is within the range of results obtained at the global
scale (Cao and Woodward, 1998; Cramer et al., 2001;
Berthelot et al., 2002).

NPP will increase in most forests in China during the
next 100 years due to increasing CO, and changes in
climate and stand age, especially in Southeast China
(Fig. 5). In these regions, NPP will increase considerably
due to the positive effects of increasing CO,, large N
deposition, and the increasing productivity related to stand
age structure. These positive effects on NPP exceed a small
negative effect from climate change. In the CGCM2-A2
coupled run, NPP of these forests will increase by above
200g Cm~2yr~' in 100 years. In addition to the contribu-
tion from increasing CO,, two other factors are possible
candidates explaining such big increases in NPP here. First,
most stands in these areas are currently immature and will
become more productive in the future. Second, measured N
deposition is much higher here than in other regions due to
heavy industrialization. This model assumes NPP to
linearly increase with the N content of foliage and does

1
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0.9 |&¢ z
3
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Year

Fig. 4. Time series of the mean of growing season relative canopy conductivity to CO, o, which is related to soil moisture availability and calculated using
Eq. (2). A small o value indicates that canopy conductivity to CO, is limited by soil moisture.
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Fig. 5. Departure of average NPP during 2091-2100 from values during 1991-2000 under different climate change and increase in CO, scenarios. Positive

values represent NPP increase, and vice versa.

not consider the effect of acidification. The increase of NPP
in Northeast China will be relatively small, normally less
than 100 g Cm~2yr~ ' in 100 years. NPP of some forests in
Southwest China will decrease by about 200g Cm 2 yr "
in the coupled runs. NPP widely increases in the CO,
fertilization runs. In this century, NPP of most forests in
regions south of the Yangtze River will increase by above
200g Cm2yr ! due to CO, fertilization. NPP of old
forests in Northeast China will increase by about 100g
Cm~2yr~'. Pure climate change alone will cause reduc-
tions in NPP for most of China’s forests except forests in
the western part of Southwest and the northern part of
Southeast China. Here, NPP will have small increases.
The combined effect of climate change and CO,
fertilization will increase forest NPP in all climate zones

(Fig. 6), especially in the plateau temperate and plateau
frigid zones (Table 4). Mean NPP values during 2091-2100
in the CGCM2-A2 coupled run are 88% and 63% higher
than those in the baseline run for these two climate zones.
In the CGCM2-B2 coupled run, these numbers are 71%
and 32%, respectively. Climate without a corresponding
increase in CO, will cause reductions in NPP in all climate
zones except plateau temperate and plateau frigid zones.
Climate change will increase NPP in these areas.

3.2. Response of carbon storage to climate change and
increasing CO,

The simulated total C stock in China’s forests varies
annually between 28.9 and 34.5Pg C during 1900-2001,
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with 11.6-17.4Pg C in vegetation and 16.8-17.7Pg C in
soils, respectively. The total ecosystem, vegetation, and soil
C stocks are in the range of recent published results (Pan
et al., 2004; Wang et al., 2004). An increase in CO, will
increase the total C stock in vegetation during 2001-2100,
while climate change alone will reduce vegetation C after
2050 (Fig. 7). As expected, similar to NPP, the vegetation C
stock has the highest value in the CGCM2-A2 CO,
fertilization run in 2091-2100. The increase of total
vegetation C amounts to 12.6 Pg C from 2001 to 2100 (to
be compared to increases of 11.0 Pg C in the CGCM2-B2
CO, fertilization run and 7.6 Pg C in the baseline run). The
increases of the vegetation C stock are 3.9 and 5.1Pg C
during 2001-2100 in the CGCM2-A2 and -B2 climate
change runs, respectively. The decreases of vegetation C

Marginal topical .

Southern subtropical s

Middle subtropical / .

Northern subtropical 7 R
Wet warm temperate 4

°z| Dry warm temperate :

Wet middle temperate

Dry middle temperate

Cold temperate

Plateau temperate
Plateau frigid

Fig. 6. Distribution of different climate zones in China.

Table 4

caused by pure climate change of CGCM2-A2 and -B2 are
3.7 and 2.5Pg C, respectively, mainly in the second half of
this century. The combined effect of climate change and
increasing CO, will increase the vegetation C stock by 4.3
and 2.0Pg C in 2100 under the CGCM2-A2 and -B2
scenarios, respectively.

Climate change has a negative effect on the soil C stock
due to an enhancement in heterotrophic respiration and a
decrease in litter input resulting from reduced NPP for
these cases when NPP decreases. The soil C stock increases
by 3.3 Pg C between 2001 and 2100 in the baseline run, but
by only 0.1 and 1.0 Pg C from 2001 to 2100 in the CGCM2-
A2 and -B2 climate impact runs, respectively (Fig. 8). Pure
climate change of CGCM2-A2 and -B2 will reduce soil C
stock by 3.2 and 2.3Pg C in 100 years, respectively. In
addition to the positive effect on NPP, CO, fertilization
also has the possibility to reduce heterotrophic respiration
by increasing the C/N ratios of the litter and soil C pools
(Potter et al.,, 1993; Cao and Woodward, 1998). In
addition, when foliage and fine roots have larger C/N
ratios, more foliage and fine root litter will be partitioned
into structural litter pools and less into metabolic litter
pools. Structural litter pools have slower decomposition
rates than metabolic litter pools. In the CO, fertilization
runs, the overall temporal trends in heterotrophic respira-
tion are dominated by the increasing NPP and therefore
mirror the NPP changes with a time lag of about 20 years.
The increase in soil C stock due to the increase in CO,
amounts to 2.8 and 1.8 Pg C (equal to soil C stock in the
fertilization runs minus the value in the baseline run) in
2100 under CGCM2-A2 and -B2 CO, increase scenarios,
respectively.

The total C stock of China’s forests is enhanced by the
increase in CO, (Fig. 9) through its stimulation on NPP
and its indirect effect on decreasing soil C decomposition.
The largest increase is for the CGCM2-A2 CO, fertiliza-
tion run, amounting to 18.6 Pg C from 2001 to 2100. The
enhancement effect of CGCM2-A2 CO, fertilization in 100

Simulated mean NPP of China’s forests during 2091-2100 in different climate zones under different climate and CO, change scenarios (Tg Cyr™)

Climate zone Simulations
Baseline CGCM2-A2 CGCM2-A2 CGCM2-A2 CGCM2-B2 CGCM2-B2 CGCM2-B2
coupled climate CO, Coupled climate CO,

Marginal tropical 46.00 52.84 33.22 58.53 51.68 38.53 54.96
Southern tropical 285.06 292.91 153.98 368.94 264.89 194.72 344.53
Middle tropical 421.17 509.34 311.89 550.82 433.16 318.32 510.18
Northern tropical 145.46 164.32 89.72 182.63 158.29 120.01 170.11
Wet warm temperate 84.53 97.62 53.27 110.57 96.13 76.14 100.76
Dry warm temperate 0.12 0.04 0.01 0.15 0.14 0.04 0.13
Wet middle temperate 182.61 218.86 151.69 217.35 211.10 173.32 207.81
Dry middle temperate 16.50 20.92 11.69 22.16 22.80 18.98 19.55
Could temperate 27.34 34.00 24.41 33.12 31.68 26.19 31.55
Plateau temperate 35.08 66.01 48.53 48.33 60.07 49.95 42.85
Plateau frigid 8.59 13.98 10.93 9.46 11.35 9.20 9.22
Total 1252.46 1470.84 889.35 1602.05 1341.28 1025.40 1491.65
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Fig. 7. Time series of simulated total vegetation carbon storage in China’s forests under different climate change and increasing CO, scenarios. All
simulations were driven by the same spatial and historical climate data sets and produced the same vegetation carbon storage for the period from 1901 to
2001. The difference in vegetation carbon storage during 2002-2100 is due to different future climate and CO, concentration data sets used.

years is 7.7 Pg C. The smallest increase is for the CGCM2-
A2 climate impact run, only 4.0 Pg C during 2001 to 2100
(compared with the increase of 10.9Pg C in the baseline
run). The accumulation of C in the baseline run is mainly
due to stand age dynamics and external N input from
atmospheric deposition to the forest ecosystems. Stand age
structure and N deposition will likely play more important
roles in determining future C accumulation of China’s
forests.

3.3. Future carbon balance of China’s forests

China’s forests are currently acting as a C sink
(Fig. 10a). Forests in Southeast, the eastern parts of
Southwest and Northeast China are the major contributor
to this sink, with NEP of most forests in the range from 200
to 400g Cm 2yr~ ! in the 1990s. In this period, forests in
the western part of Southwest China were small C sinks of
around 100 g Cm~2yr~ . There were also some C sources
sporadically distributed across the country, depending on
disturbance history. The average C balance of China’s
forests was —80.5 Tg Cyr~ ' in the 1980s and 189 Tg Cyr ™"

in the 1990s. The global net C uptake by terrestrial
ecosystems was 200+600Tg Cyr~' and 1400+ 700 Tg
Cyr~! during these two decades (Prentice et al., 2001).
China’s forests contributed about 13% of the global total
terrestrial C sink in the 1990s. The Chinese fossil fuel
emission was about 1000 Tg Cyr~' in 2000 (Lal, 2004).
China’s forests offset about 19% of the national fossil fuel
emissions. The net C uptake by China’s forests will peak
around 2020 and then will gradually decline mainly due to
the change in forest stand age structure, which leads to a
gradual decrease in NPP (Fig. 3) and a continuous increase
in heterotrophic respiration. It will stabilize at the level of
about 33.5Tg Cyr~' during 2091-2100 without climate
change and increase in CO, (Fig. 11). In this situation,
forests in the most of Northeast and the part of Southeast
China will become small C sources of about 50g
Cm~2yr~' during 2091-2100. At that time, the majority
of China’s forests will be small C sinks of 0-100g
Cm 2yr~!(Fig. 10e).

The increase in CO, will delay the decline of NEP
(Fig. 11). It will enhance NEP to the same extent for all
forests since the spatial variation of the effect of CO,
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Fig. 8. Time series of simulated total soil carbon (including litter and soil organic carbon) storage in China’s forests under different climate change and
increasing CO, scenarios. All simulations were driven by same spatial and historical climate data sets and output same soil carbon storage
during1901-2001. The difference in soil carbon storage during 2002-2100 is due to different future climate and CO, concentration data sets used.

fertilization is insignificant (Figs. 10c and g). Averaged
over the period from 2001 to 2100, the increase in CO, will
enhance NEP by 77.8Tg Cyr~' and by 51.7Tg Cyr!
under the CGCM2-A2 and -B2 CO, increase scenarios,
respectively. This positive effect of the increase in CO, is
still not large enough to offset the decline in NEP caused by
the asymptote in NPP and the steady increase in
heterotrophic respiration. With the increase in CO, alone,
the majority of China’s forests will be C sinks during
2091-2100, ranging from 0 to 100g Cm 2yr~'. Corre-
sponding pure climate changes of CGCM2-A2 and -B2
alone will reduce NEP by 68.9 and 47.5 Tg Cyr~' averaged
over the period from 2001 to 2100. The values of C sources
during 2091-2100 are about 50g Cm 2yr~' under
moderate warming of CGCM2-B2 and 50-200g C m 2 yr™"
under warmer scenario of CGCM2-A2 (Figs. 10d and h).
The climate-induced decrease in C sequestration will
be mainly in subtropical climate zones (Table 5).
For example, forests in the middle subtropical zone will
absorb C at an average rate of 13.49Tg Cyr ' during
2091-2100 without changes in climate and CO, concentra-
tion. Climate change alone will induce these forests to
release C at the rate of 49.85Tg Cyr~'. In cold temperate,
plateau temperate, and plateau frigid zones, climate change

will cause a small reduction in C sequestration by forests.
In these areas, climate warming will significantly increase
growing season length and consequently NPP. The large
increase in NPP will partly offset the increase in hetero-
trophic respiration.

The combination of climate change and the increase in
CO, produces less enhancement of NEP than the increase
in CO; alone. The average NEP in 2001-2100 is 155.4 and
126.9Tg Cm2yr ' in the CGCM2-A2 and -B2 coupled
runs, respectively. The increases of NEP caused by the
combined effect of these two factors are 45.3 and 16.8 Tg
Cyr!, respectively. In the CGCM2-A2 coupled run,
China’s forests will be a small C source of 7.6 Tg Cyr "
during 2091-2100, with most forests acting as C sources
ranging from 0 to 40g Cm 2yr~'. In the coupled run
of CGCM2-B2, China’s forests will be a small C sink
of 10.5Tg Cyr~' during 2091-2100, with most forests
acting as C sinks ranging from 0 to 40g Cm Zyr
(Figs. 10b and f).

3.4. Sensitivity analysis of simulated NPP and NEP

A series of sensitivity experiments was carried out to
analyze the uncertainty in simulated future C sequestration
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Fig. 9. Time series of simulated total carbon stock in China’s forest ecosystems under different climate change and increasing CO, scenarios. All
simulations were driven by same spatial and historical climate data sets and output same total carbon storage during1901-2001. The difference in total
carbon storage during 2002-2100 is due to different future climate and CO, concentration data sets used.

of China’s forests using the CGCM2-A2 coupled simula-
tion as the baseline (Tables 4 and 5). In each of these
simulations, one of the parameters affecting photosynth-
esis, N balance, or C decomposition was changed while
inputs of climate and CO, concentration remained the
same as those used in the CGCM2-A2 coupled run. The
future C balance of China’s forests is very sensitive to the
Q1o value. If a Qg value of 1.6 is used, NPP of China’s
forests will gradually increase during this century (Table 4)
and China’s forests will still act as a C sink of 66.9 Tg
Cyr~! during 2091-2100. When a value of 3.0 is used for
this parameter, China’s forests will be a considerable C
source of 103.7 Tg Cyr~"' during 2091-2100 (compared to a
source of 7.6 Tg Cyr~! in the base case of the CGCM2-A1
coupled run). This indicates the importance of properly
representing the sensitivity of maintenance respiration in
projecting the response of terrestrial C cycle to climate
change. Terrestrial carbon models commonly used Qi
ranging from 2.0 to 2.3 (Raich et al., 1991; Bonan, 1995;
Chen et al., 1999). A Q;q value of 2.3 used in this study is
within this range. Recently, a change of ;9 with
temperature has been implemented in some models (Arora,

2003), reflecting an apparent adaptation of vegetation to
changing temperature that may yield a more realistic
response of maintenance respiration. The future C
sequestration of China’s forests is also very sensitive to
soil water availability. If average soil moisture in
1991-2000 is used for the period from 2002-2100, the
NPP of China’s forests will be 1652.0 Tg Cyr~' during
2091-2100, increasing by 181.6Tg Cyr~' compared with
the value in the CGCM2-A2 coupled run. Most of the
increase in NPP is consumed by accelerated heterotrophic
respiration. The NEP value will be only 34.5Tg Cyr ™',
42.1Tg Cyr ! larger than the result in the CGCM2-A2
coupled run. The future C sequestration of China’s forests
is less sensitive to N deposition scenario. When N
deposition is fixed at the 2001 level, NPP is about 3%
smaller in 2045-2054 and 2% smaller in 2091-2100 than
for the base case (Table 6).

4. Conclusions

China’s forests are currently acting as a C sink (189 Tg
Cyr~' in the 1990s). This sink will peak around 2020
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Fig. 10. Spatial distribution of carbon balance in China’s forests: (a) during 1991-2000; (b)—(d) during 2091-2100 from the CGCM2-A2 coupled, CO, and
climate impact runs, respectively; (¢) during 2091-2100 from the baseline run; (f)—(h) during 2091-2100 from the CGCM2-B2 coupled, CO,, and climate
impact runs, respectively. Negative values are carbon sources, and vice versa.

and then gradually decline to 33.5Tg Cyr ' during will be spatially heterogeneous. A series of modeling
20912100 without climate and CO, changes according  experiments is used to illustrate the joint and indivi-
to our simulations. The CGCM2 climate model projects dual impacts of an increase in CO, and climate change on
that significant climate warming will occur in China in NPP, NEP, and long-term C accumulation in China
the 21th century and that the change in precipitation forests.
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Fig. 11. Time series of simulated carbon balance in China’s forest ecosystems under different climate change and increasing CO, scenarios. All simulations
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concentration data sets were used to drive the model.

Table 5
Simulated mean carbon balance of China’s forests during 2091-2100 in different climate zones under different climate and CO, change scenarios (Tg
Cyr™h
Climate zone Simulations

Baseline CGCM2-A2 CGCM2-A2 CGCM2-A2 CGCM2-B2 CGCM2-B2 CGCM2-B2

coupled climate CO, Coupled climate CO,

Marginal tropical 2.00 1.53 —2.40 5.03 1.87 —2.36 431
Southern tropical 16.70 —8.03 —32.83 33.98 —1.63 —15.67 29.92
Middle tropical 13.49 —1.15 —49.85 45.65 1.04 —23.21 36.97
Northern tropical 8.29 0.94 —20.55 17.34 5.22 —4.37 14.80
Wet warm temperate 2.80 —-3.22 —16.48 9.99 1.77 —4.64 7.69
Dry warm temperate 0.02 —0.03 —0.03 0.02 0.04 —0.01 0.01
Wet middle temperate —-7.22 —1.33 —22.81 5.36 —2.08 —14.19 2.25
Dry middle temperate —0.20 —0.83 —4.40 1.47 1.10 —0.37 0.80
Could temperate —2.08 —0.84 -3.71 —0.12 —-1.13 -2.97 —0.58
Plateau temperate —1.39 3.92 —-1.99 3.25 3.37 —0.17 1.39
Plateau frigid 1.06 1.46 0.25 1.23 1.09 0.07 1.25
Total 33.47 —7.60 —154.80 123.19 10.65 —67.89 98.83

An increase in CO, always enhances the C uptake of
China’s forests. The values of the f factor are 0.35 and 0.42
in 2001-2100 for the CGCM2-A2 and -B2 CO, fertilization
scenarios, smaller than those in some global studies. The

simulated increase in NPP caused by CO, is also lower
than the number derived in a FACE experiment. However,
the enhancement of NPP by higher CO, tends to decline
with time due to a decrease in N availability (Hungate
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Table 6
Sensitivity analysis of simulated NPP and NEP (Tg Cyr~)

Simulations NPP NEP

2001-2100  2001-2010  2045-2054  2091-2100  2001-2100  2001-2010  2045-2054  2091-2100
Base case:
Q1o = 2.3, changing Ngp, changing 1432.4 1274.2 1472.1 1470.5 155.4 339.3 148.3 —7.6
soil moisture, feedback between C/N
ratios and C decomposition
Sensitivity case:
Q10 = 1.6, changing Ny, changing 1461.1 1240.8 1474.7 1630.6 169.7 309.4 155.6 66.9
soil moisture, feedback between C/N  (28.7) (—-33.4) (2.6) (160.1) (14.3) (—=29.9) (7.3) (74.5)
ratios and C decomposition
Q10 = 3.0, changing Ny, changing 1343.6 1278.1 1418.3 1209.6 119.9 345.3 122.5 —103.7
soil moisture, feedback between C/N  (—88.8) 3.9 (—53.7) (—260.9) (—35.6) (6.0) (—25.8) (—96.1)
ratios and C decomposition
Q10 = 2.3, fixed Ny at the level of  1398.5 1272.0 1429.1 1426.2 144.9 337.6 130.2 —10.1
2001, changing soil moisture, (—=33.9) (=2.2) (—43.0) (—44.3) (—106) (-=1.7) (—18.1) (=2.5)
feedback between C/N ratios and C
decomposition
Q10 = 2.3, changing Ngcp,, average 1518.9 1296.2 1535.8 1652.1 176.6 348.9 157.2 34.5
soil moisture of 1991-2000, (86.5) (22.0) (63.7) (181.6) (21.2) 9.7) (8.9) (42.1)

feedback between C/N ratios and C
decomposition

In all simulations, climate and CO, are same as those used in CGCM2-A2 coupled run. Only one of parameters in the table is changed in each simulation.
Values in parenthesis are the departures from those in the CGCM2-A2 coupled run.

et al., 2003). The CO, fertilization effects on NPP by the
end of this century are 349.6 and 241.7Tg Cyr~' under
CGCM2-A2 and -B2 increase scenarios, respectively. These
effects increase by 199.1 and 126.6 Tg Cyr~! in the first 50
years, and thereafter, by 150.5 and 115.1 Tg Cyr~' in the
second 50 years under CGCM2-A2 and -B2 increase
scenarios, respectively. Under a CO, rise without climate
change, the majority of China’s forests will be C sinks
during 2091-2100, ranging from 0 to 100g Cm2yr .

Climate change will reduce the C sequestration of
China’s forests due to its negative effect on NPP and the
enhancement of soil C decomposition. The reduction
caused by climate change will mainly occur in the second
half of this century. Without a corresponding increase in
CO,, China’s forests would widely act as C sources during
2091-2100, releasing C to the atmosphere at the rates of
about 50g Cm2yr~' under the moderate warming of
CGCM2-B2 and 50-200g Cm 2yr~! under the warmer
scenario of CGCM2-A2, respectively.

The combination of an increase in CO, and climate
change always has a larger positive effect on NPP and
vegetation C stock than the increase in CO, alone during
the first 50 years. After 2050, the negative effect of climate
change will weaken the enhancement of NPP by the
increase in CO,. In the coupled run of CGCM2-A2,
China’s forests will be a small C source of 7.6 Tg Cyr~!
during 2091-2100, with most forests acting as C sources

with C balance ranging from 0 to —40g Cm Zyr .

China’s forests will be a small C sink of 10.5Tg Cyr "
during 2091-2100, with most forests acting as C sinks
ranging from 0 to 40g Cm~2yr~' under the CGCM2-B2
CO, and climate scenario.

The prediction of future C sequestration of China’s
forests is very sensitive to the Q¢ value used to estimate the
changing maintenance respiration, and to soil water
availability, while being less sensitive to the N deposition
scenario. In this study, the calculation of soil moisture is
very simple and needs to be improved. Stand age structure
has more important effects on C balance than climate
change and the increase in CO,. In this study, we do
not consider the occurrence of future disturbances and
the progressive increase in stand age after 2001,
although we allow for progressive aging of the stand. This
treatment inevitably introduces some errors in the temporal
trends of simulated NPP and NEP, and may bias the
results toward larger NPP and NEP than will occur in
reality.
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Appendix

A.1. Net biome productivity

NBP(i) = NPP(i) — R,(i) — Rq(i) = NEP() — Rq(i), (A.1)
where NBP(i) (gCm’yr~') is net biome productivity, NEP(i) (gCm’yr~') is net ecosystem productivity, NPP(i)
(gCm?yr") is net primary productivity, Rn(i) (2Cm?yr~") is heterotrophic respiration, and Rq(i) (gCm?yr~') is direct
emission of C to the atmosphere in the fired year, and 7 is the year number.

A.2. Direct emission of carbon to the atmosphere

The direct emission of C to the atmosphere R4(7) is set to zero in nondisturbed years and estimated using a simplified
model of Kasischke et al. (2000) in the disturbed year, i.c.,

Rq(i) = Ci()) + 0.25Cw (i) + Cssa (i) + Csma(i), (A2)
where Cy(i), Cy (i), Cssa(i), Csma(i) (g Cm?) are sizes of foliage, woody, surface structural, and surface metabolic litter C
pools.

A.3. Heterotrophic respiration R,

In the model, heterotrophic respiration is calculated using algorithms adopted from the CENTURY model. The model
uses 9 pools to simulate soil C dynamics, i.e., (1) surface structural litter, (2) soil structural litter, (3) woody litter, (4)
surface metabolic litter, (5) soil metabolic litter, (6) surface microbial, (7) soil microbial, (8) slow, and (9) passive C pools.
Heterotrophic respiration is the sum of C released to the atmosphere during decomposition, i.e.

Ri(i) = Z kja(D)C(0), (A.3)

where k;, (i) (yr " is the rate of C released from the jth C pool to the atmosphere, and Ci(i) (g C m?) is the size of the jth C
pool.

The decomposition rates of C pools are the products of maximum rates modified by soil temperature, moisture, texture,
N availability, and lignin content (litter pools):

K KN{()AGLC;, j=1,23,

k() K;KN;(i)A(i), j=4,5,8,9, "
() = _ . |
/ K;AG@) T, j=1,

K;AQ), =6,

where K; (yr~ ') is the maximum decomposition rate of the jth pool (K; =3.9,49,2.4,14.8,18.5,6.0,7.3,0.2,0.0045 yr 1),
KN;(i) (d1mens1onless) is the modifier for the effect of N availability on C decomposition, A(i) (dimensionless) is the
combined abiotic effect of soil temperature and moisture on soil C decomposition, T, (dimensionless) is the effect of soil
texture on soil microbial turnover, and LC; (dimensionless) is the impact of lignin content on structural litter decomposition.

A.4. The abiotic effect on soil carbon decomposition

The annual value of abiotic effect is calculated as

A@_ZE)Momnm@ (A.5)

m—
where M (i, m) (dimensionless) and 7{(i,m) (dimensionless) are the scalars for the effects of soil moisture and temperature
on decomposition in month m of year i, respectively. They are calculated as

Mon@_smcgmv—do%@ym)—owz (A.6)

S s

T(i,m) = 308-56((1/(35-+46.02))—(1 /(T (i,m)+46.02))) (A.7)
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where 0(i,m) (m*m~>) and T(i, m) (°C) are volumetric soil water content and soil temperature in month m of year i, and 6,
(m>m™) is the soil porosity estimated from soil texture.

A.5. Balance of each carbon pool

The balance of each C pools is calculated as the difference between inputs and outputs. Annual NPP is allocated to four
biomass C pools (foliage, woody, coarse root, and fine root) according to prescribed allocation coefficients for different
cover types, i.e.

AC)(0) = (;NPP(i) — k;C,(0)/(1 + k). (A8)

where f; (dimensionless) refers to the allocation coefficient of NPP to the jth biomass pool, and k; (dimensionless) is the turn
over rate of the jth biomass pool, which also depends on land cover type.
Soil carbon pools are updated as

AC)(i) = (Z ki ()Cii = 1) = kyCi — 1)/(1 + k,-> , (A9)

=1
where k;; is the transfer rate of C from pool / to pool j, n is number of C pools transferring C to pool j, and k; is the
decomposition rate of pool j.

A.6. Calculation of NPP

Actual NPP of a forest is calculated as

NPP(i) = NPP,(i))Fnpp(i), (A.10)
where NPP,(i) is NPP value determined by nondisturbance factors (climate, CO,, and N availability), Fnpp(i) is
normalized forest productivity changing with age and it rages from 0 to 1.0, (Chen et al., 2000c).

Originally, the INTEC model assumes that the ratio of NPP, to GPP is conservative with climate change and N status.
This assumption possibly overestimates the positive effect of climate warming on NPP. To remove this limitation, NPP
value of each year is progressively calculated using a modified method in this study, i.e.

NPP, (i) = GPP(i) — R, (i), (A.11)
NPP,(i — 1) = GPP(i — 1) — Ry(i — 1), (A.12)

NPP, (i) — NPP,(i— 1) _ GPP(i) — GPP(i — 1) — Ry(i) + Ry(i — 1)
NPP, (i) + NPP,(i — 1) _ GPP(i) + GPP(i — 1) — Ru(i) — Rai — 1)
X - )= Bi— YD - 1)
S @O+ )= pi-DroH+D - 2 A.13)

Therefore,

1+ B()
1 - B@)’
where X(7) (dimensionless) is the interannual variability of GPP between year i and year i—1, which is calculated using
modified INTEC model’s approach, f(i—1) (dimensionless) is the ratio of maintenance respiration to GPP in year (i—1),
and Y(i) (dimensionless) is the interannual variability of maintenance respiration in year i and year i—1.

Maintenance respiration is calculated as

NPP,(i) = NPP,(i — 1) (A.14)

Ry(i) = (C/Ry15 + CsRy1s 4 CerRerts + CiiRizy5) Qb 0110, (A.15)

where C,Cs, Cer, and Cy (2Cm~2) are respiratory C in foliage, woody (sapwood), coarse root, and fine root biomass
pools, R; 15 Rs15Rcr,15, and Ry 15 (2C g*IC yrfl) are annual respiration rates at an annual mean temperature of 15 °C, 7(i)
(°C) is annual mean temperature in year 7, and Q, is the temperature sensitivity of maintenance respiration to temperature,
a constant value of 2.3 used for all biomass pools. The interannual variability of maintenance respiration Y(i) is

Y(i) = Ra(i)/Ro(i — 1). (A.16)
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The ratio of maintenance respiration to GPP in the (i — 1)th year f(i—1) is calculated as

R,(i—1)

pi-D= NPP,(i— 1)+ R,(i— 1)

(A.17)

A.7. The variability of GPP

Canopy-level instant photosynthesis rate is calculated as

Pcan = Pcan],fp + PcanZ(l _fp)a (A18)

where P, and P.,,n are canopy gross photosynthesis limited by electron transport and rubisco activity, respectively, and
S 1s the fraction of canopy photosynthesis limited by Peani.
Scaling up Farquhar’s biochemical model from leaf to canopy, Py and P,y are calculated as

C;—T P _y Ci—r
45C;+ 1050 "7 TGt ke
where L,, Lo, Leag (m°m™2) are the total, sunlit , and shaded leaf area index, respectively; J, Vi, C;, I', and ke, are
calculated as (Bonan, 1995)

Pcanl = (-]suanun + JshadLshad) Lt7 (A19)

J=[Jm+0385 — \/ (Jm + 0.385)2 — 1.064J,,5]/1.4,

N1 (1.-25/10 - : Ny
T = Juos a( a—25)/ /[1 +e(85.4Td 3147.7)/(Td+273)] = Jons Tt

Nl max Jm Nl max
N _ _ N
Vm = Vs —agg, 25)/10/[1 + 6(85'4T" 3147.7)/(Ta+273)] — Vm25 th,
1 max 1 max

=402 x 1.75772910 [ = 300 x 2.17+729/10 1 209 x 1.757729)/10,
Ci = aC,, (A.20)

where T, (°C) is air temperature, S (W m~?) is incoming solar radiation, N} (N m™2) and Nj may (¢ Nm™~?) are actual and
maximum leaf N content, Vs (umol CO, m~2 s_l) and Jns (umol CO, m~2 s_l) are carboxylation and electron transport
rates at 25 °C, « is the ratio of intercellular CO, concentration to the atmospheric CO, concentration, determined by soil
water availability, a;, and a,m are sensitivity of electron transport and rubisco activity to temperature, with values of 1.75
and 2.4, respectively, and C, is atmospheric CO, concentration (ppmv).

The annual gross photosynthesis rate of a forest in year 7 is then given by integrating P, over the time periods (growing
season)

GPP(i) = / Pean(t)dt. (A.21)

To reduce the requirement for data inputs and control the uncertainty in the calculation of historical photosynthesis,
GPP(i) is calculated using a relationship between the interannual variability and the external forcing factors (Chen et al.,
2000b):

dGPP(i) [ dPeun(?)
di /, di
where term I represents the effect on GPP(i)/di caused by changes in P,y (f) and term II represents the effect caused by the
change of growing season length (/).
From Eq. (A.22), interannual variability of annual photosynthesis rate is calculated using a temporal scaling algorithm
developed by Chen et al. (2000b), i.e.

ol
dr+ Pcan(t)a—f, (A.22)

ngF’(i) — 40) {GPP(i) + g}PP(i -1 (A23)
i
and

GPP(i) = GPP,(i — 1)2 * X(l:) = GPP,(i — DX(), (A.24)

2 — (i)
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where y(i) represents the integrated effect of climate, atmospheric CO, concentration, N, and soil water on annual
photosynthesis and is given by

20) = o DEL, Lia(DACy + &p,y Lo (DA« 4 Epy L3 i (DAL + & Ls 1 (AT e
+ ¢ LN OAN (i) + &1,y Lo i (DA Lsun(@) + &1, L 2()A Lahaa (0)]
+ (1 =y (EL,, Lin(DAC, + &, Los(DAx + & L (AT
+ &1, Lan(DAkeo + &, Lsp(DAV iy + Ep, Lo (DANI((D]) + Lg Al (A.25)

where A represents the interannual variability of a variable, £; _is a coefficient to correct the effects of diurnal and seasonal
variations of L, and P, on dP and to correct the bias from the replacement of the temporal average of L, by L., which is
calculated from mean values of environmental variables. Terms of L, in Eq. (A.25) are defined as

L) = 0.5{ S\ S
() Cald) — T[4 52) Ca(d) + 10.5T ()]
— 1w = DIG=1) _ } (A.26)
[ — 1)Cali — 1) — I'(i — D[4.58( — )Ca(i — 1) + 10.51( — 1)]
E(i)=0.5{_ ___ bGOrG
’ [o())Ca(i) — L ()][4.5a()Ca (i) + 10.5I'(D)]
R PCU-DIG-1) _ } (A27)
[0(i — D)Co(i—1) =T — D][4.52(i — 1)Co(i — 1)+ 10.5I(i — 1)]
S 155() Ca(i)
- Jmco
[6() Ca(i) — T(i)][453()Ca(i) + 10.5T ()]
T Pal - DGG-1) _ } (A.28)
[(i — DCo(i — 1) — I'G— D][4.5a(i — 1)C,(i — 1) + 10.5I'(i — 1)]
— . T E(l)m(l) . E(i)Lshade(i) .
Ls; = 1/[Jmt(l) + St 1)]{ E(l)j(l) J 1, () + E(l)j(l) I T 0 ()
Toli— DL —1) . Twli— D= 1),
T gy i e e i ) (A-29)
Tr (9= 0714~ 0.7147 (i) — 0.1086S0m , (A30)
VT + 0.38500)* — 1L06AT (S n
Fros (= 0714 — 0.714Tm(i) — 0.1086 Ssnade ’ A
\ T + 0,385 aae)’ — 1.0647 (DSt
T _ . N E(Z)m(l) . E(i)Lshade(i) .
Ly = 1/INi(i) + Ni(0 1)]{73@7@ T4 T 1)
T = D=1 . Tmli— D=1
U el D gy - i Dol -, (A3
Tl Tl =D] o
Luna = [P0 P D) i + 2 - v (A33)
o) TaaaG=D] )~
1 = [ i) Jaeall } / (T + Tt - 1) (A34)
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L= 0.5{ _ #D)Keo() + L)
[6(7)Ca (i) — T()[a() Ca(i) + Keo(D)]

(i = D[Keoli = 1) + T = 1) } A35)
[06(1 —DCy(i—1) =T — D] — 1)Cyali — 1) + Keoli — 1)]
Ty =0 5{ C, (DK, co(l) + F(’)]
22 =0.09— —
[(i) Ca(i) — T()][E(D) Ca (i) + Keoli)]
Co(i — D[Keoli — 1)+ T(i — 1)] } (A.36)
[oc(z —1)Cali— 1) = TG — D[l — 1)Cali — 1) + Keoli — 1)]
_ { -1 1 }
L3y =05 ————""—=—"——"""""=—- = ) (A.37)
[()Ca(@) — T (D] [a(i —1)Co(i—1) =TI — 1)]
1
{ —— —— } (A.38)
[(i)Ca (l) + Kco(l)] [(i = D)Co(i — 1) + Keo(i — 1)]

T =05{ g+ 2
Laa(i) = [ ! ] (A.40)
2 oM Nl(z —1) '

1 1
L= {?rm]. (A.41)

Eqgs. (A.25)-(A.41) are different from those used in previous versions of the INTEC model (Chen et al., 2000Db).
Originally, INTEC uses growing season mean temperature to calculate I',k¢,, and V', and to evaluate the temperature effect
on annual GPP. The responses of I, k.o, and V,, to temperature are nonlinear. In this study, in order to give a reliable
representation of the temperature effect on GPP, monthly mean temperature is first used to calculate I',k.,, and V', for
each month in the growing season. Then, averages of I',k,, and V,,, are then used to evaluated the interannual variability of
GPP caused by the change in temperature. This new algorithm captures the effects of both interannual and seasonal
variations of temperature on GPP.

A.8. Simulation of nitrogen cycle

N transformations among various litter and soil C pools follow C flows and equal to the product of the carbon flow and
the CN ratios of the pools that receive the C. Nitrogen available for vegetation uptake is the sum of fixation Ny, deposition
Ngep, net mineralization Npip.

N fixation is a function of temperature, precipitation, and microbial biomass:

Nix(i) = ;2.0 1YAPPT (i) /0.45 x (Cem(i) + Cm(1))/200, (A.42)

where ¢; (0.15g Nm~2yr~") is coefficient determining fixation rate, T(i) (°C) is annual mean soil temperature, APPT(i)
(m) is annual precipitation, Csm(i) (g Cm~2) and Cpn(i) (2 Cm™~?) are the sizes of surface and soil microbial pools.

N deposition is interpolated for each year according to measurements of N deposition in a reference year s (including
dry and wet deposition), the increase rate of greenhouse gas emission:

[Ndep(iref) - Ndep(iO)][G(i) - G(io)]
G(iref) - G(ZO) ’

where N gep (g Nm~2yr~ ") is nitrogen deposition rate in year i, G (TgCyr~") is greenhouse gas emission rate, iy, iref, and i
represent the initial, the reference, and a simulation years.

Ndep(i) = Ndep(o) +

(A.43)



558 W.M. Ju et al. | Journal of Environmental Management 85 (2007) 538-562

Net N mineralization depends on the C transfers and C/N ratios of all soils C pools:

Cssd(i)(kssd,sm + kssd,s + kssd,a) + Csmd(i)(ksmd,sm + ksmd,a)

Nin) = CNoall) CN (D)
. Cra(D)(kpsdm + ksas + Krsda)  Crmd (D) (Kimdm + Ktnd,a)
CNsa(i) CN ma (i)
+ Ccd(i)(kcd,m + kcd,s + kcd,a) Csm(i)(ksm,s + ksm,a)
Cch(i) CNsm(i)
Con(D(kms + kmp + kma) | Cs(D(ksm + ksp + ksa)
CNu (i) CN(i)
Cp(i)(kp,m + kp,s + kp,a) _ Cssd(i)ksd,sm + Csmd,sm(i)ksmd,sm _ Cs(i)ks,p + Cm(i)km,p
CN (i) CNgp, (i) CN (i)
_ Cfsd(i)kfsd,m + Cfmd(i)kfmd,m + Ccd(i)kcd,m + Cs(i)ks,m + Cp(i)kp,m
CNm(i)
_ Cfsd(i)kfsd,s + Cfmd(i)kfmd,s + Ccd(i)kcd,s + Cm(i)km,s + Cp(i)kp,s ] (A44)
CN(i)

The amount of N available N, (i) (gNm™>2) for forest uptake is the total of N fixation, deposition and net
mineralization:

Nav(i) = Nfix(i) + Ndep(i) + Nmin(i)- (A45)
N uptake by forest N () (gNm™?) is determined by N availability, fine root mass Cg(i), i.e.
Nup(i) = Nav(i) (A.46)

1+ bNav(i)/Cfr(i) ’
where b is a coefficient determining the maximum uptake capacity of a forest (Chen et al., 2000b):
Ni(i) = Ci(i)/ CNi(D) /L, (A.47)

where N(i) is leaf nitrogen content (g Nm~2), CNy(i) is the ratio of C to N in leaves, L is total leaf area.
The C/N ratios of surface and soil microbial C pools are fixed at 12 while other C pools have fluctuated C/N ratios:

(I -K)C(i — 1)+ S
CNiG—1) " CNii—1)

N
T TCN = 1) + T/ CNali— D) + (47 ) CN (i = 1)} ’ (A.48)

CNi(i) =[(1 — K)Ci(i — 1) + /1 NPP(i — 1)]/[

(1 = Kg)Cre(i — 1) n S
CNfr(i - 1) CNfr(i - 1)

Nupli)
T TCNTG =D+ 2/ CNaG— )+ (o 7o)/ N = 1>} : (A.49)

CNp(i) = [(1 = Ki)Cpe(i — 1) + [ NPP(i — 1)]/[

Cw(i - 1) + Ccr(i - 1) fw +fcr

CNy(i) = [Co(i = 1) + Cer(i = D) + (fy, + f o )NPP( — 1)]/[

CNo(i—1) CNuoGi—1)
R (5T E o e e T 1>} ’ (A30)
o) = Co [ Mt - = s, a5
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o . Cra(i — 1) | KpCr()(1 — Fun(@))  Crsali — D(Kpsam + Kisds + Kisd,a)
Nl = Cde(’)/ {CNfsd(i— D CN:i(i) CNrali — 1) } (-39
o . Cimd(i — 1) | KpCr()Fm(i)  Crma(i — D(Ktmdm + Kiind,a)
Nima(0) = Cf““’(’)/ {Cmed(i —D T Nl CNma(i — 1) } (A3
N Cs(l - 1) Kssd,scssd(i - 1) Kfsd,sCfsd(i - 1) ch,sccd(i - 1)
N = CS“)/ {CNS(i “H T N CNwa) CNw(D)
Km,scm(i - l) Ksm,sCsm(i - 1) Cs(i - l)(I<s,m + Ks,p + Ks,a) A.56
CN (i) CNam()) CNy(i—1) } (A0
N . Cp(i - 1) Ks,pCs(i - 1) Km,pcm(i - 1) Cp(t - 1)(Kp,m + Kp,a)
ENp(0) = Cp(’)/ {CNp(i “nt vy T 120 CN,(i— 1) ] (A-57)
Fp(i) = 0.85 - 0.6 x 0.018 x [CN,(i) + CN(i)]. (A.58)

A.9. The effect of nitrogen on carbon decomposition

N availability has feedbacks on C decomposition through two mechanisms. The C/N ratios of foliage and fine root C
pools determine the fractions of foliage and fine root litter partitioned into structural and metabolic pools. Foliage and fine
root litters with low C/N ratios will transfer more into metabolic C pools, which have higher decomposition rates than
structural C pools. The decomposition of soil C pools is regulated by N availability.

The N flow during the decomposition of a C pool j is computed as

N L S Ku()Ciiy

NAV.(i) = K . ‘N (i) — § LAY
V/(Z) ./(Z)Cl(l)/c ](Z) — CN](l)

where NAV;(i) (gN m 2 yr~ ') represents the potentially mineralized (or immobilized) N in the decomposition of pool j, and

K;(i) (dimensionless) is the decomposition rate of C pool j without N limitation.
The N balance f (gNm 2yr~') is given as

(A.59)

9
Bi) = Nix(i) + Naep(D) + Y NAV;(i). (A.60)
=1
If f(i)<0, the system is N-limited, the extent to which the decomposition rates of various C pools are reduced as

9
Nsup(i) = Nfix(i) + Ndep(i) + Z NAV](l) NAV](I) > 09 (A61)
j=1
9
Nueeali) = > _[NAV;()] NAV()<0, (A.62)
j=1

Nneed(i) (A~63)

, Nowp(?) ¢ NAV (i) <0,
KNJ'(I) =
1 else.

A.10. Relative canopy conductivity to CO,

The mean of intercellular CO, concentration C;(i) in the growing season (May to September) ith year is calculated as

9

Cii) = %Z (i, m) Ca(i), (A.64)

m=5
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where a(i,m) is a dimensionless multiplier accounting for the change of canopy conductivity to CO, related to soil moisture
availability, ranging from 0 to 1.0. Following the TEM model (Pan et al., 1998), «(i,m) is computed as

AET(i, m) AET(, m)
PET(i,m)’ PET(i, m)

N2 . AET(®,m)
AET(i,m) AET(i,m) >
—-10 (PET(:‘,m)) +2.9 PETGm)*  PET(i, m)

0.14+09 >0.1,

o(i,m) = (A.65)

<0.1,

where AET(i,m) (m) and PET(i,m) (m) are potential and actual evapotranspiration in month m of year i, respectively.

A.11. Calculations of PET and AET

Following Romanenko (1961), monthly potential evapotranspiration PET(Z, m) (m) is calculated as

0.19[1 — r(i, m)][20 + T(i,m)]* /1000 if T(i,m)>0,

PET(. m) = [1—r(@m)l (i,m]/ (i,m) (A.66)
0 else,

where r (%) is monthly mean of humidity and 7(i,m) (°C)is monthly mean air temperature.
Monthly AET (mm) is the lesser of supply and demand:

min{/(i,m) + [PET(i,m) — 1(i, m)|R(i,m), [(i,m) + [0(i,m — 1) — WP]} if I(i,m)<PET(i,m),

AET(i,m) = .
PET(i,m) else,

(A.67)

where I(i,m;) (m) is the total water infiltration during the month (rainfall and snowfall if applicable), R(i,m) is the relative
drying rate scalar for potential water extraction as a function of soil moisture (defined in (A.69)), 0(i,;n—1) is the volumetric
soil moisture content in the (—1)th month, and WP is the wilting point determined from soil texture with soil water
potential equal to 1500 kPa. AET is computed 4 times within each monthly time step in a prediction-correction numerical
integration.

For months with monthly mean temperature <0 °C, PET(i, m) and AET(i,m) are set to zero and there is no change in
soil water content. During these months, precipitation goes into the snow pack, which is added to 1(i,m) in the first month
when monthly average air temperature is above 0 °C.

The soil water content is calculated using a bucket nonlinear drying soil water balance model with soil rooting depth set
to 1 m. For each month with temperature above 0 °C, soil moisture is updated in terms of water infiltration, PET(i, m), and
R(i,m). If monthly water infiltration I(i,m) exceeds PET(i, m), the surface soil moisture content is increased and excessive
soil water above the field capacity is treated as runoff to leave the system. On the contrary, if I(i,m) is insufficient to meet
the demand of PET(i, m), the plant consumes the totality of /(i) and a fraction of the pre-existing soil water:

0(i,m — 1) — R(i, m)[PET(i,m) — I(i,m)] if I(i,m)<PET(i, m),
0(i,my = { 0G,m — 1)+ [I(i,m) — PET(, m)] else, (A.68)
min(0(i, m), FC)
where FC is the field capacity determined from soil texture with soil water potential equal to 10kPa for sandy soils and

33kPa for clay soils.
The relative drying rate scalar R(i,m) in (A.67) and (A.68) is given by

1 if 0(i,m — 1)>FC,
R(i,m) = { [0G,m — 1) — WP)/(FC — WP) if WP<0(i,m — 1)<FC, (A.69)
0 if 0(i,m — 1)< WP.
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