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Abstract: Increased nitrogen (N) inputs in subtropical forest ecosystems were widely reported. Extra
N additions were reported to cause nutrient imbalance and phosphorus (P) limitation in many tropical
and subtropical forests, and further result in changes in soil nitrous oxide (N2O) and methane (CH4)
fluxes. Here, we conducted experiments with N (high N addition: 15 g N/m2, HN), P (low: 5 g P/m2,
LP; high: 15 g P/m2, HP) and their interactive (HNLP and HNHP) treatments to investigate how N
and P additions affected CH4 and N2O exchanges in an N-rich Chinese fir plantation (Cunninghamia
lanceolata), and further explored the underlying mechanisms through the structural equation model
(SEM) analysis. The results indicated that N addition alone (HN) significantly (p < 0.05) increased
the soil N2O emissions by 30.15% and 80.47% over annual and 4-month periods, mainly owing to
the elevated NH4

+-N content. P addition alone (LP and HP) did not significantly affect the soil
N2O emissions as compared with the control. The SEM analysis indicated that increased N2O
emissions under N addition were primarily explained by the increase in available N and contributed
more to the stimulated NH4

+-N contents. N and P interactive additions slightly (not significant)
stimulated the N2O emissions as compared with that under the N addition alone treatment. High-
dose P addition significantly increased the soil CH4 uptake by 15.80% and 16.23% under the HP and
HNHP treatments, respectively, while N addition alone and low P addition (LP and HNLP) did not
significantly affect CH4 uptake as compared with the control. The increased water-soluble organic
carbon and microbial biomass carbon explained the increased CH4 uptake under high P addition.
The fertilization effects on N2O emissions and CH4 uptake mainly occurred in the first 4 months and
diminished after that. Our results suggested that the direction, magnitude and timing of the N and P
addition effects on N2O emissions and CH4 uptake would depend on the soil nutrient status and
plant–microbial competition for N and P in subtropical forests.

Keywords: nitrogen addition; phosphorus addition; N2O emissions; CH4 uptake; Chinese fir forest

1. Introduction

Global warming has led to frequent extreme climates and natural disasters world-
wide [1]. Carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) are the three
most important greenhouse gases that contribute to global warming [2–5]. The methane
concentration in the atmosphere increases at 5.7 ppb/year [6], while the N2O concentration
increases at a rate of 0.8 ppb/year [7]. At present, methane contributes about 20% to global
warming [8], while N2O contributes more than 5% to global warming [1]. It is important to
identify and quantify the source, sink and factors controlling the levels of atmospheric CH4
and N2O.

Most of the atmospheric N2O is produced and consumed by soil processes [9,10]. Soil
N availability is the main driver of N2O production. Many previous studies indicated that
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terrestrial soil N2O emissions have been increasing since the industrial era and is primarily
due to the elevated N deposition and fertilization [3,11–13]. The potential mechanisms
regulating the responses of soil N2O production and consumption to elevated N inputs
were well summarized [10,14,15]. Phosphorus (P) availability is another important factor
controlling N2O emissions in forest ecosystems [12,16]. P is generally found to be the
main limiting nutrient in the tropical and subtropical forest ecosystems due to the low P
supply from highly weathered soil and relatively high N input, which stimulates more
P uptake by plants and microbes [17]. Microbial processes, including nitrification or
denitrification, were also suggested to be limited by P availability [16,18]. Many previous
studies indicated that P addition can effectively reduce soil N2O emissions stimulated by
N addition [12,16,19–21]. These studies indicated that P addition may result in increases
in plant N uptake or microbial N immobilization, and thus, reduce the soil N availability
for N2O production. However, there are a few reports showing that P addition only
slightly reduces or even enhances N2O emissions under an N addition condition. These
studies argued that P addition can stimulate soil N cycling and alleviate P limitation on
nitrifying and denitrifying bacteria, and thus, enhance the N2O emissions [18,19,22–26].
Shen and Zhu [15] conducted a meta-analysis of the effects of both N and P additions on
N2O emissions and concluded that P addition significantly reduced soil N2O emissions
under elevated N input; however, their meta-analysis only collected 30 studies and a few
of them indicated P addition increased N2O emissions under N addition. More studies are
needed to uncover the underlying mechanisms controlling N2O emissions under both N
and P additions.

At present, the location and strength of soil CH4 sources and sinks are poorly con-
strained [27]. In well-drained soils, CH4 oxidation normally dominates [28]. Soil environ-
mental factors, the soil microbe community, and carbon and nutrient availability generally
control soil CH4 oxidation [29–31]. The ammonium-oxidizing and methanotrophic bac-
teria are responsible for CH4 oxidation [27]. Nitrogen input was been found to inhibit
soil CH4 uptake in forests [32–37]. High concentrations of inorganic N, especially ammo-
nium (NH4

+), were reported to inhibit the methanotrophic activity and high contents of
nitrate (NO3

−) can inhibit methanogenesis [28,34,38,39]. In a meta-analysis, Liu and and
Greaver [10] concluded that N addition reduced CH4 uptake by 38% based on a meta-
analysis of N addition experiments due to changes in the activity of methanotrophs and
methanogens. However, N availability can also limit the metabolic activities of methan-
otrophic bacteria [40,41]; therefore, some studies also showed that N addition can stimulate
CH4 uptakes in N-limited forest soils [42,43].

In addition to N availability, P is a critical nutrient for methanotrophic bacteria and
methanogenic archaea. Much less information is available on the effects of P availability
on soil CH4 fluxes, especially for forests [27,44]. Both stimulation and inhibition were
found for P addition effects on forest CH4 uptake [35,45–47]. For example, in a heavily
fertilized subtropical forest, P addition alleviated the effects of added N on CH4 uptake
and stimulated root growth and soil methanotrophy activity [35,37,46], and thus, increased
the CH4 uptake. Furthermore, inhibitive effects on CH4 uptake may be also due to the
decreases in soil P availability caused by increases in soil acidity following N inputs [45,47].

Forest soil releases about 2.7–5.4 Tg N/year as N2O, accounting for about 38% of
terrestrial emissions [48], among which, about 14% is from subtropical forests [49]. In
addition, upland subtropical forests are important CH4 sinks [11]. Recent studies indicated
that N2O emissions and CH4 fluxes from subtropical forests may be underestimated due to
insufficient field measurements [50–52]. Direct evidence of soil N and P availability on soil
N2O and CH4 emissions in the subtropical forests is even less [16,19]. Subtropical China
has received very high atmospheric N deposition [53], and a recent meta-analysis study [15]
indicated that this region is mostly N-rich and P-limited. It is necessary to understand
how N and P additions affect N2O and CH4 fluxes under this continuous high-dose N
input. Several studies were conducted for addressing the effects of N, P and their combined
additions on forest soil N2O and CH4 fluxes in subtropical China [12,19,26,35,47,50,54–58].
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Contrasting results were found for the effects, suggesting that our understanding of the
mechanisms that lead to elevated N and P inputs affecting the direction, magnitude and
timing of N2O and CH4 fluxes in N-rich and P-limited subtropical forests are not clearly
understood. More experimental studies are needed to unravel these mechanisms.

In this study, we conducted a manipulative experiment to investigate N and P addition
and their interactions on soil CH4 and N2O emissions in a subtropical plantation forest
in southern China. Based on the results of previous studies, we hypothesized that (1) N
addition inhibits CH4 uptake due to increased soil N availability, (2) P addition reduces soil
N2O emissions due to stimulated activities of soil microbes from the relief of P limitation
under ambient N condition, (3) P addition stimulates CH4 uptake due to stimulated
microbial activities and (4) P addition alleviates N2O emissions under N addition.

2. Materials and Methods
2.1. Site Description

The study site was located at Wulitou forest station (119.67◦ E and 30.21◦ N), Hangzhou
City, Zhejiang Province, China (Figure 1). The study site has a subtropical monsoon climate,
with an average annual temperature of 16.4 ◦C and rainfall of 1614 mm. The mean altitude
is 175 m and the annual sunshine hours are 1847.3 h [59]. The study plots were selected from
a planted pure Chinese fir (Cunninghamia lanceolata) forest (dominating at 90%), with a few
Moso bamboo (Phyllostachys Edulis) trees scattered around. The aspect of the sample plot is
southwest, and the slope is less than 15◦. The mean stand density is 1311 stems·ha−1, the
average DBH (diameter at breast height) and tree height are 10.9 cm and 7.7 m, respectively.
The content of soil organic carbon (SOC) in the 20 cm layer is 15.40 g·kg−1, soil total P is
0.36 g·kg−1, soil total N (TN) is 0.86 g·kg−1, pH is 4.45 and soil bulk density is 1.32 g/cm3.
The leaf N:P ratio is 23.89. According to the N:P ratio [60], this forest can be determined
as N-rich and P-limited since the N:P ratio is greater than 16 [17]. The soil NH4

+-N and
NO3

−-N concentrations are 12.62 and 3.71 mg.kg−1, respectively. The soil belongs to the
Ferralsols (Oxisols) soil type and the texture is composed of coarse sand (>250 µm; 67%),
fine sand (53 µm~250 µm; 19%) and silty clay (<53 µm; 14%). The annual atmospheric N
deposition was 3.16 g N/m2/year in 2016 at the study site [53].
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Figure 1. Location of the study area and experimental design (six treatments with four replicates).

2.2. Experimental Design

Six plots with a 20 m × 20 m area were established on 15 February 2019 in the selected
10-year-old Chinese fir forest (Figure 1). All plots were far away from the forest edge and
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were separated by a 5 m buffer zone to avoid the impacts of adjacent treatments. The static
chamber method was used to collect CH4 and N2O gases. The static chamber is divided
into two parts, a top chamber (30 cm for length, width and height) and a base (20 cm height;
10 cm width), both of which were made of PVC hard plastic board. Four static chambers
were established at the four corners of each plot, which served as four replicates in each
treatment. The static chamber base was deployed on 15 February 2019 and inserted 10 cm
into the ground. The chamber design and techniques were described in many previous
studies [12,35].

Six treatments were applied:

(1) Control (CK);
(2) Add 15 g N/m2 (HN);
(3) Add 15 g N/m2 and 5 g P/m2 (HNLP);
(4) Add 5 g P/m2 (LP);
(5) Add 15 g N/m2 and 15 g P/m2 (HNHP);
(6) Add 15 g P/m2 (HP).

The fertilizer types were urea (CO(NH2)2) for N and sodium hydrogen phosphate
(NaH2PO4) for P. We chose analytical grade P chemicals to prevent the addition of mi-
cronutrients, such as molybdenum, that may influence other processes not attributable
to P. According to our preliminary test before the experimental design, the ambient soil
available N, atmospheric N deposition and leaf N:P ratios were very high. According to the
C:N:P stoichiometric balance, the soil in the study site could be determined as N-rich and
P-limited, which was also indicated by Du et al. [17]. Therefore, only a high N addition level
(15 g N/m2) was applied. The low and high P treatment levels were determined according
to the previous studies in subtropical China [12,26,55]. Each plot was divided into four
5 m × 5 m grids, and fertilizer was evenly applied in each grid. During the fertilizer appli-
cation, each chamber base area received the respective amount of fertilizer. The fertilizer
was applied on 20 March 2019. No rainfall occurred within 5 days after fertilization.

2.3. Soil Sampling and Chemical Analyses

Soil samples were taken at three-month intervals from 19 March 2019 (1 day before
treatments) to 20 May 2020. Three soil cores at a 0–20 cm soil depth were collected around
each chamber using a soil corer (2.5 cm inner diameters), and mixed as one soil sample;
therefore, four soil samples were taken for each plot. Soil samples were sieved using a
2 mm sifter to remove litter, rocks and roots. A portion of the soil samples was stored at
4 ◦C, and the rest was air-dried for chemical analysis.

Soil pH was measured using solutions with a soil–water ratio of 1:2.5 using a pH meter
(Mettler Toledo, Switzerland). SOC was measured using dichromate oxidation and titration
with ferrous ammonium sulfate [61]. Soil microbial biomass C (MBC) and N (MBN) were
measured using the chloroform fumigation–K2SO4 extraction method [62]. Water-soluble
soil organic carbon (WSOC) was extracted with 0.5 M K2SO4 and analyzed using a total
carbon analyzer (Shimadzu model TOC-500, Kyoto, Japan) [63]. The total N concentration
was measured using semimicro-Kjeldahl digestion, and the total P concentration was
measured spectrophotometrically after HClO4-H2SO4 digestion [61]. The KCl extraction–
indophenol blue colorimetric method was used to extract and determine the soil NH4

+-N,
and the KCl extraction–ultraviolet spectrophotometric method was used to extract and
determine the NO3

−-N concentration.

2.4. Leaf and Litter Sampling and Chemical Analysis

The fresh leaves and floor litter were sampled twice (before and after treatments) dur-
ing the study period. The leaf and litter samples were dried for 48 h at 80 ◦C to a constant
mass and ground into powder. The leaf and litter C concentrations were determined using
the potassium dichromate–sulfuric acid digestion method. The leaf and litter N concen-



Forests 2022, 13, 772 5 of 16

trations were extracted using HClO4-H2SO4 digestion and determined by the Kjeldahl
method. The leaf and litter P concentrations were determined by HClO4-H2SO4 method.

2.5. Greenhouse Gases (GHGs) Data Collection and Measurements

The first GHGs sampling was conducted on 20 March 2019 (before treatments), and
then gas sampling was conducted monthly at the end of each month. Due to the influences
of COVID-19, the gas collections were stopped in January, February and March 2020.
During each sampling, the removable chamber top was covered on the fixed base to form a
closed environment. A running fan was placed at the bottom of each static chamber to stir
the air to evenly mix the gas. Gas samples were collected between 9:00 and 11:00 am. Gas
samples were collected four times at 5, 15, 25 and 35 min after chamber deployment using
a 100 mL plastic syringe; 20 mL gas samples were injected into sealed pre-evacuated glass
vials (12 mL). The CH4 and N2O were simultaneously measured using a gas chromatograph
(model 7890A, Agilent, Wilmington, NC, USA) equipped with a flame ionization detector
and an electron capture detector.

CH4 and N2O fluxes were estimated using their respective linear changes in concen-
trations over time. The gas flux calculation formula is [64]:

F = ρ · V
A

· P
Po

· To
T

· dCt
dt

(1)

where F is the net gas exchange flux (mg/(m2·h)); ρ is the gas density under standard
conditions (kg/m3); V is the effective volume of the sampling chamber (m3); A is the soil
area covered by the sampling chamber (m2); T and To are the chamber temperature and
standard state temperature (◦C) during the observation, respectively; and P and Po are the
atmospheric pressure and standard atmospheric pressure (kPa), respectively, during the
observation. dCt

dt is the slope of the gas mass concentration in the chamber with respect to
time [65,66].

2.6. Measurement of Microclimatic Factors

During each sampling of GHGs, the soil temperature and moisture, as well as at-
mospheric temperature and humidity, at each chamber were measured simultaneously.
A thermometer and hygrometer was used to measure the atmospheric temperature and
humidity next to each static chamber. Soil moisture (SM) and temperature (ST) at a depth
of 0–10 cm were monitored with a TRIME pico32 monitor (Ettlingen, Germany).

2.7. Data Analysis Method

We used Microsoft Excel for the preliminary data processing and R 4.0.2 (R Core Team,
2016, Auckland, New Zealand) for data processing and statistical analysis. Before the
statistical analysis, all data were tested for normality (Kolmogorov–Smirnov’s test) and
homoscedasticity (Levene’s test). ANOVA analysis [67] and Tukey’s HSD test were used to
test the treatment effects on soil properties and CH4 and N2O fluxes.

The structural equation model (SEM) was used to analyze different hypothetical
approaches to explain the effects of treatments on CH4 and N2O fluxes. In the SEM analysis,
the maximum likelihood estimation method was used to fit the model. The adequacy of
the model was determined using the χ2 test and root-square-mean errors of approximation
(RMSEA). An insignificant χ2 test (p < 0.05) and lower RMSEA (p > 0.05) showed that the
model fits were appropriate. The basic steps of the SEM model analysis were as follows:
First, we established the model and preliminarily checked the fitting structure of the model
and the significance of the regression coefficient. Second, we adjusted the model repeatedly
until the fitting standard was within the standard range (the smaller the RMSEA, the better).
Finally, the results of the model were analyzed and explained. IBM SPSS Amos 23.0 (SPSS
Inc., New York, NY, USA) was used for all statistical analyses and SEM analysis. A p-value
< 0.05 was used to indicate statistically significant differences in this study.
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3. Results
3.1. Changes in Soil Physical and Chemical Properties

The soil moisture showed large seasonal variability and the variation patterns were
similar between different treatments, with generally lower moisture in the HNLP plots
(Figure 2). The soil temperature showed the same monthly variations under the CK and
treatments. Overall, the treatments had no significant (p > 0.05) impacts on soil moisture
and temperature. Compared with the control, soil NH4

+-N concentration significantly
increased under the HN and HNLP treatments, while no significant changes occurred
under the LP, HNHP and HP treatments (Table 1). The soil NO3

−-N significantly increased
under the HNHP treatment, while there was no significant difference between other treat-
ments. Compared with the control, the soil microbial biomass carbon (MBC) concentrations
under all treatments except for the HN and HNLP significantly increased. The microbial
biomass nitrogen (MBN) was significantly lower under all treatments except for the HN
treatment, indicating that the P addition significantly stimulated N uptake by plant roots
and reduced the N availability for microbial immobilization. After one year of fertilization
treatments, leaf N concentrations did not significantly change for all treatments, with higher
concentrations under HNLP and HNHP treatments. The leaf P concentrations significantly
increased under the P addition treatments (LP, HP, HNLP and HNHP), while they slightly
(p > 0.05) increased under the HN treatment. The HP and HNHP treatments had the largest
increase in leaf P concentration, indicating a P limitation on plant growth at the study site.
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Table 1. The carbon and nutrient concentrations in the Chinese fir plantation under different treat-
ments. Note: the numbers in the parenthesis are the standard deviations (n = 5). Different letters
between treatments denote significant (p < 0.05) differences.

Variables CK LP HP HN HNLP HNHP

NH4
+ (mg/kg) 12.62 (0.76) b 11.61 (0.86) b 12.80 (1.17) b 14.22 (1.97) a 14.87 (2.08) a 12.88 (1.36) b

NO3
− (mg/kg) 3.71 (0.076) b 4.78 (0.42) ab 3.86 (0.18) b 4.46 (0.36) b 4.80 (0.33) ab 5.89 (0.30) a

MBN (mg/kg) 54.21 (9.47) a 22.23 (1.35) b 24.08 (1.17) b 54.53 (9.26) a 32.39 (4.36) b 28.55 (4.18) b
MBC (mg/kg) 137.55 (9.13) b 173.94 (18.94) a 206.76 (15.56) a 158.65 (11.44) ab 159.07 (7.74) ab 198.59 (12.70) a

WSOC (mg/kg) 46.93 (2.88) c 80.20 (3.52) ab 96.48 (5.85) a 62.69 (5.16) c 63.37 (2.02) bc 91.50 (3.85) a
Leaf N (g/kg) 7.55 (0.11) a 8.00 (0.27) a 7.05 (0.30) a 7.96 (0.81) a 8.75 (0.99) a 9.22 (0.86) a
Soil TN (g/kg) 0.86 (0.036) a 0.90 (0.040) a 0.91 (0.043) a 1.04 (0.095) a 1.00 (0.097) a 1.00 (0.082) a

SOC (%) 1.55 (0.031) ab 1.67 (0.10) ab 1.86 (0.12) a 1.47 (0.06) b 1.81 (0.11) ab 1.57 (0.048) ab
Soil TP (g/kg) 0.13 (0.014) b 0.14 (0.010) b 0.23 (0.024) a 0.13 (0.011) b 0.13 (0.008) b 0.15 (0.025) ab
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3.2. Monthly Dynamics of Soil CH4 and N2O Fluxes

The soil N2O emissions showed large variations between the months (Figure 3a).
Compared with the control, soil N2O emissions significantly increased within the first
4 months (from April to July 2019) under the HN, HNLP and HNHP treatments (Table 2),
and the effects stabilized after that. The N2O emissions and their monthly patterns were
similar under the HN, HNLP and HNHP treatments, while they were similar under the
CK, LP and HP treatments. The P addition alone (i.e., LP and HP) did not significantly
affect the monthly N2O dynamics as compared with the control.
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Table 2. Average N2O emissions and CH4 uptakes in a subtropical Chinese fir plantation over the
first 4 months and the entire study period. Different letters denote significant (p < 0.05) differences
between treatments.

Treatments
N2O (µg/m2·h) CH4 (µg/m2·h) N2O (µg/m2·h) CH4 (µg/m2·h)

4 Months All Months

CK 32.06 (11.69) b −34.92 (7.74) a 30.63 (12.42) a −35.06 (7.22) a
HN 57.86 (15.13) a −35.37 (6.47) a 40.17 (17.98) b −35.58 (7.12) a

HNLP 63.30 (16.73) a −39.74 (7.03) ab 41.83 (21.23) b −37.23 (8.07) ab
LP 38.08 (8.02) b −43.42 (8.51) bc 32.57 (13.93) a −38.28 (9.04) ab

HNHP 61.09 (13.52) a −49.94 (6.52) c 43.346 (19.55) b −40.75 (9.76) b
HP 37.15 (9.09) b −51.03 (7.37) c 32.88 (13.39) a −40.60 (10.83) b

The monthly soil CH4 uptakes displayed even larger monthly variations than the N2O
emissions (Figure 3b). The monthly variation patterns under different treatments were
similar. Compared with the control, the soil CH4 uptakes increased within the first 4 months
under all treatments and the effects were stabilized after that. Our results indicated that the
N and P addition effects on the N2O and CH4 fluxes only lasted for a short period (about
4 months) at the study site.

3.3. Overall Effects of N and P Addition Treatments

Compared with the control, the annual mean N2O emissions significantly (p < 0.05)
increased by 31.15%, 36.57% and 41.51% under the HN, HNLP and HNHP treatments,
respectively, while there were no significant changes under the LP and HP treatments
(Table 2). This indicated that P addition alone did not significantly alter the soil N2O
emissions in this N-rich Chinese fir plantation (Table 3). N2O emissions were higher under
the HNLP and HNHP treatments; however, the differences were not significant. The effects
of N and P additions on N2O emissions were more obvious during the first 4 months after
the treatments. Two-way ANOVA indicated that only N addition promoted N2O emissions,
and there was no significant interactive effect between the N and P additions (Table 3).

Table 3. Two-way ANOVA for mean N2O emissions and CH4 uptakes over the first 4 months and all
months under the N and P treatments in the subtropical Chinese fir plantation. F: mean square ratio,
P: p-value.

Treatments
N Effect P Effect N × P Interaction

F P F P F P

N2O 4 months 86.44 <0.05 1.62 0.20 0.04 0.96
All months 25.92 <0.05 0.69 0.50 0.04 0.96

CH4
4 months 0.87 0.35 33.30 <0.05 0.61 0.54

All months 0.02 0.90 9.52 <0.05 0.22 0.80

The impacts of N and P additions on CH4 uptake were different from the N2O emis-
sions. Compared with the control, the annual mean CH4 uptake significantly (p < 0.05)
increased by 16.23% and 15.80% under the HNHP and HP treatments, respectively, while
there were no significant changes under the HN, LP and HNLP treatments. This indicated
that the N addition alone and low-dose P addition did not significantly affect the CH4
uptake in the Chinese fir forest. There was no significant difference between HNHP and
HP treatments, further implying that the increased CH4 uptake was mainly due to P addi-
tion, and the ANOVA analysis also demonstrated that the effects of N addition and N-P
interaction on CH4 absorption were not statistically significant (Table 3).
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3.4. Pathway Determining N2O Emissions and CH4 Uptakes under N and P Additions

The SEM analysis was conducted to identify the causal effects of different contributing
factors on CH4 and N2O fluxes after the N and P additions (Figure 4). The SEM results
indicated that about 64% of the soil N2O variations under the N and P treatments were
explained by the soil nutrient and environmental factors, namely, the ST (soil temperature),
SM (soil moisture), NO3

−-N, NH4
+-N, MBC, MBN and WSOC, which indicated that other

factors not included in this study contributed about 36% of the variations. The N addition
directly increased NO3

−-N and indirectly increased NH4
+-N, which further significantly

enhanced N2O emissions. The P addition significantly reduced MBN but increased the
MBC, and both effects counteracted each other and resulted in non-significant impacts
on the N2O emissions. The N addition only slightly interacted with the P addition to
affect the NO3

−-N concentrations, resulting in non-significant interactive effects on the
N2O emissions.
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The SEM results indicated that about 70% of the soil CH4 variations under the N and P
treatments were explained by the considered factors (Figure 5). The N addition significantly
and positively affected NO3

−-N and further indirectly affected the NH4
+-N concentrations

but had non-significant impacts on the CH4 uptake. It was interesting that the P addition
had no significant direct impact on the soil NH4

+-N. The P addition significantly increased
the WSOC and further increased the MBC, resulting in significant increases in the CH4
uptake; therefore, the P addition indirectly increased the CH4 uptake. The P addition also
significantly reduced the MBN and further affected the NH4

+-N concentrations, resulting
in reduced CH4 uptake. No significant N and P addition interactive effects on the CH4
uptake were found.
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4. Discussion
4.1. Effect of N Addition on N2O and CH4 Fluxes and the Controlling Mechanisms

We found that the N addition alone could significantly increase N2O emissions, but
the effects only lasted for about 4 months. The high N addition caused 31.15% and 80.47%
increases in N2O emissions over the annual and first 4-month periods. Under a similar
N addition level, Li et al. [7] found that N addition increased N2O emissions by 21.1%,
which was significantly lower than our result. This may have been because our study site
was N-rich and contained forests with high soil N availability, while their study site was
N-limited. Under a similar N-rich soil condition and N addition level, Zhang et al. [56]
and Wang et al. [19] found that N addition stimulated 58% and 44.5% increases in N2O
emission, respectively. In several meta-analyses, Liu and Greaver [10], Shen and Zhu [15]
and Deng et al. [68] reported that N addition can globally cause about 216%, 101% and 91%
increases in N2O emissions, respectively. Our results were more close to the studies from
Shen and Zhu [15] and Deng et al. [68]. N addition levels, fertilizer types and the length
of the study period strongly affect the drawn conclusions [15]. Under the HN and HNLP
treatments, N addition significantly increased the soil NH4

+-N concentrations; while under
HNHP, N addition significantly increased the soil NO3

−-N, suggesting that the increased
N2O emissions could result from either nitrification or denitrification processes. The SEM
analysis further indicated that the increased NO3

−-N contributed less than the NH4
+-N to

the N2O emissions. This was also shown in many previous studies [15,29,33,45]. We found
that the N2O emissions increased by 250% during the first month, and then the effects
stabilized, indicating that the observation period significantly affected the responses of
N2O emissions to N addition. The N-rich condition and high N leaching due to acid soil
and high rainfall may explain the short-term responses of increased N2O emissions under
N addition.

The first hypothesis stating that N addition inhibits CH4 uptake was not supported.
Our results indicated that N addition did not significantly influence the CH4 uptake for
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both the first 4-month and annual periods. Many previous studies also showed that N
addition had no significant effect on soil CH4 uptake [57,69,70]. In a plantation forest
in subtropical China, Zheng et al. [47] also found that N addition did not significantly
affect CH4 uptake. Studies found that increased NH4

+ and NO3
− under N addition can

inhibit the bacterial oxidation activities, and thus, reduce the CH4 uptake [10,33,36]. In
our study, both the NH4

+ and NO3
− concentrations under N addition alone (Table 1) did

not significantly differ from the control plot because the soil was N-rich. In addition, the
WSOC and MBC were the precursors for CH4 oxidation microbes [34,39,40], which our
SEM analysis confirmed. Previous studies indicated that N addition can provide carbon
compounds to the soil through the root-priming effect, which may change the WSOC
content in the soil [39]. Li et al. [71] also found that N addition can significantly affect the
WSOC in a bamboo forest. In addition, methanotrophs consume plant-derived carbon
compounds through root exudation, resulting in an increased soil MBC [72]. Wang et al. [73]
indicated that long-term N addition can significantly reduce the MBC and MBN. However,
in our study, we found that N addition alone did not significantly affect both the WSOC
and MBC (Table 1). In summary, our study did not find both inhibitive effects from the
increased available N and stimulated effects from the increased WSOC and MBC under the
N addition alone treatment.

4.2. Effect of P Addition on N2O and CH4 Fluxes and the Controlling Mechanisms

The second hypothesis stating that P addition alone could reduce N2O emissions under
ambient conditions was not supported in this study. Our study results were consistent with the
study results of Zheng et al. [12] for three forests in tropical China. However, our study results
were inconsistent with many previous studies. These studies either found that P addition
increased [18,19,25,26,74] or decreased forest soil N2O emissions [15,20,21,24,74,75]. The
impact directions of P addition on soil N availability and MBN were the key explanations
for the decreased or increased effects on N2O emissions [27]. Our study found no significant
changes in soil total inorganic N (NH4

+ and NO3
−) after the P addition alone treatment

(Table 1). In addition, our SEM analysis also indicated that the MBN could slightly and
negatively contribute to the N2O emissions. We found that the P addition significantly
reduced the MBN under P addition due to the stimulated growth of plant roots and
reduced availability of N for microbial immobilization, which explained the slightly but
not statistically higher N2O emissions under the P addition alone.

The third hypothesis stating that P addition could enhance CH4 uptake was partially
supported in this study. We found that the high-dose P addition significantly stimulated
CH4 uptake, while the low-dose P addition only slightly (not significant) enhanced the CH4
uptake over both the annual and first 4-month periods (Table 2). Our study was consistent
with many previous studies [16,35,37,55,76], in which they argued that P addition stimulates
root growth and soil methanogenic bacteria activity, and thus, increases CH4 uptake. Our
study found that the stimulated CH4 uptake was mainly due to the stimulated MBC and
WSOC concentrations under the high-dose P addition treatments (HP and HNHP; Table 1).
The SEM analysis (Figure 5) also confirmed that P addition could directly increase the
WSOC and indirectly increase the MBC. The increased MBC explained about 76% of the
increased CH4 uptake. In addition, we found that the reduced MBN due to the P addition
could further result in reduced NH4

+-N, lessening the inhibitive effects of NH4
+-N on

the CH4 uptake. This was also reported in many previous studies [10,47]. The reduced
MBN explained about 20% of the increased CH4 uptake. In summary, the combination
of increased MBC and decreased MBN could mainly explain the increases in CH4 uptake
under high-dose P addition treatments (HP and HNHP). The WSOC concentrations under
the LP treatment and the MBC under the HNLP treatment were not significantly different
from the control (Table 1), which explained the non-significant effects of the low-dose P
treatments (LP and HNLP) on the CH4 uptake.
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4.3. Interactive Effects of N and P Addition on N2O and CH4 Fluxes

The fourth hypothesis stating that P addition could reduce N2O emissions and increase
CH4 uptake under N addition was not supported in this study. In contrast, HNHP and
HNLP slightly increased the N2O emissions as compared with the HN treatment, although
the difference was not significant. Under similar N and P addition levels, Zheng et al. [12]
found that N and P addition significantly reduced N2O emissions as compared with the N
addition alone treatment in an old-growth forest, but no interaction effects were found in
the younger mixed and planted forests. In the meta-analysis, Shen and Zhu [15] found that
P addition can slightly (not significant) reduce N2O emissions by 6% under N addition,
while it significantly reduces N2O emissions by 14% under ambient N conditions. The
previous studies indicated that the effect direction and magnitude of N and P interactive
additions on soil N2O emissions would mainly be determined by the two contrary processes:
(1) increased plant N uptake or microbial N immobilization, and thus, reduced soil N
availability for N2O production; and (2) stimulated soil N cycling and alleviated P limitation
on nitrifying and denitrifying bacteria, and thus, enhanced N2O emissions. Through the
SEM analysis (Figure 4), our study found that N and P additions interactively affected the
NH4

+-N concentrations. N addition indirectly stimulated NH4
+-N concentrations, while P

addition indirectly reduced NH4
+-N concentrations by decreasing the MBN concentration.

The positive effects from the N addition counteracted the negative effects from the P
addition, resulting in no significant interactive effects between P and N additions on N2O
emissions. This was also confirmed by the two-way ANOVA results (Table 3). However,
due to a lack of enough long-term studies, our understanding of the universal mechanisms
controlling the interactive effects between P and N additions is still unclear [12].

Our study also did not observe an interactive effect between the N and P additions
on the CH4 uptake. Our study was inconsistent with some previous studies. For example,
Zhang et al. [35] suggested that nitrogen addition would inhibit CH4 uptake, while P addi-
tion would promote CH4 uptake. After combined nitrogen and phosphorus fertilization,
P counteracted the inhibitory effect of N; therefore, their study concluded that N and P
additions had no significant effect on CH4 uptake. In another study, Gao et al. [26] indicated
that CH4 uptake in N and P addition plots was lower than that under N alone and P alone
addition plots, implying an additive effect on inhibiting CH4 uptake in a mixed forest in
subtropical China. Martinson et al. [27] indicated that the N and P additions increased soil
CH4 uptake in tropical montane forests. Through the SEM analysis (Figure 5) and ANOVA
(Table 3), we found that the N and P interactive effects on the CH4 uptake were similar to
those on the N2O emissions. Namely, the N and P additions also interactively affected CH4
uptake via their impacts on the NH4

+-N concentrations. The negative effects from the N
addition counteracted the positive effects from the P addition, resulting in no significant
interactive effects between the P and N additions on the CH4 uptake. The inhibiting effects
of NH4

+-N on CH4 uptake was widely observed [26,35,36,41]. The change magnitude and
direction in soil pH values and microbial community under N and P co-additions were
suggested to be other main causes for the different responses of CH4 uptakes [77–79]; unfor-
tunately, our study did not include these two factors. Due to fewer previous studies, more
and longer-term experimental data are needed to confirm our inferences on the controlling
mechanisms of their interactive effects.

5. Conclusions

Under four hypotheses, our study conducted one and half years of manipulative
experiments to investigate the effects of different levels of N and P additions on soil N2O
and CH4 fluxes in an N-rich and P-limited subtropical Chinese fir plantation. Unlike many
previous reports, we observed that the P addition slightly increased the N2O emissions
after the N addition. Although the stimulation effect was not significant due to the long-
lasting effects of P addition, longer-term experiments are needed to further validate our
conclusions. The ANOVA analysis indicated that the N and P additions did not have
significant interactive effects on both N2O and CH4 fluxes. Based on the structural equation
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model, our study further revealed the controlling mechanisms from the perspectives of soil
available N, WSOC and microbial activities. Our results were partially consistent with and
partially contradicted previous reports. The previous studies in subtropical and tropical
forests displayed very different directions and magnitudes for the N and P addition effects
on both N2O and CH4 fluxes. Caution is needed when considering P fertilization as a
management choice to reduce N2O emissions and increase CH4 uptake in this region. Our
findings provide complementary evidence and mechanisms to the research of forest soil
N2O and CH4 fluxes and have important implications for adaptive forest management
strategies to mitigate global warming potential. In addition, different research sites with
varying soil properties and forest types should be taken into consideration in the future.
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