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Abstract: Nitrogen (N) deposition has been well documented to cause substantial impacts on ecosys-
tem carbon cycling. However, the majority studies of stimulating N deposition by direct N addition
to forest floor have neglected some key ecological processes in forest canopy (e.g., N retention
and absorption) and might not fully represent realistic atmospheric N deposition and its effects on
ecosystem carbon cycling. In this study, we stimulated both canopy and understory N deposition
(50 and 100 kg N ha−1 year−1) with a local atmospheric NHx:NOy ratio of 2.08:1, aiming to assess
whether canopy and understory N deposition had similar effects on soil respiration (RS) and net
ecosystem production (NEP) in Moso bamboo forests. Results showed that RS, soil autotrophic (RA),
and heterotrophic respiration (RH) were 2971 ± 597, 1472 ± 579, and 1499 ± 56 g CO2 m−2 year−1

for sites without N deposition (CN0), respectively. Canopy and understory N deposition did not
significantly affect RS, RA, and RH, and the effects of canopy and understory N deposition on these
soil fluxes were similar. NEP was 1940 ± 826 g CO2 m−2 year−1 for CN0, which was a carbon sink,
indicating that Moso bamboo forest the potential to play an important role alleviating global climate
change. Meanwhile, the effects of canopy and understory N deposition on NEP were similar. These
findings did not support the previous predictions postulating that understory N deposition would
overestimate the effects of N deposition on carbon cycling. However, due to the limitation of short
duration of N deposition, an increase in the duration of N deposition manipulation is urgent and
essential to enhance our understanding of the role of canopy processes in ecosystem carbon fluxes in
the future.

Keywords: canopy nitrogen deposition; understory nitrogen deposition; soil respiration; net primary
production; carbon cycling

1. Introduction

Globally, atmospheric nitrogen (N) deposition has increased from two- to three-fold
since 1850 due to the increasing atmospheric reactive N emissions derived from combustion,
fertilization, and motor vehicles [1–4]. Aside from North America and Europe, China is one
of the highest N deposition areas across the globe and has increased by 60% over last three
decades [1]. Increased N deposition may lead to a significant impact on carbon cycling in
forest ecosystems by changing vegetation growth and soil organic carbon decomposition or
accumulation [5–8]. For example, N deposition commonly stimulates primary production
and CO2 sequestration in N-limited forest systems [9]. However, due to strong spatial
variability of N deposition and ecosystem N availability [1,10], the effects of N deposition
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on carbon cycling varied greatly in forest ecosystems [8,10–12]. Therefore, the size of
nitrogen’s contribution to the global terrestrial C sink is still debated [9].

Soil respiration (RS), consisting of soil autotrophic respiration (RA) and heterotrophic
respiration (RH), is one of the largest carbon fluxes in terrestrial ecosystems. However,
estimating RS is of great uncertainty, ranging from 68 to 109 Pg C year−1 (1 Pg = 1015 g)
globally, which is about 7–11 times the carbon emission from human activities. Thus, a small
change in RS leads to a significant impact on atmospheric CO2 concentrations. Meanwhile,
RH could affect future climate change via the mineralization of long-stored soil carbon,
offsetting net primary production (NPP) and even transforming terrestrial ecosystems from
a carbon sink to a carbon source [13]. Therefore, an accurate measurement or estimate of RS
would great improve our understanding of the feedbacks of soil belowground processes to
climate change. On the other hand, RS is significantly affected by environmental changes,
e.g., N deposition [6,11].

Numerous studies have already evaluated the effects of N deposition on RS; however,
these studies yield conflict results showing that N deposition increases [12], decreases [6,11],
or does not change RS [14] or leads to different impacts on RS components [11]. The effects
of N deposition on RS vary with N deposition rates, N forms, and N ratios [12,15]. For
example, results from Li et al. [12] showed that RS with N deposition treatment of 30, 60,
and 90 kg N ha−1 a−1 increased by about 45.7%, 37.7%, and 13.0% compared to that of no
N deposition treatment.

Most studies stimulate the effects by applying understory N deposition. However,
critical ecological processes, including retention, interception, absorption, and transforma-
tion of atmospherically deposited N [16–18], occurring in the forest canopy are usually
ignored or assumed to have no effects on the quality and quantity of N deposition on forest
soils in understory N deposition [19]. Actually, significant differences in the quality and the
quantity of N reaching soil surface are found between the CAN and the UAN experiments
due to canopy N retention, interception, absorption, and transformation [18]. As suggested
by previous studies [19–21], the traditional understory N deposition stimulating atmo-
spheric N deposition could not fully reflect the actual effects of increasing atmospheric N
deposition on forest ecological functions and processes. Therefore, canopy N deposition
may overcome these limitations of understory N deposition. Moreover, most of the previ-
ous studies used NaNO3 [22,23], (NH4)2SO4 [23,24], NH4Cl [25], and NH4NO3 [26] as a
single N source to stimulating N deposition. However, atmospheric N deposition contains
different N forms, e.g., NHx and NOy [1]. Different N forms may lead to various impacts
on carbon cycling. For example, Du et al. [15] found that inorganic N deposition inhibited
RS, while organic N deposition stimulated RS and the ratio of inorganic N and organic N
also led to a significant impact on RS in temperate forests. Therefore, stimulating canopy N
deposition with different N forms could potentially improve our understanding of actual
atmospheric N deposition on carbon cycling in forest ecosystems.

Moso bamboo (Phyllostachys heterocycla (Carr.) Mit ford cv. Pubescens) is one of the
most important forest types in subtropical China [27]. Moso bamboo is well known for
amazingly rapid growth and can reach a maximum diameter at the breast height (DBH,
13 m) of 8–16 cm and height of 10–20 m within two months after the bamboo shoot
emergence [28]. Due to ecological protection, natural forests are not allowed to be felled
in China, given that bamboo forest is a major substitute of wood products [29,30]. Thus,
the area of Moso bamboo has experienced an increasing trend in recent decades, from
3.87 million hectare during 2004–2008 to 4.68 million hectare during 2014–2018, accounting
for more than 70% areas of bamboo forests in China [31,32]. Moreover, Moso bamboo
forests contributes a higher net ecosystem production (NEP) compared to other forest types
in subtropical China [29,33]. The total NEP of Moso bamboo forests is about 0.027 Pg C
year−1, accounting for 15–36% of the NEP of all forests in China [33]; therefore, Moso
bamboo forests play a critical role in regional, national, and even global carbon cycling.
In recent years, several studies have detected the effects of N deposition on RS in Moso
bamboo forests [12,34]. For example, Li et al. [12] found that the N deposition increases RS
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and decreases the temperature sensitivity of RS in Moso bamboo forests. However, these
studies were conducted via understory N deposition; as indicated above, understory N
deposition may not fully reflect the true effects of atmospheric N deposition on RS due to
canopy N retention, interception, absorption, and transformation. Moreover, the ratio of N
forms was not taken into consideration. Therefore, stimulating canopy N deposition and
taking N forms into consideration may potentially improve our understanding of the true
effects of atmospheric N deposition on RS and its feedbacks to global climate change in
Moso bamboo forests. However, such a study has not been conducted on Moso bamboo
forests to the best of our knowledge.

To address this substantial knowledge gap, we conducted a canopy and understory N
deposition experiment with a background NHx:NOy ratio of 2.08:1 in Moso bamboo forests
(detailed in method section), aiming to: (1) evaluate the effects on N deposition on RS, RA,
and RH; (2) estimate the effects of N deposition on vegetation carbon fluxes and NEP; and
(3) compare whether the effects of canopy and understory N deposition on these carbon
fluxes were similar. We also hypothesized that understory N deposition overestimated RS,
RA, RH, and NEP because of retention, interception, absorption, and transformation of
atmospherically deposited N. The outcome of this study may advance our understanding
of the true effects of N deposition on RS and NEP in Moso bamboo forests.

2. Materials and Methods
2.1. Study Site

The study was conducted in the National Observation and Research Station of Bamboo
Forests of Changning, Sichuan, located at South Sichuan Bamboo Sea which is located
in Changning County (26◦33′17”–28◦26′46” N, 104◦5′11”–105◦4′54” E), China. The study
area covers an area of 120 km2 with a distance of more than 16 km from east to west, and
more than 6.5 km from north to south. The station is characterized as a mountainous
area with an elevation from 260 to 1000 m [35]. Annual temperature ranges from 14.5 to
18 ◦C, with the lowest temperature of 8.1 ◦C in January and highest temperature of 30 ◦C
in summer [35]. The study area has a subtropical humid monsoon climate with annual
precipitation of 1200–2000 mm with 334~356 of fog days [35]. The study area is dominated
by Moso bamboo (Phyllostachys edulis) with about 91% coverage and mixed with few other
species, such as Neosinocalamus affinis (Rendle) Keng, Bambusa intermedia Hsueh et Yi, and
Dendrocalamus membranaceus Munro [35]. General soil properties are shown in Table 1 that
the soil properties in each stand are not significantly different at the level of 0.05 before
N deposition.

Table 1. General soil properties in Moso bamboo forests (mean ± standard deviation).

Treatment pH TN (g kg−1) AN (mg kg−1) SOM (g kg−1) TK (g kg−1) AK (mg kg−1) TP (mg kg−1) AP (mg kg−1)

CN100 4.00 ± 0.35 a 2.21 ± 0.47 a 221.24 ± 36.38 a 63.98 ± 11.82 a 9.48 ± 1.36 a 39.87 ± 5.52 a 306.52 ± 32.10 a 0.47 ± 0.17 a
CN50 3.87 ± 0.15 a 2.82 ± 0.45 a 271.51 ± 60.28 a 75.26 ± 16.40 a 11.32 ± 3.5 a 47.00 ± 4.73 a 376.30 ± 22.60 a 1.44 ± 1.18 a
CNP0 3.97 ± 0.06 a 1.97 ± 0.09 a 223.52 ± 38.00 a 52.33 ± 2.23 a 10.61 ± 1.86 a 39.77 ± 4.24 a 288.48 ± 41.66 a 0.47 ± 0.11 a
GN100 4.00 ± 0.20 a 1.86 ± 0.46 a 186.49 ± 34.94 a 54.15 ± 16.48 a 8.48 ± 1.23 a 35.66 ± 2.29 a 276.27 ± 30.99 a 0.91 ± 0.53 a
GN50 4.00 ± 0.17 a 2.02 ± 0.57 a 221.65 ± 64.05 a 55.55 ± 19.07 a 12.15 ± 1.98 a 42.15 ± 10.50 a 305.60 ± 55.65 a 0.52 ± 0.19 a

Note: the same letter after the numbers indicates no significant difference at p = 0.05 among different nitrogen deposition treatments
analyzed by one-way analysis of variance. CN0: canopy water addition without any N addition; CN50 and CN100: canopy N deposition
with 50 and 100 kg N ha−1 year−1, respectively; GN50 and GN100: understory N deposition with 50 and 100 kg N ha−1 year−1 (GN100),
respectively. TN: total nitrogen content (g kg−1); AN: available nitrogen content (mg kg−1); SOM: soil organic matter (g kg−1); TK: total
potassium content (g kg−1); AK: available potassium content (mg kg−1); TP: total phosphorus content (mg kg−1); and AP: available
phosphorus content (mg kg−1).

2.2. Study Design

A randomized block design was applied for this study in March 2019. Each block
with three replicates contained five (5 m radius) circle plots to which the five treatments
were randomly assigned: control–canopy water addition without any N addition (CN0);
canopy N deposition with 50 kg N ha−1 year−1 (CN50); canopy N deposition with 100 kg
N ha−1 year−1 (CN100); understory N deposition with 50 kg N ha−1 year−1 (GN50); and
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understory N deposition with 100 kg N ha−1 year−1 (GN100) with a local ratio of NHx and
NOy was 2.08:1 of our study area according to Tian et al. [36]. A buffer zone of 5–10 m was
set between two nearly plots.

N deposition experiment was conducted in the middle of each month from April to
September during 2019–2021. Specifically, ammonium salt (NH4-N+) was the source of
(NHx), and nitrate (NO3-N−) was the source of NOy. In each N deposition plot, a mixed
solution of NHx and NOy was added in a volume equivalent of 1 mm of precipitation
and amounted to 6 mm per year (six times per year). This amount equaled less than 0.5%
of annual precipitation; thus, the confounding impacts caused by water addition was
negligible. Canopy N deposition was applied using an irrigation system with a forest
canopy spraying system built in the plot center and pumped to a height that was about
two meters above forest canopy. The N solutions were evenly sprayed onto the canopies by
a sprinkler that could freely turn 360◦. To minimize the effect of sunshine and wind speed,
sprays were conducted in the morning. The first N deposition treatment was conducted
in the middle of April 2019. To partition RA and RH, a 100 cm × 100 cm subplot was
trenched to a depth of 80 cm in the plot center in March 2019. Vegetation and litter in the
subplots were removed carefully to minimize soil disturbance, and the subplots were kept
free of live vegetation and litter throughout the study period [37]. Since the majority of
roots of Moso bamboo were distributed within 40 cm of the surface (Tang et al., 2012), a
trench of 80 cm was sufficient to achieve the objectives of this study. Four 0.5 cm thick
polyethylene boards were inserted into the trenches vertically to prevent root ingrowth
after trenching. In each plot, three sampling polyvinyl chloride collars (PVC, 20 cm inside
diameter × 12 cm height, two for untrenched soil and one for trenched soil) were inserted
into the soil at a depth of 6 cm. Once the collars were installed in the soil, they remained
there throughout the study period. Subsequently, the soil carbon fluxes in the trenched plot
represent RH, which represents the carbon flux from the decomposition of litter detritus
and soil organic matter by microorganisms [38]. Consequently, RA was calculated as the
difference between RS and RH [29,39].

2.3. RS Measurement

Four months after trenching, RS measurement began in July 2019 and lasted for two
years until June 2021 using a Li-Cor-8100 (Li-Cor Inc., Lincoln, NE, USA) automated soil
CO2 flux system. Soil CO2 flux measurement was conducted between 9:00 and 12:00 a.m.,
since RS in this period could represent the diurnal average [37,39,40]. Soil temperature (ST,
◦C) and moisture (SM, %) near the collars at the depth of 5 cm were also measured while
measuring CO2 flux over the entire study period.

2.4. Bamboo, Root, and Litterfall Production

DBH of all bamboos in each subplot were measured using a diameter tap in each July
during the study period. Age of each individually bamboo was recorded based on visual
examination of the culm color, eyelash on cycle of culm sheath, powder under cycle of culm
sheath, and sheath in culm base [29,41]. Biomass of individual bamboos was estimated
as [42]:

Biomass = 747.784 × DBH2.771 × [(0.148 × A)/(0.028 + A)]5.555 + 3.772 (1)

where A is age (du) [42] and DBH is diameter at breast height (1.3 m). Annual NPP
of bamboo was calculated as the sum of the biomass of the growth increment of newly
established (1 “du”), 2, 3, and 4 “du” bamboos. A carbon content of 0.5 was used to convert
biomass to carbon [43].

Following Tang et al. [44], root production was calculated by a maximum–minimum
approach [45,46]. Specifically, bamboo roots were collected by sequential soil cores (5 cm
in diameter) every two months from July 2019 to June 2020. Five soil cores were randomly
selected in each plot for three soil layers: 0–10, 10–30, and 30–50 cm because the majority of
bamboo roots were distributed within 0–40 cm [47]. Finally, a total of 900 soil sequential
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cores were collected. After root collection, roots were manually washed to remove soils.
In the laboratory, root samples were dried to a constant weight at 65 ◦C and weighed to
the nearest 0.01 g. Similarly, a carbon content of 0.5 was used to convert root biomass to
carbon [43].

Monthly litterfall was collected using three 1 m × 1 m collectors within each plot. The
collectors were located at angles of 0◦, 120◦, and 240◦ at three meters from plot center. All
litterfall were dried to a constant weight at 65 ◦C, and a carbon content of 0.5 was used to
convert biomass to carbon [43].

2.5. Data Analysis

All data analysis was performed in R 3.6.2 [48]. One-way analysis of variance
(ANOVA) was conducted to compare the difference of carbon flux components among
different N deposition treatments at the level of 0.05. Two-way analysis of variance was
conducted to evaluate the effects of month, N deposition treatment, and their interactions
on different carbon flux components. A linear regression analysis was applied to determine
the relationships between RS, or RA or RH and SM. The widely used exponential regression
model was performed to analyze the relationships between RS, or RA or RH and ST as
follows [49]:

RS (RA or RH) = a × eb×ST (2)

where RS, RA, and RH are the average total soil respiration, autotrophic, and heterotrophic
respiration rate in each plot (µmol CO2 m−2 s−1). ST (◦C) is the measured soil temperature
at 5 cm depth, and a and b are the coefficients.

The Q10 value, which is the respiration rate increase as temperature increases by 10 ◦C,
was applied to explain the sensitivity of respiration to soil temperature. For each treatment,
the Q10 value was calculated based on monthly RS and soil temperature in each plot. Q10
values were calculated with the following formula [50]:

Q10 = (a × eb×(ST+10))/(a × eb×ST) = e10b (3)

where b is taken from Formula (2).
The accumulative CO2 emission was calculated by:

F(R) =
12

∑
i=1

Ri × 10−6 × 44 × 104 × 3600 × 24 × days (4)

where F(R) is the accumulative CO2 emission (g CO2 m−2 year−1), Ri is the average monthly
respiration rate (µmol CO2 m−2 s−1) of RS, or RA or RH; “days” is the number of days
in each month; the 10−6 is the unit conversion of 1 µmol to 1 mol. Due to COVID-19,
soil fluxes in February, March, and December 2020 were not measured. Therefore, when
calculating annual RS, RA, and RH, we used soil fluxes in February and March 2021 and
December 2019 instead.

In forest ecosystems, NEP can be calculated as the balance between NPP of vegetation
and RH [29,51]:

NEP = NPP − RH (5)

where NPP is the net primary production (g CO2 m−2 year−1), which is the sum of the
annual vegetation NPP (both aboveground and belowground) and litterfall; RH is the
annual carbon flux from heterotrophic respiration (g CO2 m−2 year−1), respectively.

3. Results
3.1. Seasonal Variations of ST and SM

Regardless of N deposition, ST and SM at 5 cm depth in trenched (Figure 1a,c) and
untrenched (Figure 1b,d) showed pronounced seasonal variability (Figure 1 and Table 2).
ST ranged from 2.5 ◦C in January to 28.7 ◦C in August with an annual average ST of
18.0 ◦C for untrenched plots and 18.1 ◦C for trenched subplots (Figure 1a,b). No significant
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difference was observed between untrenched and trenched plots for different N deposition
treatments (Table S1, p > 0.694). ST was not significantly affected by N deposition in both
trenched (p = 0.089) and untrenched plots (p = 0.376). Month had a significant impact on
ST (p < 0.001), while the interactions of N deposition and month did not affect ST.
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Figure 1. Seasonal variations of soil temperature (ST, ◦C) and moisture (SM, %). (a) ST at 5 cm depth in trenched plots,
(b) ST at 5cm depth in untrenched plots, (c) SM at 5 cm depth in trenched plots, (d) SM at 5 cm depth in untrenched plots.
CN0: canopy water addition without any N addition; CN50 and CN100: canopy N deposition with 50 and 100 kg N ha−1

year−1, respectively; GN50 and GN100: understory N deposition with 50 and 100 kg N ha−1 year−1 (GN100), respectively.

Similarly, seasonal variability was also observed in SM (Figure 1c,d), and month
significantly affected SM (p < 0.011, Table 2) in both trenched and untrenched plots. SM
changed from 8.6% to 39.9% with an annual mean SM of 22.4% from untrenched plots
and 25.1% for trenched subplots. N deposition significantly affected SM in both trenched
(p < 0.001, Table 2) and untrenched plots (p = 0.008); however, SM was not affected by the
interactions of N deposition and month.
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Table 2. p values of two-way analysis of the interactions of N addition and month on soil temperature (ST), soil moisture
(SM), total soil respiration (RS), autotrophic respiration (RA), and heterotrophic respiration (RH).

Treatment
ST SM

RS RA RH
Trenched Untrenched Trenched Untrenched

N deposition 0.089 0.376 <0.001 0.008 0.128 0.009 <0.001
Month <0.001 <0.001 <0.001 0.011 <0.001 <0.001 <0.001

N deposition ×month 1 1 1 0.831 0.999 1 0.808

3.2. Seasonal Variations of Respiration Rates

There were seasonal variations in RS, RA, and RH, with the highest respiration rate in
each July and the lowest in each January (Figure 2). RS was not affected by N deposition
(p = 0.128, Table 2). Mean annual RS was for 2.25 ± 0.89 µmol m−2 s−1 for CN0, and it
was 2.14 ± 0.88, 2.32 ± 1.09, 2.40 ± 1.02, and 2.43 ± 0.97 µmol m−2 s−1 for CN50, CN100,
GN50, and GN100, respectively (Figure 2). RS under canopy and understory N deposition
was not significantly different (p > 0.05).
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Figure 2. Monthly variability of total soil respiration (RS, (a)), autotrophic respiration (RA, (b)), and heterotrophic respiration
(RH, (c)) (µmol CO2 m−2 s−1) from July 2019 to June 2021. CN0: canopy water addition without any N addition; CN50 and
CN100: canopy N deposition with 50 and 100 kg N ha−1 year−1, respectively; GN50 and GN100: understory N deposition
with 50 and 100 kg N ha−1 year−1 (GN100), respectively.

Mean annual RA was 1.12 ± 0.53 µmol m−2 s−1 for CN0, which was similar to RA
under GN50 treatment. Although mean RA rate under CN0 was 47% higher than that of
under CN50 treatment and 13% and 10% higher than that of CN100 and GN100 treatments,
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the differences were not significant. N deposition significantly affected RA rate (p = 0.009,
Table 2), and the interactions of N deposition and month did not significantly affect RA.

Mean annual RH was 1.13 ± 0.45 µmol m−2 s−1 for CN0, which was 22%, 18%, 9%,
and 26% lower than RH under CN50, CN100, GN50, and GN100 treatments, respectively.
RH rate was significantly affected by N deposition (p < 0.001, Table 2); however, the
interactions of N deposition and month did not significantly affect RH (p = 0.808). RH rates
under canopy and understory N deposition did not differ significantly (p > 0.05).

RS, RA, and RH rates were exponentially correlated with ST regardless of N deposition
levels. ST could explain 52–74% variations of RS, 20–45% for RA, and 52–76% for RH
(Figure 3 and Table 3). Calculated Q10 values of RS, RA and RH were 1.81, 1.71, and 1.90
for CN0; 1.96, 2.43, and 1.77 for CN50; 1.96, 1.76, and 2.12 for CN100; 1.82, 1.64, and 2.02
for GN50; and 1.81, 1.62, and 1.94 for GN100, respectively (Table 3). However, there was no
significant correlation between RS, RA, RH, and SM (Table S2 and Figure S1).
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Table 3. Coefficients of different models of the relationships between soil respiration (µmol CO2 m−2 s−1) and soil temperature
(◦C) at 5 cm depth.

Model Coefficients
RS RA RH

CN100 CN50 CN0 GN50 GN100 CN100 CN50 CN0 GN50 GN100 CN100 CN50 CN0 GN50 GN100

RS (RA or RH) = a × eb×ST
a 0.580 0.554 0.685 0.723 0.739 0.303 0.125 0.375 0.437 0.379 0.287 0.438 0.312 0.296 0.381
b 0.067 0.067 0.059 0.060 0.060 0.056 0.089 0.054 0.050 0.049 0.075 0.057 0.064 0.070 0.066

R2 0.718 0.547 0.592 0.519 0.735 0.446 0.317 0.302 0.202 0.336 0.713 0.543 0.771 0.515 0.764
Q10 1.96 1.96 1.81 1.82 1.81 1.76 2.43 1.72 1.64 1.62 2.12 1.77 1.90 2.02 1.94

3.3. Total Annual CO2 Fluxes from RS

Regardless of N deposition amount, N deposition did not significant affect the cumu-
lative CO2 fluxes of RS, RA, and RH, and the cumulative CO2 fluxes of RS, RA, and RH
among canopy and understory N deposition were not significantly different (Table 4). RS
was 2971 ± 597 g CO2 m−2 year−1 for CN0, and it was 2817 ± 563, 3039 ± 324, 3141 ± 854,
and 3227 ± 356 g CO2 m−2 year−1 for CN50, CN100, GN50, and GN100, respectively
(Table 4). RA contributed 50% of RS for CN0, 43% for CN100, 36% for CN50, 42% for GN50,
and 49% for GN100. The contribution of RH to RS was higher than that of RA, and RH
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contributed 50%, 64%, 57%, 58%, and 54% of RS for CN100, CN50, CN100, GN50, and
GN100, respectively.

Table 4. Annual carbon fluxes (g CO2 m−2 year−1) from July 2019 to June 2021 among different nitrogen addition treatments.

Treatment RS RA RH NPP Littefrall Root NPP NEP

CN100 3039 ± 324 a 1303 ± 422 a 1737 ± 282 a 1581 ± 362 a 1594 ± 545 a 915 ± 367 a 1439 ± 440 a
CN50 2817 ± 563 a 1008 ± 361 a 1810 ± 340 a 1067 ± 493 a 1498 ± 354 a 907 ± 302 a 755 ± 654 a
CN0 2971 ± 597 a 1472 ± 579 a 1499 ± 56 a 1742 ± 399 a 1696 ± 509 a 705 ± 149 a 1940 ± 826 a

GN100 3227 ± 356 a 1348 ± 476 a 1880 ± 186 a 1336 ± 1092 a 1756 ± 595 a 716 ± 205 a 1212 ± 1249 a
GN50 3141 ± 854 a 1527 ± 887 a 1614 ± 532 a 1685 ± 502 a 1744 ± 922 a 724 ± 134 a 1815 ± 831 a

Note: the same letter after the number indicates no significant difference at p = 0.05 among different nitrogen addition treatments analyzed
by one-way analysis of variance.

N deposition did not significantly affect vegetation NPP and litterfall production
(Table 4). Specifically, NPP was 1742 ± 399 g CO2 m−2 year−1 for CN0, which was higher
than NPP for CN50, CN100, GN50, and GN100; however, the difference was not significant
(p = 0.342). Although litterfall production was 1696 ± 509 g CO2 m−2 year−1 under CN0
treatment and it was higher than that of canopy N deposition (CN100 and CN50) and lower
than understory N deposition (GN50 and GN100), litterfall production among different N
deposition treatments was not significantly different (p = 0.941). Root NPP was 705 ± 149 g
CO2 m−2 year−1 for CN0, and it did not differ significantly among different N deposition
treatment (p = 0.365).

Similarly, canopy and understory N deposition did not significantly affect NEP
(p = 0.138). NEP was 1940 ± 826 g CO2 m−2 year−1 for CN0, and it was 755 ± 654
for CN50, 1439 ± 440 for CN100, 1815 ± 831 for GN50, and 1212 ± 1249 g CO2 m−2 year−1

for GN100.

4. Discussion
4.1. RS and NEP in Moso Bamboo Forests

In this study, annual cumulative CO2 fluxes of RS without N deposition was 2971
± 597 g CO2 m−2 year−1, which was lower than that of Moso bamboo forest in Hunan
province (3390 g CO2 ha−1 year−1) [52], Tianmu Mountain (5290 g CO2 ha−1 year−1) [53],
Qingshan town (5680 g CO2 ha−1 year−1) [54], and the Wanhuling Natural Reserve in
Fujiang Province (4990 g CO2 ha−1 year−1) [55]. Liu et al. [54] and Wang et al. [56] attributed
this variability to climate conditions, such as temperature and precipitation, and different
measurement approaches of soil CO2 fluxes. For example, mean annual temperature in
the study area of Wanhuling Natural Reserve in Fujiang Province was 19.4 ◦C, which was
higher than that in our study area, and respiration rates were exponentially related with
temperature (Figure 3) and [55]. However, annual cumulative CO2 fluxes of RS under
CN0 treatment was higher than that of subtropical bitter bamboo (Pleioblastus amarus,
1569 g CO2 m−2 year−1) close to our study area [57]. This difference may be attributed to
different bamboo species. Bitter bamboo was a small bamboo type with relatively lower
production compared to Moso bamboo forests. NPP (aboveground + belowground +
litterfall) was 4963 g CO2 m−2 year−1 in our study, which was 24% higher than that of
bitter bamboo [57].

Q10 values of RS at the soil depth of 5 cm was 1.81, which was slightly higher than that
of RA and lower than 1.90, indicating RH was more sensitive to temperature. Our results
were similar to Tang et al. [29], who found that Q10 was 1.9 for RS, 1.8 for RA, and 2.0 for RH.
However, our results were lower than that in deciduous broadleaf (2.45) and needle-leaved
forests (3.26) across temperate China, and in evergreen broadleaf (2.38) and needle-leaved
forests (2.38) at 5 cm depth across subtropical China [58]. These results demonstrated
that RS was less sensitive to increasing temperature and thus smaller priming effects on
soil CO2 fluxes in Moso bamboo forests compared to temperate and subtropical forests
in China.



Forests 2021, 12, 1427 10 of 15

RA contributed 36–50% to RS, and RH contributed 50–58% to RS regardless of N
deposition levels, which followed the reported ranged in previous studies [59]. Although
our study showed the ratio of RH/RS was not significantly higher, the ratio of RH/RS
increased regardless of canopy or understory N deposition or N levels. This result had
important implications for understanding soil carbon cycling. Because one of important
sources of RH was from the decomposition soil organic matter due to microbial activ-
ities [60], the increased ratio of RH/RS potentially led to more soil carbon loss under
ongoing N deposition. Based on a global dataset, Bond-Lamberty et al. [61] found a rising
RH/RS ratio from 1990 to 2014 and attributed such increase in RH/RS ratio to the elevated
temperature under global climate change. Our finding could propose another potential
mechanism that the increasing RH/RS ratio may also be caused by increasing N deposition
in the last several decades.

NEP is a key parameter to evaluate the capability of carbon sequestration at an
ecosystem scale in terrestrial ecosystems. NEP was 1940 ± 826 g CO2 m−2 year−1 under
CN0, which was higher than that of a Castanopsis kawakamii forest in subtropical China
(1500 g CO2 m−2 a−1) [62], an Asian tropical rain forest (3.59–8.62 g CO2 m−2 year−1) [63],
the average of main forest types in China, e.g., boreal forests (495 g CO2 m−2 year−1),
temperate forests (1382 g CO2 m−2 year−1), subtropical forests (1800 g CO2 m−2 year−1),
and tropical forests (983 g CO2 m−2 year−1) [64], and the average magnitude of global
forests (865 g CO2 m−2 year−1) [65]. These differences may be attributed to tree species
and their biological characteristics, soil and climate conditions, and different method
applications [66,67]. These results further indicate that Moso bamboo is a more productive
forest type that can sequestrate more carbon per unit area from the atmosphere compared
with other forest types, playing an important role in alleviating global climate change [33].

4.2. Effects of N Deposition on Carbon Flux Components

Based on the two-year experiment of N deposition, we compared the effects of canopy
and understory N deposition on RS, its components, and NEP, and further examined
the changes of these carbon fluxes differed from canopy and understory N deposition.
Although the effects of canopy N deposition on carbon cycling have been evaluated
in several different forest types [18,68], to our best knowledge, this study was the first
time to assess whether the changes of RS, its components, and NEP caused by canopy
and understory N deposition differed in Moso bamboo forests using a similar ratio of
atmospheric N forms (NHx:NOy = 2.08:1), which could more accurately represent realistic
N deposition in forest ecosystems. However, contrary to our initial hypothesis and to
the suggestion from Zhang et al. [19], canopy and understory N deposition had similar
effects on soil and vegetation carbon fluxes. The observed consistent effects of canopy and
understory N deposition on RS and NEP may be attributed to several reasons.

First, the most direct reason may be that few or no N were retained, intercepted,
or absorbed by the bamboo canopy in which the quantity of N reaching the soil was
similar between canopy and understory N deposition. We lacked directly evidence for such
explanation because the factors that were likely to remove N through canopy to soil were
absent, e.g., wind and precipitation. However, studies from recent decades of different
forest types have clearly demonstrated that forest canopy retains a substantial proportion of
deposited atmospheric N in forms of N retention, absorption, and uptake [16–18,69]. On the
other hand, Moso bamboo forest is a special forest type with many different characteristics
compared to other forest types, such as fast growing, smooth barks that find it difficult
to absorb N. However, there was no such study to quantify the canopy retention and
absorption of deposited N in Moso bamboo forests.

Second, canopy N retention ability may be saturated because of extremely high
background of N deposition of ranging from 82 to 113 kg N ha−1 year−1 [70], which was
much higher than average N deposition of 20.4 kg N ha−1 year−1 across China [1]. With the
saturation of N retention capability, the experimental N deposition would be not retained
and absorbed, which could directly pass through the canopy to forest floor.
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Third, despite the amount of N reaching soil being reduced by forest canopy, soil
properties that affect RS may be relatively stable and insensitive to N addition because
natural N deposition was high enough. As we indicated above, natural N deposition was
up to 113 kg N ha−1 year−1 in the study area [70]—such that the effects of experimental N
addition on soil properties reached a stable level. Therefore, the responses of RS and its
components to canopy and understory N deposition were similar. Such a phenomenon has
been observed in a mixed forest in subtropical China that soil properties, including soil
exchangeable cations and microbial communities, were not different between canopy and
understory N deposition [71].

Finally, the short duration of N deposition experiment may be another reason for the
consistent effects of canopy and understory N deposition on vegetation fluxes in current
study. We expected that canopy N deposition had different effects on vegetation fluxes
because of N absorption in canopy. Such effects could change the vegetation physiol-
ogy [8,72]. This effect, however, needed time [73]; perhaps, it was more than two years
for Moso bamboo forests. Therefore, within such a short experimental duration, it is hard
to distinguish the effects of canopy and understory N deposition on vegetation and soil
carbon fluxes in Moso bamboo forests.

4.3. Uncertainties

Although this study was the first attempt to compare the effects of canopy and
understory N deposition on RS and NEP, uncertainties still exist in a few aspects. First, the
trenching approach may be a potential factor that affects RH due to the remaining roots and
associated root exudates [59], which are respired by soil microbes and raise a priming effect
on the microbial breakdown of SOC [74]. To reduce such uncertainty, we set the trench plot
four months before soil flux measurement. A previous study also proposed that elevated
SM in trenched plot could increase RH [29]. However, the increased SM may be not an
impact factor for RH in the current study because there was not a significant correlation
between SM and RH (Figure S1 and Table S2). Second, it should be noted that due to
methodological limitations, RA estimated from trenching approach included not only root
respiration (source from root growth and maintenance respiration) but also rhizosphere
respiration (mycorrhizal respiration and rhizoshperic priming effects) [75]. Mycorrhizal
respiration is not strictly autotrophic respiration as it is regulated by mycorrhizal fungi.
Third, N deposition lasted for two years in currently study. Previous studies have found
that the duration of N deposition led to a significant impact on RA and RH [11,76], and the
dominant factor varied with N deposition duration [11]. Therefore, canopy N deposition
with a longer duration would further improve our understanding of the interactions
between N deposition and forest canopies and their effects on carbon cycling in Moso
bamboo forests. In addition, our study was a case study, which had different a stand,
site, and climate conditions compared to other studies; therefore, similar studies among
different forest types in varying site and climate conditions are encouraged in future.

5. Conclusions

In this study, we distinguished the effects of canopy and understory N deposition
on RS and NEP in Moso bamboo forests in subtropical China. We found that NEP was
1940 ± 826 g CO2 m−2 year−1, which was higher than that of the majority forest types
across China, indicating that Moso bamboo forests are playing an important role in allevi-
ating global climate change. However, RS, its component, and NEP were not affected by N
deposition, and the effects of canopy and understory N deposition on RS and NEP were
similar. These findings did not support our hypothesis and prediction from other studies
Zhang et al. [19], who expected that understory N deposition underestimated RS and
NEP because of retention, interception, absorption, and transformation of atmospherically
deposited N. Nonetheless, whether ecosystem carbon fluxes respond differently to canopy
and understory N deposition needs longer duration of field observations; thus, a relative
short-time two-year N deposition manipulation could be a main limitation in this study.
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Given the importance of N deposition in forest canopy processes and the lack of direct
evidence in Moso bamboo forests, increasing the duration of N deposition manipulation is
urgent and essential for improving our understanding of the role of canopy processes in
ecosystem carbon fluxes in the future.
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and soil moisture (%) at 5 cm depth.
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