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ABSTRACT

The need of more food production, an increase idiadeposition and the large
capacity of paddy to emit greenhouse gases allc®nin several areas of China.
Studying the effects of acid rain on the emissidngmeenhouse gases and the
productivity of rice paddies are thus importantcdiese these effects are currently
unknown. We conducted a field experiment for twoercroppings (early and late
paddies independent experiment) to determine fhetsfof simulated acid rain (control,
normal rain, and treatments with rain at pH of 8.5, and 2.5) on the fluxes 6O,
CHs and NO and on rice productivity in subtropical ChinatdlaCQO fluxes at pHs of
4.5, 3.5 and 2.5 were 10.3, 9.7 and 3.2% lowehéndarly paddy and 28.3, 14.8 and
6.8% lower in the late paddy, respectively, thadbantrol. These differences from the
control were significant for pH 3.5 and 4.5. TaZd: fluxes at pHs of 4.5, 3.5 and 2.5
were 50.4, 32.9 and 25.2% lower in the early padelpectively, than the control. pH
had no significant effect on GHlux in the late paddy or for total (early + late)
emissions. MO flux was significantly higher at pH 2.5 than &8d 4.5 but did not
differ significantly from the flux in the controtGlobal-warming potentials (GWPS)
were lower than the control at pH 3.5 and 4.5 mith5, whereas rice yield was not
appreciably affected by pH. Acid rain (between 8l 4.5) may thus significantly
affect greenhouse gases emissions by alteringoemplerties such as pH and nutrient
pools, whereas highly acidic rain (pH 2.5) coulcrease GWPs (but not significantly),

probably partially due to an increase in the praidumcof plant litter.
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Lintroduction

Acid rain is one of the most important environméptablems, due to pollutants such
as SQ, and NQ that become very acidic compounds such as sulmacnitric acids
when mixed with atmospheric water, (Driscoll et 2D01).. Acid rain has important
influences on the storage and release of nutriargsosystems (Rosi-Marshall et al.,
2016) and on plant growth (Medeiros et al., 20A8)d rain can also have feedback
effects on climate change by altering ecosysterotion. The effect of simulated acid
rain on soil respiration and G@missions has been studied in a subtropical mixed
coniferous and broadleaf forest, and the resuliveldaacid rain marginally reduced soll
respiration in the first year, but significantlydrteced soil respiration in the second year.
(Liang et al., 2016), and other studies have fotusethe effect of water acidified with
sulfuric acid on CHand CQ emissions, observing that it specially decreakedtH;
fluxes (Estop-Aragonés et al.,, 2016);Nemission from a subtropical forest was
decreased in the sulfate (S) deposition treatntéam €t al., 2017). Most studies have
been in natural ecosystems, such as peatland With&reCO, and NO emissions have
been concurrently studied (Lozanovska et al., 2ddi)such studies of concurrent £,H
COz and NO emissions are rare. Certainly exist some presougar studies applying
acid rain to rice mainly focused on the growth ghglsiological variables (Wang et al.,
20143 Liang et al., 2015). Fewer studies have showndhat rain can decrease ¢H

emission, because the acid rain included sulfau¢Get al., 2015). More studies
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measuring concurrent GHCO; and NO emissions are thus necessary for the realistic
scientific evaluation of the effect of acid rain tre emission of greenhouse gases

(GHGs) and on overall global-warming potentials (B%Y of all the greenhouse gases

capacity to trap heat (Elrod, 1999).

Soil is an ecosystem component most affected ldjageposition (Reininge et al.,
2011). Soil receives a higher'Hbad as the input of acid rain increases, leading
acidification, inhibition of litter decompositiomutrient loss and decreased microbial
activity (Wang et al.2012; Liu et al., 2014; Qiu et al., 2015).

Rice currently feeds more than 50% of the globglytation (Haque et al., 2015),
and its production will need to increase by 40%Hheyend of 2030 to meet the demand
for food from the growing population worldwide (FAQ009). China has the second
largest area of rice cultivation in the world, ati@ emission of GHGs from rice
cultivation accounts for 40% of the total agricudtusource of GHGs (Singla and
Inubushi, 2014). At the same time, rapid econonromh and increased energy
demand have led to severe air pollution in Chinahsas acid rain. Southern China now
ranks third after northeastern North America antdre¢ Europe as a region of the world
most seriously affected by acid rain (Singh andatgl, 2007). Acidic precipitation
has fallen in about 40% of the entire country aadipularly in fast developing regions
(Wang et al., 2007). Ninety percent (in area basighe paddies in China are in the
subtropics, such as in Fujian, Jiangxi and HunawiRces, and over 40% of these areas

are affected by acid rain, especially in Fujiangvéhacid rain can have pHs as low as
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about 3.5 (An, 2016). The effects of acid rain adgy-field GHG emissions and yields,
however, are poorly known.

We conducted an experiment in a rice paddy to deter the effects of acid rain
on GHG emissions, the soil ecosystem and rice yi@ldr objectives were to: a)
determine the effect of acid rain on £@Hs and NO fluxes in early and late paddies
and b) assess the impacts of acid rain on riceyatoaty and on CQ CHs and NO
emissions per unit yield in early and late paddi&/s. thus also aimed to provide a
scientific basis for the selection and adaptatiocoantermeasures for mitigating GHG

emissions and rice production from rice cultivatinran area affected by acid rain.

2. Materials and methods
2.1.Study site and experimental design
We conducted a field experiment in 2015 duringgady paddy season (16 April to 16
July) and the late paddy season (25 July to 6 Nbeg)rat the Fujian Academy of
Agricultural Sciences, Fujian, southeastern Chig@1(°N, 119.3°E) (Fig. 1). The soill
texture in the top 15 cm of the soil were 12, 6@ &8%, of clay, silt and sand
respectively. Soil bulk density was 1.1 g&moil pH wass.5; soil organic carbon (C)
concentration was 18.1 mg gotal soil nitrogen concentration was 1.2 migagd total
soil phosphorus concentration was 1.1 g Riyang et al. 2014b, 2015).

The soil crop surface was plowed at 15 cm of depth a moldboard plow and

was leveled immediately before transplantationeRieedlings were transplanted to a
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depth of 5 cm with plant and row space of 14 andti28 respectively, using a rice
transplanter. The rice genotype varieties were eleghlO in early crop period and
Qinxiangyou 212 in late crop cultivar. We used térilizers commonly used in the
region (NH-P.0Os-K20: 16-16-16% Keda Fertilizer Co., Ltd., Jingzhou, China) and
urea (46% N). They were applied in three applicetiamne day before transplantation
(N, P and K at 42, 40 and 40 kg'haespectively), during the tiller-initiation stage
seven days after transplantation (DAT; N, P and K at 35, 20 and 20 kg haespectively)
and during the paniclaitiation stage (56 DAT; N, P and K at 18, 10 and 10 kg hat,
respectively). Both paddies were flooded from BToDAT, and an automatic water-
level controller was used to maintain water levé-a@ cm above the soil surface during
this flooded period. Drainage period was betweeard¥ 44 DAT in both seasons. We
maintained the soil moist between 44 and 77 DATilierearly paddy and between 44
and 91 DAT for the late paddy. The paddy was dchimeo weeks before harvest (77
DAT for the early crop, 91 DAT for the late cropye harvested 92 DAT and 106 DAT
for the early and late crop season respectif&be productivity was directly measured
by collection and determination of the grains weigtithe harvesting stage.

Acid rain was simulated based on thesitu properties of acid rain (Table S1) by
adjusting the pH to 4.5, 3.5 and 2.5. We used méadgtions of HN@ and HSQs. The
experimental plots consisted in a randomized bétasign, with triplicate plots for each
of the three treatments and controls, each plotMas?. To prevent the exchange of

water and nutrients between individual plots weasafged them using a 0.5 cm thick,
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30 cm high PVC plate. The following treatments wigsted in a block design: 1)
control, mineral fertilizerturea, 2) simulated pH.54 acid rain, mineral
fertilizer+urea+acidic solution (pH 4.5), 3) simidd pH 3.5 acid rain, mineral
fertilizer+urea+acidic solution (pH 3.5) and 4) siated pH 2.5 acid rain, mineral
fertilizer+urea+acidic solution (pH 2.5) (Fig. Mlineral fertilizers was a standard N-
P-K industrial fertilizer that did not contain urbat ammonium nitrate. The control
plots received the same doses of non acidified wéte paddy was managed using
practices typical of subtropical paddies in China (Zhang et al., 2013; Wang et al., 2015)

in both the amended and control treatments. Coatndl treatments plots were same
management. Air temperature and humidity during sheldy period are shown in
Fig.S1. The amount of simulated acid rain, equiviate the local rainfall, was added
every 7 d. Wooden bridges were constructed in theysarea to minimize soll

disturbance during flux measurement (Fig. 2).

2.2.Measurement of GOCHs andN2O fluxes

Static closed chambers were used to measute Ci) and NO fluxes. Gas samples
from each container were collected at 6-10 daysrvats using the closed chamber
method (Ali et al., 2008; Singla et al., 2014; Wang et al., 2015). Gas samples were
collected once a week during the early and lateligad Three samples were collected
at intervals of 0, 15 and 30 min and injected b@®-ml air-evacuated aluminum foll

bags (Delin Gas Packaging Co., Ltd., Dalian, Ch{M#gng et al., 2015).



144

145

146

147

148

149

150

151

152
153

154

155

156

157

158

159

160

161

162

163

164

165

This is the accepted version of the following article: Wang, Chun et al. “Effect of simulated acid rain on CO2, CH4 and
N20O fluxes and rice productivity in a subtropical Chinese paddy field”. Environmental Pollution, Vol. 243, Part B
(December 2018), p. 1196-1205, which has been published in final form at https://doi.org/10.1016/j.envpol.2018.08.103
© 2018. This manuscript version is made availabigen the CC-BY-NC-ND 4.0 license http://creativecnams.org/licenses/by-
nc-nd/4.0/

The CQ, CH; and NO concentrations in the headspace air samples were
determined by gas chromatography (Shimadzu GC-201D Shimadzu GC-2014,
Shimadzu Technologies Inc., Kyoto, Japan) usintpimless-steel Porapak Q column
(2 m in length, 4 mm OD, 80/100 mesh). More dedaihlysis seen the reference of
Wang et al., 2015. The cumulative &£@H, andN2O fluxes were calculated by
multiplying the daily fluxes of each gas at eaclramwement for the time interval and

then summing these values (Wang et al., 2014b,)2015

2.3.GWP
CQO is typically used as the reference gas for esimgaGWPs. The constants to

calculate GWP for CiHand NO are 34 and 298, respectively (based on a 100tyear
horizon, Myhre et al., 2013). The GWP was thusudated as:

GWP = cumulative C&flux + cumulative CH flux x 34 + cumulative BD flux
x 298.

2.4.Measurement of soil properties

Three replicate soil samples were transportedddahoratory and stored at 4 °C until
the analysis each time. Soil temperature, pH, ibpaland water content in the top 15
cm were measurdd situin each plot on each sampling day by a pH/temperathieter
(IQ Scientific Instruments, Carlsbad, USA), 22635 meter (Spectrum Technologies
Inc., Paxinos, USA) and TDR 300 meter (SpectrundFseout Inc., Aurora, USA).
We measured plant height at maturity using a mstale. We also collected the

top 15 cm of soil in the four treatments and aiedrand finely ground the samples in

8
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a ball mill after removing all roots and visibleapt remains. Total organic C and total
N contents were determined by an Elementar VarioXM2N Analyzer (Elementar
Scientific Instruments, Hanau, Germany). Labileamig C content was determined by
digestion with 333 mmol £KMnO,. Available N was extracted with 2 mot'lKCl (
Lu, 1999), and the content was determined usiraya Sequence flow analyzer (Skalar

Scientific Instruments, Breda, Netherlands).

2.5.Statistical analysis
We used general mixed models to analyze the difte® of soil properties and O
CH4 and NO emissions among the treatments. We used plotrasd@mm factor and
plot and time as nested factors within plot as ocamdndependent factors when time
was included in the analysis. We used tineg” function of the ‘hime’ (Pinheiro et al.,
2016) R package. Non-normally distributed variablese log-transformed. We chose
the best model for each dependent variable usmdliike information criterion. We
used the MuMin (Barton, 2012) R package in the wchixeodels to estimate the
percentage of the variance explained by the mé¥dektonducted Tukey’s post hoc tests
to detect significant differences in the analyseafore than two treatments using the
“glht” function of the ‘multcomp (Hothorn et al., 2013) R package.

We also performed general discriminant analysis A5 determine the overall
differences of soil salinity, pH, water contentil semperature and COCHz and NO

emissions among the control and amended treatraadtsampling dates.. GDA is an
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appropriate tool for identifying the variables masgtponsible for the differences among
groups while controlling the component of the vaca due to other categorical
variables, in this case time. The GDAs were peréatrasing Statistica 8.0 (StatSoft,
Inc., Tulsa, USA).

We identified the possible interactive effects bedw time and emissions using
repeated-measures analyses of variance (RM-ANOVA® relationships between the
GHG fluxes and the soil properties were determimgdPearson correlation analysis.
The significance of differences between treatmevds determined by Bonferroni’s
post hoc tests (aP<0.05). These statistical analyses were perform@dguSPSS

Statistics 18.0 (SPSS Inc., Chicago, USA).

3.Results

3.1.CQ flux in the amended treatments

The CQ flux for the early paddy varied significantly assosampling dates (Table S2),
but the interactions between treatment and samphig or between the treatments did
not (Fig. 3). The Coflux in each treatment increased with rice groautkd was highest
64 DAT at 3448, 3461, 3497 and 4292 mid Inrt in the control and pH 4.5, 3.5 and 2.5
treatments, respectively. The €@uxes were lowest 15 DAT in controls and all
treatments. In this day we measured 118, 120, hdi898.5 CQ mg m? h' in the
control and pH 4.5, 3.5 and 2.5 treatments, respdyt

The CQ fluxes and the interactions between treatmentsanapling date for the
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late paddy differed significantly across treatmearid sampling dates (Table S2). The
fluxes were generally significantly lower in the @mided treatments than the control
(Fig. 3). The CQflux in each treatment increased with rice groautld was highest 36
DAT (2216 mg n? h'l), 50 DAT (1767 mg m h'l), 50 DAT (2071 mg md h't) and 50
DAT (2414 mg n? h'l) in the control and pH 4.5, 3.5 and 2.5 treatmemtspectively.
The fluxes were lowest 1 DAT at 38.9, 189, 158 288 mg n¥ h'! in the control and
pH 4.5, 3.5 and 2.5 treatments, respectively.

The total CQfluxes in the pH 4.5, 3.5 and 2.5 treatments €8, 9.7 and 3.2%
lower in the early crop and 28.3, 14.8 and 6.8%eloin the late paddy, respectively,
than the control. These differences were signitidanthe pH 3.5 and 4.5 treatments

(Tables 1, S2 and S3).

3.2.CH; flux in the amended treatments

The CH: fluxes and the interaction between treatment ardpiing date differed
significantly in the early paddy (Tables S2 and B8, 3). The fluxes were generally
significantly lower in the amended treatments tthencontrol (Fig. 3). The fluxes were
low (<1.5 mg n? h'Y) during the initial period of growth of the eardyop (before 8
DAT) but increased until 36 DAT to peaks of 12.98,17 and 8.81 mg ¥h? in the
control and pH 3.5 and 2.5 treatments, respectiaigd by 50 DAT to a peak of 5.48
mg nm? ht in the pH 4.5 treatment. The flux then decreasealddly until the rice was

harvested.

11
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The CH: flux in the late paddy differed significantly assassampling dates and
for the interaction between treatment and sampliatg (Tables S2 and S3) but not
among the treatments. Fluxes were high (>9.9 nfghf) during the initial period of
growth of the late paddy (before 22 DAT) and theardased steadily until the rice was
harvested. The total GHIuxes in the early crop were 50.4, 32.9 and 25I@8er in
the pH 4.5, 3.5 and 2.5 treatments, respectivien the control (Tables 1, S2 and S3).
The late and total (early + late) emissions did diffier significantly among the

treatments.

3.3.NO flux in the amended treatments

The NO flux for the early paddy varied significantly ass sampling dates and the
interaction between treatment and sampling datediuamong the treatments (Tables
S2 and S3, Fig. 3). The flux was highest 64 DAT7(8¢ nm? hl), 15 DAT (105ug nv

2 1), 15 DAT (125ug m?2 h') and 71 DAT (155ug n2 h'l) and was lowest 36 DAT
(5.96ug m?2 hl), 85 DAT (-26.0ug m? '), 71 DAT (-61.3ug nm? hl) and 29 DAT (-
11.5ug mi? h'Y) in the control and pH 4.5, 3.5 and 2.5 treatmentspectively.

The flux for the late paddy differed significanthgross sampling dates and the
interaction between treatment and sampling datediuamong the treatments (Tables
S2 and S3, Fig. 3). The flux was highest 85 DAT7(1§ m? h''), 106 DAT (356ug
m2 hl), 22 DAT (52.8ug m? h'l) and 106 DAT (392ig m?2 h'l) and was lowest 92

DAT (18.1ug 2 hl), 57 DAT (-35.3ug n2 h'l), 64 DAT (-102ug m? hl) and 1 DAT

12
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(-23.1pg n2 hh) in the control and pH 4.5, 3.5 and 2.5 treatmeaetspectively.
Cumulative NO fluxes were significantly higher at pH 2.5 thad .5 and 4.5
but not the control (Tables 1, S2 and S2). Totahwiag potential thus generally tended

to decrease from pH 3.5 to 4.5 (Table 1).

3.4.Differences in the soil properties among tleatments

Soil pH, temperature and salinity for the earlyghadnd pH for the late paddy differed

significantly among sampling dates, treatmentsiatafactions between treatment and
sampling date (Tables S3 and S4, Fig. 4). Soil-aietent for the early paddy differed

significantly among sampling dates but not treati:iesr the interaction between

treatment and sampling date (Tables S3 and S4)s&8woiity and water content for the

late paddy differed significantly among samplingedaand treatments but not the
interaction between treatment and sampling dati.t&uaperature for the late paddy

differed significantly among sampling dates but thet interactions between treatment
and sampling date or between treatments.

Soil pH was 6.2, 8.3 and 5.1% lower in the earbpcand 3.6, 3.9 and 5.9% lower
in the late paddy in the pH 4.5, 3.5 and 2.5 treatisy respectively, than the control.
Soil temperature varied little among the treatmex®5% for both the early and late
paddies. Soil salinity was 9.1, 22.4 and 22.6% éigh the early paddy and 2.1, 12.1
and 15.6% higher in the late paddy in the pH 4.5,a8d 2.5 treatments, respectively,

than the control. Soil-water content was 2.1, hd A8% higher in the early paddy and
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4.5, 8.0 and 10.3% higher in the late paddy inphke4.5, 3.5 and 2.5 treatments,

respectively, than the control.

3.5.Relationships between gaseous flux and sqilgrties

The seasonal variations of the GHG emissions wernelated with some of the soll
properties for each type of gas (Table S5). The@sd CQ flux in the early paddy
was generally correlated in all treatments pod¥iveith soil temperature and
negatively with soil-water content and salinity.eTEQ flux in the late paddy was
negatively correlated with CHlux. At the same time, there was a negative effdc
acid rain on both the G@nd CH fluxes. More CQemissions are linked to higher rice
growth, more @ input into soil, and lower CHproduction, thereby COand CH
emission should logically show a negative correlatMoreover, the seasonal ©tx

in all treatments were positively correlated withl salinity and water content for the
early crop and with soil salinity, water contentlaemperature for the late paddy (Table
S5). The seasonal2f flux was generally not clearly correlated withyasf the soll

properties for either paddy in any of the treatraent

3.6.Rice productivity and GWP

Rice yield did not differ significantly between thenended treatments and the control
(Table 1). GWP was significantly higher for €tbhan CH and NO, by 78.3-95.0% in
the early and late paddies. The total GWP (k€@ ha') for all three gases was

significantly lower in the pH 4.5 and 3.5 treatnsetitan the control for the late paddy
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and the sum of the early and late padeéky(.05). The total GWPs were 13.6, 11.4 and
4.3% lower in the early paddy, 23.7, 15.4 and 6lé¥er in the late paddy and 19.3,
13.7 and 5.6% lower for both paddy combined infhkie4.5, 3.5 and 2.5 treatments,
respectively, than the control.

The total GWPs based on rice yield were 3.4, 16d 44% lower in the early
paddy and 15.4, 23.1 and 2.8% lower in the latedpad the pH 4.5, 3.5 and 2.5
treatments, respectively, than the control. Thal tGWPs based on rice yield for both
paddy combined were 9.0, 16.2 and 3.7% lower irpthel.5, 3.5 and 2.5 treatments,
respectively, than the control. None of these diifiees in total GWP based on rice

yield were significant.

3.7.GDA results

The GDA for the early paddy clearly and signifidarseparated all treatments (Table
S6, Fig. 5A). The variables that determined thegpamations were soil salinity, water
content, pH and CHand NO emissions (Table S7). The GDA for the late paaldyp
significantly separated all treatments (Table $8, $B). The variables that determined
these separations were soil pH and water contehC&n and CH emissions (Table

S9).

3.8.Plant height and soil C and N contents
Plant height and soil total organic C, N, labilgamic C and available N contents were
slightly higher in the pH 2.5 than the other amehtteatments, especially the pH 3.5

treatment (Table 2).
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4.Discussion

Acid rain may have both direct and indirect effeatssoil microbial communities
(Wang et al., 2014cXu et al., 2015). Ample evidence suggests that acid rain alters
soil properties by decreasing pH or by directlyeahg the quality and amount of
organic C sources, such as by litter decompos#iaah fine-root turnover, and that
these influences affect soil nutrient pools anadeisged micro-environmental factors
(Hines et al.,, 2006; El-Tarabily et al.,, 2008). Less evidence supports the
consequences of acid rain on gas emissions.

4.1.Effects of the amended treatments on fiQ

COz emission varied seasonally, increasing with rieengh and temperature (Fig.3).
COz production and emission can increase soil mictoaciivity and alter plant
respiration (Asensiet al.,2012; Slot et al., 2013). The increase in £€mission in
the early crop may have been due to the high amafudtadded, which could act as a
fertilizer and increase decomposer activity (Liwakt 2017).

The CQ fluxes were generally lower in the amended treatséhan the control
(Fig.3). The acid rain in the study area (and sated in our experiment) contain large
quantities of N& K*, Mg?*, C&*, CI, NOs and S@ (Table S1), so the soil
concentrations of these ions and soil salinity imtkease. Higher salinity will decrease
microbial activity and population sizes, which wauhen inhibit soil respiration,

ultimately decreasing Cproduction and emission. Similarly, acid rain cdter soil
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properties by decreasing pH and affecting nutnmadls. Our simulated acid rain was
rich in C&* (73.0umol I'Y), and C&" can combine with C&to form CaCQ, which is
deposited in the soil, buffering G@mission (Phillips et al., 2013). Our simulateaiac
rain was also rich in S& (76.4umol I'), and an increase in $Ocan increase the
rate of SG@* reduction and the accumulation of sulfide in th&. $High soil sulfide
concentrations can inhibit microbial activity ammhsequently C@emissions (Chen
et al., 2013). Acid rain can also inhibit plant gth, decreasing above- and

belowground biomasses and ultimately plant respmagnd CQ emission.

4.2 Effects of the amended treatments on ikt

CHs emission varied seasonally. Emissions of@ldre lower soon after rice (Fig.3)
transplantation when the soil was not strictly anbe. The emissions were also
lower during the final ripening and drainage pesiot@hese results agreed with those
by Minamikawa et al. (2014), in which a loweringsoiil-water content was linked with
a decrease in the abundance of methanogeoimeaand hence CHproduction and
with an increase in the abundance of methanotrapbssby increasing C+oxidation.
The CH; fluxes were generally lower in the amended treatsmthan the control. Our
simulated acid rain was rich in $0(76.4umol I'Y) and NG (119 umol I'Y) (Table
S1), both of which are alternative electron accepto C substrates for methanogens
(Jianget al, 2013) and which would decrease the amount of @blduced (Ali et al.,

2008). The simulated acid rain also increasedssdiihity in our study, and high salinity
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will inhibit microbial methane production and theimission (Wang et al., 2017).
Similarly, acid rain can also restrain the\atigs of some microorganisms by its

effects on enzymatic activity (Ling et al., 201@}ich decreases the soil cation and

available phosphorus contents, the release of heetsls, and the soil pH. All these

decreases are consistent with the observed lowadrG@él production in both paddies.

4.3.Effects of the amended treatments g filux

N2O emission had no obvious pattern of seasonal @niaEmissions were low
throughout the growing season. The paddies intodiygegion are strongly N limited
(Wang et al., 2015), but N fertilization from acain can increase the availability of N
to plants, soil fertility and plant production. Serstudies have observed that rain
containing nitric acid increased soil microbial biomass (Enowashu et al., 2009; Ham et

al., 2010). Under the flooding period or after sggostorms the increases in soll
reduction power contribute to reduceO\to N: leading to lower emissions and even to
a net NO uptake.

The NO fluxes were generally lower in the amended treatsithan the control,
likely because the positive effect of soil S andi@dilization was lower than the
negative effect of acidity on4® formation. Our simulated acid rain was rich ins30
(76.4umol I'Y) (Table S1), so it likely decreased@emission by stimulating sulfate
reduction (Yavitt et al., 1987) and thus the prdaurcof sulfide, high concentrations

of which can inhibit microbial activity and subsemly lead to lower BD emissions.
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N2>O emission from a subtropical forest was also fotondecrease in response to a
sulfate deposition treatment (Fan et al., 2017)clwivas similar to our study.

The emission of pO is mainly due to biological processes, such @sication
followed by denitrification (Robertson and Tiedl®87). Simek et al. (2002) suggested
that denitrification was the major cause efO\production. The emission oL@ from
acidic soils starts mainly with the nitrificatiof H4"-N (Martikainen and Boer, 1993;
Martikainen et al., 1993), because decreaseslipldanhibited the growth of nitrifying
bacteria (Keeney, 1980) restricting nitrificatioRopertson and Groffman, 2015).
Nitrification can occur in soil with a low pH (Makainen and Boer, 1993), but the rate
is generally very low at pHs <6.0 (Alexander, 19A¢)d rain decreases soil pH, which
is an important variable controlling microbial adly in many soils. Soil acidity plays
a major role in the cycling of soil C and N by u#hcing microbial activity (Rousk et

al., 2010), for instance, restricting nitrificatiRobertson and Groffman, 2015).

4.4.Effects of the amended treatments on nutriglainice and rice yield

Low soil pH had positive effects on C accumulationsoil (Wang et al., 2010) by
suppressing microbial activities (Lv et al., 20lah)d/or by decreasing microbial
biomass and soil resption (Chen et al., 2012b, 2015; Liang et al., 2013). All these
changes could contribute to the accumulation af €oil under prolonged exposure to
acid rain, providing a mechanistic explanation wany the rice paddies can still

accumulate C under conditions of acid rain. Sorekl fand laboratory studies have
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found that acidic deposition decreased soil pHreased nutrient loss (Makarov and
Kiseleva, 1995) and altered microbwmmunity structure (Pennanen et al., 1998;
Pennanen, 2001). Chronic N deposition, though redace soil respiration (Burton et
al., 2004) and the mineralization of native C (Higea et al., 2001), decreasing the
mineralization of soil organic C and N.

The available N content was notably higher in tite than the early paddy at the
same pH level (Table 2), perhaps due to the alolfitthe microbial communities to
adapt to their new environmental conditions, sushnare acidic conditions, or
microbial biomass may have been re-established witie (Blagodatskaya and
Anderson, 1999; Pennanen et al., 1998). Rice yield in the early paddy was lower in the
amended treatments than the control, consistenh it decrease in the net
photosynthetic rate under conditions of acid r&in ét al., 2014). Rice yield was higher
in the late than the early paddy (Table 1), perlegsiuse the soil microbial community
adapted to the low pH conditions. The soil C ancbNtents nevertheless recovered in
the pH 2.5 relative to the pH 3.5 treatment, intingathat soil processes responsible
for mineralization decreased and/or litter produttincreased when soil acidity
reached a tipping point. Moreover, rice yield alemded to be lower, but not

significantly, which is also related with the swoiltrient balance.

5.Conclusions

The GWPs were significantly lower but rice yield aiot significantly change under
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the simulated acid rain. The pH 3.5 and 4.5 treatmeegatively affected GWP, but
the pH 2.5 treatment did not. Litter input was l@gin the pH 2.5 than the other
treatments (personal observation). More substra@®e available for microbial GHG
production and thus emission in the pH 2.5 was drighan in the pH 3.5 and 4.5
treatments. The results thus showed that the sff@ictcid rain on greenhouse gas
emissions from rice croplands will depend on theelleof acidity. Until 3.5 pH the
effects are not important in yield and gas emissionthere is even some level of
decreases in greenhouse gas emissions, but ifguHes values near or below 2.5, the
greenhouse gas emissions do not decrease and demmiccan decrease the yield
production as a result of the direct negative impacplant health status.
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599 Tables
600 Tablel.

601 Effect of acid rain on rice yield and global-wargipotential.

Rice yield Global-warming potentigkg CO-eq ha) Global-warming potential Global-warming potential
PH (Mg ha?) CO. CH, N2O (kg COr-eq hat) (kg CO-eq Mgtyield)
Early paddy
Control 4.63+0.64 27473+1744a 2214+145a 377+152ab 30063+1686 6811+1244
4.5 4.12+0.42 24698+2254b 1099+142c 189+51b 2598612234 657911211
3.5 4.37+0.11 24863+1807b 1485+253bc 276+39ab 26623+1577 61221554
25 4.55+0.42 26669+1908ab 1657+91b 450+115a 28776x1754 65114855
Late paddy
Control 6.7310.94 32412+895a 6053+516 434+175ab 38899+1332a 59941784
4.5 5.89+0.25 23255+317c 62521559 183+136ab 29690+639c 5073+326
3.5 7.15+0.10 27645+1369b 5153+756 128+134b 32925£875b 4609+158
25 6.25+0.21 30 192+381ab 5656+805 489+60a 36337+989a 5825+89
Both paddies Sum Sum Sum Sum Sum Sum
Control 11.36+0.52 59885+2463a 8267+459 810+326ab 68962+2731a 128051547
4.5 10.01+0.64 47953+1938b 7351+423 372+187b 55676+2211bc 11652+1231
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3.5

11.52+0.23 52508+2859ab 6638+773 403+142b 59549+2426b 10731712
25 10.79+0.26 56861+2269a 7313+879 939+159a 65113+2407ab 12336+782
602 Different letters within a column indicate signdiat differences between the amended treatmenttharabntrol P<0.05) obtained by Bonferroni’'s post hoc test.
603
604
605
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606 Table2.
607 Effect of simulated acid rain on soil carbon anttagen contents and the properties of rice
608  growth at maturity.

’ Plant height Total organic carbon Liable carbon Total nitrogen  Available nitrogen
i (cm) (mg g% (mg g%) (mg g¥) (mg kg")
Early crop
Control 97.0x2.7 17.41+0.1 5.31+0.52 1.98+0.01 54.1+1.0
4.5 95.0+2.1 17.7+¢1.9 5.36+0.25 2.1240.21 53.745.2
3.5 96.7+0.9 17.3+2.0 4.76+0.46 2.0440.18 51.6+7.3
25 98.0+0.6 17.4+1.0 5.1240.52 2.04+0.11 51.3+4.4
Late crop
Control 75.311.0 17.8+0.9b 6.46+0.39a 2.0410.03a 32.441.9b
4.5 75.0+1.2 18.9+0.2a 5.21+0.44b 2.15+0.04b 34.943.6b
35 75.0+1.0 19.3+0.5a 4.88+0.36b 2.19+0.02b 33.8+1.5b
25 76.8+0.7 19.5+0.3a 5.18+0.52ab 2.21+0.02b 38.91+2.3a
609 Different letters within a column indicate signéitt differences between the amended treatmentshancbntrol
610  (P<0.05) obtained by Bonferroni's post hoc test.

611
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613
614
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Legendsto Figures
Fig.1l. Locations of the study area and sampling si#) (n Fujian Province,

southeastern China.

Fig.2. Experimental design

Fig. 3. Changes in C®emissions for the early (A) and late (B) crops,s@hhissions
for the early (C) and late (D) crops angNemissions for the early (E) and late (F)
paddies in the treatments. Error bars indicatestenedard error of the mean of triplicate
measurementsE indicates the fertilization, Different letters repent significant
differences among the treatment$&0.05.

Fig.4. Changes in soil salinity (A, B), temperature (G, Dater content (E, F) and pH
(G, H) for the early and late paddies in the treatts. Error bars indicate one standard
error of the mean of triplicate measuremehtsndicates the fertilization, Different
letters represent significant differences amongitb@tments aP<0.05.

Fig.5. Standardized canonical discriminant function doegfhts for the two first roots
of the general discriminant analysis representieggas emissions and soil variables as
independent continuous variables, the day of sagm@s a categorical independent
variable and different grouping dependent factarsesponding to the treatments for
the early (A) and late (B) paddies. Bars indicaee ¢onfidence intervals (95%) of the

scores of each grouping factor along Roots 1 and 2.
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