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the validation of process-based forest growth and carbon and nitrogen model of
TRIPLEX against observed data, and the use of the model to investigate the potential impacts and interaction
of climate change and increasing atmospheric CO2 on forest net primary productivity (NPP) and carbon
budgets in northeast of China. The model validation results show that the simulated tree total volume, NPP,
total biomass and soil carbon are consistent with observed data across the Northeast of China, demonstrating
that the improved TRIPLEX model is able to simulate forest growth and carbon dynamics of the boreal and
temperate forest ecosystems at regional scale. The climate change would increase forest NPP and biomass
carbon but decrease overall soil carbon under all three climate change scenarios. The combined effects of
climate change and CO2 fertilization on the increase of NPP were estimated to be 10–12% for 2030s and 28–
37% in 2090s. The simulated effects of CO2 fertilization significantly offset the soil carbon loss due to climate
change alone. Overall, future climate change and increasing atmospheric CO2 would have a significant impact
on the forest ecosystems of Northeastern China.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
In the past few decades, both observational and modeling studies
have demonstrated that forest ecosystems in the middle and high
latitudes of the Northern Hemisphere act as large carbon sinks of
atmospheric carbon dioxide (Tans et al., 1990; Dixon et al., 1994; Ciais
et al., 1995; Fan et al., 1998; Schimel et al., 2001; Fang et al., 2001;
Pacala et al., 2001). These studies are mainly conducted from North
America and European countries (e.g. Kauppi et al., 1992; Ciais et al.,
1995; Goodale et al., 2002; Jackson and Schlesinger, 2004). Using
national forest resource inventories, several recent studies have
revealed that the planted forests in East Asia also play a substantial
role in sequestrating carbon dioxide (Fang et al., 2001; Choi et al.,
2002; Fang et al., 2005). Bousquet et al. (1999) also suggested that a
significant carbon sink is located in northern Asia based on the inverse
modeling approach. However, the location, magnitude and mechan-
isms of these sinks are still debated due to the diversity and
complexity of forest ecosystems (Schimel et al., 2001; Goodale et al.,
2002; Houghton, 2003). The forest growth enhanced by changes in
climate and atmospheric CO2 and land use was believed to account for
ciences, University of Quebec
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a large part of the terrestrial carbon sinks (IPCC, 2001). Many recent
studies based on future climate change scenarios derived directly or
indirectly from general circulation model (GCM) simulations sug-
gested that changes in atmospheric CO2 concentration and future
climate are likely to significantly alter future forest production,
succession, composition, and carbon balance of terrestrial ecosystems.
The northern forest ecosystems are especially vulnerable to climate
change, due to the longevity of trees and the extent of the expected
climate change within their life span (Goulden et al., 1998; IPCC,
2001). The potential impacts and interactions of climate change and
increasing CO2 on northern forest ecosystems have been one of high
priorities in the global carbon cycles and climate change impacts
research (IPCC, 2001; GCP, 2004).

The forest ecosystems in northeast China play an important role in
the national carbon budget because they comprise more than 30% of
total forest area in China (Fang and Chen, 2001), including the
southern boundary boreal forests of the Eurasia in Daxing'anling
region of Heilongjiang Province and Inner Mongolia, which are
specially sensitive to projected climate change (Zhou, 1997). In the
past decade, a number of studies have been carried out at the national
scale for estimating China's net primary productivity (Jiang et al.,
1999; Ni et al., 2001, Ni, 2003; Fang et al., 2003; Piao et al., 2005; Zhao
and Zhou, 2005), forest biomass (Fang et al., 1998; Feng et al., 1999;
Fang et al., 2001, Li et al., 2004; Pan et al., 2004), soil carbon storage
(Fang et al., 1996; Wang et al., 2003; Wu et al., 2003a,b), possible
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responses to past climate change (Peng and Apps, 1997); interannual
climate variability (Cao et al., 2003; Piao et al., 2003, 2005) and future
climate change (Xiao et al., 1998; Gao et al., 2000; Ni et al., 2001).
Recent estimates of forest biomass carbon in China suggested that
Chinese forest ecosystemswere acting as a carbon sink during the past
decades (Fang et al., 2001). However, the forest carbon sink is not
permanent and likely to be altered with the changes in climate and
increasing CO2. Fang et al. (2003) and Piao et al. (2005) also showed
that China's terrestrial NPP has been significantly increased due to the
increases in temperature, precipitation and CO2 concentration and the
largest increases in NPP were observed in broad-leaf and needle-leaf
mixed forests in northeast of China. To date, few studies have been
conducted to investigate the potential impacts of future climate
change and increasing CO2 on forest productivity and carbon balance
of forest ecosystem in northern China (Li, 1995; Shao, 1996; Gao and
Zhang,1997; Ni, 2002). However, the study of Li (1995) was limited by
the empirical statistic approach based on climatic data and vegetation
distribution. Although the gap-based modeling approach by Shao
(1996) and Shao et al. (2001) and process-based modeling
approaches by Gao and Zhang (1997) and by Ni (2002) provided an
improved understanding of the response of forests to future climate
change, they were limited by the selection of small area of gap (Shao,
1996; Chen, 2002), or transect (Gao and Zhang, 1997) or only boreal
forests (Ni, 2002) in northeast of China. These previous studies are
useful but did not provide a big picture of potential impacts of future
climate change and increasing CO2 on forest carbon budgets in
northeastern China at regional scale. Another common challenge
with the climate change impact studies and regional-scale modeling is
model validation. This is mainly due to the limited available field
measurements of forest growth and yield, NPP, biomass and soil carbon
at appropriate scale. Thus,mostmodels have only been comparedwith
limited sites or plots measurements (Gao and Zhang, 1997; Xiao et al.,
1998; Ni, 2002; Cao et al., 2003).

To accurately quantify the dynamics of forest ecosystem carbon
sinks and reduce the uncertainty in estimating forest carbon budgets
under a changing climate, we need to take into account the response
of forest carbon pools and its dynamics to future projected climate and
Fig. 1. Study area. Solid triangles denote 6 site loca
increasing CO2. The gaps that exist are in predicting the impacts
of future climate change and increasing CO2 on forest productivity
and carbon sinks at regional scale. CO2 fertilization, via its effects
on terrestrial carbon uptake, remains large uncertain components of
the global carbon cycles (Norby et al., 2005; Matthews, 2007; Piao
et al., 2008). Process-based forest simulation models are powerful
tools to help in understanding the complex effects and interactions of
climate change and on increasing CO2 on forest productivity and
carbon budgets (Cao and Woodward, 1998; Cramer et al., 2001;
Matthews, 2007). Cramer et al. (2001) have reported a global-scale
analysis of the effects of climate change and elevated CO2 on terrestrial
ecosystem productivity. Unfortunately, predictions from such broad-
scale modeling cannot be adequately validated because of a lack of
field measurements. The objectives of this study are to: (1) validate
the TRIPLEX1.0 model (Peng et al., 2002) using a comprehensive
ground observations and measurements of forest growth, NPP,
biomass and carbon in vegetations and soils; and (2) simulate the
temporal and spatial response of NPP and carbon balance under
projected future climate change and increasing CO2 scenarios in 21st
century.

2. Methods and data

2.1. Study area

The study was carried out in forested lands of northeast China
(Fig. 1) located in the southern edge of Eurasia boreal forests and
consists of Heilongjiang, Jilin and Liaoning provinces, and the eastern
part of Inner Mongolia Autonomous Region. The study region,
covering about 1,240,000 km2 (about 12.9% of the total country
area) with the approximate latitudinal range of 38–54°N and long-
itudinal range of 110–136°E, contains 4 major forest types in East Asia
including temperate and boreal conifer, Larix, deciduous, and mixed
forests (Zhou, 1997). Major soil types include the dark-brown earths,
brown coniferous forest soils, calcic chernozems and meadow soils
(ISSCAS, 1986). This study area was selected not only because
there exists forest inventory, forest sample plots and soil data for
tions where data were measured in 70 plots.
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testing TRIPLEX1.0 model but also because this area represents a
pronounced climatic gradient through the boreal forests in Mt Baikalu
to mixed forests in Mt Changbai and an ideal region for exploring the
relationship between forests and climates and carbon dynamics under
future climate change. Climates of forest in this study area are
characterized by warm summer, cold winter, abundant precipitation
and short growing season, and are controlled by high latitude East
Asia monsoon, changing from warm temperate, temperate to cool
temperate zone from south to north, and from humid, semi humid to
semiarid zone from east to west. For whole study area, the annual
average temperature ranges from −7.3 to 12 °C and precipitation
ranges from 180 to 926 mm (with 1336 mm in the high elevation in
the eastern part) (Piao et al., 2003). The forests in northeast China
represent a transition zone between boreal and temperate vegetation,
which is believed to be sensitive to changes in climate and play an
important role in the carbon cycle in East Asia (Fang et al., 2001, Ni,
2002; Houghton, 2003;Wang et al., 2006). The carbon storage in these
forested area accounts for more than 27.5% of the total carbon stock of
China's forests (Fang et al., 2001; Zhu, 2005). In this study, we did not
consider the agriculture region located in central part of northeast of
China (Fig. 1).

2.2. Model description

The TRIPLEX1.0 model (Peng et al., 2002) is a process-based hybrid
model of forest growth and carbon and nitrogen dynamics (Fig. 2),
which integrated functions used in three well-established models, 3-
PG (Landsberg and Waring, 1997), TREEDYN3.0 (Bossel, 1996), and
CENTURY4.0 (Parton et al., 1993). The structure of the TRIPLEX model
includes 4 submodels: (1) Forest production. It estimates PAR and GPP
including above- and below-ground biomass. The PAR was calculated
as a function of the solar constant, radiation fraction, solar height, and
atmospheric absorption. Monthly PAR received by the forest canopy is
Fig. 2. The structure of forest growth and carbon simulation model TRIPLEX1.0 (modified fro
core simulation processes, point lines represent controls, and solid lines represent flows of ca
environment. Two arrow cycles refer to feedbacks.
estimated using cloud ratios. The model calculates monthly GPP from
received PAR, mean air temperature, vapour pressure deficit, soil
water, percentage of frost days, and leaf area index; (2) Forest growth
and yield. The major variables of tree growth and yield were derived
from biomass increment. The key variable is the increment of tree
diameter, which was calculated using a function of stem wood
biomass increment (Bossel, 1996); (3) Soil carbon and nitrogen. The
dynamics of soil carbon and nitrogenwere simulated for the litter and
soil pools. This submodel was based on CENTURY soil decomposition
modules (Parton et al., 1993), Decomposition rates of soil carbon for
each carbon pool were calculated as functions of maximum decom-
position rates, effects of soil moisture, and soil temperature; and (4)
Soil water balance. This component is a simplified water budget
module that calculates monthly water loss through transpiration,
evaporation, soil water content, and snowwater content. It is a part of
soil water submodel of the CENTURY model for simulating water
balance and dynamics. The model components of TRIPLX1.0 are
presented by class objects using objective-oriented programming
(OOP) and C++ (Liu et al., 2002). The user-friendly interface provides
flexibility in input data, output results, and analysis of simulation
results.

The model input was designed simply including three parts,
climate data, soil texture, and vegetation conditions. In TRIPLEX1.0
(Fig. 2), carbon allocation functions in 3-PG (Landsberg and Waring,
1997) were utilized by parameterizing based on field data and
empirical coefficients (Zhou et al., 2006); biomass growth rate was
calculated from annual increments; soil water, carbon and nitrogen
were calculated by the corresponding modules in the CENTURY4.0
model (Parton et al., 1993). The detailed description of the TRIPLEX1.0
model feature, structure, mathematical representation, sensitivity
analysis and building strategy is previously provided by Peng et al.
(2002) and Liu et al. (2002), and Zhou et al. (2004). To date, the
TRIPLEX1.0 has been successfully calibrated and validated against age-
m Peng et al., 2002). Rectangles represent key pools or state variables, ovals represent
rbon (C), nitrogen (N), water, and the fluxes between the forest ecosystem and external
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dependent growth measurement from 12 permanent sample plots
(PSP) for jack pine stands in northern Ontario, Canada (Peng et al.,
2002), for boreal mixedwood in the Lake Abitibi Model Forest (Zhou
et al., 2004, 2005a,b), and other boreal tree stands in BOREAS sites of
central Canada (Zhou et al., 2004). However, the present study
presents our first attempt to test the TRIPLEX1.0 and apply it for
studying forest ecosystems in northeast of China.

2.3. Model modification and adaptation for simulating effects of CO2

fertilization

In the earlier version of TRIPLEX1.0 (Peng et al., 2002), the
calculation of NPP was directly derived from GPP based on the a fixed
ratio of NPP/GPP, although NPP/GPP ratio may be affected by an
increased temperature and elevated CO2 concentration (Gifford, 1995;
Dewar et al., 1999; Tjoelker et al., 1999; Cheng et al., 2000). In this
study, the NPP, like in many other process-based terrestrial carbon
models (Cramer et al., 2001), is estimated by subtracting autotrophic
respiration (Ra) from GPP. The NPP allocation to leaf, stem and roots
are adopted from the improved dynamics functions of Zhou et al.
(2006). Net ecosystem productivity (NEP) is difference between NPP
and heterotrophic respiration (Rh). The growth respiration is
calculated based on respiration coefficients and GPP and maintenance
respiration is calculated using the Q10 function (Q10 value=2.0)
Fig. 3. Future trends of temperature (a) and precipitation (b) projected by Canadian coupled
at center of northeast China (weather station near Harbin city at the latitude of 45.75°N an
multiplied by the biomass of each plant component (leaf, sapwood,
and root) (Ryan, 1991). The Rh is estimated within TRIPLEX1.0 as the
sum of all respiration fluxes of dead organic matter which equivalent
to the net decomposition release of carbon from litter and soil pools
described in CENTURY (Parton et al., 1993).

The effects of increased growth under elevated CO2 condition,
known as the CO2 fertilization effect, are often cited as one of the
major mechanisms explaining the missing C sink (IPCC, 2001). Field
and laboratory experiments show that the potential effects of
increased atmospheric concentration of CO2 on ecological process
include (1) a direct effect on C availability by stimulating photosynth-
esis and reducing photorespiration (Bazzaz, 1990; Ceulemans and
Mousseau, 1994; Saxe et al., 1998; Norby et al., 1999), (2) a decrease in
stomatal conductance (Wong, 1979, Morrison and Gifford, 1984),
which reduces the transpiration rate per unit leaf area, (3) a decrease
in plant N concentration in C3 species (Schmitt and Edwards, 1981),
and (4) an increase inwater and nitrogen use efficiency (NUE) in both
C3 and C4 plants (Owensby et al., 1993; Wullschleger et al., 2002).
Increases in atmospheric CO2 have increased plant production of a
wide variety of species by an average of 23%–33% (Kimball, 1983; Saxe
et al., 1998; Norby et al., 2005). The current literature indicates a
significantly larger average long-term biomass increment under
elevated CO2 for both conifer and deciduous trees in studies not
involving stress components (Saxe et al., 1998).
general circulation model (CGCM3.1) under the scenarios of A1, A2, and B1 (see Table 1)
d longitude of 126.77°E). (c) refers to relative changes in future climate.



Fig. 4.Distributions of 5major forest ecosystem types. 5major forest ecosystems include
(1) boreal conifer; (2) temperate conifer; (3) mixed; (4) deciduous and (5) shrub-grass
(which is not used in the model simulations).
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Following the similar approach of CENTURY (Parton et al., 1995;
Peng and Apps, 1998, 1999) and other terrestrial biogeochemical
models (King et al., 1995; Friedlingstein et al., 1995), the effect of CO2

fertilization on plant production is quantified using a logarithmic
response function (Gifford, 1979; Goudriaan, 1992; King et al., 1995;
Friedlingstein et al., 1995).

NPPE = NPP0⁎ 1 + β ln CO2E = CO20ð Þð Þ ð1Þ

Where NPPE and NPP0 refer to net primary productivity in enriched
(CO2E) and control (CO20) CO2 environments respectively. β is an
empirical parameter which ranges between 0 and 0.7. According to King
et al. (1995), we used β=0.34 for boreal and 0.43 for temperate
deciduous forest in northeastern China in our calibration of TRIPLEX1.0.
The above effects can be taken into account in TRIPLEX1.0 model
simulations of climate change effects by selecting the enriched CO2

option. This option can be implemented with either a constant CO2

concentration or with a linear ramp with annual increments from an
initial concentration to a final concentration. The NPP parameter under a
doubled CO2 (from350 to 700 ppm) climatewas also adjusted to achieve
20–30%of increase inNPP (Eq. (1)). These effectswere taken into account
in the TRIPLEX1.0 simulation of climate change and CO2 fertilization
effects by increasing the maximum potential monthly production of
boreal forests by a factor of about 1.24, which is consistent with recent
results of 21–25% of increase in NPP under elevated CO2 in four free-air
CO2 enrichments experiments (Norby et al., 2005) and the 30% increase
in the average long-termbiomass of conifers underelevatedCO2 reported
by Saxe et al. (1998) in a summary of recently published literature.

2.4. Input data

2.4.1. Climate Input
The historical climate data is available for the period from 1950 to

1999 based on observations at 102weather stations in northeast China
(Piao et al., 2003). We used the monthly mean temperature and
precipitation averaged over 1990–1999 as baseline for the 1990s. In
this study, we used projected future transient climate change
scenarios derived from the latest outputs of Canadian coupled general
circulation model (CGCM3.1). The climate change scenarios were
conducted in support of the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC AR4) (IPCC,
2005). The TRIPLEX1.0model simulationswere based on the following
three scenarios (Fig. 3): (1) Scenario A2 that describes a hetero-
geneous world with higher emission. In A2 run of CGCM3.1, CO2

concentration increases from 350 in 2000 to 850 ppm in 2100, and air
temperature increases 4 °C in the same period. (2) Scenario B1 that
describes the sustainable development and the introduction of
resource-efficient technologies with lower emission. In B1 run, CO2

concentration increases from 350 in 2000 to 550 ppm in 2100, and air
temperature increases 2 °C in the same period. (3) Scenario A1
emphasizes a balance across all energy sources with a moderate
emission, which increases from 350 to 700 ppm in 21st century, and
air temperature increases 3 °C in the same period. These three
scenarios (A2, A1 and B1) were chosen because they have distinct
gradients of CO2 concentration and emissions. Fig. 3 summarizes
changes in monthly mean temperature and precipitation for 2030s
and 2090s. Because the outputs of CGCM3.1 are at a 3.75×3.75° spatial
resolution, CGCM3.1 outputs were then downscaled by interpolating
into 10×10 km2 formonthly temperature and precipitation in order to
be consistent with the observed mean monthly temperature and
precipitation over 1990–1999 (Piao et al., 2003).

2.4.2. Vegetation and soil texture
The information of vegetation type and soil texture was derived

from Chinese vegetation distribution map (1:4,000,000) developed
by IGCAS (1996). The vegetation type was categorized as 5 types, such
as boreal conifer, temperate conifer, mixed, deciduous, and shrub-
grass (Fig. 4). The shrub regions were not included in the simulation of
TRIPLEX1.0 in this study because the model is forest-based model and
has obvious limitations for simulating shrub-grassland ecosystems.
The remotely sensed LAI distribution map of 1999 for the northeast of
China derived from Deng et al. (2006) was used as initial condition to
constrain the GPP calculations in the model simulation (Table 1). The
LAI estimate, retrieval methodology, algorithms, and validation were
described by Deng et al. (2006). Soil texture including percentage of
sand, silt and clay, bulk density and soil organic carbon were derived
from a digital version of 1:4,000,000 soil maps of China, which is
based on the second national soil survey (NSSO, 1995a,b, 1996, 1998).
We used both vegetation and soil information as inputs for TRIPLEX1.0
baseline simulations. The regional-level estimation based on all
simulation results of every stand was performed by converting
stand-level maps to regional map at 10×10 km2 grid cell using GIS
(converting vector to raster map in ArcGIS).

2.5. Parameterization and initialization

To provide a robust test of TRIPLEX1.0, most of the general and non-
site-specific parameters fromprevious studies (Peng et al., 2002; Zhou
et al., 2004, 2005a,b) were left unchanged (see Table 2). These include
parameters for photosynthetically active radiation (PAR), minimum,
maximum, and optimum temperature for tree growth, stomata and
canopy conductance, specific leaf area, initial nitrogen for tree growth,
turnover rates for leaves andfine roots, lignin–nitrogen ratio and lignin
fraction for leaf, fine and coarse roots as well as fraction of soil water
flow. Some of the new parameters of interest that were adopted and
adjusted from model default values to better represent the forest
ecosystems in northeast of China in this study are listed in Table 3.

2.6. Validation data

To test the ability of TRIPLEX1.0 to simulate forest growth and
yield, NPP, biomass, and soil carbon storage in northeast of China,
we used the data obtained from various sources (Table 1) including:
(1) 133 observed NPP sites selected from published national NPP
database (Luo,1996; Jiang et al., 1999; Ni et al., 2001); (2) tree biomass
and volumes are measured from 70 forest plots and provided by Zhu
(2005); (3) published soil carbon data (Yang and Li, 2003; Zhu, 2005),
and (4) tree total volume obtained from Luo (1996). The observed



Table 1
Various data used as inputs and model validation for TRIPLEX1.0 in this study.

Data source Use Reference

Historical and future climate
CGCM3.1(74) outputs for the period

from 2001 to 2100, under three
scenarios: (a) A2, Temperature and
CO2 increase 4 °C and 350–850 ppm;
(b) A1, Temperature and CO2 increase 3 °C
and 350–700 ppm; (c) B1, Temperature
and CO2 increase 2 °C and 350–550 ppm

Model inputs for
simulating future carbon
dynamics from 2000 to
2100

IPCC
(2005)

Observations of monthly temperature and
precipitation for the period from 1990 to
1999 (102 weather stations in northeast
China)

Climate input for model
spin up and adjustment
for GCM-modeled values,
parameterization and
validation for TRIPLEX1.0.

Piao et al.
(2003)

Vegetation and LAI distribution
Chinese vegetation distribution map

(1:4,000,000)
Vegetation input for
model test and future
prediction of carbon
dynamics assuming the
same vegetation cover
type

IGCAS
(1996)

Remote sensing based estimate of LAI Model input for
calculating GPP

Deng et al.
(2006)

Soil texture
Chinese soil texture category map

(1:14,000,000)
Parameterization of
TRIPLEX1.0.

NSSO
(1995a,b,
1996, 1998)

Field observations across northeastern China
Measurements of tree total volume and

biomass at 70 plots
Validation of TRIPLEX1.0
for tree volume and
biomass

Zhu (2005)

Tree volume collected from 111 forest
farms

Validation of TRIPLEX1.0
for tree volume

Luo (1996)

Measurements of NPP at 133 Sites Validation of TRIPLEX1.0
for NPP

Luo (1996),
Ni et al.
(2001)

Soil carbon Validation of TRIPLEX1.0
for soil carbon

Zhu (2005),
Yang and Li
(2003)

Table 2
Parameters used in the TRIPLEX1.0 for simulating northeastern China's ecosystems.

Parameter Description Note

PAR
Absorp=0.15 Atmospheric absorption factor a

PARfactor=0.47 Solar radiation fraction c

GPP
Sla=6 Specific leaf area (m2 kg−1) b

MaxCond=0.02 Max canopy conductance (ml m−2 − s) i

StomCond=0.005 Stomata conductance (ml m−2− s) i

Blcond=0.2 Canopyboundary layerconductance (mlm−2−s) i

CoeffCond=−0.5 Coefficient for conductance to VPD i

ExtCoef=0.5 Radiation extinction coefficient i

TaMin=5 Min temperature for growth a,d

TaMax=40 Max temperature for growth a, i

Topt=15 Optimum temperature for growth b

NitrogenFactor=0.2 Nitrogen factor for tree growth, e.g., 0.2
denotes 20%

e

GamaR=0.3 Fine roots turnover per year g

GamaF=0.12 Leaves turnover per year h

Tree growth
MiuNorm=0.006 Normal mortality per year f

MiuCrowd=0.01 Crowding mortality per year a

Soil C and N
Lnr=0.26 Lignin–nitrogen ratio e

Ls=0.215, 0.215, 0.255,
0.235, 0.255

Lignin for leaf, fine root, coarse root, branch,
and wood

e

Soil water
A1, A2, A3=15 Depth of layers 1, 2, and 3 e

AWL1, 2, and 3=0.5,
0.3, and 0.2

Relative root density for layers 1, 2, and 3 e

KF=0.5 Fraction of water flow (except field capacity) to
stream

Assumption

KD=0.5 Fraction of water flow (except field capacity) to
deep storage

Assumption

KX=0.3 Fraction of deep storage water to stream Assumption
AWater=250.0 Max soil water (mm) Assumption

aBossel (1996); bKimball et al. (1997); cRyan et al. (1997); dLandsberg and Waring
(1997).eThe values are given by CENTURY (Parton et al., 1993, Metherell et al., 1993);
fSuggested by Bossel (1996), the stand mortality was assumed as the normal mortality
(no canopy competition for light) plus crowding mortality; gSteele et al. (1997);
hEstimated based on results (0.069–0.083 year−1 in southern BOREAS area) of Gower
et al. (1997); iCoops et al. (2001).

Table 3
Parameters used in the TRIPLEX1.0 for simulating different species in northeastern
China.

Forest type Temperate Boreal Note

Conifer Larix Deciduous Mixed Larix Deciduous

Wood C density
(t m−3)

0.23 0.22 0.23 0.22 0.23 0.23 a

Crown/DBH 20 20 20 20 20 20 b

Canopy quantum
efficiency (αc)

0.05 0.06 0.06 0.06 0.06 0.06 c

Leaf fraction 0.05 0.025 0.025 0.05 0.025 0.025 d

Branch fraction 0.1 0.125 0.125 0.1 0.125 0.125 d

Wood fraction 0.7 0.65 0.65 0.7 0.65 0.65 d

Coarse root fraction 0.15 0.15 0.15 0.15 0.15 0.15 d

Fine root fraction 0.05 0.05 0.05 0.05 0.05 0.05 d

a Estimation based on Alemdag (1984), Dixon et al. (1991), Dewar and Cannell
(1992), Schroeder (1992), and Nabuurs and Mohren (1995).

b Zhu (2005).
c Estimation based on Waring and McDowell (2002), and Zhu (2005).
d Estimation based on Feng et al. (1999).
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forest NPP data sets are obtained from the most comprehensive
database originally compiled by the Ph.D. dissertation of Luo (1996)
and published by Ni et al. (2001). The database includes over 2000
measurements from about 690 forest stands and 17 major forest types
across China. These 70 forest plots of Zhu (2005) were measured from
2000 to 2004 across 6 sites (including Mt Baikalu, Genhe, Liangshui,
Mt Maoer, Mt Datudingzi, and Mt Changbai) located in northeast of
China (Fig. 1). 111 total tree volume datasets, collected by Luo (1996)
from 111 forest farms located across northeast of China under different
climate conditions, were regrouped according to our major forest
types and used for testing model simulation on tree volume.

2.7. Simulation strategy and climate change scenarios

The historical climate data including monthly mean temperature
and precipitation averaged over 1990–1999 (Piao et al., 2003) were
used as model input to spin up model simulation about 200 years so
that soil carbon pools can arrive at equilibrium state. A number of CO2-
induced climate change scenarios have been generated and updated
with various general circulation models (GCMs) in recent years [e.g.,
The Hadley Centre GCM in UK, Canadian GCM, CCSM3, GFDL and GISS
in USA; CSIRO-MK3.0 in Australia, MIR-CGCM2.3 in Japan etc, IPCC,
2005). Our objective in present studywas to examine the sensitivity of
carbon balances of northeast forests in China to potential climate
change and the factors controlling the sensitivity, rather than to
generate forecast of changes themselves. For this reason we chose to
look at only one of latest available climate model of Canadian coupled
general circulation model (CGCM3.1) with three climate changes
scenarios (A2, A1, B1, see Table 1 and Fig. 3). We performed
simulations to examine the sensitivity of northeast forest ecosystems



Fig. 5. Comparison between modeled and estimated volume (m3). The volume was
modeled using parameters listed in Tables 2 and 3. Estimated volume was based on the
forest inventory in 111 sites. (a), (b), (c), and (d) denote temperate mixed, temperate
deciduous, boreal conifer, and boreal/temperate Larix. Statistics of the comparison is
summarized in Table 4. Fig. 6. Comparisons of tree volume and biomass between model simulations and

observed data that were measured from 70 forest plots across 6 sites in northeast of
China (as shown Fig. 1) during 2000–2004. Statistics of the comparison between model
simulations and measurements are summarized in Table 5.

Table 5
Summary statistics of comparing volume (m3 ha−1), and biomass (t ha−1) between
TRIPLEX1.0 simulations and field data observed from 70 plots in northeastern China's
forest ecosystems (Zhu, 2005).

Temperate forest Boreal forest

185C. Peng et al. / Global and Planetary Change 66 (2009) 179–194
to the following climate change effects: (1) effects of climate change
without CO2 fertilization (i.e. alteration to monthly mean temperature
and precipitation based on the climate change scenarios from
CGCM3.1 model, and (2) combined effects of climate change and
CO2 fertilization. The TRIPLEX1.0 runs continuously from the year of
1999 to 2100 and outputs of model (such as NPP, biomass, NEP, total
carbon) are summarized and presented by three periods: (a) Baseline
[1999]; (b) short-term (e.g. 2030s — average over 2030–2040); and
(3) long-term (e.g., 2090s — averaged over 2090–2100).

3. Results

3.1. Model validation

Total tree volume is one of key variables used for evaluating forest
growth and productivity for forestmanagement. Process-based carbon
dynamic models are rarely validated against traditional forest growth
and yield data and are difficult to use as a practical tool for forest
management (Peng et al., 2002; Zhou et al., 2005a,b). As shown in Fig.
5 and Table 4, the simulated tree volumes of TRIPLEX1.0 were
consistent with observed data. The correlations between model
simulations and observations are relatively high with r2=0.95 for
Table 4
Model calibration: simulation errors of the TRIPLEX1.0 model applied to four forest
types in northeastern China's forest ecosystems, comparing volume (m3 ha−1) between
modeled values and forest inventory data collected from 111 forest farms (FRIC, 1999;
Fang et al., 2001).

Temperate
mixed

Temperate
deciduous

Boreal
conifer

Boreal/temperate
Larix

n 18 58 11 24
r2 0.95 0.84 0.90 0.95
Sea 40.2 35.2 28.1 33.1
ēa 15.2 1.8 14.6 4.3
Bias 5% 1% 6% 2%

a Se, standard error of the predicted value for each observed value in the regression,
which is ameasure of the amount of error in the prediction for an individual observation;
ē, average prediction error.
both temperatemixed and Larix forest, r2=0.90 for boreal forests, and
r2=0.84 for temperate deciduous forests, respectively. The compar-
isons of tree volume (m3 ha−1) simulated by TRIPLEX1.0 with those
field datameasured from 70 forest plots for both temperate and boreal
forests showgood agreement (Fig. 6 and Table 5). Themean coefficient
of determination (R2) for tree volume is 0.91 for temperature and 0.95
for boreal forest. The simulated errors are relatively smallwith 2–15m3

ha−1 with low bias (0.7–4.2%). It seems that total forest biomass
simulated by TRIPLEX1.0 is less accurate than tree volume with R2 of
0.81 for temperate forest and 0.85 for boreal forest. The simulated
mean errors and biases for total biomass are about 18–26 t ha−1 and
between 7 and 15%, respectively across 70 forest plots (Table 5). All p
values were less than the critical value at α=0.05.
Volume Biomass Volume Biomass

Regression
n 55 55 15 15
Slope 0.88 0.86 0.65 0.68
Se for slope 0.03 0.06 0.06 0.08
Intercept 27.55 17.51 76.75 29.24
Se for intercept 12.61 15.43 14.39 14.72
r2 0.93 0.81 0.90 0.85
F 720.5 223.5 117.0 72.2
Degree of freedom 53 53 13 13

Error and bias
Se for the simulationa 42.1 42.1 21.9 17.2
ēa 14.6 18.4 1.6 26.1
Bias 4.2% 7.3% 0.7% 14.9%
p b0.001 b0.001 b0.001 0.0006

a Se, standard error of the predicted value for each observed value in the regression,
which is ameasure of the amount of error in the prediction for an individual observation;
ē, average prediction error.



Fig. 7. Comparison of simulated forest NPP against 133 observed forest NPP in northeast
China. The observed forest NPP data sets are obtained from the most comprehensive
database with complied by the Ph.D. dissertation of Luo (1996) and Ni et al. (2001). The
database includes over 2000 measurements with about 690 forest stands and 17 major
forest types across China.

Fig. 8. Comparison between simulated and observed soil carbon for 4major forest types.
(a) refers to averaged values of model simulations in this study. (b) and (c) represent
average values measured by Zhu (2005) and Yang and Li (2003), respectively. The
vertical line represents standard error (SE) for b.
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NPP is a key ecosystem variable and an important component of
forest carbon budgets. Since the NPP data for individual forest plot are
not available for validating the TRIPLEX1.0 model, we have selected
133 observed NPP data sets from the most comprehensive national
forest NPP database (Luo, 1996; Ni et al., 2001) for corresponding 4
main forest types located in the study area (Fig. 7). Overall, the
agreement between model simulations and observations is reason-
ably good (R2N0.76). The averaged NPP predicted by the model is
close to the average NPP observation at ecosystem level, excepting for
conifer boreal forest (Table 6). Unfortunately, we did not compare our
model NPP simulation with NPP observations from 1990 to 1999,
because the NPP observations for this period are not available.

In addition, averaged soil carbon predicted by model is compared
with field measurements selected for the study region (Fig. 8). The
results of comparison suggest that modeled values of soil carbon are
within the range of independent measurements reported by Zhu
(2005) and Yang and Li (2003) for conifer and Larix, and close to the
measurements for deciduous and mixed forests.

These independent validations of TRIPLEX1.0 demonstrated that
the model is able to simulate tree volume, NPP, total biomass and soil
carbon for baseline conditions and provides us the confidence in
applying the model for further investigating the potential impacts of
future climate change on forest productivity and carbon budgets and
extrapolating it to regional scale.

3.2. Impacts of future climate change and increasing CO2 on NPP

The simulated NPP and NEP (net ecosystem productivity) for
baseline [1999] are presented in Fig. 9a and b, respectively. Using this
as baseline, the responses of NPP under different climate change
Table 6
Summary statistics of comparing NPP (t C ha−1 yr−1) between observed from 133 sites (Lu
ecosystems.

Conifer Larix forest

Observed Modeled Observed

n 24 25
R2 0.51 0.69
Max 3.1 3.3 4.1
Min 1.4 0.9 0.9
Average 2.0 1.7 2.3
Se for the simulationa 0.36
ēa 0.31
Bias 15.2%
p b0.001

a Se, standard error of the predicted value for each observed value in the regression, whic
average prediction error.
scenarios were calculated for whole study region. Experiment of
climate change without CO2 fertilization indicated relatively small
response in NPP (Table 7; Fig. 10a). Simulated average NPP has
increased from 38.6 TgC yr−1 for baseline to 39.5 Tg C yr−1 with an
average increase of 2.3% for the short term (2030s) and 42.6 Tg C yr−1

with an average of 10% for long term (2090s) under all three scenarios.
The lowest increase of NPP is shown to be 6% for 2090s under the
scenario B1 scenario and the highest increase of NPP is observed to be
14% under A2 scenario (Fig. 10a).

Increasing atmospheric CO2 plus climate change scenario drama-
tically increased simulated NPP for most all 4 forest ecosystems in 21st
century, especially in the region of boreal conifer forest (Table 7;
Fig. 10). The combined effects of climate change and CO2 fertilization
on the increase of NPPwere estimated to be 10–12% for 2030s and 28–
37% in 2090s which are 4.9 times higher in 2030s and 3.2 times higher
in 2090s than those simulations ignoring the effect of CO2 fertilization
under three scenarios, respectively (Fig. 10b; Table 7). The lowest NPP
increases are observed under the scenario B1. This is consistent with
the lower effects of moderate climate change on the carbon uptake in
ecosystems. The spatial distribution of NPP increase (Figs. 12 and 13)
exhibits a high spatial heterogeneity but shows a similar temporal
pattern with a smaller magnitude. However, the results did not show
significant difference of climate change impacts on NPP between three
climate change scenarios for 21st century.

3.3. Impacts of future climate change and increasing CO2 on carbon
stocks

The average total biomass (above- and below-ground biomass)
has consistently increased from 1.49 Pg C at baseline condition up to
o, 1996; Ni et al., 2001) and modeled using TRIPLEX1.0 for northeastern China's forest

Deciduous Mixed

Modeled Observed Modeled Observed Modeled

63 21
0.77 0.51

5.4 5.5 5.8 3.8 3.8
1.2 1.4 1.8 1.4 1.3
2.3 3.4 3.5 2.5 2.4
0.38 0.53 0.47
0.04 −0.10 0.04
1.5% −2.8% 1.6%
b0.001 b0.001 b0.001

h is a measure of the amount of error in the prediction for an individual observation; ē,



Fig. 9. Simulated spatial distribution of (a) NPP (tC ha−1 yr−1) and (b) NEP (tC ha−1 yr−1) for the baseline year of 1999.
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1.75 Pg C for climate change without CO2 fertilization and 1.92 Pg C
under combined climate change and CO2 fertilization over next
100 years (Table 7). The increase in percentage of total biomass is
relatively higher for the three scenarios with CO2 fertilized than
those scenarios without CO2 fertilization (also see Table 7). We
observed some difference of biomass carbon accumulation under
three different climate scenarios after 2070s (Fig. 11a and c),
although there is no significant difference of biomass carbon
accumulation (b=1%) under different climate scenarios for the
2030s. However, the difference is observed to be larger (3%) for
increase percentage of biomass carbon over the period of 2090s (Fig.
11a and c; Table 7), suggesting that the difference in three climate
change scenarios (Fig. 3) would result in different biomass carbon
accumulations in later 21st century.

As similar as the dynamics of biomass carbon, the simulated soil
carbon stock (including litter and soil) does not show obvious
difference among three climate change scenarios before 2060.
However, in contrast to the climate change results, the dynamics of
soil carbon stocks (Fig. 11b and d) differ remarkably from the biomass
carbon accumulation as shown in Fig. 11a and c. The simulated results
also indicated contrary temporal patterns of soil carbon under three
climate scenarios for two different experiments. Results also suggest
that the scenario A2 resulted in a lower soil carbon stock than do the
Table 7
Simulated effects of different climate change and increasing CO2 scenarios on forest NPP, b
CGCM3.1 outputs for the period from 2001 to 2100, under three scenarios: (1) A1: Temperatu
and 350–850 ppm; and (3) B1, Temperature and CO2 increase 2 °C and 350–550 ppm, resp

Scenarios Climate change without CO2 fertilization

Total Change (%)

A1 A2 B1 A1 A2

NPP (TgC yr−1)
2030s 39.6 39.8 39.0 3 3
2090s 42.6 44.0 41.1 10 14

NEP (TgC yr−1)
2030s 0.31 0.22 0.23 – –

2090s 0.32 −2.72 0.91 – –

Biomass (PgC)
2030s 1.65 1.66 1.64 11 11
2090s 1.75 1.77 1.73 18 19

Soil C stock (PgC)
2030s 6.06 6.06 6.06 5 5
2090s 6.08 6.03 6.08 3 3

Ecosystem C stock (PgC)
2030s 7.71 7.72 7.70 28 28
2090s 7.83 7.80 7.81 30 30
A1 and B1 at the end of 21st century, because of the higher increase in
temperature and precipitation as shown in Fig. 3. A continuous
decrease of soil carbon under all three scenarios was found for the
climate change experiment without CO2 fertilization. Fig. 11d shows
that the soil carbon stock has been slightly decreased in early 30 years
of the 21st century and followed by a steadily increases from 2040s to
2090s under climate change experiment with CO2 fertilization. The
reason is that the NPP enhanced by CO2 fertilization has a positive
effect on carbon stocks via a higher accumulation of biomass and litter.
However, climate change has a negative effect on soil carbon stocks
because more decomposition occurs while temperature and precipi-
tation significantly increase in later 21st century. The simulated effects
of CO2 fertilization were to significantly offset the soil carbon loss due
to climate change alone.

3.4. Impacts of future climate change and increasing CO2 on carbon
balance

Carbon balance is expressed by net ecosystem productivity (NEP)
which is the difference between NPP and heterotrophic respiration.
The simulated NEP for entire northeast China's forest ecosystems was
estimated to be 4.25 Tg C yr−1 for baseline condition (Table 7; Fig. 9b)
and has increased by the 2090s under all three scenarios (Table 7) with
iomass and carbon balance of forest ecosystems in Northeast of China in 21st century.
re and CO2 increase 3 °C and 350–700 ppm; (2) A2: Temperature and CO2 increase 4 °C
ectively (also see Table 1).

Climate change with CO2 fertilization 1999
BaselineTotal Change (%)

B1 A1 A2 B1 A1 A2 B1

38.6
1 43.2 43.4 42.4 12 12 10
6 51.0 52.8 49.3 32 37 28

4.25
– 3.83 3.76 3.69 – – –

– 8.81 6.06 9.11 – – –

1.49
10 1.69 1.70 1.68 14 14 13
16 1.92 1.94 1.89 29 30 27

4.52
5 6.13 6.13 6.12 35 35 35
3 6.51 6.47 6.51 44 44 44

6.01
28 7.82 7.83 7.80 30 30 30
30 8.43 8.41 8.40 40 40 40



Fig. 10. Relative changes of NPP in 2030s (averaged over 2030–2040) and 2090s
(averaged over 2090–2100) under different three scenarios (A1, A2, B1) compared with
baseline (1999). (a) refers to experiments of climate change alone; (b) (a) refers to
climate change with CO2 fertilization, respectively.
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CO2 fertilization, but decreased in the case without CO2 fertilization.
However, only the scenario A2 without CO2 fertilization caused the
forest ecosystems of northeast China as a carbon source in the 2090s
(Table 7). The spatial distribution of NEP for the climate change alone
without CO2 fertilization scenario (Fig. 12d,e,f) and the climate change
with CO2 fertilization scenario (Fig.13d,e,f) illustrated that NEP of boreal
conifer forests (located at the north of the study region) are more
sensitive to climate change and CO2 fertilizing in 21st century. Our
results also suggested that most forested area in northeast Chinawill be
a carbon sink in the 2090s for the scenarios A1 and B1, excepting
scenarios A2 without CO2 fertilization, which assumes a highest carbon
emission rate among the three climate scenarios.
Fig. 11. Simulated temporal dynamics of total biomass (left) (Pg C=1015 g C) and soil carbon
(1) climate change alone (CC) and (2) climate change with CO2 fertilization (CC+CO2).
4. Discussions

4.1. Uncertainty and limitations of the model

TRIPLEX1.0 simulates forested land without human-induced
changes such as agriculture, forest harvest, grazing and urbanization,
which can further complicate the systems by enhancing changes to
the terrestrial ecosystems (Chapin et al., 2004). In this study, we have
focused on the forested lands where the TRIPLEX1.0 has been
intensively tested with various field measurements in Canadian
boreal forests (Peng et al., 2002; Zhou et al., 2004, 2005a,b). The
results presented here represent our first testing of TRIPLX1.0 model
for boreal and temperate forests in northeastern China. The model
validation with independent observations suggests that TRIPLEX1.0 is
able to estimate the forest NPP, total biomass and soil carbon under
baseline conditions. Unfortunately, the existing formulation of
TRIPLEX1.0 has no fire disturbance submodel and is unable to
explicitly predict the impacts of fire disturbances on forest NPP and
carbon budgets (see discussion below). The absence of a shrub
module and a moss and lichen layer at the soil surface in boreal forest
is additional weakness of the model, because both shrub and moss
may account for significant proportion of NPP and biomass carbon.
Moreover, we did not take into accounting the potential impacts of
land use change and forest harvesting on forest NPP and carbon fluxes,
because the current version of TRIPLEX1.0 model does not have,
unfortunately, the forest harvesting or land-use module. The integra-
tion of forest harvesting module into TRIPLEX1.0 model is planned for
the ongoing research efforts in next step. These limitations of the
model may cause potential uncertainty in modeling the NPP, biomass
and soil carbon stocks under the baseline conditions and represent the
expected variations when comparing with field measurements
(Tables 5 and 6).

One of the weaknesses is the lack of trees and their response to
increasingly stressful climate (Meehl and Tebaldi, 2004), and increase
in stomata (in water use) with increases in CO2, documented in full-
glacial needles and pre-CO2 increase herbarium specimens (Beerling
and Woodward, 2003). The potential for carbon saturation over this
century and for reductions in growth because of heat and drought
stress are critical uncertainties (Schär et al., 2004; Meehl and Tebaldi,
2004). The extreme events such as the 2003 European heat wave and
drought having the potential to significantly alter long-term forest
productivity and carbon balances, and may counteract the effects of
stock (right) (Pg C) under 3 different climate change scenarios with two experiments:



Fig. 12. The spatial distributions of simulated NPP (t C ha−1 yr−1) under the climate change scenarios (without CO2 fertilization effect) of A1 (a), A2 (b) and B1 (c), respectively and
simulated NEP (t C ha−1 yr−1) under scenarios of A1 (d) A2 (e), and B1 (f), respectively for 2090s.
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the anticipated mean warming and lengthening of the growing
season, and reduce the productivity of ecosystems, reversing sinks to
sources. The increasing climate stress (e.g. more intense, more
frequent, and longer lasting heat waves and droughts) seems likely
to increasingly reduce NPP and carbon sequestration over the next
century (Meehl and Tebaldi, 2004; Ciais et al., 2005). In addition, the
TRIPLEX1.0 has not considered the phytotoxic effects of simultaneous
exposure to elevated tropospheric O3, which is increasing globally
(Fowler et al., 1999, IPCC, 2001), but, less well recognized, and is
probably reducing the potential enhancement of forest NPP and
carbon storage by elevated CO2 (Felzer et al., 2004; Karnosky et al.,
2005). Future study to address the uncertainty due to the effects of
climate stress stomata conductance, and exposure ozone on forest
carbon dynamics will certainly improve our understanding of impacts
of climate change on forest ecosystem structure and function in China.

4.1.1. Fire disturbance
Fire disturbance regimes, as an important control on ecosystem

processes in global boreal forests, are highly sensitive to possible
future climate change because fire behavior is affected by fuel
moisture— a variable that is related to precipitation, relative humidity,
air temperature and wind speed (Weber and Flannigan, 1997; Harden
et al., 2000). Fire disturbance is recognized as an important factor in
NPP and carbon emission (Cahoon et al., 1994; Harden et al., 2000;
Wang et al., 2001). As it can alter the natural species composition of an
ecosystem, fire disturbance is an important determinant of forest
ecosystem dynamics (determining the distribution of stand ages) and
changes decomposition rates, organic layer thickness and other
ecosystem properties. These influences on NPP and carbon dynamic
processes all depend both on the state of the forest ecosystem and the
fire regime itself (e.g. fire severity and return interval). In boreal
forests, 10 to 30% of annual NPP may have been consumed globally by
fire over the past 6500 years (Harden et al., 2000). However, the
response of soil C and respiration to fire is highly variable within
boreal forest ecosystems. Forest fires have burned about 5.6×106 ha of
forested and non-forested lands in Heilongjiang Province between
1966 and 1987 but the 1987 wildfire burned about 1.14×106 ha of
boreal forests in northeast of China (Di and Ende, 1990; Cahoon et al.,
1994; Goldammer and Stocks, 2000). Wang et al. (2001) quantified
the influence of fire on carbon emission and net primary production of
boreal forests in this region and found the total larch forest (Larix
gmelinii) ecosystem contained a large amounts of carbon (123.8–
251.4 t C ha−1) and the 1987 conflagration resulted in a net carbon
emission of 2.5×107–4.9×107 t C to the atmosphere. However, the
effects of fire on forest NPP and carbon dynamics are poorly
understood due to the lack of detailed study in this region (Harden



Fig. 13. The spatial distributions of simulated NPP (t C ha−1 yr−1) under the climate change scenarios (with CO2 fertilization effects) of A1 (a), A2 (b) and B1 (c), respectively and
simulated NEP (t C ha−1 yr−1) under scenarios of A1 (d) A2 (e), and B1 (f), respectively for 2090s.
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et al., 2000). Many of these factors have not been explicitly accounted
for in the simulations reported here and need further study, especially
in connection with the changes in NPP and carbon balance associated
with climate change as well as insect infestations of needle-leaved
trees in this region, whichmight act as significant carbon source under
realistic condition of pest enhancement (Kurz et al., 2008).

4.2. Response of forest NPP and carbon budgets to climate change and
increasing CO2

Generally speaking, productivity of terrestrial ecosystems is clearly
very sensitive to climate perturbations. It is well-known that tempera-
ture and precipitation are dominant controls on plant photosynthesis
(Lieth, 1975; Dai and Fung, 1993). Climate change will affect NPP in a
number of different ways (Houghton andWoodwell, 1989; IPCC, 2001).
Elevated temperatures may increase NPP through metabolically
enhanced photosynthesis as well as by increasing nutrient availability
through higher rates of decomposition. Elevated temperatures, how-
ever, may also decrease NPP by decreasing soil moisture and enhancing
plant respiration. A dominant feature of climate change predicted by
GCMs for a doubling of atmospheric CO2 is a significant increase in
annual air temperature — the CGCM3.1 used in the present study
projects changes of between 1.5 and 4 °C for northeastern China. As
productivity in northern boreal forest ecosystems is substantially
limited by low temperature (Lieth, 1975) and N availability (Vitousek
andHowarth,1991), NPP increases under climate change and increasing
CO2 will likely be largely influenced by the effectiveness of elevated
temperatures in enhancing N availability. As reported by Piao et al.
(2003, 2005), climate warming greatly enhanced plant growth for the
cold and humid regions in China, and resulted in a significant increase in
greenness and sequentially forest carbon stock in northeast of China.

There has beenmuch debate about the possible effects of increased
atmospheric CO2 concentrations on NPP and carbon sequestration
(Mooney et al., 1991; Bazzaz and Fajer, 1992; Norby et al., 1992; Oechel
et al., 1994; King et al., 1995). There also remain large uncertainties in
attempts to model the direct effects of CO2 fertilization on plant
growth (Goudriaan, 1992; Polglase and Wang, 1992; Luo and Mooney,
1999; IPCC, 2001; Norby et al., 2005; Körner et al., 2005; Matthews,
2007). It has been suggested that growth stimulation of natural
biomes by elevated CO2 levels in the atmosphere and by enhanced N
deposition from the atmosphere has contributed to the missing C sink
(Keeling et al., 1989; Taylor and Lloyd, 1992; Harrison et al., 1993;
Hudson et al., 1994, Schimel et al., 2001). While the CO2 fertilization
hypothesis provides one possible explanation for the missing
anthropogenic C sink, this conclusion is far from conclusive. Much
controlled research on the direct effects of CO2 has been carried out on
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leaves and individual plants but whole-plant respiration, tissue
allocation and nutrient dynamics of intact ecosystems and large-
scale biomes are still poorly understood. Scaling up measurements
from leaves and individuals to stands and ecosystems may introduce
significant error; this has led to unresolved concerns that elevated CO2

may not affect stands in the same way that single individuals are
affected (Korner and Bazzaz, 1996). There is a clear need for further
empirical studies (Ceulemans andMousseau,1994; Norby et al., 2005;
Körner et al., 2005). Mainstream literature contains no measurement
of growth response by mature trees that have been fumigated with
CO2 from their germination (Tognetti et al., 2000).

The results of NNP enhancement simulated by TRIPLEX1.0 presented
here are consistent with the recent FACE experiments (Norby et al.,
2005), global analysis of Melillo et al. (1993) andMatthews (2007), and
site-specific investigation of Peng and Apps (1998, 1999) in Canadian
boreal forest ecosystems.With no CO2 fertilization effect included in the
simulations, the results of Melillo et al. indicated a small increase (about
4.5%) in mean NPP for the global boreal forest under a doubled CO2

climate change scenario. When the CO2 fertilization effect was included,
higher responses by as much as 35% were found for the boreal forest
biome. Recently, Norby et al. (2005) have analyzed the response of NPP
to elevated CO2 (about 550 ppm) in four free-air CO2 enrichment
experiments in temperate forests inNorthAmericaandEuropeand show
that the response of forest NPP to elevated CO2 is about 21–25% and
highly conserved across a broad range of productivity. Using a coupled
climate-carbon model to explore the effects of carbon fertilization on
future climate, Matthews (2007) also found that carbon fertilizationwill
be the leading contributor to carbon uptake by terrestrial sinks over the
next century. The results suggested that the 5-year averaged NPP
increase in enhanced-CO2 run for the FACE study (Norbyet al., 2005)was
about 25%, which is close to the Norby and colleagues estimate and
TRIPLEX1.0 model simulation in this study. The study highlights the
critical role of carbon dioxide fertilization in influencing future climate
change, and emphasizes the need for a better understanding of its role in
carbon cycling and climate feedbacks. Another recent observations of
older and larger deciduous trees in a mature Swiss forest (Körner et al.,
2005) demonstrated that physiological responses (e.g., photosynthesis,
foliar N and nonstructural carbohydrate concentrations) were similar to
those of younger trees in temperate zone, suggesting that the effect of
CO2 fertilization on forestNPP is nowfirmlyestablished.However, recent
model-based estimate of global carbon budget by Canadell et al. (2007)
indicated that a lowered uptake rather than increasing uptake of CO2

globally between 2000–2006. The reason is still unknown.

4.3. Impacts of climate change on forest structure and succession

The changes in atmospheric CO2 concentration, temperature and
precipitation regimes will likely affect the structure and distribution of
boreal and temperate forests in northeast of China through their
influences on forest regeneration, growth, mortality, physiological
processes (e.g., photosynthesis, respiration) and ecological processes
(e.g., the decomposition of soil organic materials). Such changes will
result in a northward shift in the natural range of various forest types and
species in this region. Quantifying the response of forest ecosystems to
future climate change is vital, both nationally and regionally. In the
earlier modeling studies, on one hand, Zhang and Yang (1993) used the
Hodridge life-zone scheme for investigating the climate–vegetation
relationship and interaction for Chinese vegetation. Hulme et al. (1992)
simulated the distributions of 9 vegetation types under both current
climate and future climate change scenarios projected byGCM.However,
both studies are limited by using the empirical statistical approaches and
coarse spatial resolution, and did not capture the vegetation dynamics
under a changing environment (Peng, 2000). On the other hand, Ni et al.
(2000) adopted the terrestrial biospheremodel of BIOME3 to predict the
response of Chinese vegetation to future climate change scenarios for
2070–2099projectedbyHadleyCentre coupledocean–atmosphereGCM
(Mitchell et al., 1995; Johns et al., 1997). They found that a doubled CO2

climate shifts biomes north andwest and climate change alone yielded a
large reduction in boreal deciduous forest and a decline in desert, alpine
tundra. However, this study was limited not only by equilibrium
simulation of potential vegetation types but also by ignoring the possible
vegetation succession and migration under a changing climate and
associated fire disturbances. The Dynamic Global Vegetation Models
(DGVMs) [e.g. IBIS, Foley et al., 1996; Sheffield DGVM, Woodward and
Beerling,1997; LPJ DGVM, Sitch et al., 2003; TCEM, Arora andBoer, 2005)
seemtobe able toovercome someof these limitationsandprovidebetter
understanding of the impacts of future climate change and fire
disturbance on vegetation dynamics (Peng, 2000). Unfortunately, in
this study, the current version of TRIPLEX1.0 is limited for modeling
vegetation succession and future dynamics. Incorporating a dynamic
vegetation module into the TRIPLEX1.0 will be one of high priorities and
remain a big challenge for the new version of TRIPLEX model.

5. Conclusions

The response of the terrestrial ecosystems to increasing atmo-
spheric carbon dioxide and global warming is key uncertainty in
current projections of future carbon sinks and climate change. The
results presented here show that the simulated forest yield, NPP, total
biomass and soil carbon are consistent with observed data across
northeast of China, suggesting that the improved TRIPLEX1.0 model is
able to simulate forest growth and carbon dynamics of boreal and
temperate forest ecosystems at regional scale. The climate change
would increase forest NPP and carbon in biomass but decrease overall
soil carbon under all three climate change scenarios. Combined effects
of climate change and increased atmospheric CO2 would result in
increased NPP and carbon in vegetation and soil for both short-term
(30–40 years) and long-term (90–100 years). The results of the effects
of CO2 fertilization onNPP simulated by TRIPLEX1.0 are consistentwith
the recent FACE experiments in temperate forests in North America
and Europe (Norby et al., 2005), global analysis of Melillo et al. (1993)
and Matthews (2007), and site-specific investigation in Canadian
boreal forest ecosystems (Peng and Apps, 1998, 1999). The simulated
effects of CO2 fertilization were to offset the soil carbon loss due to
climate change alone. Overall, the forest ecosystems of northeastern
China are very sensitive to changes in future climate change and
increasing CO2 in the atmosphere. However, these simulations do not
consider likely the effects of tropospheric ozone, changes in forest
structure and succession, fire disturbance and insect infestation,which
inevitably introduce some uncertainty in model simulations. Future
study regarding these issue and model improvement will certainly
improve our understanding of the potential impacts of climate change
on Chinese northern forest ecosystems in 21st century.
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