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Abstract
Abies fabric forest in the eastern slope of Gongga mountain is one type of subalpine dark coniferous forests of southwestern

China. It is located on the southeastern edge of the Qinghai-Tibet plateau and is sensitive to climatic changes. A process-oriented
biogeochemical model, Forest-DNDC, was applied to simulate the effects of climatic factors, temperature and precipitation changes on
carbon characteristics, and greenhouse gases (GHGs) emissions in A. fabric forest. Validation indicated that the Forest-DNDC could be
used to predict carbon characteristics and GHGs emissions with reasonable accuracy. The model simulated carbon fluxes, soil carbon
dynamics, soil CO2, N2O, and NO emissions with the changes of temperature and precipitation conditions. The results showed that
with variation in the baseline temperature from –2°C to +2°C, the gross primary production (GPP) and soil organic carbon (SOC)
increased, and the net primary production (NPP) and net ecosystem production (NEP) decreased because of higher respiration rate.
With increasing baseline precipitation the GPP and NPP increased slightly, and the NEP and SOC showed decreasing trend. Soil CO2

emissions increased with the increase of temperature, and CO2 emissions changed little with increased baseline precipitation. With
increased temperature and decreased baseline temperature, the total annual soil N2O emissions increased. With the variation of baseline
temperature from –2°C to +2°C, the total annual soil NO emissions increased. The total annual N2O and NO emissions showed
increasing trends with the increase of precipitation. The biogeochemical simulation of the typical forest indicated that temperature
changes strongly affected carbon fluxes, soil carbon dynamics, and soil GHGs emissions. The precipitation was not a principal factor
affecting carbon fluxes, soil carbon dynamics, and soil CO2 emissions, but changes in precipitation could exert strong effect on soil
N2O and NO emissions.
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Introduction

Increasing emissions of carbon dioxide (CO2), nitric
oxide (NO), nitrous oxide (N2O), and other greenhouse
gases (GHGs) are believed to contribute to global warm-
ing. A recent Intergovernmental Panel on Climate Change
(IPCC) has reported the global warming and forecasted a
rise in mean global surface temperature of 1.4–5.8°C by
the year 2100 (IPCC, 2001). The sphere of global in-
fluence and the complexity of the study processes have
also made it become the current core subject of many
international research programs (IGBP-WCRP-IHDP) and
the major topics of numerous international negotiations
environmental issues (Dong et al., 2003). Forests are the
most extensively distributed vegetation-type ecosystems in
the world and cover approximately one-third of the earth
land surface (Li et al., 2000). Forests are an important
component of the terrestrial landscapes that exert a consid-
erable influence over global carbon cycle, source and sink
function of GHGs.

* Corresponding author. E-mail: gwcheng@imde.ac.cn.

Carbon characteristics, GHGs emissions in forests are
a function of complex interactions of inherent soil pro-
cess, climate, vegetation, time, and disturbance. Carbon
characteristics and CO2 emission are mostly controlled
by photosynthesis, respiration, and decomposition (Cui et
al., 2005b; Zhang et al., 2002). Biotic processes (mainly
nitrification and denitrification) as well as abiotic processes
(e.g. diffusion and chemodenitrification) are involved in
production, consumption, and emission of NO and N2O
from soil. All these process interact with a number of envi-
ronment factors including temperature, moisture, pH, Eh,
and substrate availability (Butterbach-Bahl et al., 2000).
As temperature and precipitation govern most biological
processes in forest ecosystems, they are also connected to
carbon dynamics and GHGs emissions. To link tempera-
ture and precipitation with carbon dynamics and GHGs
emissions, a comprehensive model is needed to simulate
how carbon characteristics and GHGs emissions respond
to the changes of temperature and precipitation conditions.

Forest-DNDC is a process-oriented model based on the
biogeochemical cycling of C and N in forest and wetland
ecosystems, which was developed by some researchers.
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(Li et al., 2000; Butterbach-Bahl et al., 2000; Zhang et
al., 2002; Cui et al., 2005a). This model can predict
forest growth and production, soil carbon and nitrogen
dynamics, and carbon sequestration and soil-borne trace
gas emissions in upland and wetland forest ecosystems.
Minimum input parameters required by the model are daily
air temperature, precipitation, ambient CO2 concentration,
N concentration in precipitation, humus layer type , litter
layer type, bypass flow, mineral soil texture, mineral
soil pH, stone content, organic carbon content, depth to
groundwater level, latitude, management operations, and
so on (Miehle et al., 2006b). The model can run from
a year to several decades with a primary time of one
day. This temporal scale allows us to directly use field
observations to validate the model, and to answer questions
about climatic changes and management practices. In this
article, we investigate Forest-DNDC to predict the effect
of changes of temperature and precipitation conditions on
carbon characteristics and GHGs emissions in an Abies
fabric forest ecosystem.

1 Materials and methods

1.1 Model description

The Forest-DNDC model integrates two existing mod-
els: PnET-N-DNDC, an upland forest biogeochemical
model, and Wetlands-DNDC, a hydrology-driven model
(Miehle et al., 2006a). The PnET-N-DNDC was initially
developed to predict soil carbon and nitrogen biogeo-
chemistry in forest ecosystems. In the PnET-N-DNDC
model, carbon and nitrogen biogeochemical characteristics
are directly influenced by environmental factors, such as
soil temperature and moisture, pH, and substrate avail-
ability (C and N content). These environmental factors
are driven by different ecological drivers, namely climate,
soil properties, vegetation, and anthropogenic activities.
The PnET-N-DNDC model (from photosynthesis and
evapotranspiration-nitrification-denitrification and decom-
position) consists of two components. The first component
includes three submodels for soil climate, forest growth,
and decomposition. On the basis of daily climate data
(temperature and precipitation), soil physical properties,
and by considering plant and microbial turnover processes
of C, N, and water, the soil climate submodel calculates
temperature, moisture, and oxygen profiles derived from
one-dimensional thermal-hydraulic flow, and gas diffusion
equations. The forest growth submodel simulates forest
growth as a function of solar radiation, temperature, water,
and N availability. The forest growth module is linked
to the soil climate and the decomposition modules via
litter production, water, and N demand. The decomposition
submodel quantifies the decomposition of organic matter
resulting in substrate concentrations of dissolved organic
carbon (DOC), NH4

+, and CO2, based on decay rates de-
pending on organic matter quality and soil environmental
conditions (temperature, moisture, and O2 availability).
The second component includes two submodels for nitrifi-
cation and denitrification. In nitrification or denitrification

submodels, ammonium, nitrate, and DOC come from the
decomposition submodel tracks turnover of the litter and
other organic matter in the soil. The nitrification submodel
predicts growth and death of nitrifiers, with the nitrification
rate as well as NO and N2O productions from nitrification
depending on soil temperature, moisture, ammonium, and
DOC concentration. The denitrification submodel simu-
lates the individual steps of the sequential reduction of
nitrate or other oxidized N compounds (NO2

−, NO, N2O)
to the final product N2 based on the population size
of denitrifiers, soil temperature, moisture, and substrate
concentrations (DOC, NO3

−, NO2
−, NO, and N2O) (Li

et al., 2000; Butterbach-Bahl et al., 2000, 2001; Kiese et
al., 2005; Kesik et al., 2005, 2006; Miehle et al., 2006a,
2006b).

The nitrification and denitrification induced N2O, NO,
and N2 fluxes are calculated based on simulated soil
microbial activities, which depend on simulated soil en-
vironmental conditions, and a series of biochemical and
geochemical reactions determining the transport and trans-
formation of C and N components. Chemodenitrification,
i.e. chemical decomposition of NO2

− to NO, is considered
as another source of NO production in soils. This chemical
reaction is controlled by the concentration of nitrite in the
soil, soil pH, and temperature, which occurs only when
soil pH is < 5.0 (Li et al., 2000). It was assumed that
the main source of nitrite in soils is nitrification because
rates of nitrification in forest soils (200–1000 kgN/(hm2·a))
are usually higher than rates of denitrification (< 50
kgN/(hm2·a)) (Butterbach-Bahl et al., 2000, 2001). To
handle the problem of simultaneously occurring aerobic
and anaerobic processes in adjacent microsites, the PnET-
N-DNDC model uses the concept of a so-called “anaerobic
balloon”. The O2 concentration is calculated for a given
soil layer based on the O2 diffusion from the atmosphere
into the soil and the O2 consumption during heterotroph-
ic and autotrophic respiration. The O2 concentration is
assumed to be reciprocally proportional to the anaerobic
fraction within this soil layer (Li et al., 2000; Kesik et al.,
2005).

Wetland-DNDC, which was developed for predicting C
and N biogeochemistry and in forested wetland ecosystems
was constructed by incorporating hydrological features
into the PnET-N-DNDC model. The basic functions adopt-
ed by Wetland-DNDC model are to simulate forest growth,
soil biogeochemistry, and hydrological processes. To make
the model capable of predicting effects of management
on water, C and N biogeochemical cycles, and make the
model prepare for use in a spatial simulation Wetland-
DNDC model has been modified by some researchers (Li
et al., 2004; Cui et al., 2005a, 2005b, 2005c). The Forest-
DNDC model have been successfully tested and applied
in many countries and land use scenarios. Further details
on model development (Li et al., 1992a, 2000, Zhang et
al., 2002; Cui et al., 2005a), validation (Smith et al., 1997,
2002; Stange et al., 2000; Kiese et al., 2005; Kesik et al.,
2005; Miehle et al., 2006a, 2006b), regional applications,
and multiscale testing (Li et al., 1992b, 2005; Brown et
al., 2002; Butterbach-Bahl et al., 2001, 2004), are available
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from the cited publications.

1.2 Study site description and simulation scenarios

The A. fabric forest is mountainous, dark, coniferous
forest located in 3000 m altitude in the Gongga mountain.
Gongga mountain is located to the southeast of the Tibetan
plateau between 29◦20′–30◦20′N and 101◦30′–102◦15′E.
It belongs to the category of subtropical monsoon climate.
A complete, natural vertical spectrum ranging from sub-
tropical to alpine cold vegetation was very well developed
in the area. The A. fabric forest in this study is middle age
forest, which sites in 3000 m altitude and eastern slope
of Gongga mountain. This forest rooted in the blank of
primeval A. fabri forest was destroyed by the debris flows
and has developed into the mid-aged forest with a tree
age of about 80-years following plant succession. The con-
structive species is A. fabri. The A. fabri is about 18-m high
and the breast-height diameter is 20–30 cm. Under arbor
layer, there are some sparse scrubs and herbage with cover
degree being smaller than 30% each. The annual mean air
temperature of this area is 3.8°C, mean air temperature of
January is −4.3°C and that of July is 11.9°C. The average
precipitation is 2,175.4 mm, mostly concentrating in June–
September and accounting for 60.6% of the year’s total.
The detailed features and information about this site can
be found in some literatures (Zhang et al., 2003; Dong et
al., 2003; Cheng and Luo, 2003, 2004; Wang et al., 2004,
2005).

Daily maximum and minimum air temperature and pre-
cipitation were derived from the continuous data records
for the site and used to generate model results. Daily
average maximum and minimum air temperature, daily
average sum of precipitation, which calculated from a
6-year dataset each today’s climate from 1999 to 2004
were assumed as the baseline scenario (Fig.1). To predict
the effect of changes of temperature and precipitation
conditions on carbon characteristics and GHGs emissions,
the baseline temperature varied from ±1°C to ±2°C, and
the baseline precipitation varied from ±10% to ±20% were
designed. And model was run by varying one model driver
(air temperature, precipitation) and keeping other drivers
and model input parameters constant.

1.3 Model validation

Model validation is to test the degree of agreement
between simulated values and measured values. The
Forest-DNDC has been validated by all kinds of forest
types in many countries, such as the United States (pine
and oak), Denmark (spruce), Austria (beech), Germany
(spruce and beech), and Australia (Eucalyptus and rainfor-
est) (Stange et al., 2000; Kiese et al., 2005; Kesik et al.,
2005; Cui et al., 2005b; Miehle et al., 2006a, 2006b). The
result showed that simulated and measured values were
in general agreement in terms of magnitude and seasonal
pattern. The six months daily soil CO2 emissions data
from May 1 to October 31 in 1998 were measured for

Fig. 1 Daily average maximum and minimum air temperature, daily average sum of precipitation, which calculated from a 6-year dataset climate from
1999 to 2004 in Abies fabric forest.

Fig. 2 Comparisons between simulated and measured daily soil CO2 emissions from 1 May to 31 October in 1998 in Abies fabric forest.
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model validation (Fig.2). The model soil CO2 emissions
corresponded well to the trends and temporal variations
of measured values. Comparison between simulated and
measured quantities of soil CO2 emission showed good
agreement (R2 = 0.613). Few soil NO and N2O emission
data in A. fabric forest were observed for model validation.
Dong et al. (2003) measured average daily soil N2O
emission from middle age A. fabri forest as 0.43−5.58
gN/(hm2·d). The Forest-DNDC estimated average daily
soil N2O emission was 1.40 gN/(hm2·d) and was in the
range of measured value. The results obtained from vali-
dation studies indicated that the Forest-DNDC can be used
to predict carbon characteristics and GHGs emissions in A.
fabric forest with reasonable accuracy.

2 Results and discussion

2.1 Effect of temperature and precipitation on carbon
characteristics

2.1.1 Carbon fluxes
In forest ecosystems, carbon is contained in the standing

vegetations and in litter and organic soils. The processes of
photosynthesis and respiration are functions of several en-
vironmental and plant variables, including solar radiation,
air, temperature and humidity, availability of water and nu-
trients, leaf area, and foliar nutrition. The results predicted
carbon fluxes with variation in the baseline temperature
from ±1°C to ±2°C (Fig.3a). The simulated gross primary
production (GPP) of A. fabric forest was strongly affected
by temperature. The GPP increased with increasing tem-
perature, and it meant that trees and other vegetation grew
quickly at high temperatures. With variation in the baseline
temperature from –2°C to +2°C, GPP increased from
17,847 to 28,350 kgC/(hm2·a). Net primary production
(NPP) is GPP minus the flux of autotrophic respiration of
assimilate used for plant’s own metabolism. Net ecosystem
production (NEP) is a measure of the production of total
ecosystem and is equivalent to NPP minus soil microbial
respiration. Both NPP and NEP showed decreasing trends
with variation in the baseline temperature from –2°C to
+2°C. Despite significantly elevated GPP with the increas-

ing temperature, the total NPP and NEP did not show
increasing trend like as GPP, because forest with higher
temperature also generated more litter and consequently
have higher respiration rates, which includes autotrophic
respiration and heterotrophic respiration. With variation in
the baseline temperature +2°C, the total NPP and NEP
were the lowest, decreased 28.3% and 70.6%, respectively,
compared with the baseline temperature. Fig.3b shows the
simulation carbon fluxes with variation in the baseline
precipitation from ±10% to ±20%. The carbon fluxes
changed slightly with increasing precipitation. With varia-
tion in the baseline precipitation from ±10% to ±20%, the
GPP and NPP showed increasing trends. But with 120%
precipitation, it only increased 0.01% and 4.17% compared
with 80% precipitation. The total NEP showed decreasing
trend because soil microbial respiration improved at higher
precipitation rates.

2.1.2 Soil carbon dynamics
Soil carbon is determined by the balance between litter

input and soil heterotrophic respiration in forest ecosys-
tems. It was clear that soil carbon was influenced by
the changes of temperature condition (Figs.4a and 4b).
With temperature increasing, the annual changes of SOC
decreased on both forest floor and mineral soil. With
variation in the baseline temperature +2°C, the annual
changes of SOC were the lowest, 4,009 kgC/(hm2·a) on
forest floor and 2,260 kgC/(hm2·a) on the mineral soil,
respectively. With the changes in temperature, the annual
changes of humads and humus on forest floor changes
little, average −113 and 12.2 kgC/(hm2·a), respectively.
The annual changes of humads and humus in the mineral
soil showed increasing trends, improved 39.9% and 30%,
respectively, with a variation in the baseline temperature
+2°C compared with the baseline temperature. So, the
rate of a number of processes was affected by temperature
that in turn affected the soil carbon dynamics. The higher
temperature caused a decrease of the changes of SOC
because of greater proportion of carbon was respired
during decomposition of soil carbon pools. Figs.4c and 4d
show the annual soil carbon changes in A. fabric forest
with alteration in precipitation. The annual changes of

Fig. 3 Simulated carbon fluxes of Abies fabric forest for the two simulation scenarios. (a) variation in the temperature from ±1°C to ±2°C; (b) variation
in the precipitation from ±10% to ±20%. GPP: gross primary production; Auto rasp: autotropic respiration; NPP: net primary production; Hete resp:
heterotropic respiration; NEP: net ecosystem production.
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Fig. 4 Simulated annual soil carbon changes in A. fabric forest for the two simulation scenarios. (a) changes of soil carbon on forest floor with variation
in the temperature from ±1°C to ±2°C; (b) changes of soil carbon on mineral soil with variation in the temperature from ±1°C to ±2°C; (c) changes
of soil carbon on forest floor with variation in the precipitation from ±10% to ±20%; (d) changes of soil carbon on mineral soil with variation in the
precipitation from ±10% to ±20%.

SOC increased on both forest floor and the mineral soil
with variation in the baseline precipitation from ±10% to
±20%. The annual changes of humads also increased with
increasing precipitation but the humus kept steadiness.
Increasing precipitation leads to an increase in soil carbon
stock was because the rate of decomposition of soil carbon
was decreased.

2.2 Effect of temperature and precipitation on GHGs
emissions

2.2.1 CO2 emission
In this study, CO2 emission is defined as the summation

of microbial respiration and root respiration. CO2 are the
end products of organic matter decomposition in forest
soils. The CO2 emission rates from forest soil reflect vari-
ations in temperature, moisture, and other environmental
factors. Fig.5 shows the simulated total CO2 emissions
from the soil of A. fabric forest with variation in the
baseline temperature from ±1°C to ±2°C. The seasonal
variation of CO2 emissions followed the seasonal vari-

ations in temperature and precipitation. The higher soil
CO2 emissions simulated on day 220 were consistent with
the higher temperature and precipitation in this period.
In the model, daily CO2 emissions remained low during
winter. At baseline temperature, the total annual CO2
emissions was 6,384.69 kgC/hm2, and the daily average
CO2 emission was 17.49 kgC/(hm2·d). With variation in
the baseline temperature from ±1°C to ±2°C, the soil CO2
emissions increased.

With variation in the baseline temperature +2°C, it im-
proved to 42.40% compared with the baseline temperature
and it decreased to 37.38% with variation in the baseline
temperature from –2°C. In this study, the precipitation was
not a principal factor affecting soil CO2 emissions, which
had shown very little changes with the variation in the
baseline precipitation from ±10% to ±20% (Table 1).

2.2.2 N2O and NO emission
N2O and NO emissions from soils are caused principally

by microbial nitrification and denitrification (Li et al.,

Table 1 Simulated total annual greenhouse gases (GHGs) emissions from the soil of Abies fabric forest for the two simulation scenarios in
comparison to emissions from baseline (%)

GHGs Temperature Precipitation
–2°C –1°C Baseline +1°C +2°C 80% 90% Baseline 110% 120%

CO2 62.62 80.23 100.00 120.81 142.40 99.71 99.70 100.00 100.14 100.31
N2O 124.08 103.96 100.00 103.91 108.70 89.45 94.34 100.00 104.92 110.34
NO 80.18 86.67 100.00 114.20 128.18 89.67 95.54 100.00 103.93 107.25
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Fig. 5 Simulated soil CO2 emissions from Abies fabric forest soil for variation in the baseline temperature from ±1°C to ±2°C.

2000). These processes are driven by environmental factor,
temperature, moisture, substrate concentration, and so on.
The changes of these factors will alter the magnitude
and the pattern of N2O and NO fluxes. With increased
temperature and decreased baseline temperature, the total
annual soil N2O emissions all increased (Table 1). At
baseline temperature varied +2°C the total annual soil
N2O emissions improved 8.70% compared with baseline
temperature and improved 24.08% at baseline temperature
varied −2°C. When temperature increased, the increased
emission of N2O maybe because of the improved denitri-
fication, and when temperature decreased, it is because of
the improved nitrification. Different from N2O emissions
with variation in the baseline temperature from ±1°C to
±2°C, the total annual soil NO emissions showed increased
trend (Table 1). It showed that the effect of temperature
changes on N-trace gas production was very complicated.
The total annual soil NO emission improved 28.18% with

variation in the baseline temperature of +2°C. At lower
temperature due to lower N uptake rates by plants the
availability of NH4

+ for nitrification would increase, but
soil NO emission was still reduced. The higher temperature
will increase evapotranspiration and decrease soil mois-
ture. It is unfavorable for denitrification but these could
be compensated for by temperature effects on rates of soil
N2O and NO emissions by denitrification.

The results of soil N2O and NO emissions with variation
in the baseline precipitation from ±10% to ±20% are
shown in Fig.6 and Table 1. The total annual N2O and NO
emissions with baseline precipitation were 0.57 and 0.21
kgN/hm2, respectively. Precipitation has a major effect
on biogeochemical cycling of nitrogen in forest soils.
Changes in the amount of precipitation and its temporal
distribution directly influence the soil moisture regime
and, consequently, the water availability for plant pro-
duction, and the soil microbial processes. With variation

Fig. 6 Simulated soil N2O (a) and NO (b) emissions from Abies fabric forest soil with variation in baseline precipitation from ±10% to ±20%.
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in the baseline precipitation from ±10% to ±20%, the
total annual N2O and NO emissions showed increasing
trends. Soil N2O and NO emissions were sensitive to
increasing precipitation in comparison with the baseline
scenario: decreased 10.55% (N2O) and 10.33% (NO) for
a scenario with 20% lower precipitation rates, increased
10.34% (N2O) and 7.25% (NO) for a scenario with 20%
higher precipitation rates. Soil N2O and NO emissions due
to denitrification depended on the size of the “anaerobic
balloon” (Li et al., 2000).

3 Conclusions

The process-oriented biogeochemical model, Forest-
DNDC, was used to simulate the effects of climatic
factors, temperature and precipitation changes on the car-
bon fluxes, soil carbon dynamics, soil CO2, N2O, and NO
emissions of A. fabric forest of subalpine in the Gongga
mountain. Results indicated that with variation in the
baseline temperature from –2°C to +2°C, GPP showed
apparent increasing trend, but NPP and NEP changed
sightly. With increasing baseline precipitation, GPP and
NPP slightly increased and the NEP showed decreasing
trend because soil microbial respiration improved at higher
precipitation rates. With increasing temperature, the annual
changes of SOC increased, the humads and humus on
forest floor changes little and on the mineral soil showed
increasing trends. The annual changes of SOC and humads
increased and the humus kept steadiness with variation
in the baseline precipitation from ±10% to ±20%. Soil
CO2 emissions increased with the increase of temperature
and CO2 emissions changed little with increased baseline
precipitation. With increased temperature and decreased
baseline temperature, the total annual soil N2O emissions
all increased. And the total annual soil NO emissions
increased with variation in the baseline temperature from
−2°C to +2°C. The total annual N2O and NO emissions
increased with the increase of precipitation. In conclusion,
temperature changes strongly affected carbon fluxes, soil
carbon dynamics, and soil GHGs emissions. In this study,
the precipitation was not a principal factor affecting carbon
fluxes, soil carbon dynamics, and soil CO2 emissions, but
changes in precipitation could exert strong effect on soil
N2O and NO emissions.
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