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1. Introduction

Human activities such as the burning of fossil fuels and various 
land-use practices have increased the concentrations of greenhouse 
gases, such as carbon dioxide (CO2), methane (CH4), ozone, nitrous 
oxide, and chlorofluorocarbons. The CO2 concentration in the at-
mosphere has increased by approximately 35% since the industrial 
revolution and is predicted to reach 700 ppm by the end of this 
century. Global warming caused by enhanced greenhouse effects 
has increased the worldwide air temperature by 1.4-5.8°C from 
the pre-industrial level [1].

Rising atmospheric CO2 concentration generally stimulates pho-
tosynthetic carbon (C) fixation by 30-70% [2]. As a consequence, 
plant biomass growth and C input into ecosystems have increased 
by an average of approximately 30% [3]. The productivity of vegeta-
tion growth enters the soils by plant leachates, root exudates, and 
plant litter [4], which is converted back to CO2 and CH4 through 
heterotrophic respiration processes [5, 6]. The balance between 
the input of C via photosynthesis and losses by respiration is a 
key aspect to determining whether a soil is a C source or sink 

[6]. In water-saturated anoxic sediments, the organic C in soils 
can be mineralized by several interacting microbial processes [7-9]. 
In water-saturated anoxic wetland soils, the anaerobic decom-
position of organic C regulates both the amount of organic material 
that is stored in soils and the amount of mineralized C that can 
be released into the atmosphere as greenhouse gases (CO2 and 
CH4). Temperature is a major factor regulating decomposition rates. 
It has been observed that there are higher soil CO2 concentrations 
during the summer months than during the winter months [10, 
11]. In addition, elevated atmospheric CO2 has increased organic 
C decomposition by either a priming effect from root exudates 
or aerobic decomposition from oxygen release (or radial oxygen 
loss) from roots [12]. However, results from nitrogen (N) deposition 
experiments led to apparently contradictory hypotheses regarding 
the decomposition of organic C in soil. N deposition has been 
found to decrease the decomposition of chemically complex C 
compounds, while increasing the decomposition rates of labile 
C pools [13]. Combined changes in N deposition and environmental 
conditions have considerable potential to affect soil C sequestra-
tion/loss and soil nutrient cycling. N deposition and environmental 
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conditions can each alter the activity of microbial decomposers, 
influencing the quantity of C lost (greenhouse gas emission or 
emission of greenhouse carbon gases) from soils via respiration, 
as well as the chemical quality of the C retained in soils as decom-
position byproducts.

Soil, as the largest terrestrial C pool, stores almost three times 
as much C as terrestrial biomass [14]. In particular, wetlands store 
up to one-third of the total soil C pool, even though they occupy 
a relatively small percentage of the world’s land area [15, 16]. 
Therefore, it is crucial to understand how wetland soil processes, 
and ultimately the changes in soil C dynamics, are affected by 
combined changes in environmental conditions and N deposition. 

The objective of this study was to investigate how the combined 
changes in environmental conditions and N deposition affect the 
mineralization processes and C dynamics of wetland soil. Special 
focus was given to the extent of changes in the anaerobic decom-
position of organic C and the emission of greenhouse gases. The 
results of this study are expected to elucidate the response of the 
mineralization of soil organic matter and the formation of green-
house gases to various scenarios of climate change and cultivation 
practices.

2. Materials and Methods

2.1. Study Site

The wetland of interest is located below the confluence of the 
Kyoungan stream and the Han River in South Korea (Fig. 1). The 
study site is characterized by freshwater riparian wetlands and 
is bordered by an agricultural area. The water temperature of the 
adjacent river ranges from 2C in February to 24-30C from May 
to September (Korea Meteorological Administration, Korea). The 
total monthly rainfall ranges from 1.5 mm·mon-1 in February to 
242.5 mm·mon-1 in August (Korea Hydro and Nuclear Power 
Company, Korea). The dominant aquatic plants at the study site 
are Phragmites australis and Zizania latifolia [17]. The surface of 
the sediments is typically saturated with water throughout the 
year. However, the weather conditions (i.e., low precipitation and 
high light intensity) during the summer allow the surface of the 
sediments to be exposed to air occasionally.  

2.2. Experimental Setup

In June 2011, we collected soil samples from a depth of 10 cm, 
homogenized them, and added them to each of eight polyvinyl 
chloride (PVC) pots (25 cm diameter × 33 cm height). Pots were 
sealed on the bottom with a PVC cap and had 1-cm-diameter holes 
covered with screens at 5 cm above the base to allow for water 
exchange (or sampling). Of the eight pots, four were planted with 
Zizania latifolia (planted-treatment) and four were left unplanted 
(unplanted-treatment). Each planted-treatment pot received eight 
separate plants corresponding to a pre-determined typical field 
density. Galloway et al. [18] estimated that South and East Asia 
would receive N deposition of 5,000 mg N·m-2·y-1 from the atmos-
phere by 2050. To investigate the effects of N deposition, we added 
N to half of the planted and unplanted pots. The amount of nitrogen 
added, 0.02 g NH4NO3 per month, was calculated using the ratio 

Fig. 1. Map of the study site.

between the surface area of Asia and the surface area of an ex-
perimental pot, 490 cm2 (= 12.5 cm × 12.5 cm × 3.14).

A laboratory experiment was carried out using environmentally 
controlled plant growth chambers. The growth chambers were 
1.4 m wide × 0.74 m deep × 1.2 m high and were equipped 
with a blower for drawing ambient air through the chamber, 
allowing for control of the CO2 concentration and air temperature. 
One chamber was maintained at an ambient atmospheric CO2 
concentration of approximately 390 ppm and temperatures of 
18°C during the night and 23°C during the day. Based on the 
A1B scenario of the Intergovernmental Panel on Climate Change 
AR4 report, the CO2 concentration is predicted to reach over 
720 ppm by the end of this century [19]. To simulate the altered 
environmental conditions caused by climatic change, the second 
chamber was maintained at an elevated CO2 concentration of 
approximately 720 ppm and a temperature of 22°C at night and 
27°C during the day. The CO2 concentration in each chamber 
was monitored continuously using a Binos gas analyzer (KORINS 
KRG701, Korea). The average day length was approximately 14 
hours during this experiment. 

Each chamber contained four pots (two unplanted pots and 
two planted pots). N was added to two of these pots (one unplanted 
pot and one planted pot). Depending on the presence of controlling 
factors, such as vegetation and nitrogen, there were four different 
conditions in each growth chamber (Table 1). Cases I and II represent 
the conditions of the growth chamber, while numbers (1-4) represent 
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Table 1. Experimental Setup Used in This Study

Sample Name
Controlling Factors

CO2 & Temp. Vegetation Nitrogen

Case I

1 X X X

2 X O X

3 X X O

4 X O O

Case II

1 O X X

2 O O X

3 O X O

4 O O O

X: absence of controlling factors, O: presence of controlling factors

the values of the controlling factors. For example, Case I-1 is a 
case without vegetation, with N, ambient CO2, and temperature. 
Case II-4 is with vegetation, with nitrogen, elevated CO2 concen 
tration, and temperature. Pots were assigned to the chambers 
randomly. Each pot was filled to the soil surface with water from 
the river adjacent to the riparian wetlands where the soil was 
sampled. The previously published paper by Choi et al. (2013) 
provided more detailed information of the experimental design 
and chamber conditions [20].

2.3. Sample Collection and Laboratory Analyses

The anaerobic decomposition of organic C is regulated by the sup-
plies of both electron acceptors and electron donors and by the 
competition between microbial groups for these resources [21]. 
The outcome of microbial competition depends on the energetic 
efficiency of individual metabolic pathways and therefore depends 
on sequential patterns of microbial activity of NO3

- reduction, Fe(III) 
reduction, SO4

2- reduction, and methanogenesis. Since organic C 
is converted into CO2 and CH4 through the anaerobic decomposition 
processes, the rate of anaerobic C decomposition can be determined 
as the sum of CO2 and CH4 production over time. In August 
(beginning of the experiment) and November (end of the experi-
ment), we collected replicate soil cores (≥ 10 cm depth) in the 
pots of growth chambers using PVC tubes (10-15 cm diameter). 
The cores were capped on the bottom to minimize O2 leakage 
into the soil and were transported to the lab. Each core was trans-
ferred to a N2-filled glove bag, and samples were collected for 
biogeochemical rate measurements. For the measurement of anaero-
bic decomposition rates, we measured the rates of CO2 and CH4 
production from the soil slurries. Soil slurries were prepared in 
serum bottles using 5 mL soil and 5 mL oxygen-free deionized 
water. The production of CO2 and CH4 was measured in sealed 
serum bottles over periods of 3-10 days. At each of several time 
points, 500 μL of headspace gas was collected for CO2 and CH4 
analyses on a gas chromatograph (Agilent Technologies 7890A). 
Hyperbolic and linear regression analyses were used to calculate 
CO2 and CH4 production rates; for the hyperbolic curves, the initial 
part of the curve was used. Soil mass-normalized rates were con-
verted to C units using a 2:1 molar ratio of mineralized C per 
CH4 produced based on the results of [22] (1:1 molar ratio of CO2:CH4 

production).
CO2 and CH4 fluxes from individual pots were measured monthly 

between August and November 2011. A PVC flux chamber consists 
of a PVC pipe (10 cm height × 3 cm diameter) with a PVC cap 
at one end. All PVC joints were sealed with silicone. The headspace 
was sampled through a rubber septum located on the cap of the 
flux chamber. During CO2 and CH4 efflux measurements, the bottom 
of the flux chamber was placed below the water surface, ensuring 
minimal gas exchange with the atmosphere. Samples for CO2 and 
CH4 analysis were collected once per hour over a 4 hour period. 
CO2 and CH4 were analyzed on a gas chromatograph (Agilent 
Technologies 7890A). Fluxes of CO2 and CH4 were calculated with 
the following equation [23]:

    ･   (1)

where F is gas emission (μg·m-2·h-1), V is chamber volume (m3), 
A is the soil surface area (m2), and dC/dt is the change in gas 
concentration in the chamber with time (μg·m-2·h-1).

To determine the dominant compounds in the soil used in this 
study, the amounts of C and N in the soil were measured. The 
air-dried wetland soil samples were sent to the National 
Instrumentation Center for Environmental Management (http://ni-
cem.snu.ac.kr) for elemental analysis of C and N.

2.4. Statistical Analyses

Differences in the anaerobic decomposition processes and water 
content of soils according to the environmental conditions were 
assessed using paired t-tests. Statistical significance was set at 
p ≤ 0.05. Analyses were conducted using SPSS 20.0 (IBM SPSS 
Statistics). Principle component analysis (PCA) involves a mathe-
matical procedure that transforms a number of correlated variables 
into a smaller number of uncorrelated (independent) variables based 
on the eigenvector decomposition of the covariance or correlation 
matrix. PCA was performed using XLSTAT (Addinsoft, New York, 
NY, USA). The significance of the correlations in the statistics 
was evaluated using p-values.

3. Results 

3.1. Anaerobic Decomposition Rate

The anaerobic decomposition rates ranged from 2.55 to 4.17 mmol 
C·g-1·d-1 (dry mass basis) at the beginning of the experiment (August) 
and from 0.99 to 3.09 mmol C·g-1·d-1 (dry mass basis) at the end 
of incubation (November) (Fig. 2). Since the anaerobic decom-
position rates were consistently higher in the soils under the initial 
conditions of the experiment than in the soils after three months 
of incubation, there were significant decreases in the decomposition 
rates according to the incubation time. This was also observed 
by the comparison of anaerobic decomposition rates between the 
initial conditions and after three months of incubation using a 
paired t-test (p = 0.001). In August, pot 1 (no vegetation + no 
N addition) and pot 4 (vegetation + N addition) of Case I (with 
ambient CO2 concentration and temperature) showed higher decom-
position rates, which implies that the combined effects of vegetation 
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a

b

Fig. 2. Changes in organic matter decomposition rates and moisture 
content according to experimental setup during the incubation 
period: (a) Decomposition rate (mmol C·g-1·d-1) and (b) water 
content (%). The bars represent the standard errors.

and N addition had an impact on the anaerobic microbial metabo-
lism in the soils. In Case II (with elevated CO2 concentration and 
temperature), however, pot 1 (no vegetation + no N addition) and 
pot 3 (no vegetation + N addition) showed higher decomposition 
rates, which indicates that N addition was more important to the 
anaerobic microbial metabolism in the soils under changed environ-
mental conditions. Considering the decreasing ratio of decom-
position rates, the ratio of Case II (mean: 47.31%) appears almost 
double that of Case I (mean: 25.64%). The largest decrease in decom-
position rate (67.11%) was observed in Case II-2. The decreasing 
ratios of anaerobic microbial metabolism were consistently higher 
in pots II-2 and II-4 than in pots II-1 and II-3, which implies that 
conditions of elevated CO2 concentration and temperature could 
decrease the anaerobic decomposition of organic matter in soils. 
In addition, the presence of vegetation stimulated a decrease in 
the total decomposition rate.

3.2. Flux Measurements

In the chamber with ambient CO2 and temperature (Case I), the 
CO2 fluxes were 360.0, 354.55, 799.10, and 193.64 μg CO2·m-2·h-1 
for pots I-1, I-2, I-3, and I-4, respectively, in August (Table 2). 
There were decreases in the CO2 fluxes in November compared 
with those in August, except in Case I-4 (vegetation + N addition). 
In the chamber with elevated CO2 and temperature (Case II), CO2 
fluxes varied from 101.82 to 957.27 μg CO2·m-2·h-1 in August. 
Compared to the stabilized CO2 fluxes of the chamber with ambient 
CO2 and temperature (Case I), the CO2 fluxes for pots II-1 (no vegetation 
+ no N addition) and II-4 (vegetation + N addition) were larger 
than those of pots II-2 (vegetation + no N addition) and II-3 (no 
vegetation + N addition). There were no statistically significant 
changes in CO2 fluxes during the three months of incubation. 

The CH4 flux was negligible from the pots in all treatments. 
In August, the CH4 fluxes were 0.89. -3.26, -0.30, and -19.72 μg 
CH4·m-2·h-1 for pots I-1, I-2, I-3, and I-4, respectively. There were 
increases in CH4 fluxes in all samples during the incubation with 
ambient CO2 and temperature (Case I). In Case I-4 (vegetation + 
N addition), the CH4 flux was increased by 21.94 μg CH4·m-2·h-1 
during incubation. The CH4 fluxes did not show any differences 
among the treatments in November. 

In the chamber with elevated CO2 and temperature (Case II), 
however, there were significant decreases of CH4 fluxes, except 
for Case II-3, during the incubation. The CH4 fluxes were decreased 
by more than 100 mg CH4·m-2·h-1 for pots II-2 (vegetation + no 
N addition) and II-4 (vegetation + N addition). 

From the growth chamber incubation experiment, we observed 
that elevated CO2 and temperature decreased CH4 fluxes, while 
there was an opposite trend in the chamber with ambient CO2 
and temperature. In addition, the presence of vegetation intensified 
the decrease in CH4 fluxes, which might have resulted from the 
decomposition of organic matter in the soils. Initial measurements 
of both CO2 and CH4 fluxes were conducted 1-2 days after the 
initiation of the experiment. Since the soil was completely homogen-
ized before setting up the experiment, we assumed that similar 
values of CO2 and CH4 fluxes would be observed at the beginning 
of the experiment. However, from the results of the flux measure-
ments, we inferred that the short-term stabilization period of 1-2 
days resulted in differences between the fluxes.

Table 2. Changes in CO2 and CH4 Fluxes According to Experimental Setup during the Incubation Period

CO2 Flux
Initial

(μg･m-2･h-1)
After 3 mon
(μg･m-2･h-1)

CH4 Flux
Initial

(μg･m-2･h-1)
After 3 mon
(μg･m-2･h-1)

Case I 

1 360.00 247.27

Case I

1 0.89 1.78

2 354.55 283.12 2 -3.26 0.00

3 799.10 214.81 3 -0.30 0.00

4 193.64 267.27 4 -19.72 2.22

Case II

1 957.27 93.64

Case II

1 57.00 0.00

2 101.82 154.77 2 141.48 4.00

3 447.00 631.71 3 0.30 40.28

4 848.18 507.66 4 103.89 4.88

*Some of the data shown in this table are from a previously published paper, Choi et al. (2013). 
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3.3. Soil C and N Pools

Initial soil C and N concentrations were 1.7% and 0.2%, respectively, 
and the C/N ratio was 8.5. After three months of incubation, the 
C and N concentrations were significantly higher than the initial 
concentrations (Fig. 3). The average C concentrations were 2.18% 
and 2.29% in Cases I and II, respectively, at the end of the incubation. 
The increase in C concentration under elevated CO2 and temperature 
(Case II) was larger than the increase in C concentration under 
ambient conditions (Case I). The pots with N additions were gen-
erally more responsive to increases in C concentration in the soil 
at elevated CO2 and temperature in comparison with those under 
ambient conditions. The increase in C concentration at elevated 
CO2 and temperature was 61% higher in those pots with N 
deposition. The average N contents were 0.13% and 0.14% in Cases 
I and II, respectively, at the end of the incubation period. The 
increase in N concentration under elevated CO2 and temperature 
was slightly larger than the increase in N content under ambient 
conditions. Without a doubt, N addition was effective in increasing 
the N concentration in the soil. The increase in N concentration 
was more than doubled in the pots with N deposition at elevated 
CO2 and temperature. 

a

b

c

Fig. 3. Constituents of (a) C (%) and (b) N (%) and (c) the C/N ratios 
of soils. Some of the data shown in this table are from a previously 
published paper, Choi et al. (2013).

The average C/N ratio over the entire experimental duration 
more than doubled both under ambient conditions and with elevated 
CO2 and temperature. Both C and N concentrations were more 
responsive to the environmental conditions (CO2 and temperature) 
and to N addition. 

3.4. Statistical Analyses

A total of eight selected parameters were included in the PCA, 
namely, decomposition rate, water content, CH4 flux, CO2 flux, 
CH4 + CO2 fluxes, %C, %N, and C/N. The first two principal compo-
nents explained approximately 72.7% of the variance. Correlations 
between the first two components and the measured parameters 
were predicted in a loading plot (Fig. 4(a)). From the results, the 
first factor (PC1) explained approximately 49.05% of the variance. 
PC1 was negatively correlated with decomposition rate, water con-
tent, CO2, %N, total CO2, and CH4, whereas the ratio of C/N was 
positively correlated with PC1. The second factor (PC2) accounted 
for 23.65% of the total variance and is significantly related to %C. 

a

b

Fig. 4. Results of PCA analysis: (a) factor loading plot for the measured 
properties as the first two principal components; (b) factor scores 
plot for each sample as the first two principal components (*: 
samples after three months of incubation).
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From the PCA results, PC1 is related to the decomposition rate, 
flux, and constituent of N, while PC2 is related to the constituent 
of C in the soil. The locations of water content and decomposition 
rate in Fig. 2 showed a strongly positive correlation between these 
two parameters. The flux of CO2 and total flux of CO2 and CH4 
presented a positive correlation with %N in the soil samples. 
However, the decomposition rates did not relate to the gas fluxes 
(CH4, CO2, and CH4 + CO2) according to location in the loading 
plot (Fig. 4(a)).

From the score plot (Fig. 4(b)), the distributions of the samples 
in November and those samples in August were in opposite locations 
in PC1 and PC2. After three months of incubation, the pots I-2*, 
I-3*, I-4*, II-1*, and II-2* (where * denotes the time point after 
three months of incubation) showed a negative relation with the 
decomposition rate and a positive correlation with the ratio of 
C/N. On the other hand, a different trend was reported for pots 
I-3, II-1, and II-4 in August. For PC2, pots II-3* and II-4* in November 
exhibited a positive relationship with %C, and a negative trend 
was observed for pots I-1, I-2, and I-4 in August. Pots II-1 and 
II-4 were positively related with the flux of CO2, combined fluxes 
of CO2 and CH4, and %N, while pots I-1 and I-4 were associated 
with the decomposition rate. The loadings of pots II-3* and II-4* 
were located close together and were positively related to the %C 
in the soil, whereas pots I-3* and I-4* were closely related to 
the ratio of C/N. Pots II-1* and II-2* were identified as having 
similar characteristics of decomposition with low water contents 
and high ratios of C/N. 

4. Discussion

Increased C input into the soil with elevated CO2 enhances the 
protection of organic matter in soil aggregates from microbial decom-
position [24, 25]. The rate of decomposition from soil organic matter 
to dissolved organic carbon (DOC) and CO2 is dependent on a 
number of environmental factors, including temperature, moisture, 
plant residue composition, and the capacity of the soil to stabilize 
soil organic matter [26, 27]. Temperature is a major factor in the 
regulation of decomposition rates. It has been observed that there 
are higher soil CO2 concentrations during the summer compared 
with those of winter months [4, 10]. However, the temperature 
sensitivity of soil organic matter decomposition remains a topic 
for debate [28]. 

In this study, we observed decreases in the decomposition rates 
during the incubation period. Considering the decreasing ratios 
of decomposition rates, the chamber with elevated CO2 concen-
tration and temperature showed higher decreasing ratios compared 
to those of the chamber with ambient CO2 concentration and 
temperature. Among the Case II pots, the decreasing ratios of anaero-
bic microbial metabolism were consistently higher in the pots with 
vegetation than in the pots without vegetation, which implies that 
the presence of vegetation stimulates decreases in total decom-
position rates by influencing the litter quality of the soils. In the 
wetland systems where this has been studied, the rate of micro-
bial-mediated decomposition was dependent on substrate quality, 
pH, and on oxygen and nutrient availability, the combination of 
which tends to stabilize soil organic matter [29]. Under anaerobic 

conditions, decomposition processes tend to produce DOC rather 
than the gaseous forms of C and N as primary end products [7]. 
Since decomposition rates vary considerably, however, the accessi-
bility of organic matter to the microbial community is an essential 
factor in determining the C balance of the soil system. 

Two factors are considered to predict the accessibility of organic 
matter, which controls decomposition rates; first, the chemical 
and structural aspects of organic matter are responsible for differ-
ences in decay rates; second, the chemical ratio, as defined by 
a simple index that summarizes important chemical aspects of 
organic matter, is a controlling factor. In many studies, N content 
and, more usually, the C/N ratio, are used as predictors of decom-
position rates [30-33]. Taylor et al. (1989) showed that there were 
consistent negative correlations between decay rates and C/N ratios. 
It has been considered that the C/N ratio merely describes the 
proportions of C to N, without indicating any additional chemical 
characteristics of the organic matter. However, organic matter that 
is high in C tends to be low in nutrients (N and phosphorus (P)) 
and high in lignin. Thus, for many uncontaminated and natural 
systems, it appears that the C/N ratio actually contains significant 
information relating to the general chemical composition [34]. In 
addition, Berg and coworkers [35-37] have independently developed 
a more refined model of the influence of organic matter quality 
on decomposition. They demonstrated that N and other nutrients 
such as P and sulfur (S) control decay rates during the first phases 
of decay, while lignin content becomes progressively more im-
portant thereafter. 

We observed that the average C/N ratio over the entire ex-
perimental duration more than doubled both under ambient con-
ditions and under elevated CO2 and temperature conditions. The 
increased C/N ratio explains the large increase in carbon and rela-
tively small increase in N throughout the three months of incubation. 
The increased C concentrations are more responsive to the changes 
in environmental conditions (CO2 and temperature) as well as to 
N additions. Rising atmospheric CO2 concentration generally stimulates 
photosynthetic C fixation by 30-70% [2]. As a consequence, plant 
biomass growth and C input into ecosystems increased by an average 

Fig. 5. Pattern of increasing ratio of C (%) and decreasing ratio of decom-
position rate (%).
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of approximately 30% [3]. From Fig. 5, between the increasing 
ratio of C values and the decreasing ratio of decomposition rates, 
we concluded that a decrease in decomposition rates resulted in 
an increase in C/N ratio by changing the C input in this experiment. 

Emissions of greenhouse gases (CO2 and CH4) from wetland 
soil did not show any consistent trend in accordance with the 
changes in decomposition rate. However, CO2 fluxes under the 
ambient CO2 and temperature and CH4 fluxes under the elevated 
CO2 and temperature showed decreasing trends corresponding to 
the decomposition rate during incubation. In addition, the presence 
of vegetation intensified the decrease in CH4 fluxes, which might 
have resulted from the decomposition of organic matter in the 
soils.

Ecosystems have a number of processes that can lead to net 
N accumulation under conditions of elevated CO2. Those processes 
include biological N fixation, retention of atmospheric N deposition, 
reduced N loss in gaseous and liquid form, and extended root 
growth to the root-free zone for N uptake [38]. Heterotrophic decom-
position is likely to be sensitive to N deposition, both because 
microbial decomposers are sensitive to changes in the C/N ratios 
of organic material and because of potential shifts in the microbial 
community composition with added N. N deposition has also been 
found to decrease the decomposition of poorer quality litter and 
to suppress respiration during the later stages of decomposition.

We found that N addition slowed soil C losses by decreasing 
the heterotrophic decomposition under elevated CO2 and 
temperature. The N-fertilized soils (pots II-3 and II-4) had 61% 
higher soil C concentrations than soils without N additions (pots 
II-1 and II-2). Reductions in heterotrophic decomposition have 
also been observed in temperate ecosystems with N additions 
[39, 40] and in a temperate grassland with high N inputs [41]. 
Our results showed a similar trend for two samples (II-3 and 
II-4) under elevated CO2 and temperature, with N addition slowing 
the turnover of the C pool. Since the soil C concentration of 
Case II-4 (vegetation + N addition) was slightly larger than that 
of Case II-3 (no vegetation + N addition) and their difference 
was less than 9% of the soil C concentration of Case II-4, there 
was little C input from the presence of vegetation under the con-
ditions of elevated CO2 and temperature. It seems that the slower 
C loss due to N addition was the primary reason for the increased 
bulk soil C concentrations.

The composition of organic matter appears to play a central 
role in how heterotrophic decomposition responds to N deposition 
across ecosystems [42]. The quality of organic matter in this study 
was poor, with high C/N ratios, especially in Case II-4, where the 
greatest increases in soil C were observed. In addition, N addition 
corresponded to increased temperature sensitivity of heterotrophic 
decomposition in both samples (vegetated and non-vegetated pots), 
with the greatest effect being observed for Case II-4 (vegetation 
+ N addition). 

Finally, the PCA results presented the opposite locations of load-
ings for the cases in August and November, which indicates a 
decrease in the decomposition rate and an increase in the C/N 
ratio during the incubation period of three months. In addition, 
the distributions of the decomposition rates and gas fluxes (CH4, 
CO2, and CH4 + CO2) indicated that there was no consistent trend 
in gas flux changes during the incubation. Based on these results, 

we concluded that anaerobic decomposition rate was not sig-
nificantly positively correlated with fluxes of greenhouse gas (CO2 
and CH4) emissions from the soil.

From the score plot (Fig. 4(b)), the distributions of loading plots 
for the samples after three months were separated into two main 
groups. The first group consisted of treatments that exhibited 
elevated CO2 concentration and temperature with the N addition 
condition (i.e., pots II-3* and II-4*). This group was related to 
the %C, %N, and the flux of CO2, which indicates a higher rate 
of decomposition even with the increases in C and N constituents. 
The second group was treatments under the ambient CO2 con-
ditions (with and without N addition) and under elevated CO2 
concentration without N addition (i.e., pots I-2*, I-3*, I-4*, II-1*, 
and II-2*). These samples were positively associated with the 
ratio of C/N, indicating a lower microbial decomposition rate. 
Thus, factors that could strongly affect the microbial decom-
position were the combination of CO2 and temperature increase 
and N addition. 

5. Conclusions

This study investigated how the combined changes in environ-
mental conditions and N deposition influenced the mineralization 
processes and C dynamics of wetland soil. For this objective, we 
conducted a growth chamber experiment to examine the effects 
of combined changes in environmental conditions and N deposition 
on the anaerobic decomposition of organic carbon and the emissions 
of greenhouse gases from wetland soil. 

There were substantial decreases in total decomposition rates 
during the incubation period. The chamber with elevated CO2 and 
temperature showed almost twice the reduction in decomposition 
rates compared to the chamber with ambient environmental 
conditions. The decreasing ratios of anaerobic microbial metabolism 
were consistently higher in pots with vegetation than in pots without 
vegetation, which implies that the presence of vegetation stimulates 
decreases in total decomposition rates by influencing the litter 
quality of the soils. This can be supported by the increases in 
C/N ratios over the entire experimental duration. Emissions of 
greenhouse gases (CO2 and CH4) did not show any consistent 
trend in accordance with the changes in decomposition rate. 
However, the presence of vegetation intensified the decreases 
in CH4 fluxes, which might have resulted from the decomposition 
of organic matter in the soils. Anaerobic decomposition was also 
sensitive to N deposition. Through the higher soil C concentration 
with N addition, we found that N fertilization slowed soil C losses 
by decreasing heterotrophic decomposition under elevated CO2 
and temperature.

PCA results presented the opposite locations of loadings for 
the cases at the initial time point and after three months of in-
cubation, which indicates the decrease in decomposition rates 
and an increasing C/N ratio during the incubation period. In addi-
tion, the distribution between decomposition rates and gas fluxes 
(CH4, CO2, and CH4 + CO2) demonstrated that anaerobic decom-
position rates do not have a significantly positive relationship 
with fluxes of greenhouse gas (CO2 and CH4) emissions from 
soil. 
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