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Abstract

Nitrogen (N) depositions projected to substantially increase in the tropics over

the coming decadewhich is expected to lead to enhanced N saturation and gaseous

N emissions from tropical forests (MRO, N2O, and N). However, it is unclear how
N deposition in tropical forests influences both the mitage of gaseous loss of
nitrogen and its partitioning into the>ldnd NO loss mechanismsiere, for the first
time, we employed the acetylene inhibition technique aed'¥-nitrate labeling
method to quantify N and NO emission rates for long-term experimentally
N-enriched treatments in primary and secondary tropicaitane forest. We found
that during laboratory incubation under aerobic condititomg-term increased N
addition of up to 100 kg N hayr ! at Jianfengling forest, China, did not cause a
significant increase in either 20 or N, emissions,or N2O/N.. However, under
anaerobic conditions, &) emissions decreased and Hmissions increased with
increasing N addition in the secondary forest. Thesegdw may be attribetl to
substantially greater J0 reduction to N during denitrification, further supported by
the decreased /N ratio with increasing N addition. No such effects were ask

in the primary forestin both forests, N addition decreased the contribution of
denitrification while increasing the contribution of co-denitafion and
heterotrophic nitrification to PO production. Denitrificationwas the predominant
pathway to N production (98-100%) and its contribution wasaffected by N
addition. Despite the changes in the contributions ofitdigcation to NoO gas
emissions, we detected no change in the abundance ek gssociated with
denitrification. Our results indicate that the effextdN deposition on gaseous N $0s

were ecosystem-specific in tropical forests and that,ewthié mechanisms for these
3
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different responses are not yet cledre microbial processes responsible for the

production of N gases are sensitive to N inputs.

Keywords. nitrogen deposition, tropical montane forests, nitrous oiession,

dinitrogen emission, denitrification, denitrification genes

1. Introduction

Anthropogenic nitrogen (N) deposition is increasing due to fofsdl
combustion, industrialization, cultivation of N-fixing @® and application of N
fertilizers. Elevated N deposition can directly alterydling in forest ecosystems and
is expected to enhance N gas loss from soils alongNvigaching (Hall & Matson,
1999; Schlesinger, 2009; Corre et al., 2010). Nitrous oxid®)Mnd dinitrogen gas
(N2) are the main forms of gaseous N losses. Elevai#d ¢ds loss can deplete
stratospheric ozone and contribute to global warming, andredlikely to drive
increases in temperature increases and a significant ishithe amount and
distribution of precipitation (Aber & Melillo, 1989; Aber elt a1998; Gundersen et al.
1998; Schlesinger, 2009; Greaver et al., 2016).

The increases in nitrogen deposition in the tropics areged to be among the
highest globally in the coming decades (Galloway et al., 2008; Ke$aa., 2016).
Tropical forests play a crucial role in regulating cewil and global climate dynamics
and may show significant responses to elevated N depositiats@hl et al., 1999;
Zhou et al., 2013). To understand the effects of elevated Nsitiepoon tropical
forests, several N addition experiments have beeoneefl across the world (Hall &
Matson, 1999, 2003; Cusack et al., 2009, 2011; Corre et al., 2010, 2014, &hu et

2015). However, research on gaseous N loss dynamics imsespm N addition in
4
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tropical forest is still limited and key questions remaimesalved. Studies on the
effects of N addition on N loss from soils have focusedNeoxide (NQ and NO)
fluxes, especially BD (Hall & Matson, 1999, 2003; Koehler et al., 2009; Martinson
et al., 2013; Miuller et al., 2015). Some studies report that ireatebis addition
significantly enhances # loss (Hall & Matson, 1999, 2003; Silver et al., 2005;
Corre et al, 2010, 2014; Martinson et al., 2013; Wang et al., 2014; €itzd., 2016),
yet several others find no effect or even a decreasimgl tféenterea et al., 2003;
Morse et al., 2015; Mller et al., 2015). No increase ) Mmission is speculated to
be due to an increase in the capacity of seDNeduction to Ninduced by N
addition (Mdller et al., 2015), but this remains to be wvedifiRecently, some reports
have suggested that the main contributor of gaseous Niensiss N> instead of NO
(Houlton et al., 2006; Bai & Houlton, 2009; Fang et al., 2015); howeweour
knowledge, it remains unclear how soik l§as loss responds to N deposition in
tropical forests. Measuring small fluxes of, Nrom soil in natural terrestrial
ecosystems is very difficult due to the large pool ofkigaound atmospheric N
(nearly 78%).

Gaseous N emissions can be produced by many microbial procesgss,
nitrification, denitrification, co-denitrification, ananox, and dissimilatory nitrate
reduction to ammonium (DNRA) (Butterbach-Bahl et al., 2013). ddwcription of
microbial nitrification and denitrification as a sourcé M gas emissions is a
simplification because while these two processes acciounthe majority of soil
gaseous N loss (Houlton et al., 2006, Butterbach-Bahl et al., Eahg, et al., 2015)
others are also importanNotably, co-denitrification (Spott & Stange, 2011) and
anammox (Xi et al., 2016) also contribute to soil N gas loss ruadaerobic

conditions. Co-denitrification produces;® and N by consuming N@ combined
5
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with other N compounds (Spott & Stange, 2011), and anammoxeed@ and
oxidizes ammonium to N(Dalsgaard et al., 2003). Recent studies have shown that
co-denitrification and anammox both contribute te &missions in some grassland
and temperate forest ecosystems (Selbie et al., 2015; a2, £016). However, it is

still unclear whether these two processes contributet@mission in the tropics.
Under increasing N deposition, microbial processes relatedoitogaseous N
emissions may shift, but the research on how their resgsoto increased N
deposition remains limited.

Nitrogen deposition in China has been increasing and ieqienj to continue
increasing over the coming decades (Liu et al., 2013). TheaseieN deposition
may affect plant growth or net primary production at estesy scales, increase soll
nutrient availability and alter disturbance regimes, gncreasing N gas emissions
(Cusack et al., 2016). To evaluate the effects of elevateatidition on tropical
montane forests, in 2010 a long-term N addiBaperiment was set up in primary and
secondary tropical montane rainforests in Jianfenglingnataisland, China, a site
with low background atmospheric N deposition (Wang et al. 2@18sF Ecology and
Management). After six years of N addition treatmentypically thought to be
sufficient time to change the N cycle and microbial comityuin tropical forests
(Cusack et al., 2016) -, we incubated forest soils and meakk@ and N emission
rates using the acetylene inhibition technique (AIT) arel'tN labeling method
(Yang et al., 2012, 2014; Sgouridis et al., 2016; Xi et al., 2016).

The aims of this study were: 1) to determing®ONand N emission rates and their
response to elevated N in the two study forests; 2) to quahsficontributions of
individual microbial processes to-@ and N emissions, and their responses to

elevated soil N; and 3) to examine if the abundance ofomial genes associated
6
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with denitrification changed after long-term N additiowe hypothesized that
long-term N addition would enhance so#and N emissions due to increased N
availability. Since long-term N deposition would decreasd pbéi in tropical
ecosystems (Lu et al., 2014), we expected that, in the dglimig forests, the 6-year
N addition would lead to soil acidification, which in turn wabuincrease the
proportion of NO in gaseous N losses because reduced pH inhib@srilductase
(Simek & Cooper, 2002; Cheng et al., 2015). We also expectedotigaterm N
addition would change microbial processes gdMind N production, as well as their

associated gene abundance.

2. Materialsand methods
2.1 Site description and long-term experimental design

This study was conducted in Jianfengling (JFL) National NaturaeiRe
(18°23°-18°50° N, 108°36’-109°05" E), in southwest Hainan Island, China. JFL
National Reserve has an area of 47F,ki®0 knt of which is covered by montane
rainforests (Chen et al., 2010). The natural distributionaritane rainforests is from
800 to 1000 m above sea level. The study site has a markedaesisift between
wet (May-October) and dry (Novembehpril) seasons, with an average annual
precipitation of 2449 mm (approximately-&8D% falls during the wet season) and a
mean annual temperature of 19.8°C (Chen et al., 2010). Theramigiedeposition is
6.1 kg N ha! yr'! (Wang et al., 2014, 2018). Soil is predominantly lateritic yello
(Zhou et al., 2017), with a bulk densi§ 1.1 g/cni. There are two main forest types:
primary forest and secondary forest. The primary foiestominated by long-lived
tree species such as Castanopsis patellifpintieocarpus fenzelianus, and Livistona

saribus while the secondary forest consists of naturally regee@redxa such as
7
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Castanopsis fiss&gapium discolgrC. tonkinesisSyzygium tephrodes, and Schefflera
octophylla (Xu et al., 2009; Zhou et al., 2017). The topography infeaest type is
relatively homogeneous, with slopes ranging from 0° to 5° eow f10° to 15° for
primary forest and secondary forest, respectively (ZB013).

In September 2010, to simulate the effects of atmosphericpNsdin on the
ecosystem N cycle, two N addition experiments were estadlisls a randomized
block with four treatment levels (three N addition levasl one control) and three
replicates for each treatment in two adjacent prinaaud/ secondary forest blocks. The
blocks were more than 100 m from each other and within, daah 20 m x 20 m
plots were established, each surrounded by a 10-m wide Buif@ Four treatments,
low N addition (25 kg N ha yr1), medium N addition (50 kg N hayr?), high N
addition (100 kg N ha yr?), and control (no N addition), were assigned randomly to
the four plots within each block. The added N was in the fofiHsNOs. Since
September 2010, for each N application, a designated amouNHgMOz was
dissolved in 100 L groundwater and applied monthly to correspondbig ysing a
sprayer near the soil surface. The same amount of groterd{&80 L) was applied to
each control plot. More information about N fertilipat at the site can be found in

Du et al (2014).

2.2 Soil sampling

To analyze the seasonal dynamics of N gaseous emissa@hgas sampled in
the wet season (June'3®016), early dry season (Novembel'32015) and late dry
season (March'8 2016) Before sampling, each plot was divided into two 10 m x 20
m subplots. Soil samples were collected at least onek vaéter the most recent

fertilization in subplots from six randomly chosen smites (10 cm depth of mineral
8
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soil, 5 cm core inner diameter). In total, 48 soil sas\ffesubplots x 4 treatment3x
replicaesx 2 forest types) were collected from both primary sexbndary forestis
each seasoiboil samples were stored in a sterile plastic bagedeand covered with
ice. In the laboratory, after roots, litter, worms, antteotvisible items were removed,
the samples were passed through a 2-mm sieve. Sdéstedl in the late dry season
and wet season were stored at 4°C and analyzed within a amgtkhose from the
early dry seasomvere stored at —20°C before analysis due to the instruments being
unavailable. Before analysis, each sample was dividedwtdcsub-samples, one of

which was used for soil physico-chemical analysis and trex &h soil incubation.

2.3 Analysis of soil physical and chemical properties

Soil ammonium (NH) and nitrate (N®@) concentrations and extractable
dissolved organic carbon (DOC) were determined using fredh. #efore soil
isotope labeling incubation, fresh sieved soils fronhesample were extracted with 2
M KCI (soil: extract = 1:4 ora weight basis). Ammonium (NH) and nitrate (N@)
concentrations in the extracts were measured coloigalyrusing an auto discrete
analyzer (Smartchem 200). Soil DOC concentration was urghson an Ol
Analytical Model 700 TOC analyzer (Sanderman & Amundson, 2009) pHowas
determined in a 1:2.5 mixture of soil:deionized water with a pHeneguipped with a
glass electrode. Total carbon (TC) and total nitrogen (€bhcentrations were
determined by a vario micro elemental analyzer (Elemékalysen Systeme, GmbH,
Germany). The soil gravimetric water content (GWC) wasutatled by weight loss

after oven drying for 24 h at 105°C.

2.4 Aerobic incubation



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

Soils collected in the late dry season and wet seasmndedivered to the Stable
Isotope Ecology Laboratory in the Institute of Applied Egglo CAS. Then,
approximately 8 g fresh soil from each sample was placed 20-mL glass vials
(Chromacol, 125 x 2@V-P210). Vials were sealed tightly with gray butyl septa
(Chromacol, 20-B3P, N0.1132012634) and aluminum crimp seals (ANRiehtiic
Instrument (Shanghai) Co. Ltd., 6G390150). To set up waterasat conditions, we
established a watered treatment with 2 ml water addifibas, each soil sample was
subjected t@ne of four treatments: no water and n¢l€addition (0 mL water + 0%
C2H2 in the headspace); no water but 20%1£addition (0 mL water + 20% #El>
v/v); 2 mL water and no £, addition (2 mL water + 0% #l. v/v); and 2 mL water
and 20% @H» addition (2 mL water + 20% #l> v/v). We used &H> to inhibit NbO
reductase; therefore, the gases from the sample whih t@2atment indicated the total
production of N and NO. The vials were shaken gently to ensure that the bulk
density of the soil in vials, whichagconfirmed by calculating the volumes of 8 soil
samples in each vial, was similar to that in the fieldp¥eed by incubation in the
dark at 21°C for 24 hours (Xi et al., 2016). Incubation was terndratenjecting 0.5
mL of 7 M ZnCk sdution; then, 2 mL sterile deionized water vaided to the vials
with no water addition. Finally, the headspace gas of emtlwas sampled for pD

and CQ concentration analysis (see below).

2.5 Anaerobic incubation

For soil samples collected in teerly dry season and wet season, we conducted
anaerobic slurry incubation experimetdgneasure the emission rates eONand N.
Four specimens of approximately 8 g of fresh soil were téken each sample and

placed into 20-mL glass vials; then, 2 ml-purged sterile deionized wateras/
10



240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

added to the vials to generate slurries. Vials were imnedgis¢aled tightly with gray
butyl septa (same above) and aluminum crimp seals. All wal® vacuumed and
flushed with ultrahigh purity N (100 mL min?) for 3 minutes. Then, vials were
shaken gently and slurries were incubated in the dark at 21°60fh to minimize
background N@ concentrations (Xi et al., 2016).

After pre-incubation, each vial was again vacuumed and fiushig ultrahigh
purity N>. Then, each vial of every soil sample underwent driteo following four
treatments: analysis of NO concentration after pre-incubation; isotope labeling
incubation with K°NOs addition; K“NOs addition without GHy; and K“NOs with
20% GH> addition. An ultrahigh purity Mpurged stock solution (0.5 mL) of
15N-labeled (K°NOs, 99.19 atom%) or un-labeled KN@as injected to achieve final
concentrations of 10 pug N g fresh soil and 10 ug N g? fresh soil (as KN@) for
the °N labeling (Yang et al.2014) and eH inhibition treatments respectively. For
the treatment of KNOs with 20% GH addition, 20% highly purified Nwas
replaced with @H> in each vial. Then, all vials were shaken gently to hgenae the
solution. Slurries were incubated in the dark at 2I6€ 24 h. Incubation was
terminated by injecting 0.5 mL of 7 M Zni3olution, and the headspace gas of each
vial was sampled for analyzing the isotopes e®Nnd N and the concentrations of

N20 and CQ (see below).

2.6 NO production measurement

After incubation, for®N labeling experiments, 0.5-ml gas samples were taken
with gas-tight syringes to analyze th# abundance of N After that, 20 ml of high
purity N> was injected into the vials, and mixed gas samples (20 md taken from

the headspace with gas-tight syringes and transferrexketaimers (Labco, UK) that
11
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were evacuated before use. Then, the mixedgyasre used to determinex® and
CO, concentrations using a gas chromatograph (GC-2014, Shimadzu). Ja@an
production rates were similar inzi2-amended and un-amended vials (data not
provided), indicating that soil respiration (microbiaspeation) was not affected by
20% GH2 amendment.

Concentrations ofN in N.O were measured by a trace-gas preconcentrator (TG)
coupled with a continuous flow isotope ratio mass spectemi@MS; Isoprime 100
Isoprime Ltd, UK). The m/z 44, 45, and 46 beams enabled ca@mulatimolecular
ratios of°R (**N20/**N.0) and*R (*N.O/*N,0) for NoO. As we added relatively
large quantities of°N-NO3z™ (10 ug®™N g soil) and pre-incubated soils for 60 h to
consume the original N, the!>N enrichment of the source pool was high (typically
> 0.9), leading to non-randofN distribution in NO. Hence, both m/z 45 and 46
were used to determinEN enrichment of MO using the following equation (1)
(Stevens et al., 1993; Stevens et al., 1997).

Atom% 5N-N20 = 100¢°R+2 x %R — 1R — 2 x 18R)/(2+2 x*5R+2 x*R) (1)
where®R = 45/44 and®R = 46/44 ratios reported by IRM8R = 3.8861x 10 and
18R = 2.0947x 103 (Kaiser et al.2003).

Then, the mole fractions dPN.O (f*°) and“®N.O (f*) in sample NO were
calculated using the following equation (2):

Error! Reference source not found. (2)

Error! Reference source not found.

Production rates dN.O (Pss) and*®N2O (Pae) in the vials over the incubation period
were calculated using the molecular fractions*vénd ° using equation (3):
Error! Reference source not found.  (3)

Error! Reference source not found.
12



290 where k20 is the NO production within each vial according to the measured &ang
291 in N2O concentration during incubation, t and O are the irntautbéime and time zero,
292 respectively, and M is the dry soil mass in the incubation vials (g).

293 During anaerobic incubation, there are three pathwaydN:63 production:
294  denitrification (Dv20), co-denitrification (Gi2o), and heterotrophic nitrification (o).
295 We assumed that there was no autotrophic nitrificatiocalse incubation was
296  strictly anaerobic and no oxygen was available for ammormxication. According
297 to the™N pairing principle (Thamdrup & Dalsgaard, 2002), denitrificationdpices
298 “N20 (Das), **N20 (Dss), and“**N.O (Dae); co-denitrification produce$N2O (Csa)
299 and ®N2O (Cs5); and heterotrophic nitrification produces orf§N.O (Has). We
300 assumed that: (1) in natural soil, th&l abundance is 0 at%; (2) the additiofN
301 source is homogeneously distributed within the study areladaes not have a
302 negative effect on microbial processes; (3}#kO comes front®NOs~ added during
303  the experiment; and (4) contributions*®fI**N*’O andN*“N*®0 to**N,O and**N.O
304 are minor and negligible. Then, the following hold:

305 Error! Reference source not found., Error! Reference source not found.,

306 Error! Reference source not found., Error! Reference source not found. Error!

307 Reference source not found.

308 Error! Reference source not found., Error! Reference source not found.,

309 Error! Reference source not found. Error! Reference source not found.

310 Error! Reference source not found. (6)

311 Error! Reference source not found., Error! Reference source not found.,
312  Error! Reference source not found. (7)
313 Error! Reference source not found. (8)

314 Thus, equations (4§8) allow calculation of MO production through heterotrophic
13



315 nitrification, co-denitrification, and denitrification pavays.

316

317 2.7 N production measurement

318 For Ny, according to®®R (®®N2/?®N,) and 3R (°N/%N.) ratios measured by
319 IRMS, the molar fractions 0N, and3°N; are calculated using equation 9 (Yang et
320 al., 2014):

321 Error! Reference source not found. (9)

322 Error! Reference source not found.

323 Assuming that vial headspace> Moncentration did not change during the 24-h
324 incubation, the mass of2NMwta)) in the vial headspace is calculated using equation
325 10 (Yang et al., 2014):

326 Error! Reference source not found. (10)

327  Production rates o®®N (P2g) and*°N. (Psg) in the vials can be calculated using the
328 following equations (Xi et al., 2016):

329 Error! Reference source not found. (11)

330 Error! Reference source not found.

331 In the ™NOs; anaerobic incubation experiment®N2 is only produced by
332 denitrification, and N> and 2N, are from denitrification, anammox, and
333  co-denitrification contributions. We separate production rates from denitrification
334 and from anammox plus co-denitrification. More detailaftwalations are provided in

335 Xietal., 2016.

336 Error! Reference source not found., Error! Reference source not found.;
337  (12)
338 Error! Reference source not found.

339  where Qo and Dy are the productions ofaNhrough denitrification a®N2 and?°N,
14
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respectively, and Fis the fraction of®N in NOs". The rate of N contributed by
anammox plus co-denitrification can be calculated by egu#1i3):

Error! Reference source not found., Error! Reference source not found.
(13),
and the total Memission rate (Mkota) can be calculated by equation (14):

N2-totai= Drotal + ACtotal (14)

2.8 Quantification of gene abundance

The abundance of reductase genes is an essential midexb@l that regulates
N gas emissions during denitrification (Cavigelli & Rober{s2®00). The nir (Nitrite
Reductase encoding) genes (nirS and nirK) and nosZ gene ardicilpainterest
because they mark the crucial first and last gas-foomand transformation steps in
the process. The nir genes regulate the transformafiamntrde (NOy) to N-gas
emissios from soil (Lennon & Houlton, 2016), while the nosZ gene regsldnow
N20 is reduced to N(Liu et al., 2013). The responses of denitrifying genes to N
addition may directly help us understand gaseous N emisaiendynamics during
denitrification. Thus, soils sampled in the wet seaSome 38, 2016) were used to
guantify the abundance of functional genes involved in dicgiion, including
nitrite reductase (nirK and nirS), and nitrous oxide reductase \ngsZes. For
guantification of target genes, standards of known amountsngflate DNA gene
copies were created. A gene fragment cloned from aaoiple using the TOPO TA
cloning vector (Invitrogen, Carlsbad, CA, USA) was selected ¢aterthe standard
curve. Duplicate standard curves were obtained using tenfald déuations (from
10’ to 10 copies) of recombinant plasmids containing cloned nosXK, and nirS

Reactions were performed in a Mastercycler ep realg@pendorf, Germany) in
15
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triplicate, based on the fluorescence intensity of Sgaéen dye.

2.9 Statistical analysis

Statistical analyses were performed using SPSS (Version 8P8S Inc.,
Chicago, IL, U.S.A). One-way ANOVA with least squaresatise (LSD), using an
of 0.05, was conducted to determine the differences in albblas among N

treatments for each forest.

3. Reaults
3.1 Effects of N addition on soil properties

After 6 years of N addition, the soil DOC content, totatdfal N, C/N ratio, and
NH." concentration did not differ significantly among the foreatments in either the
primaryor secondary forest (Table 1). The soil DOC content raifrgen 0.2 to 1.3 g
kg dry soil. Soil total N and total C varied from 0.15 to 0.22% fiodh 1.92 to
2.80%, respectively. The ratio of KC/ranged from 11.6 to 13.5The NH;*
concentration ranged between 0.3 and 4.3 mg of N duy soil, except for soils
sampled in the early dry season, which had especially igbeatrations, varying
from 31.0 to 44.1 mg of N kfdry soil. The NG concentration was between 1.0 and
19.1 mg of N k¢ dry soil, depending on the sampling season, and increadediwit
addition (Table 1). Soil pH was 0.1 to 0.2 pH units lower in sdYraddition
treatments compared to the control for some samplingosgaand showed a

decreasing trend with increasing N addit¢hable 1).

3.2 Nitrogen gas loss under aerobic conditions

Soil NO and N emissions did not vary significantly with N addition, wHer
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for dry seasomr wet season, for the primary or secondary forest, rosdis with and
without water addition (Fig. 1 a,b,d,e; Table 1, 2). We dtsand no significant
change in the ratio of 2D/(N2O+N). However, water addition itself increased soil
N2O and N emission rates very strongly - by 47 to 1400 times, and 46 toir@&s, t

respectively (Fig. 1).

3.3 Nitrogen gas loss under anaerobic conditions

In the primary forest, soil }0 emission determined by both the AIT and tte
labeling method showed no evident change with increasing N@uddi both seasons
(P < 0.05) (Fig. 2 a). The emission rates eONanged from 0.8 to 4.0 nmillg™ dry
soil htand from 0.5 to 2.8 nmol Ngdry soil h* for the two measurement methods,
respectively. The change N2 emission with elevated N addition was similar to that
for N2O (Fig. 2 b), except that it showed a decreasing trend mgtieasing N addition
in the dry season when measured by five labeling method (P < 0.05) (Fig. 2 b).
Soil Nz emission rates determined by the AIT (ranged from 5.1%m&ol N g* dry
soil ht) were significantly lower than those measured by ‘fize labeling method
(ranged from 8.0 to 19.9 nmol N?gdry soil ') (P < 0.05). The ratio of
N20/(N20+Nz2) did not change markedly after N addition, with values irandgrom
0.12 to 0.44 and from 0.04 to 0.27 when determined by AlT*#hdhbeling methods,
respectively (Table 3).

In contrast to the primary forest, the secondary foetgiwed a significant
decreasing trend of J emissions but a significant increasing trend peRissions
after N addition. This was observed in both seasons katih the AIT and®N
labeling methodsR < 0.05) (Fig. 2 d, e)As a result, the ratio of AD/(N2O+Ny)

exhibited a significant decreasing trend with elevated Ntiaddn both seasons (P <
17



415  0.05) (Table 3).

416

417 3.4 Microbial pathways of #0 and N production under anaerobic conditions

418 In the primary forest, the 20 produced by denitrification significantly decreased
419  with increasing N addition (Table 4), by up to 65% in the Mghddition treatment
420 compared to the control (Tab&®?). In contrast, MO production by co-denitrification
421 and heterotrophic nitrification wamsensitive to N addition (Table 4, Table S2).
422  Consequently, the contribution of denitrification to,ON emission significantly
423  decreased with increasing N addition lewel<{ 0.05), e.g., from higher than 55% in
424  the control to 31% in the high N treatment (Table S2).

425 In the secondary forest, the® produced by three processes was depressed by
426 N addition (Table 4), and denitrification wasore sensitive to N addition compared
427  with the other two processes. For example, in the eatan, rates of 20 produced
428 by denitrification were 1.77 nmol N'gdry soil htin the control and 0.44 nmol N'g
429  dry soil htin the high N addition treatment, while respectivéONoroduction rates
430  due toco-denitrification were 0.54 nmol Ngdry soil ht and 0.21 nmol N 4 dry soil
431 h' (Table 4). As a result, this different sensitivity bé tthree processes to N addition
432  resulted in a decreasing importance of denitrification40 Nroduction in response to
433 N addition, while the contributions of co-denitrification areterotrophic nitrification
434 increased (Tabl&82).

435 Denitrification contributed more than 98% of total> Nemissions, and
436  co-denitrification plus anammox produced less than 2% of thettng the four N
437 addition treatments (TableS2). The contributions of denitrification and
438  co-denitrification plus anammox to JNemission did not change with elevated N

439  addition in both seasons or in the primarysecondary forest (P between 0.05 and
18



440 0.939) (Table 4).

441

442 3.5 Denitrifier gene abundance

443 The abundance of three denitrification genes in foseds examined in this
444  study (nrS, nrK, and nosZ) were not altered by increased N additwith the
445  exception of nosZ in the primary forest soil (Fig. 3).

446

447 4. Discusson

448 4.1 Evaluations of the two methods in determining gaseous nitrogen productions
449 The acetylene inhibition technique (AIT) is a rathermemmethod to determine
450 N2 losses from incubated soils since acetylene at higbesdrations (>10%, v/v) in
451  the headspace of culture vials can inhibit the micrabkidliction of NO to No (Felber
452 et al., 2012). However, this method has some limitatiordetermining the Ngas
453  production rate. First, acetylene may not completaglothe reduction of pD to N,
454  which could underestimate the, Mmission rate and may affect the result of the
455  response patterns of2Nproduction to increased N additions (Fig. 1, 2). Second,
456  acetylene inhibits autotrophic nitrification at low concetira (0.1%, v/v) and
457 reduces N@ available for denitrification. This is one of the reasothat the
458 determined N emission rates were negligible or negative underbéermnditions in
459  the present study (Fig. 1 b, e), and this also indidhsNO was mainly produced
460 by nitrification under aerobic conditions. In addition,stiechnique is incapable of
461  separating contributions of microbial processes40 Nr N> production. For example,
462  autotrophic nitrification, nitrifier denitrification and coled nitrification
463  denitrification could not be differentiated from nitrifi@n using the method in the

464  present study.
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Compared with the AIT, th&N labeling method holds much promise as a more
reliable technique but reqeisthe additionof an'°N-labeled tracer to understand the
roles of microbial processes. However, there are alsw slrawbacks in determining
gaseous N productions via this method, whghased on some assumptions (see 2.6
Section). If any assumption is wrong, for instance, the chdslebstrate is not
homogeneously distributed in the soil, the productionsrateN,O and N could be
underestimated. Although there are some strengths andtiimgaf the AIT and°N
labeling methods in determining N gas emissions, the resliitd gas emissions

determined by these two methods are broadly accepted rf@arott al., 2006).

4.2 Comparison with field studies

In situ soil NO emission rates were monitored from 2013 to 2014 for the study
forests using the static chamber technique. The resuts that the mean rates over
the monitoring period were 0.04, 0.1, 0.04 and -0.02 n@ N?h? for the control,
low-N, medium-N and high-N in the primary forest and 0.04, ,0-:0% and -0.3 mg
N2.O m? h'! in the secondary forest, respectively (Peng etulpublished data).
These results suggest that N addition decreased g0ieNission rates. This decrease
is consistent with the observation of laboratory bation for the secondary forest
under anaerobic conditions in the present study (Fig. 2), stiggehat increased
N20O reduction to N is probably one of mechanisms for reduced se®d® Mmission
rates observed in the field. The experimental desighdrpresent study allows us to
reveal the mechanism of reducedNemission with increasing N addition level (see

below).

4.3 Effects of N addition on soil gaseous N emission rates
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We expected that long-term N addition over six yearsilghibave enhanced soil
N20 and N productions due to increased N availahilijowever, under aerobic
conditions, we did not found any dramatic increase in gess&b emission in our
laboratory incubation, though our results skdva slight increase in the secondary
forest with field water moisture content. When soilseveicubated with extra water
(water-saturated), but with the headspace filled withwarfound no increase in-®
production in the N addition treatments relative to the obmrthe secondary forest,
although NO production rates were substantially increased after wdtktican (Fig.

1). Under anaerobic conditions, we even observed a signifidecrease in D
production due to increased® reduction to M but only in the secondary forest (see
more below), and the effect was more pronounced witmemease in the N addition
level (Fig. 2). This result implies that the decreaseditin §20 emission may be
caused by increasecx® reduction to N In the primary forest, we found no increase
in N2O or N in all incubation experiments. These results demomesthat the soil gas
N loss response to long-term N addition was dependent orfothst type or
succession stage.

The differencean the responsesf Ngas emissions to N addition may be mainly
due to the varying N statasnong tropical rainforests, but it remains to be further
explored When a forest is N-limited, N addition can supply more sates for N gas
production by increasing N availability within the ecosystencekrating N cycle
processes, and enhancing the mineralization capacityldf saiditions (Corre et al.,
2010; Hall & Matson, 1999). It has been reported tha® Nmission increased
markedly after N additions to forests with low nitrogen awdity in Panama and
Hawai’i (Corre et al., 2010; Hall & Matson, 1999). However, when a foresthigis

N availability, the excess substrates for N gas productionmotibe effectively used
21



515 (Hall & Matson, 1999). In the primary forest of this study,significant increase in N
516 gaseous emission could be attributed to any existing N liortai this forest (Jiang,
517 2016). Moreover, besides N availability within an ecosystaurface runoff and/or
518 leaching in soil may also partially affect soil gaseous Nsgion. Due to the sandy
519  soil texture and steep erosive slopes, tropical montarestt are usually leaky
520 ecosystems (Corre et al., 2010; Chapin et al., 2011), aratitiesl N in the field may
521  rapidly runoff or be leached out from the ecosystemsdthately after intensive
522 precipitation events.

523

524 4.4 Effects of N addition on ratios ob®/(N.O+ Np)

525 Incubated under aerobic conditions, the ratios gDAN>+N20) in our study
526 ranged from 0.63 to 1 (Table 2), suggesting th#d M the main N species emitted
527  from the study forests under such conditiddswever, under anaerobic conditions,
528 the ratios decreased to 0.07 to 0.26 (Table 3), indicating thiattNe most important
529 N species (in terms of quantity) under those conditi®rsvious studies, e.g., by
530 Houlton et al (2006) and Fang et al (2015), who used¥Kenatural abundance
531 isotope method, showed that Nas a more important N species thai®Nn terms of
532 gaseous N losses for the studied tropical forests.

533 It has been suggested that N addition acidifies soil and redodepH (Lu et al.,
534 2014, Tian and Niet al., 2015). As a consequence, N addition is likelydbit the
535 reductase of PO to N, leading to an increase in the ratio ofO(N.O+N.) with
536 increasing N addition. This has been confirmed in a lodvtaopical forest of Panama,
537  where NO to N reduction and soil pH significantly decreased after about a6 yodf
538 N addition (Koehler et al 2012). However, our results showed that the ratio of

539  N20O/(N2O+N) did not increase significantly and even decreased kibgr-term N
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addition in the secondary forest soil when incubateseeobically (Table 3). This may
be partly because there was no significant increase inasadity (Table 1), but
additionally, N addition promoted denitrification and thusede@ted the reduction of

N20 to No. Our result is consistent with the report ofilMdr et al. (2015), who ais

found that long-term N addition in tropical montane rainftered southern Ecuador
might promote the reduction of2@ to N, inhibiting soil NO emission increases

following N addition.

4.5 Contribution of microbial pathways to soil N gas emissions

Soil N2O emission is regulated by multiple microbial processesh sas
autotrophic  nitrification, heterotrophic nitrification, coruteification, and
denitrification. Of these, MO was predominantly produced by autotrophic
nitrification under aerobic conditions (Fig. 1d. Additionally, microbial processes
were also greatly influenced by soil moisture, which affddO emission. In this
study, we found that XD emission increased significantly following water addition
(Fig. 1 a d). Water addition promoted nitrification (Stark & Fimse, 1995) and
nitrifi er denitrification (Zhu et al., 2013), which in turn significanihcreased BO
emission. Moreover, water addition also resulted inréaiction of soil air content
and enhanced denitrification, which may increase the emisdithe denitrification
by-product (NO) (Klemedtsson et al., 1988).

Under anaerobic conditions, our results show th& Nas emission was mainly
affected by denitrification and was less affected by tbedenitrification and
heterotrophic nitrification (Table 4). We cannot explain whyesth processes
responded differently to N addition, but this indicates thatrhicrobes that perform

co-denitrification and heterotrophic nitrification are leshistive to N addition than
23
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are tte denitrifiers. We also note that there are other pr@esegat can produce-,
for instance, nitrifier denitrification, coupled nitrifisan-denitrification, and DNRA.
However, in the present study, due to the design of thedtdrg incubation, we
cannot quantify the contribution of those processes 10 Emission. The combined
15N labeling and'®0 labeling method will be helpful to solve this issue (Kdohk,
2010; Zhu et al., 2013).

Our results suggest that nitrogen addition altered the condribof microbial
processes to XD emissions, not only XD production rates (Table 4). However, the
response magnitude was different between the two fotadtse primary forest, only
denitrification was sensitive to N addition, while in the selzoy forest, all three
processes were sensitive, and denitrification was the saysitive. At the present
time, the understanding of -@ production by heterotrophic nitrification and
co-denitrification is still limited, calling for more researdh is not clear why these
two forests responded to N addition differently.

The present study is the second one that has partitioredlnail processes to
N2 production for forest soils anywhere, to the best okookvledge, and the first for
the tropics. Our work shows that> Nyjas emission from the tropical montane
rainforests was mainly affected by denitrification and washmless affected by
anammox and co-denitrification (from 0% to 0.9%dndeed, the combined
contribution of anammox and co-denitrification observetha@se two tropical forests
is smaller than that reported by Xi et al. (2016) for a teatpeforest in northeastern
China Finally, our results show that the effects of N deposibongaseous N loss
vary even within tropical forests, and, while the mechasidar these different
responses are not yet clear, the microbial processpsn®ible for the production of

N gases are indeed sensitive to N inputs.
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785

Table 1 Soil physical and chemical characteristics1(@ cm) of different nitrogen addition treatments in primfamest (PF) and secondary

forest (SF) soils with samples acquired at differeaissnal stages.

Forest Sampling GWC pH TC TN o N-NH," N-NOs DOC
type  season (%) (Hz0) (%) (%) (mgkg') (mgkg)  (g/kg)
Control 26.51+1.76  4.50+0.06 1.92+0.18 0.15+0.01 12.8+0.3 32.3+2.9 7.2+1.5 0.3+0.0

Early dry Low-N 28.10+£2.77  4.47+0.04 2.13+0.18 0.17+0.01 12.4+0.2 34.0£3.1 7.5+2.0 0.3+0.1
seasoh  Medium-N  27.63%3.16  4.35+0.06 2.16+0.26 0.17+0.02 13.0+0.4 31.0+1.8 8.9+2.0 0.3+0.1
High-N 28.87+4.97  4.35+0.09 2.10+0.36 0.17+0.03 12.9+0.4 32.1+4.6 10.1#2.6  0.3+0.1

Control 28.21+£3.34 . - - - 2.840.7 8.9+1.8 0.4+0.1

Latedry LOW-N 30.60+4.12 . - - - 3.4+1.2  11.0#3.6° 0.3:0.1

PF season  Medium-N 25.92#2.83 . - - - 2.9+0.6 12.0+2.3°  0.3x0.0
High-N 29.47%5.22 . - - - 3.4+0.7  19.1#52  0.2+0.0

Control 32.32+41.50  4.23+0.06° 2.12+0.19 0.17+0.01 12.4+0.3° 0.4+0.1 1.1+0.2%  1.3+0.2

Wet Low-N 33.7132.94  429+0.10 2.14+0.14 0.19+0.01 11.620.2 0.7+0.2  1.3x0.7°  1.0:0.1
season  Medium-N  34.04£2.58  408+0.06° 2.35+0.14 0.19+0.01 12.1+0.3° 0.5+0.2 1.5+0.2° 1.00.1
High-N 32.32+1.50  4.05+0.07 2.38+0.25 0.19+0.02 12.5:0.3 0.5+0.1  1.9+0.2 1.00.1

Control 25.82t1.49  4.40+0.07 2.64+0.16° 0.20+0.0%3° 13.5+0.3 35.6+2.9° 4.9+1.3 0.9+0.2

Early dry Low-N 22.93#0.72  4.41+0.03 2.25+0.10 0.17+0.0f 13.2+0.4 31.7#1.6 7.2+0.3°  1.0+0.3

SE  seasoh  Medium-N 26.73¥2.10  4.35+0.03 2.55+0.26° 0.19+0.0f® 13.2+0.4 39.8+3.6° 7.6+1.2 0.9+0.2
High-N 27.84%¥2.43  428+0.08 2.77+0.19 0.21+0.02 13.5+0.1 44.1+5.7 7.7+0.3 1.1+0.2

Late dry Control 26.57%¥1.39 . - - - 2.3+0.6  9.8+1.0 0.30.0
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season | ow-N 24.59+0.63 . - - - 2.3+0.8 9.2+0.8 0.3+0.1

Medium-N ~ 26.45£1.76 . - - - 3.6+0.6  11.9+0.8  0.3+0.0
High-N 28.35£2.73 . - - - 4.3+0.8  16.5+2.0  0.4%0.1
Control 33.36x1.80  3.95+0.06 2.30+0.183 0.19+0.0f° 12.4+0.2 0.3+0.1  1.0+0.F 1.2+0.1
Wet Low-N 31.0810.86  3.91+0.07 2.13t0.16 0.17#0.0f 12.2+0.2 0.8+0.6  1.4:0.3°  1.1#0.1
season  Medium-N  35.26¥2.32  3.94+0.07 2.52+0.20° 0.20+0.0f° 12.6+0.5 0.8+0.2  1.3+0.2°  1.1+0.0
High-N 34.69£2.40  386+0.08 2.80+0.17 0.22+0.0? 13.0+0.2 0.8+0.2  1.9+0.3 1.00.1

786  GWC = gravimetric water content (water gravity (g)/dry swdss (g)); TC = total carbon; TN = total nitrogen; C/N =oraficarbon to nitrogen;
787  DOC = dissolved organic carbon (g Ky

788 Data are the mean + 1 SE. Different letters denote gignif differences (ANOVA, P < 0.05) between treatmentsdliiferent forest types
789  sampled at different times. TC, TN, pH, and C/N were not uredsn soils collected on MarcH,82016.

790  Control: 0 kg N hat year?; Low-N: 25 kg N ha' year?; Medium-N: 50 kg N ha year?, and High-N 100 kg N ha! year™.

791 1 Solls sampled in the early dry seaswaane stored at —20°C for one month before analysis.
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Table 2 Ratios of NO/(N2O+N,) measured by the acetylene inhibition technique
(AIT) under aerobic conditions for soils with water aabditin the primary forest (PF)

and secondary forest (SF).

Sampling season

Forest type N treatments

Late dry season Wet season
Control 0.72+0.06 0.79+0.04
PE Low-N 0.82+0.13 0.72+0.04
Medium-N 0.71+0.05 0.69+0.06
High-N 0.63+0.13 0.77+0.05
Control 0.79+0.05 0.63%+0.02
SE Low-N 0.71+0.07 0.54+0.08
Medium-N 0.83+0.06 0.54+0.03
High-N 0.84+0.07 0.65+0.04

Control: 0 kg N hat year?; Low-N: 25 kg N ha! year?!; Medium-N: 50 kg N h&
year! and High-N: 100 kg N ha year!. Ratios under low soil water conditis are
not provided due to the detection of negativeehhission rates. Data are the mean + 1
SE, and no significant differea was found among any N addition levels in both

forests using ANOVA.
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800 Table 3 Ratios of NO/(N.O+N;) measured by th®N labeling method and acetylene
801 inhibition technique (AIT) in soil from the primary fote@F) and secondary forest

802  (SF) under anaerobic conditions.

Forest N Early dry season Wet season

pe  treatments 5N labeling AT 5N labeling  AIT
Control 0.07+0.02 0.22+0.05 0.26%0.08 0.44+0.02
Low-N 0.04+0.02 0.19+0.07 0.27+0.08 0.42+0.12

°F Medium-N  0.04%0.02 0.12+0.03 0.18+0.02 0.41+0.02
High-N 0.06+0.04 0.17+0.08 0.16+0.03 0.40£0.01
Control 0.1440.06 0.30+0.13 0.22+0.03 0.34+0.03

o Low-N 0.03+0.0% 0.02+0.0% 0.10+0.03 0.36+0.03
Medium-N 0.002+0.00%7 0.009+0.003 0.11+0.03°  0.23+0.0%
High-N 0.001+0.002 0.006+0.002 0.06+0.02 0.15+0.08

803  Control: 0 kg N ha! year®; Low-N: 25 kg N ha! year?!; Medium-N: 50 kg N ha
804 year! and High-N: 100 kg N h&year®. Data are the mean + 1 SE. Different letters
805 denote significant differences (ANOVA, P < 0.05) among fber N addition

806 treatments.
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Table 4 N.O emission rates from denitrification, co-denitrificati@nd heterotrophic nitrification, and Emission rates from denitrification and

co-denitrification plus anammox under anaerobic conditiarie primary forest (PF) and secondary forest (SF).

N2O" (n mol N g' dry soil i)

N2* (n mol N g* dry soil h%)

Forest type g:;];glrl]ng N treatments
Dn2o Cn2o Hn2o Dn2 CAv2
Control 0.71+0.37 0.54+0.43 0.11+0.08 19.94+1.79 0.00+0.00
Earlydry  Low-N 0.34+0.26° 0.40+0.20 0.06£0.01 18.424¢1.27  0.00£0.00
season Medium-N 0.24+0.1% 0.24+0.08 0.05+0.01 18.33+2.53 0.60+0.29
High-N 0.25+0.12 0.47+0.27 0.16+0.10 14.34+1.28 0.04+0.04
P Control 1.64+0.42 0.98+0.45 0.23+0.07 7.88+1.61 0.08+0.04
Low-N 1.51+0.353 0.75+0.29 0.41+0.11 7.91+1.24 0.15+0.02
Wet season )
Medium-N 1.14+0.09° 0.97+0.13 0.25+0.02 11.37+1.24 0.08+0.04
High-N 0.61+0.15 1.03+0.29 0.36+£0.04 10.84+1.43 0.20+0.07
Control 0.90+0.35 1.05+0.453 0.10+0.02 19.89+4.64 0.04+0.04
Earlydry  Low-N 0.25+0.09 0.27+0.09 0.0520.02 20.26+1.32  0.03%0.03
season Medium-N 0.02+0.0? 0.02+0.00 0.01+0.00 25.67+£2.33 0.07+0.04
SF High-N 0.01+0.0% 0.01+0.00 0.01+0.00 26.81+2.07 0.04+0.04
Control 1.77+0.24 0.54+0.08 0.81+0.16 11.46+1.0% 0.07+0.03
Wet season Low-N 0.69+0.16 0.42+0.183° 0.41+0.09 15.34+1.38 0.21+0.08
Medium-N 0.81+0.18 0.40+0.10° 0.64+0.13° 16.22+1.4% 0.23+0.02
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High-N 0.44+0.20 0.21+0.08 0.41+0.12 15.48+1.08 0.19+0.06°

809 Data are the mean £ 1 SE. Different letters denote sgnifidifferences (P < 0.05) among the four N additionrtreats.

810  "Dnzo, Cn2o, and Hizo are the NO emission rates produced by denitrification, co-denittifice and heterotrophic nitrification, respectively.

811  “Dnz, andCAnz represent contributions of denitrification and co-denitaifion plus anammox toJmission rates, respectively.
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Legendsfor figures

Fig. 1 Nitrogen emission rates for-00 cm deep mineral soil in the primary forest
(A) and secondary forest (B) under aerobic incubatiorditions. (a) and (d) bD
(incubated without 20% £Ei2); (b) and (e) N (N2O emission rate amended with 20%
C2H2> minus NO without 20% GHy); and (c) and (f) total gas ¢® + Ny, incubated
with 20% GCHy). Soils were sampled in the late dry and wet seasonswane
incubated for 24 h either with or without the addition @h2 of water. Values (1 SE)
are the means of six measurements (3 plots x 2 saapdieations) in control, low-N,
medium-N, and high-N treatment plots. No significant déferes in N gas emissions
were found among the control, loM;- medium-N, and high-N treatments for any
sampling date or water addition treatment. Abbreviations: L&8=dry season,

WS=wet season, LDS+W-= late dry season + water, WS+W-=s&eson + water.

Fig. 2 Nitrogen emission rates for thel® cmdeep mineral soil in the primary
forest (A) and secondary forest (B) determined by AIT & labeling methods
under anaerobic incubation. (a) and (dON(b) and (e) N(with AIT treatment, N
emission rates were calculated througi©Nemission rates from soil with 20%H
treatment minus PO emission rates from soils withoutk> additions); and (c) and (f)
total gas (NO + Np). Soils sampled in wet and early dry seasons were amhevitie
10 pg N g? fresh soil for AIT and 10 pg N g fresh soil for the'>N labeling
method after 60 h pre-incubation under anaerobic conditialaes are the means
(¥1 SE) of six measurements (3 plots x 2 sample repistiin the control, low-N,
medium-N, and high-N treatment plots. Different letterglidate significant

differences in nitrogen gas emissions among the corlt@kN, medium-N, and
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839

840
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842

843

high-N treatments for each sampling date and method at ®5 Abbreviations:

EDS=late dry season, WS=wet season, TSN4abelling.

Fig. 3 Abundance of microbial nitSirK, and nosZ genes in the primary forest (A)
and secondary forest (B) soils in the wet season uhdesantrol, low-N, medium-N,
and high-N addition treatments, expressed as the numigemefcopies g dry soil.
The different letters above the bars indicate sigmfichfferences among the four N

addition treatments at P < 0.05.
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