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Fig. 3 Soil N,O emission rates from plots under different N addition treatments (control, 0 kg N-ha™ 1~year’ N30, 30 kg N-ha™ 1«year’ 1 N60, 60 kg
N-ha™ year™'; N90, 90 kg N-ha™ "year ') under conventional management (CM, a) or under intensive management (IM, b), and annual soil N,O
emissions (c) from a Moso bamboo plantation (mean + standard deviation, n = 3). Lowercase letters indicate differences in soil N,O emissions
from plots under different N addition treatments in CM plots (P < 0.05). Uppercase letters indicate differences in soil N>O emissions from plots
under different N addition treatments in IM plots (P < 0.05). The asterisk indicates a significant difference in soil N,O emissions between
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N60 and N90 significantly inhibited annual soil CHy up-
take by 23.6% and 27.1% in CM plots, respectively
(Fig. 2).

The dynamics of annual soil N,O emission rates were
not significantly affected by management scheme, but N
addition caused N,O emission rates to peak from March
to April (Fig. 3). In CM plots, compared with the control
treatment, N30 did not significantly affect annual soil
N,O emissions, while N60 and N90 significantly pro-
moted annual soil N,O emissions by 52.7% and 47.0%,
respectively (Fig. 3). On the contrary, in IM plots, com-
pared with control treatment, N30, N60, and N90 sig-
nificantly promoted annual soil N,O emissions by 61.3%,
69.2%, and 49.3%, respectively. Two-way ANOVA
showed that N addition or management scheme inde-
pendently had significant effects on soil CO, emissions,
CH, uptake, and N,O emissions, but the interactions be-
tween them did not (Table S1).

The Q¢ value of soil CO, efflux varied from 1.89
to 2.37 under the different treatments combining
management scheme and N addition (Table S2). IM
significantly increased the Qo value by 11.3% relative
to that in CM when no N was added. N addition had
no significant effect on the Qi value in CM plots but
significantly decreased the Q;o value in IM plots
(Table S2). Furthermore, the significantly higher Qi
value in IM than in CM plots under no N addition
treatments decreased under both N60 and N90 treat-
ments (Table S2).

Soil CO, flux was significantly and positively corre-
lated with soil MBC and TP concentrations but signifi-
cantly and negatively correlated with soil SOC and TN
concentrations, and C/N ratio (P<0.05, Table 2). Soil
CH, flux significantly and negatively correlated with soil
MBC, TP, and NH," concentrations (P < 0.05, Table 2).
Soil N,O flux was significantly and positively correlated

Table 2 Pearson correlation coefficients between soil physicochemical properties and CO,, CH,, and N,O fluxes

MBC soC ™ TP C/N pH NO;~ NH,*
CO, fluxes 0430 -0814" —0606" 0529 -0.291" 0.261 ~0.035 0.200
CH, fluxes —-0374" ~0.065 —0.247 -0325 0.144 ~0.082 -0114 —0.290"
N,O fluxes 0334" -0.172 0267 0.092 -0409" -0237" 06217 0.178

MBC soil microbial biomass carbon; SOC soil organic carbon content; TN total nitrogen; TP total phosphorus. ** P <0.01, * P < 0.05
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Fig. 4 Annual global warming potential (GWP) of soil greenhouse gas emissions (CO,, CH4, and N,O) in Phyllostachys edulis plantations (mean £
standard deviation, n = 3). Lowercase letters indicate differences in GWP under different N addition treatments in CM plots (P < 0.05). Uppercase
letters indicate differences in GWP under different N addition treatments in IM plots (P < 0.05). The asterisk indicates differences in GWP under
different management schemes within the same N addition treatment (P < 0.05)

with soil MBC and NOj3™ concentrations and negatively
correlated with C/N ratio and pH (P < 0.05, Table 2).

Annual GWP of soil GHG fluxes

Annual GWP owing to soil CO,, CHy, and N,O emis-
sions was 34.88 + 1.19t CO,eq-ha” ! in the Moso bam-
boo plantations under CM and without N addition
(Fig. 4). Compared with CM, IM significantly increased
the annual GWP by 7.98%. Furthermore, compared with
the control treatment, N30 and N60 significantly in-
creased the annual GWP by 31.5% and 23.7% in CM
plots, and by 35.6% and 23.6% in IM plots, respectively,
while N90 had no significant impact on the annual
GWP under either CM or IM treatments.

Discussion

Effect of management scheme on soil CO,, CH; and N,O

emissions

We observed that the mean annual soil CO,, CH,, and
N,O emission rates in control plots under CM were
9106.09 +297.15kg CO,-Cha™!, -3.98+0.12kg CH,-
Cha ', and 348+046kg N,O-N-ha ', respectively
(Table S3). Our study showed that the mean annual soil
CO, emission rate in the Moso bamboo forest was
higher than that of boreal forests (3220 +310kg CO,-
Cha™ “.year '), temperate coniferous forests (6810 + 950
kg CO,-C-ha” 1~year’ 1, deciduous forests (6470 + 510 kg
CO,-Cha™ “.year™'; Raich and Schlesinger 1992), sub-
tropical bitter bamboo (Pleioblastus amarus) (4280 +
110kg CO,-C-ha™'.year '; Tu et al. 2013), and Chinese
fir (Cunninghamia lanceolata) forests (6637.36 + 581.24

kg CO,-Cha™“year '; Wang et al. 2018); however, it
was lower than the corresponding rate in subtropical
evergreen broad-leaved (11,509.09 +463.64kg CO,-
Cha™'.year™'; Liu et al. 2011) and tropical moist forests
(12,600 + 570 kg CO,-C-ha™'.year !; Raich and Schle-
singer 1992). The mean annual soil CH, emission rate in
this study was similar to that in mid-subtropical nature
forests (- 4.13 + 0.44 kg CH4-C-ha™ '.year™!; Chen et al.
2014) but lower than that in typical tropical montane
rainforests (- 1.93+0.15kg CH,-Cha™ “.year '; Yang
et al. 2018), evergreen broad-leaved forests (- 1.90kg
CH,-Cha™ “.year™'; Fang et al. 2009), larch plantations
(- 0.54 kg CH4-C-ha™ “.year™!; Kim et al. 2012), and Ko-
rean pine forests (-0.05kg CH4-Cha™ 'year !; Song
et al. 2017a). The mean annual soil N,O emission rate in
this study was higher than that of typical tropical mon-
tane rainforests (1.67 + 0.04 kg N,O-N-ha™ '.year™'; Yang
et al. 2018), larch (Larix kaempferi) plantations (1.13 kg
N,O-N-ha™ “.year™!; Kim et al. 2012), and Korean pine
(Pinus koraiensis) forests (1.11kg N,O-N-ha~ 1-year’ L
Song et al. 2017a) but was lower than that of evergreen
broad-leaved forests (6.00 kg N,O-N-ha™ '.year™'; Fang
et al. 2009) and three subtropical forests (6.40 +2.41 kg
N,O-N-ha™ “.year™’; Tang et al. 2006). Overall, compared
with other subtropical forests, bamboo forest soils under
CM showed lower CO,, CH,, and N,O emission rates,
which have a significant positive effect in decreasing the
GWP of soil GHG emissions.

We found that IM significantly increased annual CO,
emissions, which partially supports our first hypothesis
and was consistent with the results of Liu et al. (2011) in
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Moso bamboo forests. However, some studies indicate
that the state box method using linear fitting will cause
an underestimation of soil CO, efflux (Wang 2005; Luo
and Zhou, 2006). Therefore, the real soil CO, efflux may
be greater in the Moso bamboo plantation. Soil CO, ef-
flux mainly comprises root respiration and microbial
respiration (Coleman 1973). IM practices, such as
fertilization, stimulate root respiration (Jassal et al. 2010;
Mori et al. 2013; Tang et al. 2016). Concomitantly,
ploughing disaggregates soil and releases protected SOC
(Sainju et al. 2008; Li et al. 2013; Tivet et al. 2013),
which provides more substrate for microbial respiration,
and the decomposition of protected SOC can increase
soil CO, emissions. Meanwhile, fertilization increases
soil MBC by providing abundant nutrients for microbial
growth (Li et al. 2016) and accelerates the decompos-
ition of organic matter by heterotrophic microorganisms
(Cleveland et al. 2002; Ilstedt et al. 2003), resulting in a
decrease in SOC concentration (Ma et al. 2011) and pro-
motion of soil CO, emissions (Tu et al. 2013). We ob-
served that soil CO, flux was significantly and positively
correlated with soil MBC and significantly and negatively
correlated with SOC (Table 2). IM had no significant ef-
fect on annual CH, uptake or N,O emissions, which
partially supports our first hypothesis regarding the
fluxes of these two gases, i.e., IM does not affect soil
N,O emissions or CH, uptake. Previous studies have
also shown that management does not affect soil CH,
uptake or N,O emissions (Whalen and Reeburgh 2000;
Jassal et al. 2010; Zhang et al. 2015). The response of soil
N,O emissions to external environmental factors and
the influence on soil CH, uptake were determined to be
the major reasons for the differences observed in soil
GHG emissions (Yan et al. 2014). Some studies found
that applying N fertilizer could stimulate soil N,O emis-
sions in farmland soil (Jager et al. 2013) and vineyard
soil (Tatti et al. 2012). However, compared with CM, IM
did not significantly increased soil N,O emissions (Fig.
3), which may be attributed to infrequent fertilization
(once a year).

The Qo value reflects the temperature dependence of
soil CO, efflux, calculated from a series of soil CO, ef-
flux measurements over a time period while soil
temperature changes (Rey et al. 2002; Ma et al. 2014).
The Qqq value of the soil CO, efflux in plantations under
CM is 2.13, which is close to the Q¢ value of Moso
bamboo forests in the Wanmulin Natural Reserve (2.08;
Wang et al. 2011) and the average Q;o of bamboo forests
in China (2.10; Song et al. 2014). Compared with CM,
IM significantly increased the Qo of soil CO, efflux
(Table S2). Tang et al. (2016) observed the same result
and concluded that the main reason might be the in-
crease in Q( of soil microbial respiration. In the present
study and the previous study on the same site, IM
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significantly increased soil MBC (Table S4; Li et al
2016). Moreover, a significant positive correlation be-
tween soil CO, flux and soil MBC was found in this
study (Table 2), which supports the conclusion of Tang
et al. (2016). Li et al. (2020) have found that root respir-
ation does not affect Q9 of soil CO, efflux in forest
ecosystems.

Compared with CM, IM significantly increased the an-
nual GWP in Moso bamboo plantations (Fig. 4), which
can be mainly attributed to the increase in CO, emis-
sions (Table S5). The results suggest that IM induces
greater GHG emissions from soils than CM did, al-
though IM may enhance the productivity of Moso bam-
boo plantations (Zhou et al. 2010). Therefore, the C
benefits of IM to Moso bamboo plantations need further
comprehensive evaluation, especially in the scenarios of
increasing atmospheric N deposition.

Effect of N addition on soil CO,, CH,, and N,O fluxes

In this study, N addition enhanced CO, emissions in
both CM and IM plots, which partially supports our sec-
ond hypothesis, i.e., N addition promotes CO, emissions.
Tu et al. (2009) observed that simulated N deposition
promoted soil CO, emission in a bitter bamboo planta-
tion. Some short-term simulated N deposition studies
have also shown similar results (Madritch and Hunter
2003; Mo et al. 2005; Song et al. 2007). Soil CO, emis-
sions are related to above-ground biomass, litter mass,
underground root biomass, and soil biological factors
(e.g., microorganisms and animals) (Zhang et al. 2008a).
Our previous studies showed that N input increased the
amount of leaf litter (Zhang et al. 2017), decomposition
of leaf litter (Song et al. 2015), fine root litter (Song
et al. 2017¢), and soil microbial biomass (Li et al. 2016)
in the current study site, all of which contributed to oxi-
dizing organic C to CO, (Steudler et al. 1991; Emmett
1999), thus increasing CO, emissions. In this study, soil
MBC significantly and positively correlated with CO,
flux (Table 2), which supports the conclusion that N
addition increased soil CO, emissions by increasing
MBC. However, Li et al. (2017) found that the CO,
emissions of the Moso bamboo forest soil did not
change after N addition (40 kgN-ha™', KNO3) in their
incubation experiment, which was different from our ex-
perimental results. This difference may be owing to the
difference in N source, the external environment of the
experiment, and the processing time.

N addition significantly inhibited soil CH, uptake in
CM, which supports our second hypothesis, ie., N
addition decreases CH, uptake in CM. Similar results
have been observed in a Douglas fir stand (Jassal et al.
2011) and a young Japanese larch plantation (Kim et al.
2012). Soil CH4 uptake rate is usually negatively corre-
lated with soil NH," concentration (Zhang et al. 2012),
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as was observed in this study (Table 2). The inhibitory
effect of NH," on soil CH, oxidation can be attributed
to the production of the intermediates, hydroxylamine
and NO, ", during the nitrification of NH,", which likely
inhibits the activity of methane-oxidizing bacteria,
thereby extending the inhibition time (Nyerges and Stein
2009). Further, low pH can reduce the activity of
methane-oxidizing bacteria (Semenov et al. 2004), be-
cause soil acidification may increase the concentration
of AI** in the forest soil solution, while AI** ions have
an obvious toxic effect on CH,-oxidizing bacteria
(Nanba and King 2000; Tamai et al. 2007).

In this study, N addition (N60 and N90) significantly
increased N,O emissions, which partially supports our
second hypothesis, i.e, N addition increases soil N,O
emissions. Similar results were observed in a young Japa-
nese larch forest (Kim et al. 2012) and in incubated
Moso bamboo forest soil (Li et al. 2017). N input can in-
crease soil N availability, nitrification, and denitrification
and, thus increase N,O emissions (Repo et al. 2009). N
addition decreased soil pH significantly (Table S4), while
NO,™ may have induced aerobic denitrification in acidic
soils (Merkved et al. 2007), thereby increasing N,O
emissions. A significant negative correlation between soil
pH and soil N,O flux was found in this study (Table 2).
N addition increased soil total N content and, thus de-
creased the soil C/N ratio (Li et al. 2019), which is bene-
ficial for the proportion of external N input converted to
N,O (Zhang et al. 2008a). Similarly, a significant nega-
tive correlation between soil C/N ratio and soil N,O flux
was found in this study (Table 2).

N addition had no effect on Qg of soil CO, efflux relative
to that in the control treatment in plots under CM but sig-
nificantly decreased Q¢ value in IM plots (Table S2). Similar
results have been reported by Mo et al. (2007), who found
three-year high-N addition (150 kg N-ha™ “year ') reduced
Qo values in a mature tropical forest. Tu et al. (2013) also
observed that N addition decreased Q, of soil CO, efflux in
a bamboo ecosystem in southwestern China. Karhu et al.
(2014) suggested that microbial community responses in-
crease the temperature sensitivity of soil heterotrophic respir-
ation. Our previous studies have shown that, although N
addition significantly increased soil MBC, it also decreased
soil pH (Li et al. 2016), which might result in microbial activ-
ity being inhibited by soil acidity (Kunito et al. 2016). This, in
turn, may hamper the microbial community responses,
whereby the microbial community has no effect on the
temperature sensitivity of soil CO, efflux. Furthermore, our
previous studies have shown that increases in soil MBC are
inhibited when N addition exceeds 60kgN-ha “yr ' (Li
et al. 2016). We suspect that N input from N addition and N
fertilizer in IM treatments inhibited any increase in soil MBC
and even reduced soil MBC. This might be why N
addition did not affect the temperature sensitivity of
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soil CO, efflux under CM, vyet it reduced the Qiq
value in the plots under IM.

The GWP of a GHG is a measure of how much energy
the emissions of 1kg of a gas will absorb over a given
period of time relative to that absorbed by the emissions
of 1kg of CO, (Tian et al. 2015). The larger the GWP,
the more that a given gas warms the Earth compared
with CO, over that time period. Moderate N addition sig-
nificantly increased annual GWP of soil GHG fluxes in
both CM and IM plots, which is mainly attributed to the
increase in annual soil CO5 emissions. Annual soil CH,
uptake and N,O emissions did not significantly affect an-
nual GWP. The reason was that the GWP values of CH,
and N,O were much larger than that of CO, (25 and 298
times, respectively), but the annual soil CH, uptake and
N,O emissions were only 0.12%0—0.18%0 and 0.16%o—
0.31%o of the annual CO, emissions, respectively.

In addition, IM enhanced soil CO, and N,O emissions
under low N addition (N30), which partly supports our
third hypothesis, i.e.,, IM promotes soil CO, and N,O
emissions under N addition. The finding that IM pro-
vided more N input may be why IM significantly in-
creased soil CO, and N,O emissions under low N
addition. IM did not affect soil CH, uptake under N
addition, which was consistent with the effect on plots
without N addition, but it did not support our third hy-
pothesis that IM inhibits soil CH, uptake under N
addition. This may due to the combination of IM and N
addition offsetting the inhibitory effect of N addition on
soil CH, uptake. In summary, IM significantly increased
GWP under low N addition owing to the main contribu-
tion of CO, emissions to GWP.

Conclusion

Compared with CM, IM significantly increased the
GWP of soil GHG emissions and sensitivity of soil CO,
efflux to soil temperature (Qo), mainly owing to an in-
crease in soil CO, emissions. Nitrogen deposition (<60
kg N-ha™ .year ') significantly increased soil CO, and
N,O emissions but inhibited CH, uptake, which resulted
in a significant increase in GWP. However, N addition
(> 60 kg N-ha™ 1'year’ Y decreased all soil CO, and N,O
emissions and CH, uptake. Concomitantly, the Q;¢ value
of soil CO, efflux was significantly reduced after N
addition in plots under IM, which indicates that N
addition might mitigate the effect of future climate
warming on soil CO, efflux in intensively managed
Moso bamboo plantations. Soil MBC correlated signifi-
cantly and positively with soil CO, and N,O fluxes but
correlated negatively with soil CH, fluxes, indicating that
soil microbes have a strong influence on soil GHG emis-
sions. These results demonstrate that management
scheme and N application influenced the GWP of the
Moso bamboo plantation ecosystem under study.
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