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Abstract

Denitrification is a major process contributing to the removal of nitrogen (N) from
ecosystems, but its rate is difficult to quantify. The natural abundance of isotopes can
be used to identify the occurrence of denitrification and has recently been used to
quantify denitrification rates at the ecosystem level. Howdkertechnique requires

an understanding of the isotopic enrichment factor associated with denitrification,
which few studies have investigated in forest soils. Here, soils collected from two
tropical and two temperate forests in China were incubated under anaerobic or aerobic
laboratory conditions for two weeks to determine the N and oxygen (O) isotope
enrichment factors during denitrification. We found that at room temperature 20 °C
NOs was reduced a rate of 0.17 to 0.3ng N g* h', accompanied by the isotope
fractionation of N %) and O t%) of 31%. to 65%. (48.3 + 2.0%0 on average) and

11%0 to 3%%0 (18.9 £ 1.7%60 on average), respectively. The N isotope effects were,
unexpectedly, much higher than reported in the literature for heterotrophic
denitrification (typically rangingfrom 5% to 30%.) and in other environmental
settings (e.g., groundwater, marine sediments and agricultural soils). In addition, the
ratios ofA5'%0:A5'°N ranged from 0.28 to 0.60 (0.380.02 on average), which were
lower than the canonical ratios of 0.5 to 1 for denitrification reported in other
terrestrial and freshwater systems. We suggest that the isotope effects of
denitrification for soils may vary greatly among regions and soil types and that
gaseous N losses may have been overestimated for terrestrial ecosystems in previous

studies in which lower fractionation factors were applied.

Keywords. denitrification; N-isotope fractionation; O-isotope fractionation;

AS*0:A8N; forest soils; gaseous N losses
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1 Introduction

Nitrogen (N) is an essential element that limits primary production in many forest
ecosystems (Vitousek and Howarth, 1991). Anthropogenic emissions of reactive N
from fossil fuel combustion and modern agriculture have greatly increased the amount
of N deposition into the environment (Gruber and Galloway, 2008). The increased
input of N has caused an N excess in certain terrestrial ecosystems, leading to soll
acidification and changes in ecosystem structure and function. In soil, denitrification
(the stepwise reduction of NGo NGOy, NO, NO and N) has long benconsidered a
major process of N removal. However, this process is poorly resolved in N cycling
studies (Vitousek and Howarth, 19%Bcawse the rate is difficult to quantify at the
ecosystem level due to limitations associated with conventional methods, including
the intrusive nature of soil sampling, uncertainties in scaling up from local
measurements, and the high backgroupddcentration (Groffman et al., 2006).

The natural abundance of stable isotope ratios of nitrdgaiitqN) and oxygen
(*80/%0) in nitrate (N@) have been used to evaluate the sources of and
biogeochemical transformations acting on N@Granger and Wankel, 2016).
Microbial denitrifiers exert a large isotope discrimination agaifétand®O during
denitrification, such that the remaining Bi@s simultaneously enriched /O and
15N at a ratio from 0.5 to 1 (henceforth referred toa@$®0:A5'°N) (Granger and
Wankel, 2016 Kendall et al., 2007Wunderlich et al., 2012). Thus, theN/**N and
180/1%0 ratios in N@ have been used to detect denitrification. The degree of
discrimination expressed by the isotope effecis defined ag = ("9"k / "*a% — 1)
(reported in per mil, %o). Recently, the 1°N/*N ratio has been used to quantify
denitrification rates at the ecosystem level (Fang et al.,;20d%ton and Bai, 2009

Houlton et al., 2006). Based on th&l enrichment in soil and water, including those
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77  of total dissolved N, bulk soiN and NQ, several studies have sugg@gesthat

78  denitrificationis much more important than previously thought, accounting for 24%
79 to 86% of total N losses (denitrification plus nitrate leaching) from unmanaged
80 terrestrial ecosystems such as forests (Fang et al.,, 20d8ton and Bai, 2009

81  Houlton et al., 2006).

82 However, the use dPN natural abundance to quantify denitrification rates and to
83 constrain N transformation relies heavily on detailed knowledge of the denitrificatio
84 process and the isotope fractionation involved. The N isotope effeytvaries

85 greatly with environmental and experimental conditions and has been reported to
86 range from %o to 40%o in pure culture studies of heterotrophic denitrifying bacteria

87 (Barford et al., 1999Dabundo, 2014Delwiche and Steyn, 197Frey et al., 2014;

88  Granger et al., 2008osono et al., 20t%Karsh et al., 2012Kndeller et al., 2011

89 Kritee et al., 2012Treibergs and Granger, 20Munderlich et al., 2012) and in open
90 ocean systems (Brandes et al., 998ne and Kaplan, 1975Sigman et al., 2005

91  Sigman et al.,, 20Q3Voss et al., 2001), from% to 18%o in continental sediments

92  (Brandes and Devol, 199Brandes and Devol, 200P&hnke and Thamdrup, 2015

93  Kessler et al., 2014), fron?® to 30%o in groundwater (Aravena and Robertson, 1998

94  Bottcher et al., 1990Fukada et al., 2003 ehmann et al., 2003 ariotti et al., 1988

95 Mengis et al., 1999Smith et al., 1991Vogel et al., 1981Wenk et al., 2014), and

96 from 2%o to 50%o in agricultural soils (Blackmer and Bremner, 197Thien et al.,

97 1977 Grabb et al., 201 7Lewicka-Szczebak et al., 2018ewicka-Szczebak et al.,

98 2015 Mariotti et al., 1981 Mariotti et al., 1982Mathieu et al., 200AVell and Flessa,

99  2009). Estimations of the denitrification rate at the ecosystem level are sensttive to
100 and assigning differeffs values results in different denitrification rates. For example,

101 when the averag®s of 20%o from a pure culture of denitrifying bacteria was used,
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denitrification was estimated to account for 28% of N loss from unmanaged terrestrial
ecosystemshowever, whena ¢ of 16%. was observed for several native soil
denitrifier communities, the denitrification contribution increased to 36% (Houlton
and Bai, 2009).

Despite numerous studies of the N isotope effect performed using pure cultures
of heterotrophic denitrifying bacteria (Granger et al., 2008; Treibergs and Granger
2016, and references therein), groundw@dtenmann et al., 2003; Wenk et al., 2014
and references therein), sediments (Dahnke and Thamdrup, 2015; Kessler et al., 2014
and references therein), and agricultural soils (Grabb et al.; P@ticka-Szczebak
et al., 2014Lewicka-Szczebak et al., 2018 ariotti et al., 1982Mathieu et al., 2007
Well and Flessa, 2009), only four studies have examined forest soils (Houlton et al.,
2006 Menyailo and Hungate, 2006Perez et al., 2006Snider et al., 2009)
Furthermore, therés no report on the dynamics of the coupled N and O isotope
trajectory during denitrification for forest soils via direct measurements of the N- and
O-isotopes of N@. In addition, different environments have different slopes of
AS0:AS™N; when plotting 580 over 3'°N of the residual N@®, a range from 0.47 to
0.89 was found in terrestrial environments and freshwater systems (Bottcher et al.,
199Q Fukada et al., 2003 ehmann et al., 2003Venk et al., 2014), a value of 1.25 in
marine environments (Sigman et al., 2005), and a range from 0.33 to 1.02 in pure
cultures of heterotrophic denitrifying bacteria (Dabundo, 2(Aréy et al., 2014
Granger et al., 2008Hosono et al., 203XKarsh et al., 20L,2Knéeller et al., 2011
Kritee et al., 2012Treibergs and Granger, 201Wunderlich et al., 2012)hus, it is
critical to determine the coupled N- and O-isotope discrimination in forest soils
during denitrification.

To advance our understanding of isotopic fractionation during denitrification in
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forest soils and reduce the uncertainty in denitrification estimates, in this study, we
selected four forest soilstwo from temperate forests and two from tropical
forests—to investigate the isotope fractionation of N and O of sN@uring
denitrification by native soil microbial communities as well as the relationship
between N and O isotopesd*®0:A5'°N).
2 Methods and materials
2.1 Study sites
Our two tropical forest ecosystems, a primary forest (PF, 18°43'47"N, 108°53' 23"E,
893 m a.s.l.) and a secondary forest (SF, 18°44'41"N, 108°50'57"E, 935 m a.s.l.), are
located in the Jianfengling (OF National Natural Reserve (Chinese Ecosystem
Research Network, CERN) on Hainan Island, southern China. The tropical forests
have a tropical monsoon climate with an annual precipitation of 2,449 mm (more than
80% of which falls during May to October) and an annual average temperature of
19.8 °C (Chen et al., 2010). The primary forest has never been disturbed by human
activities and is dominated by Mallotus hookerianus, Gironniera subaequalis
Cryptocarya chinensis and Cyclobalanopsis patelliformis. Thessan acidic (pH =
4.2) lateritic yellow soil, and the soil texture is sandy clay with 57.1% sand, 18.2% silt,
and 24.7% clay (Fang et al., 2004uo et al., 2005). The secondary forest was
developed on a clear-cut site (1960-1970s) dominated by Castanopsis tonkinensis,
Schefflera octophylla, Psychotria rubra and Blastus cochinchinensis. The saih is
acidic (pH = 4.1) lateritic yellow soil, and the soil texture is loamy clay with%3.8
sand, 12.1% silt, and 34.1% clay (Fang et al., 2004 et al., 2005).

The two temperate forests, larch forest dominated by Larix olgensis (LF,
41°50'58"N, 124°56'18"E, 625 m a.s.l.) and a mixed forest (MF, 41°50'48"N,

124°56'01"E, 640 m a.s.l.), are both located in the Qingyuan (QY) Forest (CERN) in
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northeastern China. The temperate forests have a continental temperate monsoon
climate with an annual precipitation of 811 mm (with more than 80% falling during
June, July and August) and amual average temperature of 4.7 °C (Zhu et al., 2007)
The mixed forest was developed from a clefarfollowing a large fire (1950s) and is
dominated by Quercus mongolica, Juglans mandshurica and Phellodendron amurense
The larch forest is a 44-year-old stand dominated by Larix olgensis. The two
temperate forests have acidic (pH = 5.2) brown soils and soil texture is clay loam with
25.6% sand, 51.2% silt, and 23.2% clay (Yang et al., 2010).
2.2 Soil sampling and laboratory incubation
In May 2015, we collected 0-10 cm mineral soil from all four forests. In each forest,
we established three plots (20 m x 20 m) randpm@uhyl the soils collected from
individual plots (six cores taken at six random locations in each plot) were composited
into one soil sample (defined as plot-level composite soil), such that we collected
three plot-level composite soils for each forest. In May 2016, we resampled soils from
the same plots of the tropical primary forest and the temperate mixed forest using the
same method. The soils were placed in sterile plastic bags, sealed and transported to
the laboratory in the Jianfengling or Qingyuan research stations on ice. In the
laboratory, soil was passed through an@-mesh sieve to remove roots and other
visible fragments. For each soil sample, one part was used for incubation and another
was used for later analysis NH4" and NQ concentrations. Subsamples of the soil
were also air dried for the analysis of total C and N concentrations.

In 2015, four forest-level composite soils (i.e., three plot-level composite soils in
each forest were combined into one forest-level composheveere incubated in the
laboratory. For each forest soil, we prepared 17 glass vials (50 mL, Chromacol,

125x20€V-P210); two were used for the measurement of initial conditions, and 15
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177  were used for incubation (i.e., five replicates for each sampling day). For the 15
178  replicate glass vials, approximately 10 g fresh s@bwadded to each vial and then

179  amended with 4 mL 3.57 mmol'LNaNG; (equal to addition of 2Qg N g soil) and

180 0.1 mL 5% dicyanodiamine (DCD, a nitrification inhibitor), whichsprepared using

181  N2-purged sterile deionized water. The final soil moisture in each vial was adjusted to
182 exceed 100% of the water-filled pore space (WFPS). DCD was used to inhibit
183  nitrifying bacteria to minimize the effect of NOproduced from nitrification. The

184  vials were immediately capped tightly wiginey butyl septa (Chromacol, 20-B3P, No.

185  1132012634) and aluminium crimp seals (ANPEL Scientific Instrument (Shanghai)
186  Co. Ltd., 6G390150). Each vial was vacuumed and flushed with ultra-high-pieity

187 for 5 min (100 mL mirt) so that the soil asunder strictly anaerobic conditions. The

188  vials were shaken gentlgnd the resulting soil slurries were incubate@@tC for 3

189 7, 14 days. The incubation was terminated by injecting 0.5 mL of a 7 M2ZnCl
190 solution. Five vials at each sampling day were remotedanalyse the NOs

191  concentration and theN and®0 abundance of residual NO

192 In 2016, two forest-level composite soi{collected in 2016) were further

193  selected to test the effect of initial M@oncentration, DCD presence anglfdesence

194  in the headspace on the N and O isotopes. The incubations used methods similar to
195 those used in 2015, with the exception that vials received different treatments, as
196  follows: (A) Initial NOs™ concentration. Soil samples were divided into three parts:
197  one part was amended with 4 mL 3.57 mmodINaNQ; (equivalent to an addition of

198 20pug N g? soil), one part was amended witimL 1.79 mmol ! NaNG; (equivalent

199  to an addition of 1Qug N g soil), and one part was amended with 4 mL deionized
200 water (control). Then, the vials were incubated under strictly anaerobic conditions at

201 20 °C as described above.)(BCD and Q presence. Soil samples were divided into
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four parts: two parts were amended with 0.1 mL 5% DCD and incubated under
anaerobic or aerobic conditions, and the other two parts were left without DCD and
incubated under anaerobic or aerobic conditions. Then, the vials were incubated at
20 °C as described above. The soil samples collected in 2016 were also incubated at 4
°C under anaerobic conditions, and compared with those incubated at 20 °C to
evaluate the effect of incubation temperature. HowéN®g was consumed slowly at
4 °C (only 7%-25% of the initial N®), preventing a valid isotope fractionation
calculation (FigS1). Although the valid isotope fractionation could not be calculated,
the results of'> at 4 °C can be found in Table S8&. addition, in 2016, three
plot-level composite soils from each forest were incubated using the same method
There were three replicates at each sampling for each treatment. Details of these
treatments are provided in Tables 1 and 2.

The soils before and after incubation were extracted with 2 M KCI solution in a
soil/solution ratio of 1:4. The KCI was pre-combusted at°45@or 48 h, and N@,
NO, and NH"were not detected in the KCI solution. Ammonium concentrations in
the extracts were determined using the indophenol blue method followed by
colourimetry. Nitrate concentrations were determined after hydrazine sulfate reduction
to nitrite (NQ), followed by diazamine coincidence spectrophotometry. Nitrite
concentrations were determined using diazamine coincidence spectrophotometry. All
analyses were performed on a Smartchem instrument 200 (Westco Scientific
Instruments, Inc., Italy) (Buffen et al., 2QIFalbot et al., 2014). Air-dried soils were
used to determine total N and C concentrations using a Vario micro-elemental
analyser (Elementar Analysen systeme GmbH, Germany). Soil pH was determined
with a glass electrode in a 1:2.5 soil/water suspension. Soil water content was

calculated according to the weight change after drying for 24 h at 105 °C.

9/47



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

2.3 I sotope analysis

The air-dried soils were ball milled and analysed for C and N concentrations and
51N using an elemental analyser (Elementar Analysen Systeme GmbH, Germany)
coupledto an isotope ratio mass spectrometer (Elementar Analysen Systeme GmbH,
Germany; IsoPrimel100, IsoPrime Limited, UK). Calibrated dMnine (§1°N =
-1.7%o), glycine (8*°N = 10.®%0), and histidine (§*°N = -8.0%0) were used as internal
standardso correct for 3'°N analysis.The analytical precision for §1°N was 0.2%o.

The 5°N of the sample relative to the standard (atmosphesjowds expressed as
following:

SN = ((*°N/A*N) sampié (*°N/N) standara-1) *1000.

Concentrations of residual NOin soils were measured using the method
described above. The N and O isotopic compositions of resiN@al were
determined using the modified azide method (Tu et al., 2016). Briefly, Cd powder was
used to reduce NOto NGOy, and then N@ was reduced to 4D by HNs. The
produced MO was determined using an automated purge and cryogenic trap system
coupled to isotope ratio mass spectromet®T-IRMS), which included a
continuous-flow IRMS (IsoPrimel00, IsoPrime Limited, UK) and a 112-slot
auto-sampler (Gilson GX-271, IsoPrime Limited, UK) with a cryo-focusing unit
(Trace Gas Preconcentrator, IsoPrime Limited, UK). In our study, i8epdak of the
reagent blank was approximately 4% of the standards (Table S1). To eliminate the
influence of the reagent blank and any drift during IRMS isotope analysis, four
standards (IAEANO-3, USGS32, USGS34 and USGS35) were used to correct for
samples according to the mixing model (Tu et al.,, 2016) (Table S1, Fig. S2)
According tothis modified method, the analytical precision of %N and §'80

values vas0.2%o. and 0.560, respectively.
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In addition, for the 2016 incubation with different initial Bl@oncentrations, we
transferred the headspace gas using a gas-tight syringe tdyavaewumed vial after
incubation was terminated by injecting 0.5 mL 7 M ZnGblutions. Then, the
31°N-N20 in the headspace gas was determined via the same automated PT-IRMS.
The 8°N of the sample was relative to the standard (atmosphejicWe used
ambient NO to correct the 8°N-NoO for samples §°N of ambient NO was
determined to b&.2%. in our laboratorythe laboratory air was collected and the §1°N
of N2O was determined with an automated PT-IRMS, as with the incubated samples
while the average value reported wa%%.) (Harris et al., 2017Kim and Craig,
1990).

2.4 Calculation of isotope fractionation
Estimates of N- and O-isotope effect& (and 8, respectively) were calculated by

fitting the 8'°N and §'%0 of NOs to the following linear equations (Mariotti et al.,

1981):
81N = 8" Ninitiat — *% In([NOz7 / [NOzTnitiar) 2);
5180 = 5180l — 18 IN([NO37] / [NO3zTinitiar) (2).

We found that in some cases, during the incubali®y was almost completely
consumed after several days, with its concentration later increasing slightly, and both
the N and 80 abundance of the remainifgOs substantially decreased. This
observation was also reportedprevious studies (Granger et al., 2008; Kritee et al.,
2012). For example, on the “4lay of the incubation in 2015, NQconcentrations
slightly increased in three of the four forest soils (from 0.13 + PR glin the 7
day to 0.65 + 0.03g N g' in the 14" day, P < 0.05), while bothN and*0 values of
NOs decreased by @& to 40.660 (Fig. S3. Heterotrophic nitrification (not affected

by the autotrophic nitrifier inhibitor) may be responsible for the low production of
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277  NOs. NOs production may have also occurred in other periods of the incubation. In
278  those cases, the results in the later part of the incubation were exdtadch the

279  isotope effect calculation (Figs. 2 to 5).

280 In addition, previous studies of soils determined the N isotope effect during
281  denitrification using the difference between the substi@Ngbsray and product

282 (8"®Nproduc) (Grabb et al., 20L 1 ewicka-Szczebak et al., 2014ewicka-Szczebak et

283 al., 201% Mathieu et al., 2007Menyailo and Hungate, 200®erez et al., 2006

284  Snider et al., 20Q9Vell and Flessa, 2009). According to Mariotti et al. (1981), when
285 3" Nsubsratds small with regard to 1000% can be calculated using the following

286  equation:

287 1% = §°Nsubstrate 3 Nproduct 3).

288 However, whers substantial amount dfOs™ substrate is consumed, Equation 3

289  does not hold antfs can be calculated using the following equation:

290 8 Nproduct= 8" Nsubstrate- ¢ f Inf / (1-f) (4),

291 where f = [NQ7] / [NO37initial.

292 To compare our results to those of previous studies, we calculated the N isotope
293 effect of denitrification using th&N natural abundance of product® We used the

294  mean 8N value of NQ at the beginning of experiment to estimate §'°N of the

295 substrate. At the same time, we calculated the N isotope effect using Equation 4 (in 14
296 days) and Equation 3 (in 3 days) using the mean valtre.as

297 2.5 Satistical analysis

298  All analyses were conducted using SPSS software (version 19.0; SPSS Inc., Chicago,
299 IL, U.S.A)). One-way ANOVA was conducted to examine the differences in the

300 investigated soil property variables among forests. Pearson correlation analysis was
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performed to examine the correlation between N and O isotopes. Statistically
significant differences were set at a P-value of 0.05 unless otherwise stated.
3 Results
3.1 Soil properties
All forest soils examined were acidic, with pH values ranging from 4.1 to 5.3 (Table
S2), and the pH of the tropical forest soils (JFL-PF and SElaveraging 4.1 and 4.2
respectively was significantly lower than that of the temperate forest sQILF
and QY-MF, averaging 5.1 and 5.3, respectively) (P < 0.05). Total C and total N
concentrations varied from 1.9% to 4.5% and 0.18% to 0.46%, respectively, and were
approximately twice as high in the temperate mixed forest asils the other three
forest soils. Soil C/N ratios were similar among all four forests (Table S2).
3.2 Nitrate N- and O-isotope fractionation under anaerobic conditions
When forest-level composite soils were incubated under anaerobic conditiogis, NO
concentrations quickly decreased, andsN@as almost completely consumed within
14 days in all forest soils except the temperate mixed forest soil in 2016 (Fig. 1). The
NOs reduction rate ranged from 0.17 to 086N g* h! (on average 0.26 + 0.QR)
N gt h?) in the first 3 days (in temperate forest soils in 2015 and all tropical forest
soils) or 14 days (in temperate mixed forest soils in 2016). Nitrite was not detected or
was near the detection limit (0.02 mg')Lfor all forest soils during the entire
incubation, while NH" slightly increased over time in all forest soils (Fig. S4).

With NOs~ consumption, thé0 and §*°N of the residual N@ increased (Figs.
S5 and S6). As predicted by the Rayleigh model, there were significant linear
relationships between the 580 and §'°N values against the natural logarithm of the
fraction of remaining N@. The slopes of the lines approximate the N- and O-isotope

effect 8 and%). Nitrogen isotope effects%) spanned a broad range, between
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30.8%o0 and 65.0%o (on average 42.3 + 4.7%o), and*® ranged from 10.7%o to 23.3%o
(on average 15.6 = 1.1%o) in the studied forest soils (Figs. 2 to 4, Table 1). The slopes
of the A5'80:A5N ratio of the four forest soils had a narrow range, between 0.29 and
0.47, with a mean ratio of 0.34 + 0.02 (Figs. 2 to 4, Table 1). These variatibas
were found to correspond to the incubation conditions, e.g., initiak" NO
concentrations and DCD (Table 1). An increase in the initiak M@hcentrations
induced an increasi °, from 34.3%o to 39.5%0 in the tropical primary forest
(JFL-PF) soils and from 45.7%o to 65.0%0 in the temperate mixed forest (QY-MF)
soils (Table 1). In addition, with the same initial NEncentrations, nitrogen isotope
effects %) exhibited a greatérs when soils were incubated with DCD (Table 1).
In addition, when the plot-level composite sohswncubated with the addition
of 20ug N g? soil, the N@ reduction rate was on average 0.30 + u@N g* ht (in
the first 3 days) and 0.22 + 0.08y N g* h? (in 14 days) for the tropical primary
forest and the temperate mixed forest, respectively, similar to the rates at the forest
level (Fig. 1). With decreasingOs concentration, thé'80 and 5'°N of the residual
NOs also increased (Figs. S5 and S6). The avet&geas 13.9 + 0.9%o and 20.9 +
0.4%o, and the averageé® was 41.8 + 0.4%o and 54.0 + 0.4%o for the tropical primary
forest and the temperate mixed forest soils, respectively (Fig. 5, Table 2). The
AS*0O:A8N ratios were 0.33 + 0.2 and 0.39 + 0.1, respectively (Fig. 5, Table 2).
Under anaerobic conditions, in certain casi€); was almost completely
consumed after several days (7 days or 14 days), and when the resiguahbi@t
was less than one-tenth of the initial level, 88 and 3N of the residual N®
began to fall below the values expected from a constamind % (Figs. 2 to 5, S4
and S5).

3.3 Nitrate N- and O-isotope fractionation under aerobic conditions
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When forest-level composite soils were incubated under aerobic conditions
(headspace filled with air), the NQeduction rate was on average 0.06 + QN

gl hl (in 14 days) for the tropical primary forest and the temperate mixed,forest
much lower than under anaerobic conditions (Fig. 1). Nitrite was not detected or was
near the detection limit in the two forest soils over the entire incubation, whie NH
slightly increased over time in all forest soils (Fig. S4).

With decreasindNOs concentration, th8*®0 and §'°N of the residual N@ also
increased but in a narrow range compared to that under anaerobic conditions (Figs. S5
and S6). When soils were incubated with DGR, was 43.7%o and 58.3%o, and %
was 19.8%o0 and 39.0%o for the tropical primary forest and the temperate mixed forest
soils, respectively (Fig. 4, Table 1). T&'0:A5°N ratios were 0.43 and 0.60,
respectively (Fig. 4, Table 1). When soils were incubated without D&Dwas
52.7%o and 64.4%o and 8 was 24.8%o and 38.0%o for the tropical primary forest and
the temperate mixed forest soils, respectively (Fig. 4, Table 1), ambtf@:A5'°N
ratios were 0.46 and 0.56, respectively (Fig. 4, Table 1).

3.4 N- and O-isotope effect of denitrification determined by N2O

The NO produced by denitrification wasN depleted at the beginning of incubation

in all forest soils and all treatments, ranging frof.6%. to -52.6%. (Table 3).
However, he §'°N of N2O increased to17.9%o to -6.6%. on the 14 day (Table 3).
According to Equation 3% for the first 3 days ranged froml.0%o to 50.4%o (on
average 38 + 8.9%o) and from 55.5%o to 66.6%0 (on average 60.7 + 3.2%o) for the
tropical primary forest soils and temperate mixed forest soils, respectively. In addition,
15 for the entire 14-day incubation was calculated using Equation 4, ranging from
38.4%o to 77.4%o (on average 60.0 = 11.4%o) and 65.1%o to 74.0%o0 (on average 70.0 +

2.6%0) for the primary forest soils and mixed forest soils, respectively.
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376 4 Discussion

377 4.1 Nisotope fractionation during denitrification

378 Our study shows that the apparent N isotope effégt dquring denitrification under

379  strictly anaerobic conditions and at room temperature for soils from the four study
380 forests ranged from 304 to 65.0%o0 (on average 48.3 + 2.0%o, Tables 1 and 2). Our

381 results are, unexpectedly, largely outside of the reported range of previous studies (Fig.
382  6); for example, values of% to 33%o. were reported for temperate agricultural soll
383  (Blackmer and Bremner, 197Thien et al., 197 Mariotti et al., 1982);13%. for the

384 field incubation of Hawaiian tropical forest soils (Houlton et al., 200®}; to 43%0

385 for three tropical forests in the Brazilian Amazon (Perez et al., 2Q0&); to 2960

386  for two temperate forests in central Ontario, Canada (Snider et al., 2009);%ut 24
387 2% for two boreal forests in Krasnoyarsk, Russia (Menyailo and Hungate, 2006).
388  Our values are also higher than tRe reported for many other environments, e.g.,
389  5%o t0 30%o in pure culture studies of heterotrophic denitrifying bacteria (Granger et

390 al., 2008; Treibergs and Granger, 2016 , and references tharein)8%. for

391 permeable sediments (Kessler et al., 200v8.also determined the>®8 produced

392 during the 2016 incubation and found that e of NOs to N;O calculated by

393 8°N-NOs and §°N-N2O was, on average, %9 and 65%o, respectively (Table 3).

394 These results were alsbthe upper limit of other soil studies determined via the same
395 approach for agricultural soil2%. to 55%0) (Grabb et al., 2011 ewicka-Szczebak et

396 al., 2014 Lewicka-Szczebak et al., 2018 athieu et al., 200AVell and Flessa, 2009)

397 and forest sod (10%0 to 43%0) (Menyailo and Hungate, 200®erez et al., 2006

398  Snider et al., 2009).

399 Although N isotope enrichment factorSsj observed in the present study were

400 higher than previously observed, the range of values we obs&Béd to 65%o,
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Tables 1 and )2was nevertheless within that predicted by theory. According to the
efflux model proposed by Kohl and Shearer (1978), th&ganism (at the organism
level), as measured in our study, integrates the isotope effect that occurs during the
uptake step from the medium to the cell through the cell membfang) and the
isotope effect that occurs during M®@eduction within the cell*fzininic). The uptake

step will present a low isotopic fractionation. For a case of simple diffusion, this
fractionation depends on the square root of the mass ratio of the two isotopic species;
in this case®NOs and'“NOs for N isotope effect (resulting in&uptake Of 8%o). The

NOs™ reduction step is the rate-limiting and irreversible step that involves enzymatic
breakage of the N-O bond, which resultsilarge isotope fractionation of 65.9%o at

25 °C (Urey, 1947). Thus, the maximuPaorganismWill be approximately74%o., higher

than the highest record in our study of forest soils.

The initial N& concentration has been shown to affect the isotope effect of
denitrification (Mariotti et al., 1982yWhen the initiaNO3z™ concentrations low, NOs™
reduction is relatively more complete and fNaptakeis the rate-limiting step, which
may causea negligible isotope fractionation (Granger et al., 2004; Granger et al.,
2008). In this casé’ was low due to the low efflux/uptake ratio (Wenk et al., 2014)
However, with increased initidNOs™ concentrationNO3z™ reductase was no longer
sufficient to sustain maximal reduction rates (i.e., the enzymatic step became the
rate-limiting step), and the intrinsic isotope fractionation could be nearly fully
expressed in the environment (i.e., highe) (Mariotti et al., 1982; Wenk et al.
2014). Our results were consistent with this interpretation. We found that initial NO
concentration was positile correlated with %, i.e., a higher initial NQ
concentration was associated wahigher fractionation (Table 1). The treatments

with 20 ug NOs-N g soil had a highet®s (39.5%0 and 65.0%0 for the tropical
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primary forest and the temperate mixed forest soils, respectively) than treatments with
10 pg NOs-N g soil (% was 34.3%o and 52.7%o, respectively) and those withoul
addition { was 45.7%o for temperate mixed forest).

Previous studies also shed that 1°¢ was affected by temperature and the
amount of available organic carbon (Maggi and Riley, 20Mé&riotti et al., 1982
Wunderlich et al., 2012 hese effects primarily arise because denitrification rates are
regulated by temperature and the quantity of electron donors. Mariotti(£9&)
reported that'®s was highly correlated with denitrification rate for the studied
agricultural soil, with*% exponentially decreasing with an increasing denitrification
rate (expressed as rate constant(Mariotti et al., 1988). Similar to this finding,
across all forest soils in the present stielywas also found to exponentially decrease
with increasing denitrification rate (Fig).7However, our results were still greater
than the values observed in agricultural soil incubation with the same denitrification
rate (Blackmer and Bremner, 19%Chien et al., 1977; Mariotti et al., 1982).

In addition, the denitrifying bacterial communities and/or availability of nutrients
and dissolved organic matter impactag®s may differ across soil types. Different
forest soils may have distinct denitrifying bacterial communities, or if the bacterial
communities are similar, they may have a different isotopic effect due to differential
enzymatic isotope expression. Studies have shown that denitrifying communities were
related to soil C/N ratios (Rich et al., 2003) and vegetation types (Menyailo, 2007).
For example, thé> in the tropical primary forest was always lower than thahe
temperate mixed forest even when they received the same nutrient and temperature
treatments (Table 1). Additionally, we found that(51.4%.) for the temperate mixed
forest soils in 2015 aslower than that in 2016 (694), which hada different initial

NOs" concentration and denitrification rate (Table 1, Fig. 1). This finding may provide
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further evidence that the N isotope effect of denitrification was correlated with the
initial NOs™ concentration and denitrification rate (Mariotti et al., 1982).

It remains unclear why®: was higher for our study forests than for the other
forest sois reported in previous studies. We propose two potential mechanisms. First,
the method using®N depletion of NO relative to N@ may underestimaté’
because BD is likely to be further reduced to>Nsuch that the remaining.8
becomes moré®N enriched than it should be, although this was not the case in the
forest soils in the present study, where 25% to 60% of produg@davils shown to be
further reduced to Nunder anaerobic conditions (Xi, 2016). This method has been
used in three of the four previous studies for forest soils to deterfhirguring
denitrification (Menyailo and Hungate, 2006; Perez et al., 2006; Snider et al., 2009).
Second, relatively complete NQreduction may explain the loWe observed in the
first 10 cm mineral soil in Hawaiian tropical forests, which results in an
underexpression of N isotope effects (Houlton et al., 2006). P@ialconsumption
(“open-system kinetics”) leaves behind 1°N-enriched N@, which can diffuse out of
the zone of ongoing denitrification, while complete NOconsumption
(“closed-system knetics”) would cause underexpression of the isotope effect because
little or no *N-rich NOs” would escape. In fact, denitrification in the soil belaw
depth of 10 cm should exhibit a highidétope effect (60%0, comparable to our results)
across the Hawaiian tropical forests; therefore, the relationship befW£tN of
NOs and In([NQ) in the profile can be appropriately fitted (Houlton, 2005).

4.2 Oxygen isotope fractionation and A8'80:A8™N ratio in NOs during
denitrification
Unlike the large N-isotope effect, the O-isotope effé@t) (n our forest soils as

small. The mean value &% was 16.2+ 0.9%%o,, comparable to other studies, e.da 5
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to 24%o in the pure culture studies of heterotrophic denitrifying bacteria (Dabundo,
2014 Frey et al., 2014Granger et al., 2008Hosono et al., 201%Karsh et al., 2012
Kndeller et al., 20L1Kritee et al., 2012Treibergs and Granger, 2QM/underlich et
al., 2012),14.2%o in permeable sediments (Kessler et al., 20143nd P60 to 18%o in
groundwater (Bottcher et al., 199ukada et al., 200Mengis et al., 1999Venk et
al., 2014). As in thé'°N of the residual N@, 5!80 also began to fall below the values
expected from a constate when the residual NDamount was less than one-tenth
of the initial value (Figs. 2 to 5).

Due to the relatiig higher®, the ratio ofa5%0:A5°N was lower,at 0.34+
0.01 across all forest soils. This ratio is significantly lower than the ratio of 1 for
denitrification bacteria (which is expected because of the strofijeeffect but
similar 10 effect). The ratios in the present study are also lower relative to the
reported range for terrestrial environments (0.47 to 0.89) (Boéttcher et al.; 1990
Fukada et al., 2003.ehmann et al., 2003Nenk et al., 2014)nparine environments
(1.25) (Sigman et al., 2005) and the pure culture of heterotrophic denitrifying bacteria
(0.33 to 1.02) (Dabundo, 201Brey et al., 2014Granger et al., 20081osono et al.,
2015 Karsh et al., 20L3,2Kngeller et al., 20L1Kritee et al., 2012 Treibergs and
Granger, 2016Wunderlich et al., 2012). In addition, our result was lower than the
ratio of A8'80: AS™N in soil water and stream water from tropical forest studies
(1.11-1.54 and 0.66, respectively) (Fang et al., 26tthailton et al., 2006), but similar
to the value for a temperate forest (0.30) (Fang et al., 2015).

One possible explanation for the lower ratioad'20:A5°N may be related to
the different fractionation of N and O isotopes via internal enzymatic reduction.
During denitrification, there are two types of dissimilatoryaN@ductases: bacterial

membrane-boundNOs™ reductase (Nar) and periplasmidOs  reductase (Nap)
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Evidence suggested that the differences in the catalytic steps between Nar and Nap
would be responsible for the lower ratio £5'%0:A8'*N under anaerobic conditions
(Frey et al., 2014; Wenk et al., 201Map can split not only light O but also heavy O
leading to a slower enrichment 80 than of'*N in NOs (Frey et al., 2014); thus,
Nap enzymes may be responsible for the relbtilamv A5%0:A5™N ratio. Previous
studies of a pure culture of heterotrophic denitrifying bacteria and in Lake Lugano
were consistent with this finding (Frey et al., 2014; Granger et al., 2008; Treibergs
and Granger, 2016; Wenk et al., 2014). Moreover, under-haited conditions, Nap

can be essential for NOreduction due to its higher affinity fé¥O3", and the relative
abundance of NapA genes has been shown to increase with decreasing NO
concentrations (Dong et al., 2009).

Another potential explanation for the lowat'®0:A5°N ratio is the O isotope
exchange between NOand water and the production of Bl®@ia NO2 oxidation
(NXR) through anaerobic ammonium oxidation (anammox) (Granger and Wankel,
2016). Granger and Wankg016) recently proposed a numerical model ofsNO
isotope dynamics and suggested that when the NXR/NAR ratio was lowQ-e.
was mostly reduced to NO rather than oxidized toslNGhe 5°N of NO, was
relatively more'>N enriched and th&lOs produced by N®@ oxidation was further
15N enriched due to the inverse isotope effect (Casciotti, 2009). In contrast®@he
of NOz produced by N©@ oxidation would decrease due to the O-isotope exchange
between N@ and water and the incorporation of O from water M@y (Fang et al.,
2012; Kool et al., 2009; Wunderlich et al., 2013). The anammox process will increase
31°N of residual N@ and lower thend'80:A8™N ratio. Wunderlich et al. (2013) also
found thata redox NQ and NQ" cycle driven by nitrite oxidoreductase (Nxr) may

occur under moderate pH and anaerobic conditions, resulting in modification of the
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AS80:ASYN ratio during denitrification. Moreover, O-isotope exchange is regulated
by pH, with higher rates of isotope exchange at lower pH values (Kaneko and Poulson,
2013). In our study, soil pH, which ranged from 4.1 to 5.3, was positively correlated
with & (R?= 0.83, P < 0.05, Fig. S7), which suggests that pH may affect the extent of
O-isotope exchange and thé'80:A5'N ratio.

4.3 Implicationsfor estimating denitrification rates

Our study revealed an unexpedyetdigh N isotope effect during denitrification, with

an average value of %48 across all experiments. In previous ecosystem studies that
used a % of 16%. to estimate the effects of denitrification on isoteg the
denitrification was estimated to account for9@®mf total N losses from global
unmanaged terrestrial ecosystems and for 48% to 86% for the six studied forests i
southern China and central Japan (Fang et al.,, 2015; Houlton and Bai, 2009)
However, if we instead apply our averaged value &48uring denitrification, we

find that the proportion of denitrification in total N losses would decrease%ofdr2

the Houlton and Bai (2009) study and to 26% t&088r the Fang et al. (2015) study.

Our new estimates indicate ththe contribution of denitrification to N losses might
have been considerably overestimated for soils bearing a high N isotope fractionation
in previous studies. However, the extent to which these findings are representative of
ecosystems at a larger se& uncertain due to soil spatial heterogeneity. Therefore, i
will be important to confirm whether this observed high N isotope fractionation is
indeed typical for forest ecosystems worldwide.

5 Conclusion

In this study, soils from two tropical and two temperate forests in China were
incubated under both anaerobic and aerobic conditions to determine the isotope

fractionation of N and O of N© during denitrification as well as the ratio of
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AS8180:AS8N. We found that the N isotope effects were, unexpectedly, much higher
than the reported range of heterotrophic denitrification and other environmental
settings (e.g., groundwater, marine sediments and agricultural soils), ranging from
31%0 and 65%o in the studied forest soils. These variations'in were found to
correspond to the incubation conditions, e.g., initialsNOncentrations and DCD.
However, the O-isotope effecfy) of our forest soils was comparable to that in other
studies, ranging from1%. to 39%o. In addition, the ratios oA50:A5°N ranged

from 0.28 to 0.60, which were lower than the canonical ratios of 0.5 to 1 for
denitrification bacteria and other terrestrial environments. We suggest that the isotope
effect of denitrification for soils may vary greatly with region and soil type.
Furthermore, our new estimates for denitrification rates indicate that the contribution
of denitrification to N loss might have been considerably overestimated for soils in

previous studies in which lower fractionation factors were used.
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827 Table 1 Estimates of the nitrogen isotope efféét)( oxygen isotope effectd) and ratio of O and N isotopic fractionationdt®O: A5°N)

828  during denitrification. Forest-level composite soils collected from 2015 and 2016. Values are means + 1 SE.

Year Foresttype  Temperature O Nitrification Added . NQ 5 (%o) 82 (%o0) ASBO:ASN kq® N
C) inhibitor (ng N gh

2015 JFLPF 20 Anaerobic  Yes 20 441+16 12.7+0.7 0.29+0.07 0.0116 7
JFL-SF 20 Anaerobic  Yes 20 458+28 13.0+7.7 0.29+0.02 0.0128 7
QY-MF 20 Anaerobic  Yes 20 51.4+27 16.7+1.0 0.32+0.01 0.0120 7
QY-LF 20 Anaerobic  Yes 20 40.7+18 157+1.0 0.38+0.02 0.0110 12

2016 JFLPF 20 Anaerobic  Yes 20 395+81 13.6+3.9 0.34+0.07 0.0094 6
JFLPF 20 Anaerobic  Yes 10 34.3+3.2 10.7+0.7 0.31+0.03 0.0189 6
JFLPF 20 Anaerobic  Yes 0
JFLPF 20 Anaerobic  No 20 30.8+0.9 12.3+0.5 0.40+0.02 0.0121 6
JFLPF 20 Aerobic Yes 20 437+87 19.8+4.1 0.43+0.05 0.0016 12
JFLPF 20 Aerobic No 20 52.7+7.7 248+4.2 0.46+0.04 0.0014 12
QY-MF 20 Anaerobic  Yes 20 65.0+2.1 195+15 0.30+0.02 0.0041 12
QY-MF 20 Anaerobic  Yes 10 52.7+1.4 150+0.9 0.28+0.02 0.0070 12
QY-MF 20 Anaerobic  Yes 0 457+58 23.3+1.7 0.47+0.05 0.0050 9
QY-MF 20 Anaerobic  No 20 57.7+22 195+1.4 0.34+0.01 0.0045 12
QY-MF 20 Aerobic Yes 20 58.3+13.9 39.0+8.2 0.60+0.07 0.0007 12
QY-MF 20 Aerobic No 20 64.4+75 380%+3.2 0.56+0.05 0.0008 12

829  * Nitrate isotopes could not be determined due to low nitrate concentration; therefore, isotope fractionation factors were not calculated.

830  3ki=IN([NOs]/[NOzTinitia)/t. tis given in hours.
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831

832

833

Table 2 Estimates of the nitrogen isotope efféét)( oxygen isotope effect®) and ratio of O and N isotopic fractionationdt®0: A5°N)

during denitrification. Plot-level composite soils collected from 2016. Values are means + 1 SE.

Forest type Temperature O Nitrification Added NQ 1% (%o) 18 (%o) ASO:ASSN k1 N
. inhibitor (ug N gb)
(°C)

2016 JFLPF 20 Anaerobic  Yes 20 423+26 153+1.7 0.36+0.05 0.0112 6
JFLPF 20 Anaerobic  Yes 20 41.1+6.7 142+24 0.33+0.07 0.0089 6
JFLPF 20 Anaerobic  Yes 20 42.1+3.0 12.1+3.2 0.29+0.07 0.0087 6
QY-MF 20 Anaerobic  Yes 20 540427 21.4+17 0.40+0.02 0.0045 12
QY-MF 20 Anaerobic  Yes 20 548+24 20.0+14 0.37+0.01 0.0046 12
QY-MF 20 Anaerobic  Yes 20 53.3+4.2 21.2+27 0.41+0.02 0.0035 12
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834  Table 3 Calculation ofN isotope effects during denitrification based on Equations 3 and 4a33ingf N.O and remaining N. Forest-level

835 composite soils were incubated in 2016.

836
837

Forest type Temperature Nitrification Added NQ Incubation §N-N,O 15 (%o) according to ¢ (%o) according to
(°C) inhibitor (ug N gb) time (day) Equation 4* Equation 3*

JFLPE 20 Yes 20 3 -48.2 £ 0.0 44.0

JELPE 20 Yes 20 7 -37.3+£0.9

JFLPF 20 Yes 20 14 -179+£04 3841124

JFLPE 20 Yes 10 3 -47.0£ 0.0 50.4

JELPF 20 Yes 10 7 -24.0+5.1

JFLPF 20 Yes 10 14 -13.0£0.3 64.2+19.9

JFLPE 20 Yes 0 3 -21.6 £0.5 21.0

JFLPF 20 Yes 0 7 -16.5£0.1

JFLPF 20 Yes 0 14 -2.2+6.2 77.4 +93.8

QY-MF 20 Yes 20 3 -52.6+04 55.5

QY-MF 20 Yes 20 7 -425+0.1

QY-MF 20 Yes 20 14 -225+01 704174

QY-MF 20 Yes 10 3 -48.0+£0.3 60.0

QY-MF 20 Yes 10 7 -31.0+£5.1

QY-MF 20 Yes 10 14 -10.0+14 65.1+13.6

QY-MF 20 Yes 0 3 -40.8+0.1 66.6

QY-MF 20 Yes 0 7 -27.1+£0.3

QY-MF 20 Yes 0 14 6.6+0.1 74.0+£25

* 15 was calculated with Equation 4 for 14 days.

** 15 was calculated with Equation 3 for the first 3 days.
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Fig. 1 Changes in the concentration of nitrate @yQ@uring the incubation of four
forest soils (mean value + 1 standard deviation, n = 3, except n = 2-5 in soil collected
in 2015). (A) Forest-level composite soils sampled in 2015; (B, C, D and E)
Forest-level composite soils resampled in 2016 under different amendments; (F)
Plot-level composite soils sampled in 2016.

Note: JFL-PF represents the tropical primary forest; SFlrepresents the tropical
secondary forest; QY-MF represents the temperate mixed forest; QY-LF represents the

temperate larch forest.

Fig. 2 Nitrogen isotope effect'¥) and the ratio of O and N isotopic fractionation
(A8'80:A8%N) during denitrification measured in 2015. (A) BOS™N vs.
IN([NO3]/[NO3Tinitiar); (B) NOs™ 5180 plotted against the correspondbigN.

Note: Forest-level composite soils collected in 2015 from two temperate and two
tropical forests were incubated at room temperature (approximatély) 20ith the

addition of 20ug NOs-N g? soil. All P-values are < 0.05 based on linear regressions.

Fig. 3 Effects of initial nitrate concentration on the nitrogen isotope effégt §nd

the ratio of O and N isotopic fractionationd*0: A&**N) during denitrification. (A)

NOs 8N vs. In([NGs)/[NOsTinital); (B) NOs™ 50 plotted against corresponding
S1°N.

Note: Forest-level composite soils collected in 2016 from temperate forests and
tropical forests were incubated at room temperature with the addition of 20, 10 or O

ug N gt. All P-values are < 0.05 based on linear regressions.
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Fig. 4 Effects of nitrification inhibitor and oxygen on the nitrogen isotope effégt (

and the ratio of O and N isotopic fractionatiarbt®O: A8*°N) during denitrification.

(A) NOs &N vs. In([NGJ/[NOsTinital). (B) NOs $'O plotted against the
corresponding*N.

Note: Forest-level composite soils collected in 2016 from the temperate forest and the
tropical forest were incubated under anaerobic or aerobic conditions with or without

nitrification inhibitor DCD. All P-values are < 0.05 based on linear regressions.

Fig. 5 Nitrogen isotope effect'¥) and the ratio of O and N isotopic fractionation
(A8'80: AS'™N) during denitrification. (A) N@ 8N vs. IN([NGs)/[NO3Tinitial).; (B)

NOs 580 plotted against the correspondiieN.

Note: Plot-level composite soils collected in 2016 from the temperate forest and the
tropical forest were incubated at room temperature (approximatél€)2@ith the
addition of 20ug NOs-N g?! soil. All P-values are < 0.05 based on the linear

regressions.

Fig. 6 Variations in ¢ of denitrification under different environmental and

experimental conditions.

Fig. 7 Relationship between N isotopic effet¥) and isotopic rate constant Kirst

order) in our study in comparison with previous studies.
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