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1 Introduction

N2O is a potent and persistent greenhouse gas (IPCC 2001),
and also an important stratospheric ozone depleting sub-
stance (Ravishankara et al., 2009). Soil currently contributes
to approximately two-thirds of global N2O emissions (Thom-
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A B S T R A C T

Soil-emitted N2O contributes to two-thirds of global N2O emissions, and is sensitive to global

change. We used DayCent model to simulate major plant–soil N cycling processes under

different global change scenarios in a typical temperate mixed forest in north-eastern China.

Simulated scenarios included warming (T), elevated atmospheric CO2 concentration ([CO2])

(C), increased N deposition (N) and precipitation (P), and their full factorial combinations. The

responses of plant–soil nitrogen cycling processes including net N mineralization, plant N

uptake, gross nitrification, denitrification and soil N2O emission were examined. Concurrent

increase of elevated [CO2] and N deposition displayed most strong interactive effects on most

fluxes. Using the results from experimental studies for evaluation, simulation uncertainty was

highest under elevated [CO2] and increased precipitation among the four global change

factors. N deposition had a fundamental impact on soil N cycle and N2O emission in our

studied forest. Despite forest soil acting as a N sink for added N, scenarios which included

increased N deposition showed higher cumulative soil N2O emissions (summed up from 2001

to 2100). In particular, the scenario which included T, P, and N had the largest cumulative soil

N2O emission, which was a 24.4% increase over that under ambient conditions. Our study

points to the importance of the interactive effects of global change factors on plant–soil N

cycling and the necessity of multi-factor manipulation experiments.
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son et al., 2012), mainly through nitrification and denitrifica-
tion. Both processes are controlled by soil microbes and
mediated by many factors, including soil aeration status, soil
moisture, availability of labile C, soil NH4

+ and NO3
–

concnetration, among others (Barnard et al., 2005). Global
change brings physical, chemical, and biological changes to
the plant–soil ecosystem. It may have a profound impact on
soil N2O emissions via affecting plant–soil N cycling pro-
cesses (Brown et al., 2012).

Warming may affect temperature-dependent microbial
processes (Peterjohn et al., 1994), decrease soil oxygen by
increasing soil respiration (Barnard et al., 2005), deplete soil
labile C by increasing microbial activity (Butler et al., 2012),
and decrease soil moisture (Bai et al., 2013). Increased
precipitation may affect soil moisture, soil aeration status, wet
N deposition, labile C concentration in soil solution, and
leaching of NO3

– and organic N (Hall et al., 2013). Elevated
atmospheric CO2 concentration may increase labile C input
via increased litter-fall and fine-root production (Bader and
Korner 2010), affect plant N uptake (Finzi et al., 2007),
increase soil moisture by improving plant water use efficiency
(Battipaglia et al., 2013), and create anoxic micro-sites
through increased heterotrophic consumption of O2 (Wieder
et al., 2011). Increased N deposition provides external NO3

–,
NH4

+, and organic N to the soil (Lu et al., 2011) and may also
cause soil acidification (Magill et al., 2000).

Depending on site characteristics, a single global change
factor may have positive, no effect, or negative effect on soil
N2O emissions. Combination of multiple global change factors
further increases the complexities. The high set-up and
maintenance cost precludes long-term study of the forest-
soil system in response to all possible global changes through
manipulation experiments. To understand the effect of global
change it is helpful to use model simulation as a first step, and
examine those processes which we had preliminary theore-
tical and empirical understanding.

This study used a process-based biogeochemical model,
DayCent, to simulate plant–soil N cycling processes under
various global change scenarios in an old-growth temperate
mixed forest, typical for north-eastern China. DayCent is a
well-established model to simulate plant–soil C-N cycling,
including soil N2O emissions (Parton et al., 2001). Temperate
forests are usually thought to be N-limited, and could be a
potential N sink for increasing anthropogenic N inputs. It is
therefore important to investigate how global changes may
affect plant–soil N cycling processes and if global change will
attenuate or accelerate N2O leaking from the plant–soil
system. We aim to present a systematic image on the
response of the plant–soil system to possible global changes,
identify potentially important global change factors and the
interactions to guide future experimental work, and to provide
a scientific basis for policy making.

2 Methods

2.1 DayCent model

DayCent model simulates key plant–soil N cycling processes
and estimates soil N2O fluxes emitted from nitrification and
denitrification. N mineralization is regulated by microbial
respiration and the C:N ratios of soil organic matter pools.
Plant N uptake is dependent upon the root biomass and
available mineral N (Metherell et al., 1993). Nitrification is
modeled as a function of soil NH4

+-N concentration, water-
filled pore space, temperature, pH, and texture, while
denitrification is a function of soil NO3

–-N concentration,
water-filled pore space, heterotrophic respiration, and texture
(Parton et al., 2001). DayCent simulates soil N2O emissions
based on the hole-in-the-pipe model of Firestone and
Davidson (1989). The N2O fluxes emitted from nitrification
and denitrification are proportional to the rates of correspond-
ing processes.

2.2 Study site and simulation scenarios

Our study site locates in the Changbai Mountain National
Nature Reserve (127°38′ E, 41°42′ N). Dominant tree species
include Pinuskoraiensis, Acer mono, Tiliaamurensis, Frax-
inusmandschurica, and Quercusmongolica. Mean annual
temperature is 2.1°C and the growing season spans from
May to September. Annual precipitation is 745 mm, 85% of
which falling in the growing season. It has a dark brown soil
developed from volcanic ash (Albic Luvisol). The top 10 cm
soil has a pH of 5.48, with sand and clay taking up 19% and
32%, respectively.

Daily weather data from 1958 to 2012 were collected to
drive DayCent. The model was run under ambient condition
for over 1000 years to bring the model into equilibrium, and
then global changes were simulated from 2013 to 2100.The
global changes were set based on the projections of IPCC
(2007) and Galloway et al. (2004). Specifically, air tempera-
ture gradually increased 3.3°C (T), annual precipitation
gradually increased 9% (P), atmospheric [CO2] gradually
increased from 350 p.p.m. to 700 p.p.m.(C). N deposition
gradually increased from current rate of 23.6 kg N ha–1 yr–1

(Wang et al., 2012) to 50 kg N ha–1 yr–1 in 2050, and stayed at
50 kg N ha–1 yr–1 from 2051 to 2100 (N). Sixteen scenarios
were simulated, including ambient condition and a complete
combination of four projected global changes. These scenar-
ios enabled us to examine four main effects related to each
factor, six two-way interactive effects, four three-way inter-
active effects, and one four-way interactive effect.

2.3 Model calibration

To get reliable simulation results, DayCent was calibrated
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using soil water content, net primary production (NPP),
heterotrophic respiration (Rh), soil organic C (SOC), soil
organic N (SON), soil NH4

+-N and NO3
–-N concentrations,

and N2O emissions as suggested by Del Grosso et al. (2011).
Figure 1 showed the measured and modeled volumetric

soil water content at different depths (data were reported as
mean±standard deviation). Soils were collected every 5 days
from May to Sep. 2003 (Yang et al., 2006). Calibration of other
variables was reported in Table 1. Soil characteristics are
spatially and even seasonally heterogeneous. Therefore data
from different sources were collected to calculate the mean
and standard deviation of each variable either as a long-term
average or a mean value measured by different methods in
order to reduce the bias brought by single observation and
avoid overfitting. NPP value was obtained both from the
dendrometry method (Zhao, 2005) and from the calculation of
GPP. According to Wang et al. (2006), the ratio of NPP/GPP
was 0.48 in the study area, where GPP was obtained both
from the eddy covariance technique (Zhang et al., 2006) and
the chamber-based measurements (Wang et al., 2009). Rh
were calculated as the difference between ecosystem
respiration (Re) and autotrophic respiration (Ra), where Re
was obtained both from the eddy covariance technique
(Zhang et al., 2006) and the chamber-based measurements
(Wang et al., 2009) and Ra was calculated as 0.52 � GPP
(Wang et al., 2006). Soil N2O fluxes were measured using the
closed chamber method in both studies (Xiao et al., 2004; Bai
et al., 2014). The total flux during the measurement was
calculated based on the average hourly emission rate.
Personal measurements in 2015 (unpublished) were also
used to get a reliable range of soil SOC, SON, NH4

+-N, and
NO3

–-N concentrations.

3 Results

For each scenario, all reported fluxes were averaged from
2091 to 2100 in order to reduce the impact of temporal
variations. The percent change of a given flux between each
global change scenario and the ambient condition was
calculated. Calculation of the relative main and interactive
effects of global change factors was in the same way as that in
Luo et al. (2008). Briefly, for each global change factor (e.g.,
warming), its relative main effect on a given flux (e.g., N2O
emission) was calculated as: 100% � (N2OT – N2OAmbient)/
N2OAmbient. For scenarios with multiple global change factors
(e.g., warming and increased precipitation, termed as

Table 1 Calibration of DayCent model

Variable Time Modeled value Observed value Sources

NPP
(g C m–2 yr–1)

2003 696 695±190 Zhao 2005; Wang et al.,
2006; Zhang et al., 2006;
Wang et al., 2009

Rh
(g C m–2 yr–1)

2003 570 504±165 Wang et al., 2006; Zhang et
al., 2006; Wang et al., 2009

0–20 cm SOC
(g C m–2)

2003–2015 13617.39
±94.09

13827.72
±1074.61

Shao et al., 2006; Zhang et
al., 2009; Wang and Yang
2010; personal unpublished
data, 2015

0–20 cm SON
(g N m–2)

2005–2015 953.51
±3.41

1018.18
±139.52

Zhang et al., 2009; Han,
2012; personal unpublished
data, 2015

0–15 cm soil NH4
+-N

(mg kg–1)
2007–2015 9.33±1.78 6.99±5.31 Hu et al., 2009; Xu et al.,

2010; Luo et al., 2012; Bai et
al., 2014; personal unpub-
lished data, 2015

0–10 cm soil NO3
–-N

(mg kg–1)
2007–2015 5.69±2.25 6.65±11.38 Hu et al., 2009; Xu et al.,

2010; Luo et al., 2012; Bai et
al., 2014; personal unpub-
lished data, 2015

Soil N2O emission
(g N m–2)

Jul. – Oct., 2012 0.15 0.18±0.18 Bai et al., 2014

Sep. 2002–Oct. 2003 0.36 0.44 Xiao et al., 2004

Fig. 1 Validation of volumetric soil water content

(VSWC) at different depths.
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scenario T � P), its relative effect was calculated as 100% �
(N2OT � P – N2OAmbient)/ N2OAmbient, and its relative interactive
effect was calculated as: 100% � [(N2OT � P – N2OAmbient) –
(N2OT -N2OAmbient) – (N2OP –N2OAmbient)] / N2OAmbient.

3.1 Net N mineralization and plant uptake of N

Net N mineralization was stimulated in all scenarios (Fig. 2A).
For single global change factor, increased atmospheric [CO2]
had the most stimulation on net N mineralization (+ 12.3%),
followed by warming (+ 10.4%), increased N deposition
(+ 7.6%), and increased precipitation (+ 4.9%) (Table 2).
Scenarios with multiple global change factors generally had
higher net N mineralization rates, though their interactive
effects were generally small. Scenario P � N � C had the
largest positive interactive effect (+ 5.9%) on net N miner-
alization, and scenario N � C had the largest negative
interactive effect (-6.7%) (Table 2).

Plant N uptake increased in most scenarios, except for
scenario P � C (-3.6%), scenario C (-2.8%) and scenario N

(-0.1%) (Fig. 2B). For single global change factor, warming
had the most positive effect on plant N uptake (+ 6.8%), while
elevated [CO2] had a small but negative effect (-2.8%)
(Table 2). Scenario N � C had the most positive interactive
effect (+ 3.6%), while scenario P � C had the most negative
interactive effect (-1.5%) (Table 2).

3.2 Gross nitrification, denitrification and soil N2O emission

Gross nitrification was reduced in scenario P � C (-18.5%),
scenario C (-16.6%), scenario T � P � C (-3.3%) and
scenario T � C (-2.7%), and was stimulated in other
scenarios (Fig. 2C). For single global change factor, increased
N deposition and warming both gave large stimulation to gross
nitrification (+ 31.3% and + 14.1%, respectively), while
increased atmospheric [CO2] had a moderate negative effect
(-16.6%). Scenario P � N � C had the most positive
interactive effect on gross nitrification (+ 5.6%), while scenario
P � N has the most negative interactive effect (-5.3%)
(Table 2).

Fig. 2 Major N processes in simulated scenarios. (A) mineralization, (B) plant N take, (C) gross nitrification, (D) denitrification.
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Denitrification was calculated as the sum of denitrification-
derived N2 and N2O fluxes. Denitrification flux was increased
in all global change scenarios (Fig. 2D). For single global
change factor, increased atmospheric [CO2] had the largest
positive impact on denitrification (+14.5%), followed by
increased N deposition (+11.0%). Scenario N � C had the
most positive interactive effect on denitrification (+38.0%),
while scenario P � C had the most negative interactive effect
(-4.0%) (Table 2).

Soil N2O emission was greatly stimulated in scenarios
which include increased N deposition ( + 30.2%–34.8%), and
was reduced in scenarios C (-14.4%), T � C (-15.9%), P � C
(-8.7%), T� P� C (-13.1%)(Fig. 3). For single global change
factor, N deposition gave the largest stimulation to soil N2O
emission ( + 30.2%), while increased atmospheric [CO2] had a
moderate negative effect (-14.4%). Scenario N � C had the
most positive interactive effect (+ 15.3%), and the interactive
effect in other scenarios were generally small (Table 2).

Considering the strong positive effect of N deposition on
denitrification and soil N2O emissions, we also calculated the
ratio of denitrification:N deposition and the ratio of soil N2O
emission:N deposition (Fig. 4). In the simulated scenarios, the
ratio of denitrification:N deposition ranged from 0.18 (Scenario
N) to 0.45 (Scenario T � P � C), and scenarios which include
increased N deposition generally had lower ratios. Similarly,
for the ratio of soil N2O emission: N deposition, scenarios with
increased deposition generally had lower values (around
0.12) while the ratios in other scenarios ranged between 0.16
and 0.20.

4 Discussion

4.1 Main effects of global change on N fluxes

4.1.1 Net N mineralization

For increased N deposition and warming, modeled results of
net N mineralization were consistent with existing experi-
mental studies. Significant increase of net N mineralization
was reported in hardwood forest after 9 years N addition
(Magill et al., 2000). Meta-analysis revealed that experimental
warming increased net N mineralization by 75.2% in forest
ecosystems (Bai et al., 2013). Elevated [CO2] was observed
to stimulate N mineralization by Hofmockel et al. (2011), but
had no significant effect (Zak et al., 2003; Finzi et al., 2006;
Holmes et al., 2006) or even negative effect on net N
mineralization in other studies (Hungate et al., 1999). Rainfall
manipulation experiments relevant to plant–soil N fluxes are
limited. The effect of increased precipitation on net N
mineralization was highly dependent on season (Landesman
and Dighton, 2010).

4.1.2 Plant N uptake

Simulated effects of warming on plant N uptake were
consistent with existing experimental studies. Bai et al.
(2013) found warming increased N concentration in tree
leaves by 10.7% through meta-analysis. Contrary to the
model prediction, elevated [CO2] led to either significant
increase (Finzi et al., 2007; Hofmockel et al., 2011) or no

Table 2 Relative main and interactive effects of major fluxes in simulated scenarios

Scenarios Net min. N uptake Gross nit. Denit. Soil N2O

Relative main effect (%)

T 10.4 6.8 14.1 4.8 -0.6

P 4.9 0.7 1.1 10.6 5.7

N 7.6 -0.1 31.3 11.0 30.2

C 12.3 -2.8 -16.6 14.5 -14.4

Relative interactive
effects (%)

T � P 1.2 0.2 1.0 1.5 -1.5

T � N 1.6 0.1 4.1 0.5 3.2

T � C 3.5 1.3 -0.2 4.0 -0.9

P � N -3.9 0.3 -5.3 0.9 -1.5

P � C -4.0 -1.5 -3.0 -4.0 0.0

N � C -6.7 3.6 -1.4 38.0 15.3

T � P � N -1.2 0.1 -0.9 1.3 -0.9

T � P � C 0.4 0.6 0.2 -3.6 -1.5

T � N � C -0.4 0.5 0.9 4.7 0.6

P � N � C 5.9 1.7 5.6 8.3 -0.6

T � P � N � C 1.9 -0.5 0.6 1.4 1.0

Weiwei Dai et al. 77



change (Hagedorn et al., 2000; Finzi et al., 2007) in plant N
uptake as observed in several FACE (Free-Air Carbon dioxide
Enrichment) and OTC (Open-Top Chamber) experiments.
This discrepancy has been recognized by Finzi (2007) and
Franklin (2009). DayCent assumes that elevated [CO2] would
stimulate photosynthesis and root growth, reduce stomatal
conductance and photorespiration, decrease plant N con-
centration and increase N use efficiency in C3 species
(Metherell et al., 1993). These assumptions were based on
empirical studies before FACE experiments were conducted.
The response of plant N uptake to increased N deposition is
dependent on the changing biological and abiological factors.
A long-term experiment at Harvard Forest observed an
increase in plant N uptake after 9 years of N addition (Magill
et al., 2000), followed by an unchange or even delince six
years later (Magill et al., 2004). To our knowledge, there is no
experimental work to investigate the effect of increased
precipitation on forest N uptake. But we know soil moisture
is important for plant N uptake, for example, when the soil is
very dry, plant N uptake would be reduced due to inhibited
diffusion (Landesman and Dighton, 2010).

4.1.3 Nitrification, denitrification and N2O emissions

Due to the limited observations of gross nitrification in
response to global changes, we included observations on
net nitrification as an indirect evidence. Consistent with our
modeling results, meta-analyses revealed that N addition
significantly increased net nitrification and gross nitrification
by 217% and 200% respectively (Barnard et al., 2005), and
experimental warming significantly increased net nitrification
by 32.2% (Bai et al., 2013). Decreased nitrification under
elevated [CO2] was inferred from a reduced recovery of nitrate
in resin lysimeters in Florida scrub oak (Hungate et al., 1999).
However, meta-analysis result claimed that elevated [CO2]
had no effect on gross nitrification based on four observations
and increased net nitrification by 33% based on five
observations (Barnard et al., 2005). In one study of ponderosa
pine forests it was postulated that nitrification may decrease
with increased precipitation (Hungate et al., 2007).

Available studies on denitrification mainly focused on N2O
emission because of the difficulty in measuring N2 over
background levels (Kulkarni et al., 2008). Denitrification
contributed to 64.1% soil N2O emission in our study area
(Bai et al., 2014). Reducedmoisture by warming generally has
a negative effect on denitrification-derived N2O and a positive
effect on nitrification-derived N2O (Bijoor et al., 2008). Our
modeling result also showed this trend. Warming decreased
denitrification-derived N2O by 10.8% and increased nitrifica-
tion-derived N2O by 14.1% (Fig. 3). However, warming also
caused a 12.1% increase in denitrification-derived N2, there-
fore increased the denitrification rate. According to the model
result, elevated [CO2] decreased both denitrification-derived
and nitrification-derived N2O, but greatly increased denitrifica-
tion-derived N2, therefore increased the denitrification rate.

Model predicted a strong positive effect of increased N
deposition on soil N2O emission. Meta-analyses confirmed
that N addition caused a 105% increase in soil N2O efflux for
forest ecosystems (Barnard et al., 2005), and a 216%
increase across all ecosystems (Liu and Greaver 2009).
Along an atmospheric N deposition gradient, soil N2O fluxes
were much higher at high N deposition sites (16 –32 µg N2O-
N m–2 h–1) than moderate N deposition sites (5 –10 µg N2O-
N m–2 h–1) in Scots pine forests (Butterbach-Bahl et al.,
2002a). Warming had a marginal effect on soil N2O emission
according to our model prediction, also consistent with the
meta-analysis result that warming had no significant effect on
soil N2O emission across all ecosystems (Bai et al., 2013).
Model predicted a negative effect of elevated [CO2] on soil
N2O emission while elevated [CO2] was found to have no
significant effect on soil N2O emissions in temperate forests
(Ambus and Robertson 1999; Hagedorn et al., 2000, Phillips
et al., 2001). Very few field studies examined the effect of
increased precipitation on soil N2O emission in temperate
forests while in tropical humid forest soil N2O emission
decreases with increasing precipitation (Holtgrieve et al.,
2006; Hall et al., 2013).

4.2 Interactive-effects of global change

Concurrent increase of elevated [CO2] and N deposition
(scenario N � C) displayed most strong interactive effects on
most fluxes as shown in Table 2. It had the most positive
interactive effect on denitrification, soil N2O emission and
plant N uptake, and the most negative interactive effect on net
N mineralization. However, in an OTC experiment Hagedorn
et al. (2000) observed no significant interactive effect of
elevated [CO2] and increased N deposition on soil N2O
emission and plant N uptake. They believed that CO2

Fig. 3 Soil N2O emission and its composition in simu-

lated scenarios.
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enrichment decreased soil N availability in forest ecosystems
and increased the capacity of ecosystems to retain N
deposition. For scenarios with more than two global change
factors, concurrent increase of precipitation, N deposition and
[CO2] (scenario P � N � C) had the most strong interactive
effects on net mineralization, plant N uptake, gross nitrification
and denitrification. Unfortunately, there is no other experi-
mental data in forest ecosystems to validate these interactive
effects.

4.3 Effects of N deposition

N deposition had a fundamental impact on soil N cycle and
N2O emission in our studied temperate forest. Two ratios were
used to characterize the effect of N deposition on soil N cycle
from different aspects. First, the ratio of soil N2O emission:N
deposition (kg N2O-N ha–1 yr–1 per kg N deposition ha–1 yr–1),
also called N2O emission factor. N2O emission factor showed
a wide range in forest ecosystems. Eickenscheidt et al. (2011)
compiled its values for temperate forests, which ranged
from<0.001 to 0.22. Model estimated the emission factor was
0.19 under ambient condition, close to the upper bound of the
reported range. In the scenarios which included increased N
deposition, the emission factor dropped to 0.12, indicating a
smaller fraction of N deposition escaped of the soil system in
forms of N2O and the buffering capacity of forest soil.

Second, the ratio of denitrification:N deposition. After N
gets into the forest-soil system via deposition, it may finally
enter water bodies via leaching or runoff or enter the
atmosphere mainly in forms of N2 and N2O. Denitrification is
an important N gaseous loss pathway, and may have a
significant impact on atmospheric chemistry. Model estimated
this ratio was 0.35 at ambient condition, ranging between 0.18
and 0.45 in all scenarios, and was generally low in scenarios
which include increased N deposition. At the Höglwald Forest,
the estimated ratio (N2 + N2O):N deposition was 0.41 for
spruce site and 0.94 for beech site at a N deposition rate of 20

kg N ha–1 yr–1 (Butterbach-Bahl et al., 2002b). This ratio may
serve as an upper bound for the ratio of denitrification:N
deposition.

4.4 Projection of soil N2O emissions and its implications

Given its residence time of over 100 years in the atmosphere
(IPCC 2001), soil N2O emissions were accumulated from
2001 to 2100 and mapped in Fig. 5. At ambient condition, the
accumulated soil N2O emission would reach 40.2 g N m–2

from 2000 to 2100. The lowest cumulative emission occurred
in scenario C (38.5 g N m–2), while the highest in scenario T�
P�N (50.0 g Nm–2). It was interesting to find that in an annual
grassland treatment with increased temperature, precipita-
tion, and N addition also had the highest soil N2O emission
among 16 treatments, which were the same combinations of
four global change factors as in our model simulation (Brown
et al., 2012).

As seen in Fig. 5, an obvious fork developed over the 100
years: the upper branch was comprised of eight scenarios
which contained increased N deposition, and the rest
scenarios belonged to the lower branch. The gap between
these two branches was relatively small before 2050, and it
became significantly larger over the second half of the 21st
century. The sensitivity of soil N2O emission to N deposition in
the studied temperate forest suggested the positive feedback
loop that promotes global warming. Although N-limited
ecosystems such as our studied temperate forest can serve
as a buffer for N deposition (Magill et al., 2000), their N2O
emissions will still increase, especially after years of
continued elevated N deposition. As carbon sequestration
and low carbon economy have become the hotspots in policy
making, the model prediction that the largest cumulative soil
N2O emissions occurred in scenario T� P �N highlighted the
potential detriment of unrestrained reactive N emission (e.g.,

Fig. 5 Cumulative soil N2O emissions from 2001 to

2100 in simulated scenarios.

Fig. 4 N-deposition related indexes.
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fertilizer application and motor vehicle emissions) when
carbon emission is under control.

5 Conclusions

According to our modeling results, for single global change
factor, N deposition caused a 30.2% increase in soil N2O
emission, increased precipitation increased soil N2O emis-
sions by 5.7%, while elevated [CO2] caused a 14.4%
decrease and warming had a small effect (-0.6%). When
multiple global changes factors were simulated, soil N2O
emissions were greatly stimulated in scenarios that included
increased N deposition. Concurrent increase of temperature,
N deposition and precipitation induced the largest soil N2O
efflux. It was predicted that the accumulated soil N2O
emission from 2001 to 2100 would reach 50.0 g N m–2 in
scenario T � P � N, which was a 24.4% increase over that in
ambient condition.

Model estimation that both warming and elevated [CO2]
decreased denitrification-derived N2O but increased the
denitrification rate may point to an interesting direction for
future experimental work. Simulation uncertainty for major
nitrogen cycling processes was high under elevated [CO2]
and increased precipitation scenarios among the four global
change factors due to inconsistent results in experimental
studies or lack of experimental data. Further experimental
studies are needed to investigate relevant mechanisms and
improve model predictions. Based on the modeling results, we
suggested that manipulation experiments of N addition and its
interactions with other global change factors should be given
high priority to study denitrification and soil N2O emissions in
temperate forests. Our study highlighted the importance of
controlling reactive N production in tandem with decreasing
carbon emission.
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