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Abstract: Forest ecosystems are vital to the terrestrial ecosystem’s carbon (C) cycle. The effects of
nitrogen (N) addition on C sequestration in forest ecosystems are critical for better understanding
C dynamics when facing an increase in N availability. We conducted a six-year field experiment
to examine the effects of N addition on C sequestration and net ecosystem productivity (NEP) in a
Quercus liaotungensis forest in northern China. N addition resulted in a significant increase in biomass
C storage (17.54–48.62%) and changed the distribution patterns of above and belowground biomass C
storage, resulting in a 9.64 to 23.23% reduction in the proportion of belowground biomass C compared
with the control. The annual average heterotrophic respiration was significantly increased by the
additional N (by 0.06–0.94 Mg C ha–1 yr1). In comparison with the control, the C sequestration
efficiency driven by N addition ranged from 7.12 to 33.50 kg C/kg N. High-level N addition exerted
stronger effects on ecosystem C sequestration than low-level N addition. NH4

+-N, rather than
NO3

−-N, dominated the increase in ecosystem C sequestration. We found that Q. liaotungensis forest
acted as a C sink. The increase in NEP in the study forest in northern China was mainly due to
an increase in net primary productivity (NPP) caused by N addition. Atmospheric N deposition
increased the C sequestration efficiency depending on the rate and form of N deposition.

Keywords: nitrogen addition; nitrogen form; nitrogen level; net ecosystem productivity; north
temperate forest; carbon sequestration

1. Introduction

Due to the extensive use of chemical fertilizers and fossil fuels, global inorganic
nitrogen deposition increased to 93.6 TG N yr−1 by 2016, 3.8 times higher than that in
1960 [1]. Although the ratio of NH4

+-N to NO3
−-N in bulk deposition has dropped from

5 to 2 since the 1970s, NH4
+-N is still the dominant form of N in atmospheric N deposition

in China [2,3]. The estimated value of the plantation C stock (1.89 ± 0.048 Pg C) was
16.44–18.03% of the total forest biomass C in China (10.48 ± 11.49 Pg C) [4,5]. Thus, it is
urgent to elucidate the responses of C dynamics in forest ecosystems to the increased N
availability, particularly the response of net ecosystem productivity (NEP) [6,7].

N is considered as a primary limiting factor to net primary productivity (NPP) in most
temperate forests, and N addition can usually increase biomass C fixation and ultimately
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alter C storage in forest ecosystems [8]. A meta-analysis showed that short-term N addi-
tion (10–640 kg N ha−1 yr−1) led to an increase of 21.9% in the aboveground biomass C
storage [9]. The C sequestration efficiency of terrestrial ecosystems driven by atmospheric
N deposition is still unknown, but an estimate of 16 to 470 kg C/kg N was made [10,11].
N deposition generally leads to an increase in C sinks in terrestrial ecosystems with N
limitation [12]. However, Some researchsynthesized 146 observations and showed that
the corresponding increase in NPP to N drastically decreased as the amount of N added
became higher than 50–60 kg N ha−1 yr−1 [13]. Consequently, the effect of N addition on
forest C sequestration depends on the total N load [12] and site conditions [14].

Plants have the potential to use all types of N forms, but they often show different pref-
erences for the different chemical forms, such as NH4

+-N, NO3
−-N, or amino acids. Some

plants, such as Machilus velutina and Magnolia officinalis, are more inclined toward NH4
+-N

when NO3
−-N and NH4

+-N coexist [15,16]. However, more recent studies indicated that
plants may prefer NO3

− over NH4
+, especially conifer species in northeast China [17,18].

Evidence of plant preference for NH4
+ mostly comes from hydroponic studies, which tend

to overestimate NH4
+ uptake due to the lack of microbial competition and soil interception

of NH4
+ [18]. In the field and soil, plants compete with soil microbes to take up available

N. The effects of N forms on biomass C storage are mediated by the tree species [19,20],
soil properties [21], and N application rate [22], which are complex and the conclusions
are inconsistent [15].

Current studies on how the continuous increase in N deposition affects the forest soil
C pool remain controversial [22–25]. It has been shown that the addition of N may lead to a
decrease in the lignin/N ratio in litter and an increase in labile C input into the soil, which
may enhance heterotrophic respiration (Rh) during litter decomposition and release more
C from the ecosystem [26,27]. The balance of N-induced inputs (increased above-ground
plant biomass) and outputs (soil respiration) may lead to an increase in C storage in the
organic soil layer by 17% [28] and short-term stability [29], but a reduction in C storage
with long-term exogenous N addition [30,31].

To the best of our knowledge, there is still insufficient discussion of the effects of
multiple N forms and the interaction with different N levels on the response of C storage
in forest ecosystems [32–34]. We hypothesized that N addition with different chemical
forms would (1) increase the NEP of the forest ecosystem; (2) decrease ecosystem C storage
under long-term high-level N addition; and (3) show a stronger effect on C storage in the
treatment with the application of both NO3

−-N and NH4
+-N than the treatments with the

application of NO3
−-N and NH4

+-N alone. This study was designed to provide a further
understanding of the response of ecosystem C sequestration to N application in northern
temperate forests in China.

2. Materials and Methods
2.1. Site Description

The study location is in a typical temperate forest in the Xi Mountain Forestry Research
Station of Beijing Forestry University (39◦54′ N, 116◦28′ E; 133 m a.s.l.) near Beijing
(Figure 1). The study site is in a temperate monsoon humid climate region. The annual
mean temperature and annual precipitation at the station are approximately 12.5 ◦C and
628.9 mm, respectively. The soil type is classified as Chromic Luvisols with a soil thickness
of approximately 40 cm. The O horizon is less than 3 cm, and the A horizon is about 3–5 cm.
The study was conducted in plantations where Quercus liaotungensis is the dominant
tree species with a density of 2963 trees ha−1. The age of the plantation is 62 years
and it has not experienced any disturbance. Very few shrubs and herbs occurred in the
experimental site. Soil samples (0–5 cm deep) at the study site were collected to measure
the physicochemical properties at the beginning of the experiment as the background data.
The initial tree height and diameter at breast height (DBH) of the sample trees in each
plot were recorded. The initial conditions of the plots under different treatments were not
statistically significant (Table 1).



Atmosphere 2022, 13, 889 3 of 12

Atmosphere 2022, 13, x FOR PEER REVIEW  3  of  13 
 

 

the physicochemical properties  at  the beginning of  the  experiment  as  the background 

data. The  initial tree height and diameter at breast height (DBH) of the sample trees  in 

each plot were  recorded. The  initial  conditions of  the plots under different  treatments 

were not statistically significant (Table 1).   

 

Figure 1. Location of the study area. 

Table 1. Initial physicochemical properties of the study site. 

Plots  pH 

Soil Bulk 

Density 

(g cm3) 

Organic C 

(g kg−1) 

Total N 

(g kg−1) 

NH4+‐N 

(mg kg−1) 

NO3−‐N 

(mg kg−1) 

Height 

(m) 

DBH 

(cm) 

Control  7.18 ± 0.28 a  1.12 ± 0.062 a  29.97 ± 0.86 a 2.43 ± 0.68 a 2.57 ± 0.46 a 12.93 ± 1.55 a 5.52 ± 0.12 a 11.43 ± 0.38 a 

L‐NaNO3  7.02 ± 0.39 a  1.19 ± 0.049 a  30.14 ± 0.51 a 2.35 ± 0.84 a 2.51 ± 0.43 a 12.80 ± 1.02 a 5.50 ± 0.19 a 11.78 ± 0.44 a 

H‐NaNO3  7.16 ± 0.49 a  1.33 ± 0.043 a  29.45 ± 0.72 a 2.36 ± 0.72 a 2.37 ± 0.43 a 12.87 ± 1.18 a 5.53 ± 0.34 a 11.94 ± 0.74 a 

L‐NH4NO3  7.19 ± 0.39 a  1.05 ± 0.048 a  30.33 ± 0.56 a 2.39 ± 0.66 a 2.47 ± 0.44 a 13.06 ± 1.22 a 5.29 ± 0.35 a 11.46 ± 0.47 a 

H‐NH4NO3  7.12 ± 0.21 a  1.20 ± 0.026 a  31.06 ± 0.71 a 2.44 ± 0.48 a 2.55 ± 0.36 a 13.15 ± 1.36 a 5.49 ± 0.11 a 11.46 ± 0.52 a 

L‐(NH4)2SO4 7.01 ± 0.36 a  1.22 ± 0.057 a  28.37 ± 0.82 a 2.40 ± 0.68 a 2.45 ± 0.22 a 13.05 ± 1.06 a 5.38 ± 0.16 a 11.49 ± 0.29 a 

H‐(NH4)2SO4 7.20 ± 0.28 a  1.22 ± 0.015 a  29.15 ± 0.52 a 2.54 ± 0.60 a 2.41 ± 0.36 a 12.78 ± 1.05 a 5.32 ± 0.23 a 11.59 ± 0.53 a 

Means with different lowercase letters are significantly different at p < 0.05 in the column. Capital 

letters L and H represent nitrogen addition of 50 and 150 kg N ha−1 yr−1 respectively. 

2.2. Experimental Design 

The experiment was conducted from March 2011 to March 2017. The total area of the 

experimental site was about 3500 m2. Twenty‐one 10 m × 10 m plots were set up  ran‐

domly and divided  into  three  replicate  sub‐plots. A wide buffer was built among  the 

plots. In each plot, a 1 m × 1 m trench plot was set up before the N treatment in 2010. Each 

trench plot was surrounded by vertical 10 cm‐wide and 100 cm‐deep trenches. All of the 

roots passing  through  the boundaries were cut off, but not removed, while  the above‐

ground parts of  the plants  in the trenched plots were cleaned up. Pieces of thin polyeth‐
ylene sheet were placed  in  the vertical  trenches to prevent  living roots from spreading 

into the trench plots. The N addition experiment was designed using three N chemical 

forms (NaNO3, (NH4)2SO4, and NH4NO3) at two levels (low N: 50 kg N ha−1 yr−1 and high 

N: 150 kg N ha−1 yr−1) to simulate the applications of NO3−, NH4+, and their combinations. 

The N levels were about two and five times the amount of N deposition in Beijing [35]. 

Control plots without N addition were set up to detect the effect of atmospheric N depo‐

sition. The N compound was dissolved  in deionized water and sprayed with a sprayer 

during the first few days of each month from March to October in each year. The same 

dose of deionized water was applied to the control plot. 

Figure 1. Location of the study area.

Table 1. Initial physicochemical properties of the study site.

Plots pH
Soil Bulk
Density
(g cm3)

Organic C
(g kg−1)

Total N
(g kg−1)

NH4
+-N

(mg kg−1)
NO3−-N

(mg kg−1)
Height

(m)
DBH
(cm)

Control 7.18 ± 0.28 a 1.12 ± 0.062 a 29.97 ± 0.86 a 2.43 ± 0.68 a 2.57 ± 0.46 a 12.93 ± 1.55 a 5.52 ± 0.12 a 11.43 ± 0.38 a
L-NaNO3 7.02 ± 0.39 a 1.19 ± 0.049 a 30.14 ± 0.51 a 2.35 ± 0.84 a 2.51 ± 0.43 a 12.80 ± 1.02 a 5.50 ± 0.19 a 11.78 ± 0.44 a
H-NaNO3 7.16 ± 0.49 a 1.33 ± 0.043 a 29.45 ± 0.72 a 2.36 ± 0.72 a 2.37 ± 0.43 a 12.87 ± 1.18 a 5.53 ± 0.34 a 11.94 ± 0.74 a

L-NH4NO3 7.19 ± 0.39 a 1.05 ± 0.048 a 30.33 ± 0.56 a 2.39 ± 0.66 a 2.47 ± 0.44 a 13.06 ± 1.22 a 5.29 ± 0.35 a 11.46 ± 0.47 a
H-NH4NO3 7.12 ± 0.21 a 1.20 ± 0.026 a 31.06 ± 0.71 a 2.44 ± 0.48 a 2.55 ± 0.36 a 13.15 ± 1.36 a 5.49 ± 0.11 a 11.46 ± 0.52 a

L-(NH4)2SO4 7.01 ± 0.36 a 1.22 ± 0.057 a 28.37 ± 0.82 a 2.40 ± 0.68 a 2.45 ± 0.22 a 13.05 ± 1.06 a 5.38 ± 0.16 a 11.49 ± 0.29 a
H-(NH4)2SO4 7.20 ± 0.28 a 1.22 ± 0.015 a 29.15 ± 0.52 a 2.54 ± 0.60 a 2.41 ± 0.36 a 12.78 ± 1.05 a 5.32 ± 0.23 a 11.59 ± 0.53 a

Means with different lowercase letters are significantly different at p < 0.05 in the column. Capital letters L and H
represent nitrogen addition of 50 and 150 kg N ha−1 yr−1 respectively.

2.2. Experimental Design

The experiment was conducted from March 2011 to March 2017. The total area of the
experimental site was about 3500 m2. Twenty-one 10 m × 10 m plots were set up randomly
and divided into three replicate sub-plots. A wide buffer was built among the plots. In each
plot, a 1 m × 1 m trench plot was set up before the N treatment in 2010. Each trench plot
was surrounded by vertical 10 cm-wide and 100 cm-deep trenches. All of the roots passing
through the boundaries were cut off, but not removed, while the aboveground parts of the
plants in the trenched plots were cleaned up. Pieces of thin polyethylene sheet were placed
in the vertical trenches to prevent living roots from spreading into the trench plots. The
N addition experiment was designed using three N chemical forms (NaNO3, (NH4)2SO4,
and NH4NO3) at two levels (low N: 50 kg N ha−1 yr−1 and high N: 150 kg N ha−1 yr−1)
to simulate the applications of NO3

−, NH4
+, and their combinations. The N levels were

about two and five times the amount of N deposition in Beijing [35]. Control plots without
N addition were set up to detect the effect of atmospheric N deposition. The N compound
was dissolved in deionized water and sprayed with a sprayer during the first few days of
each month from March to October in each year. The same dose of deionized water was
applied to the control plot.

2.3. Biomass and Net Ecosystem Productivity

The calculations of NPP and NEP were according to previous studies [32,36]. NPP
was calculated as the sum of the annual litter input and the increment in plant biomass,
while NEP was the difference between NPP and Rh. The height, DBH, and crown width
of sample trees were recorded in each plot during March of each year from 2011 to 2017.
Before the N addition experiment, the DBH (1.3 m aboveground level) of all the trees in
each plot was measured, and then we selected and tagged three sample trees. The biomass
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calculation was based on the general allometric model of hardwood broad-leaved forest
provided by previous studies [37]. The model is as follows:

W = a
(

D2H
)b

(1)

where W is tree biomass (Mg C ha−1), a and b are the parameters (the parameters of different
parts of the tree are shown in Figure S1), D is DBH (cm), and H is the tree height (m).

We harvested twelve sample trees and then calculated the dry weights of the trunks,
branches, leaves, and roots to fit the equation to obtain specific parameters. We calculated
the biomass C storage based on the C concentration of 49% of the tree’s biomass.

In each sample plot, the collection of litter was completed by using 25 litter traps,
which were 1 m high and 0.5 m in diameter. The litter traps were randomly placed under
the forest canopy from May to December. During the study period, the traps were emptied
monthly. Litter decomposition was determined by a decomposition experiment using the
burry-bag method. At the beginning of the test, 25 × 25 cm nylon mesh bags with a pore
size of 0.5 mm at bottom and 2.0 mm at top were prepared, and each bag was filled with
about 10 g of air-dried leaves. Then, the mesh bags with litter were evenly placed under
the litter layer in the forest and above the soil layer. The residue was measured every three
months. Since the decomposition of roots or the secretions of roots was not included in the
NPP calculation, the NPP in this study might have been underestimated.

2.4. Soil Sampling

Before soil sampling, litter and vegetation were first removed from the surface soil.
At each site, three soil profiles were dug to a depth of about 40 cm. In the soil profile,
the undisturbed soil in each layer was collected with a 100 cm3 metal core to test the soil
bulk density. The soil samples were collected from 0–10, 10–20, and 20–40 cm, with three
replicate samples per layer. The soil samples were air-dried, sieved with a 2 mm sieve, and
then sealed in a glass bottle for the subsequent measurements. Soil C storage (Mg C ha−1)
was calculated as:

S =
∑n

i=1(1− δi%)CidiDi

10
(2)

where I is the soil layer, n is the number of layers in the soil profile, S (Mg C ha−1) is the
SOC storage in the 40 cm soil layer, δi (%) is the volume fraction of gravel in layer i, di
(g cm−3) is the soil bulk density in layer i, Ci (g kg−1) is the soil organic C (SOC) content in
layer i, and Di (cm) is the thickness of each soil layer (Table 2).

Table 2. Soil inorganic nitrogen and organic carbon (SOC) in the study site after the experiment.

Plots pH NH4
+ NO3− SOC (g kg−1)

Soil Depth
(cm) 0–10 0–10 0–10 0~10 10~20 20~40

Control 7.11 ± 0.05 a 3.06 ± 0.26 d 12.29 ± 1.03 d 17.92 ± 0.92 b 11.50 ± 0.61 d 7.59 ± 0.40 de
L-NaNO3 6.94 ± 0.05 b 4.11 ± 0.57 c 28.75 ± 3.61 c 17.92 ± 0.61 b 11.99 ± 0.41 cd 7.81 ± 0.27 ce
H-NaNO3 6.94 ± 0.05 b 5.13 ± 0.69 a 48.52 ± 2.52 a 18.53 ± 0.39 b 11.29 ± 0.23 d 9.27 ± 0.19 b

L-NH4NO3 6.86 ± 0.05 b 4.67 ± 0.39 b 26.97 ± 3.56 c 18.35 ± 0.97 b 11.36 ± 0.60 d 7.99 ± 0.42 cd
H-NH4NO3 6.48 ± 0.05 d 5.20 ± 0.37 a 42.03 ± 3.96 a 19.18 ± 0.42 a 13.19 ± 0.29 a 9.52 ± 0.19 ab

L-(NH4)2SO4 6.83 ± 0.05 b 5.14 ± 0.42 a 24.16 ± 2.74 c 18.71 ± 0.37 b 12.51 ± 0.25 c 8.15 ± 0.16 c
H-(NH4)2SO4 6.66 ± 0.09 c 5.80 ± 0.43 a 35.48 ± 1.58 b 19.91 ± 0.32 a 13.40 ± 0.19 b 10.00 ± 0.14 a

Means with different lowercase letters are significantly different at p < 0.05. Capital letters L and H represent
nitrogen addition of 50 and 150 kg N ha−1 yr−1, respectively.

2.5. Measurement of Soil Respiration

Gas samples were collected three times monthly inside and outside of the trenched
subplots using the static opaque chamber method from March 2011 to February 2017. The
chamber consisted of a fixed stainless steel base (50 × 50 × 20 cm) and a detachable top
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(50 × 50 × 50 cm). Four gas samples were collected with a plastic syringe at intervals of 0, 5,
10, and 20 min for each plot. A digital thermometer was used to record the air temperature
and soil temperatures at a depth of 5 cm near the chamber when collecting the gas samples.
The gas samples were measured within 12 h after gas collection using a gas chromatograph
(PE Clarus 500, PerkinElmer, Inc., Waltham, MA, USA). Detailed gas collection methods
and soil respiration flux calculations can be found inour previous work [38,39], respectively.
The total amount of CO2 emitted from the plots without trenching was treated as the total
soil respiration, as published in the article of previous studies [39], and the CO2 emitted
from the trenched subplot was considered to be Rh.

2.6. Statistical Analyses

The differences in the initial soil properties and the C storage in different pools of
the ecosystem (biomass, litter, soil, etc.) under the N addition treatments were analyzed
using one-way analysis of variance (ANOVA) and least significant difference (LSD) (IBM
Corp, Armonk, NY, USA). One-way ANOVA was used to show the overall estimates of
the N addition effects on the increase in ecosystem C storage. Univariate analysis and LSD
testing were used to explore the effects of N forms, N levels, and their interactions on the
biomass, litter, and NEP of the forest ecosystem. All results were considered significant at
the p < 0.05 level.

3. Results
3.1. Plant Response

In the control plot, biomass C storage increased at an average rate of 2.50 Mg C ha−1 yr−1

from 2011 (19.12 ± 0.43 Mg C ha−1) to 2017 (34.10 ± 2.99 Mg C ha−1), while the average
rate of increase in biomass in the plots treated by N addition was 4.01 Mg C ha−1 yr−1

(Figure 2). The highest biomass C storage increment (5.11 Mg C ha−1 yr−1) occurred in
the H-(NH4)2SO4 treatment after 6 years of N addition, and the annual increase rate of
biomass in the N addition plots gradually decreased from the beginning to the end of the
experiment (Figure 2). Low and high levels of N addition increased biomass C storage
by 24.01% and 34.66%, respectively. The biomass C storage in the NaNO3, NH4NO3, and
(NH4)2SO4 treatments were increased by 18.17, 30.80, and 39.05%, respectively. Both the N
level and N form had a significant influence on biomass C storage (p < 0.01, Table 3), while
the interactive effect between them was insignificant (Table 3).

Table 3. Effects of N chemical form and N level and their interaction on the carbon storage and NEP.

Biomass Soil Ecosystem NEP

d.f. F p F p F p F p

N Form 2 11.523 0.001 12.638 0.001 21.859 0.001 3.989 0.043
N Level 1 8.855 0.010 78.796 <0.001 61.363 0.001 4.499 0.049

N Form × N Level 2 2.100 0.159 8.640 0.004 7.796 0.005 0.068 0.935

NEP = Net ecosystem productivity.

N addition significantly promoted the above- and belowground biomass C storage by
29.00 and 16.11%, respectively, and resulted in a 9.64–23.23% reduction in the proportion of
belowground biomass relative to the control. Compared with the control, low and high
levels of N addition caused decreases in the proportion of belowground biomass C of
13.04 and 17.91%, respectively (Table 4). N forms significantly altered the proportion of
belowground biomass C storage. (NH4)2SO4 had the strongest effect on the proportional
decrease among the N forms (Table 4).
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Table 4. Proportion of belowground biomass carbon storage under different N forms and N levels.

Proportion of
Belowground
Biomass C (%)

Decrease From
Control

Proportion of
Belowground
Biomass C (%)

Decrease From
Control

Control 18.47 ± 0.93 a - Control 18.47 ± 0.93 a -
Low 16.06 ± 0.49 b 13.04% NaNO3 15.93 ± 0.06 bc 13.75%
High 15.16 ± 0.72 c 17.91% NH4NO3 16.07 ± 0.41 b 13.03%

(NH4) 2SO4 14.84 ± 0.62 c 19.65%

NaNO3 = average proportion of belowground biomass C storage in both low and high-NaNO3-addition plots
((NH4)2SO4 and NH4NO3 were calculated in the same way). Low = average proportion of belowground biomass
C storage in L-NaNO3, L-(NH4)2SO4, and L-NH4NO3 plots (high was calculated in the same way). Means with
different lowercase letters in the same column are significantly different at p < 0.05.

The litter C storage after six years of N addition showed an increase of 2.56 Mg C ha−1

and 3.36 Mg C ha−1 in the low- and high-N-addition plots, respectively, as compared with
the control (7.15 ± 1.60 Mg C ha−1, Figure 3a). The litter C storage in the (NH4)2SO4
treatment had a higher increase, with an increasing rate of 48.30%, than that of 36.96% in
NH4NO3 and of 38.92% in NaNO3 treatment (Figure 3a).
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3.2. Soil Response

The annual average litter decomposition rate ranged from 29.15 to 36.14%, and the
effect of the addition of N on the decomposition rate was not significant. However, N
addition with different forms significantly increased litter C storage—the litter C input was
enhanced in the N-addition treatments (Figure 3c). Litter C input was increased by 29.60,
40.37, and 64.80% in NaNO3, NH4NO3, and (NH4)2SO4, respectively, as compared with that
of 0.42 ± 0.096 Mg C ha−1 yr−1 in the control. Meanwhile, litter C input was increased by
37.91 and 51.94% in the low- and high-N-addition plots, respectively (Figure 3c). N addition
promoted the annual average heterotrophic respiration by 0.06–0.94 Mg C ha−1 yr−1 as
compared with the control (1.89 ± 0.17 Mg C ha−1 yr−1, Figure 3d). The N form, not
N level, significantly affected the annual average heterotrophic respiration. The annual
average heterotrophic respiration in the NaNO3, NH4NO3, and (NH4)2SO4 addition plots
significantly increased by 12.37, 16.63, and 38.11%, respectively. Moreover, the N form,
N level, and their interaction significantly affected soil C storage (p < 0.01, Table 3). The
high-N treatments consistently significantly promoted soil C storage, while low N addition
had an insignificant effect. Compared with the control (57.92 ± 0.78 Mg C ha−1), the soil
C storage in the H-NaNO3, H-NH4NO3, and H-(NH4)2SO4 treatments was significantly
increased by 9.29, 23.35, and 28.02%, respectively (Figure 3b). The effects of (NH4)2SO4 and
NH4NO3 on soil C storage were stronger than those of NaNO3.

The N-addition treatments had positive effects on ecosystem C storage, and the aver-
age rate of increase was 7.76 Mg C ha−1 yr−1 compared with the control (136.045 ± 5.67 Mg
C ha−1). The increase in ecosystem C storage under high-level N addition (39.87%) was
significantly higher than that of the low level (22.91%). A significant difference in ecosystem
C storage among the N forms was observed, and the increases in ecosystem C storage in
NaNO3, NH4NO3, and (NH4)2SO4 were 20.87%, 31.05%, and 42.25%, respectively.

3.3. Response of NEP

Both N form and N level significantly affected NPP and NEP compared with the
control (Figures 4 and 5). The NEPs under NaNO3, NH4NO3, and (NH4)2SO4 were
1.74 ± 0.23, 2.52 ± 0.34, and 2.68 ± 0.35 Mg C ha−1 yr−1, respectively. NH4

+-N, instead
of NO3

−-N or their combination, showed stronger effects on the NEP increments. The
response of forest ecosystem C sequestration to N addition was 18.55 kg C/kg N in
(NH4)2SO4, 15.41 kg C/kg N in NH4NO3, and 6.68 kg C/kg N in NaNO3 after 6 years of N
addition. Compared with the control, low- and high-level N addition increased the NEP
by 0.98 and 1.59 Mg C ha−1 yr−1, respectively. The response of ecosystem C sequestration
under low-level N addition was 27.30 kg C/kg N, while it was 13.13 kg C/kg N under
high-level N addition. However, it is necessary here to mention that the C–N response was
lower in the high-N treatment, implying lower N use efficiency in the high-N treatment.
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4. Discussion

In this study, we quantified the effects of multiple N chemical forms and N levels on
forest C storage, which included the C allocation to the above- and belowground biomass,
NEP, and heterotrophic respiration. Our findings showed that N addition in different
chemical forms led to an increase in NEP, which supported our first hypothesis. The
N-induced increase in NPP exceeded the increase in Rh, and thus led to the increase in NEP
(Figure 5). The ecosystem C sequestration was increased by 1.73–4.08 Mg C ha−1 yr−1 after
N addition, which corresponded to an increase of 7.12–33.50 kg C/kg N. A comparable
range, that is, 20–30 kg C/kg N, was found in an evaluation of a global data set of 80 forest
sites [40]. The other meta-analysis concluded that temperate forests responded strongly to
N addition and sequestered on average an additional 10–20 kg C/kg N in woody biomass,
with approximately 60% retained in tree wood and 40% in the soil [41]. Furthermore, the C–
N response (defined as the additional mass unit of C sequestered per additional mass unit
of N addition) was affected by forest productivity, experimental N addition rate, and rate of
ambient N deposition [42]. Model predictions indicated that the N deposition in northern
and tropical forests will offset 3 billion tons of additional CO2 emissions each year in the
next few decades [43]. With the increase in N addition, the response of C sequestration
dropped from 27.30 kg C/kg N (low-level N addition) to 13.13 kg C/kg N (high-level
N addition). High-level N addition could lead to higher N losses via volatilization and
leaching, and result in relatively low N use efficiency [44]. The response of forest ecosystem
C sequestration was more susceptible to multiple nutrient restrictions with the increase
in the N addition level [45]. Further detailed experiments are needed to determine the
threshold of the N application rate that maximizes the efficiency of C sequestration in the
boreal temperate forest ecosystem.

We also found that N addition altered the C allocation pattern of above- and below-
ground biomass. The increase in above- and belowground biomass C storage caused by N
addition was 29.00% and 16.11%, respectively, which was comparable to the result of previ-
ous work [29], who conducted a meta-analysis that indicated that N addition significantly
increased above- and belowground biomass C storage by 35.7% and 23.0%, respectively.
Differences in the extent of the responses between above- and belowground biomass to
N addition resulted in a decrease in the proportion of belowground biomass C (Table 3).
These findings could be explained by the functional equilibrium hypothesis [46,47], which
indicated that root growth is beneficial when local resources are limited. N treatment may
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cause an increase in the available N in the soil so that plants do not have to allocate too
much C to the belowground parts to obtain more N sources [48,49].

The increment in ecosystem C storage under the high-level N addition was signifi-
cantly higher than that under the low-level N addition, which did not support our second
hypothesis. In a shorter period, high-level N addition had a stronger effect on the improve-
ment of ecosystem C storage compared with low-level N addition [50,51]. However, over
time, such an increase might be insignificant under high-level N addition or even inhibit C
storage [12,52]. This indicated that the total amount of N loading was an important factor in
determining the effect of different levels of N addition on ecosystem C storage. Long-term
N input could induce a decrease in soil pH, and lead to soil acidification, which would
further influence plant growth and soil microbe composition and activity [52]. Meanwhile,
continuous N addition can lead to the loss of soil exchangeable base cations, such as Ca2+,
Mg2+, K+, and Na+, which also influence plant growth [53]. In our study, the soil pH in
the temperate forest was around 7.2 in the plots without N addition (control). We indeed
observed a consistent decrease in soil pH in the N-addition treatment as compared with the
control in 2017 (Table 2), indicating the occurrence of N-induced soil acidification. However,
we did not find a significant difference in soil base cations (Ca2+, Mg2+, and Na+) between
the N-addition treatment and the control. Although SO4

2− and Na+ were introduced with
N addition, such cation inputs did not cause an alteration of soil base cations. This finding
suggests that N-induced soil acidification can still be buffered by the soil base cations for
now. Despite the continuous increase in the tree biomass with N addition, we found a de-
crease in the increasing rate of biomass with time. The results indicate that N-induced soil
acidification could have been influencing tree growth. Therefore, the effect of N-induced
alteration in the soil properties on plant growth needs to be tested in the future.

In our study, ecosystem C storage under different N forms showed significant differ-
ences. NH4

+-N elicited a higher increase in ecosystem C storage than the other two forms,
which did not support our third hypothesis. Our findings are consistent with the results of
the isotope experiments conducted by previous studies [19], whose results showed that,
when glycine, NH4

+-N, and NO3
−-N coexisted in the soil, NH4

+-N was preferentially
absorbed by the trees, which accounted for more than 80% of the total N absorbed. The
possible reason was that NH4

+-N can directly be used to synthesize amino acids, which can
be used by plants [19]. The absorption and utilization of NH4

+-N require less energy and
are relatively more economical compared with those of NO3

−-N. It is worth mentioning
that Li et al., 2016, also used hydroponic experimental settings, which tend to overestimate
NH4

+ uptake due to a lack of microbial competition and soil interception of NH4
+ [18]. The

soil N form and availability appear to be important factors for the plant N uptake form.
A large amount of available NH4

+-N was absorbed, promoting plant biomass, litter, and
soil carbon storage, and then improved the carbon sequestration efficiency. In our site,
NO3

− was much higher than NH4
+, which could have been the result of microbial and

plant NH4
+ uptake. On the other hand, high NO3

− implied high nitrification potential in
this site, and also may have induced more plant uptake of NO3

−.

5. Conclusions

Our study explored the effects of 6 years of N addition on the ecosystem C sequestra-
tion in a temperate plantation forest dominated by Q. liaotungensis. We found that the Q.
liaotungensis forest in northern China acted as a C sink. A high level of ammonium nitrogen
had a significant positive impact on the increase in net ecosystem productivity in the Q.
liaotungensis forest. The increase in ecosystem C storage under high-level N addition was
higher than that under low-level N addition. NH4

+-N contributed more to the increase
in ecosystem C storage than NO3

−-N. NEP was increased by N addition mainly due to
the higher increase in NPP than the increase in Rh. Finally, the mechanism underlying
the N-induced alteration of the ecosystem C storage and threshold of the N efficiency in
promoting C sinks need to be further investigated.
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30. Kaštovská, E.; Šantrůčková, H. Comparison of uptake of different N forms by soil microorganisms and two wet-grassland plants:
A pot study. Soil Biol. Biochem. 2011, 43, 1285–1291. [CrossRef]

31. Yue, K.; Peng, Y.; Peng, C.; Yang, W.; Peng, X.; Wu, F. Stimulation of terrestrial ecosystem carbon storage by nitrogen addition: A
meta-analysis. Sci. Rep. 2016, 6, 19895. [CrossRef]

32. Fan, H.; Wu, J.; Liu, W.; Yuan, Y.; Huang, R.; Liao, Y.; Li, Y. Nitrogen deposition promotes ecosystem carbon accumulation by
reducing soil carbon emission in a subtropical forest. Plant Soil 2014, 379, 361–371. [CrossRef]

33. Gao, J.; Mo, Y.; Xu, X.; Zhang, X.; Yu, F. Spatiotemporal variations affect uptake of inorganic and organic nitrogen by dominant
plant species in an alpine wetland. Plant Soil 2014, 381, 271–278. [CrossRef]

34. Jampeetong, A.; Konnerup, D.; Piwpuan, N.; Brix, H. Interactive effects of nitrogen form and pH on growth, morphology, N
uptake and mineral contents of Coix lacryma-jobi L. Aquat. Bot. 2013, 111, 144–149. [CrossRef]

35. Liu, X.; Ju, X.; Zhang, Y.; He, C.; Kopsch, J.; Fusuo, Z. Nitrogen deposition in agroecosystems in the Beijing area. Agric. Ecosyst.
Environ. 2006, 113, 370–377. [CrossRef]

36. Gower, S.T.; Krankina, O.; Olson, R.J.; Apps, M.; Linder, S.; Wang, C. Net Primary Production and Carbon Allocation Patterns of
Boreal Forest Ecosystems. Ecol. Appl. 2001, 11, 1395–1411. [CrossRef]

37. Li, Z.; Kurz, W.A.; Apps, M.J.; Beukema, S.J. Belowground biomass dynamics in the Carbon Budget Model of the Canadian Forest
Sector: Recent improvements and implications for the estimation of NPP and NEP. Can. J. For. Res. 2003, 33, 126–136. [CrossRef]

38. Yang, X.; Wang, C.; Xu, K. Response of soil CH4 fluxes to stimulated nitrogen deposition in a temperate deciduous forest in
northern China: A 5-year nitrogen addition experiment. Eur. J. Soil Biol. 2017, 82, 43–49. [CrossRef]

39. Wang, C.; Yang, X.; Xu, K. Effect of chronic nitrogen fertilization on soil CO2 flux in a temperate forest in North China: A 5-year
nitrogen addition experiment. J. Soils Sediments 2018, 18, 506–516. [CrossRef]

40. Liu, L.; Greaver, T.L. A review of nitrogen enrichment effects on three biogenic GHGs:the CO2 sink may be largely offset by
stimulated N2O and CH4 emission. Ecol. Lett. 2009, 12, 1103–1110. [CrossRef]

41. Vries, W.; Du, E.; Butterbach-Bahl, K. Short and long-term impacts of nitrogen deposition on carbon sequestration by forest
ecosystems. Curr. Opin. Environ. Sustain. 2014, 9, 90–104. [CrossRef]

42. Schulte, U.L.; Vries, W. Global-scale impacts of nitrogen deposition on tree carbon sequestration in tropical, temperate, and boreal
forests: A meta-analysis. Glob. Chang. Biol. 2017, 24, e416–e431. [CrossRef] [PubMed]

http://doi.org/10.7668/hbnxb.201751056
http://doi.org/10.1016/j.tplants.2013.09.004
http://doi.org/10.1111/nph.17110
http://doi.org/10.1007/s10533-021-00811-w
http://doi.org/10.3832/ifor1502-008
http://doi.org/10.13287/j.1001-9332.2003.0451
http://doi.org/10.1007/BF00224342
http://doi.org/10.1023/A:1010303813181
http://doi.org/10.1016/j.foreco.2013.04.021
http://doi.org/10.1038/ngeo721
http://doi.org/10.1016/j.soilbio.2012.12.005
http://doi.org/10.1016/S0065-2504(05)38001-9
http://doi.org/10.1890/15-1683.1
http://www.ncbi.nlm.nih.gov/pubmed/27859176
http://doi.org/10.1111/j.1461-0248.2010.01482.x
http://doi.org/10.1016/j.agee.2010.12.010
http://doi.org/10.1016/j.soilbio.2011.02.021
http://doi.org/10.1038/srep19895
http://doi.org/10.1007/s11104-014-2076-y
http://doi.org/10.1007/s11104-014-2130-9
http://doi.org/10.1016/j.aquabot.2013.06.002
http://doi.org/10.1016/j.agee.2005.11.002
http://doi.org/10.1890/1051-0761(2001)011[1395:NPPACA]2.0.CO;2
http://doi.org/10.1139/x02-165
http://doi.org/10.1016/j.ejsobi.2017.08.004
http://doi.org/10.1007/s11368-017-1760-y
http://doi.org/10.1111/j.1461-0248.2009.01351.x
http://doi.org/10.1016/j.cosust.2014.09.001
http://doi.org/10.1111/gcb.13862
http://www.ncbi.nlm.nih.gov/pubmed/29034987


Atmosphere 2022, 13, 889 12 of 12

43. Reay, D.S.; Dentener, F.; Smith, P.; Grace, J.; Feely, R.A. Global nitrogen deposition and carbon sinks. Nat. Geosci. 2008, 1, 430–437.
[CrossRef]

44. Xu, K.; Wang, C.; Yang, X. Five-year study of the effects of simulated nitrogen deposition levels and forms on soil nitrous oxide
emissions from a temperate forest in northern China. PLoS ONE 2017, 12, e0189831. [CrossRef] [PubMed]

45. Fisk, M.; Ratliff, T.; Goswami, S.; Yanai, R. Synergistic soil response to nitrogen plus phosphorus fertilization in hardwood forests.
Biogeochemistry 2014, 118, 195–204. [CrossRef]

46. Brouwer, R. Functional equilibrium: Sense or nonsense? Neth. J. Agric. Sci. 1983, 31, 335–348. [CrossRef]
47. Poorte, H.; Nagel, O. The role of biomass allocation in the growth response of plants to different levels of light, CO2, nutrients

and water: A quantitative review. Funct. Plant Biol. 2000, 27, 595–607. [CrossRef]
48. Darby, F.A.; Turner, R.E. Below- and Aboveground Biomass of Spartina alterniflora: Response to Nutrient Addition in a Louisiana

Salt Marsh. Estuaries Coasts 2008, 31, 326–334. [CrossRef]
49. Johnson, I.; Thornley, J. A Model of Shoot: Root Partitioning with Optimal Growth. Ann. Bot. 1987, 60, 133–142. [CrossRef]
50. Zhang, W.; Zhu, X.; Liu, L.; Fu, S.; Chen, H.; Huang, J.; Lu, X.; Liu, Z.; Mo, J. Large difference of inhibitive effect of nitrogen

deposition on soil methane oxidation between plantations with N-fixing tree species and non-N-fixing tree species. J. Geophys.
Res. Biogeosci. 2012, 117, G00N16. [CrossRef]

51. Zhao, Y.; Zhang, C.; Zhao, H.; Xu, X. Effects of N and P addition on soil nitrogen mineralization in a subtropical evergreen
broadleaved forest. Chin. J. Ecol. 2013, 32, 1690–1697. [CrossRef]

52. Chen, D.; Lan, Z.; Hu, S.; Bai, Y. Effects of nitrogen enrichment on belowground communities in grassland: Relative role of soil
nitrogen availability vs. soil acidification. Soil Biol. Biochem. 2015, 89, 99–108. [CrossRef]
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