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• N and O isotope effects of forest soils
during denitrification were determined.

• N isotope effect was unexpectedly
higher than the reported range of previ-
ous studies.

• The ratio of Δδ18O:Δδ15N is lower rela-
tive to the reported range in previous
studies.

• Gaseous N losses may be overestimated
for terrestrial ecosystems in previous
studies.
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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 denitrifica-
tion and has recently been used to quantify denitrification rates at the ecosystem level. However, the tech-
nique 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 for-
ests 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), NO3

− was reduced at a rate of 0.17 to 0.35 μg N g−1 h−1, accompanied by the isotope fractionation of
N (15ε) and O (18ε) of 31‰ to 65‰ (48.3 ± 2.0‰ on average) and 11‰ to 39‰ (18.9 ± 1.7‰ on average),
respectively. The N isotope effects were, unexpectedly, much higher than reported in the literature for het-
erotrophic denitrification (typically ranging from 5‰ to 30‰) and in other environmental settings
(e.g., groundwater, marine sediments and agricultural soils). In addition, the ratios of Δδ18O:Δδ15N ranged
from 0.28 to 0.60 (0.38 ± 0.02 on average), which were lower than the canonical ratios of 0.5 to 1 for deni-
trification reported in other terrestrial and freshwater systems. We suggest that the isotope effects of
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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.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Nitrogen (N) is an essential element that limits primary production
in many forest ecosystems (Vitousek and Howarth, 1991). Anthropo-
genic 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 soil
acidification and changes in ecosystem structure and function. In soil,
denitrification (the stepwise reduction of NO3

− to NO2
−, NO, N2O and

N2) has long been considered a major process of N removal. However,
this process is poorly resolved in N cycling studies (Vitousek and
Howarth, 1991) because the rate is difficult to quantify at the ecosystem
level due to limitations associated with conventional methods, includ-
ing the intrusive nature of soil sampling, uncertainties in scaling up
from local measurements, and the high background N2 concentration
(Groffman et al., 2006).

The natural abundance of stable isotope ratios of nitrogen (15N/14N)
and oxygen (18O/16O) in nitrate (NO3

−) have been used to evaluate the
sources of and biogeochemical transformations acting on NO3

−

(Granger andWankel, 2016). Microbial denitrifiers exert a large isotope
discrimination against 15N and 18O during denitrification, such that the
remaining NO3

− is simultaneously enriched in 18O and 15N at a ratio
from 0.5 to 1 (henceforth referred to as Δδ18O:Δδ15N) (Granger and
Wankel, 2016; Kendall et al., 2007; Wunderlich et al., 2012). Thus, the
15N/14N and 18O/16O ratios in NO3

− have been used to detect denitrifica-
tion. The degree of discrimination expressed by the isotope effect, ε, is
defined as ε = (lightk/heavyk − 1) (reported in per mil, ‰). Recently,
the 15N/14N ratio has been used to quantify denitrification rates at the
ecosystem level (Fang et al., 2015; Houlton and Bai, 2009; Houlton
et al., 2006). Based on the 15N enrichment in soil and water, including
those of total dissolvedN, bulk soil N andNO3

−, several studies have sug-
gested that denitrification is much more important than previously
thought, accounting for 24% to 86% of total N losses (denitrification
plus nitrate leaching) from unmanaged terrestrial ecosystems such as
forests (Fang et al., 2015; Houlton and Bai, 2009; Houlton et al., 2006).

However, the use of 15N natural abundance to quantify denitrifica-
tion rates and to constrain N transformation relies heavily on detailed
knowledge of the denitrification process and the isotope fractionation
involved. The N isotope effect (15ε) varies greatly with environmental
and experimental conditions and has been reported to range from 5‰
to 40‰ in pure culture studies of heterotrophic denitrifying bacteria
(Barford et al., 1999; Dabundo, 2014; Delwiche and Steyn, 1970; Frey
et al., 2014; Granger et al., 2008; Hosono et al., 2015; Karsh et al.,
2012; Knöeller et al., 2011; Kritee et al., 2012; Treibergs and Granger,
2016; Wunderlich et al., 2012) and in open ocean systems (Brandes
et al., 1998; Cline and Kaplan, 1975; Sigman et al., 2005; Sigman et al.,
2003; Voss et al., 2001), from 0‰ to 18‰ in continental sediments
(Brandes and Devol, 1997; Brandes and Devol, 2002; Dähnke and
Thamdrup, 2015; Kessler et al., 2014), from 5‰ to 30‰ in groundwater
(Aravena and Robertson, 1998; Böttcher et al., 1990; Fukada et al., 2003;
Lehmann et al., 2003; Mariotti et al., 1988; Mengis et al., 1999; Smith
et al., 1991; Vogel et al., 1981; Wenk et al., 2014), and from 2‰ to
50‰ in agricultural soils (Blackmer and Bremner, 1977; Chien et al.,
1977; Grabb et al., 2017; Lewicka-Szczebak et al., 2014; Lewicka-
Szczebak et al., 2015; Mariotti et al., 1981; Mariotti et al., 1982;
Mathieu et al., 2007; Well and Flessa, 2009). Estimations of the denitri-
fication rate at the ecosystem level are sensitive to 15ε, and assigningdif-
ferent 15ε values results in different denitrification rates. For example,
when the average 15ε of 20‰ from a pure culture of denitrifying bacteria
was used, denitrification was estimated to account for 28% of N loss
from unmanaged terrestrial ecosystems; however, when a 15ε of 16‰
was observed for several native soil denitrifier communities, the deni-
trification 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), groundwa-
ter (Lehmann et al., 2003; Wenk et al., 2014, and references therein),
sediments (Dähnke and Thamdrup, 2015; Kessler et al., 2014, and refer-
ences therein), and agricultural soils (Grabb et al., 2017; Lewicka-
Szczebak et al., 2014; Lewicka-Szczebak et al., 2015; Mariotti et al.,
1982; Mathieu et al., 2007; Well and Flessa, 2009), only four studies
have examined forest soils (Houlton et al., 2006; Menyailo and
Hungate, 2006; Perez et al., 2006; Snider et al., 2009). Furthermore,
there is no report on thedynamics of the coupledN andO isotope trajec-
tory duringdenitrification for forest soils via directmeasurements of the
N- and O-isotopes of NO3

−. In addition, different environments have dif-
ferent slopes ofΔδ18O:Δδ15N;when plotting δ18O over δ15N of the resid-
ual NO3

−, a range from 0.47 to 0.89 was found in terrestrial
environments and freshwater systems (Böttcher et al., 1990; Fukada
et al., 2003; Lehmann et al., 2003; Wenk 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, 2014; Frey et al., 2014; Granger et al., 2008; Hosono et al.,
2015; Karsh et al., 2012; Knöeller et al., 2011; Kritee et al., 2012;
Treibergs and Granger, 2016;Wunderlich et al., 2012). Thus, it is critical
to determine the coupledN- and O-isotope discrimination in forest soils
during denitrification.

To advance our understanding of isotopic fractionation during deni-
trification in forest soils and reduce the uncertainty in denitrification es-
timates, in this study, we selected four forest soils—two from temperate
forests and two from tropical forests—to investigate the isotope frac-
tionation of N and O of NO3

− during denitrification by native soil micro-
bial communities as well as the relationship between N and O isotopes
(Δδ18O:Δδ15N).

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 (JFL) National
Natural Reserve (Chinese Ecosystem Research Network, CERN) on Hai-
nan Island, southern China. The tropical forests have a tropical monsoon
climate with an annual precipitation of 2449 mm (N80% 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. The
soil is an 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.,
2004; Luo 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
soil is an acidic (pH = 4.1) lateritic yellow soil, and the soil texture is
loamy clay with 53.8% sand, 12.1% silt, and 34.1% clay (Fang et al.,
2004; Luo et al., 2005).
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The two temperate forests, a 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, 640m a.s.l.), are both located in theQingyuan
(QY) Forest (CERN) in northeastern China. The temperate forests have a
continental temperatemonsoon climatewith an annual precipitation of
811mm (with N80% falling during June, July and August) and an annual
average temperature of 4.7 °C (Zhu et al., 2007). The mixed forest was
developed from a clear-off following a large fire (1950s) and is domi-
nated 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

InMay 2015, we collected 0–10 cmmineral soil from all four forests.
In each forest, we established three plots (20 m × 20m) randomly, and
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 a 2-mm-mesh sieve to remove roots and other visible frag-
ments. For each soil sample, one part was used for incubation and an-
other was used for later analysis of NH4

+ and NO3
− 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 com-
posite soils in each forest were combined into one forest-level compos-
ite soil) were incubated in the laboratory. For each forest soil, we
prepared 17 glass vials (50 mL, Chromacol, 125 × 20-CV-P210); two
were used for the measurement of initial conditions, and 15 were
used for incubation (i.e., five replicates for each sampling day). For the
15 replicate glass vials, approximately 10 g fresh soil was added to
each vial and then amended with 4 mL 3.57 mmol L−1 NaNO3 (equal
to addition of 20 μg N g−1 soil) and 0.1 mL 5% dicyanodiamine (DCD, a
nitrification inhibitor), which was prepared using N2-purged sterile de-
ionized water. The final soil moisture in each vial was adjusted to ex-
ceed 100% of the water-filled pore space (WFPS). DCD was used to
inhibit nitrifying bacteria to minimize the effect of NO3

− produced
from nitrification. The vials were immediately capped tightly with
grey butyl septa (Chromacol, 20-B3P, No. 1132012634) and aluminium
crimp seals (ANPEL Scientific Instrument (Shanghai) Co. Ltd.,
6G390150). Each vial was vacuumed and flushed with ultra-high-
purity He for 5 min (100 mL min−1) so that the soil was under strictly
anaerobic conditions. The vials were shaken gently, and the resulting
soil slurries were incubated at 20 °C for 3, 7, 14 days. The incubation
was terminated by injecting 0.5 mL of a 7 M ZnCl2 solution. Five vials
at each sampling day were removed to analyse the NO3

− concentration
and the 15N and 18O abundance of residual NO3

−.
In 2016, two forest-level composite soils (collected in 2016) were

further selected to test the effect of initial NO3
− concentration, DCD pres-

ence and O2 presence in the headspace on the N and O isotopes. The in-
cubations used methods similar to those used in 2015, with the
exception that vials received different treatments, as follows:
(A) Initial NO3

− concentration. Soil samples were divided into three
parts: one part was amended with 4 mL 3.57 mmol L−1 NaNO3 (equiv-
alent to an addition of 20 μg N g−1 soil), one part was amended with
4 mL 1.79 mmol L−1 NaNO3 (equivalent to an addition of 10 μg N g−1

soil), and one part was amended with 4 mL deionized water (control).
Then, the vials were incubated under strictly anaerobic conditions at
20 °C as described above. (B) DCD and O2 presence. Soil samples were
divided into 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 aer-
obic 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. However, NO3

−

was consumed slowly at 4 °C (only 7%–25% of the initial NO3
−),

preventing a valid isotope fractionation calculation (Fig. S1). Although
the valid isotope fractionation could not be calculated, the results of
15ε at 4 °C can be found in Table S3. In 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 treat-
ment. Details of these treatments are provided in Tables 1 and 2.

The soils before and after incubationwere extractedwith 2MKCl so-
lution in a soil/solution ratio of 1:4. The KCl was pre-combusted at 450
°C for 48 h, and NO3

−, NO2
− and NH4

+ were not detected in the KCl solu-
tion. Ammonium concentrations in the extracts were determined using
the indophenol blue method followed by colourimetry. Nitrate concen-
trations were determined after hydrazine sulfate reduction to nitrite
(NO2

−), followed by diazamine coincidence spectrophotometry. Nitrite
concentrations were determined using diazamine coincidence spectro-
photometry. All analyses were performed on a Smartchem instrument
200 (Westco Scientific Instruments, Inc., Italy) (Buffen et al., 2014;
Talbot 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.

2.3. Isotope analysis

The air-dried soils were ballmilled and analysed for C and N concen-
trations and δ15N using an elemental analyser (Elementar Analysen
Systeme GmbH, Germany) coupled to an isotope ratio mass spectrome-
ter (Elementar Analysen Systeme GmbH, Germany; IsoPrime100,
IsoPrime Limited, UK). Calibrated DL-alanine (δ15N = −1.7‰), glycine
(δ15N = 10.0‰), and histidine (δ15N = −8.0‰) were used as internal
standards to correct for δ15N analysis. The analytical precision for δ15N
was 0.2‰. The δ15N of the sample relative to the standard (atmospheric
N2) was expressed as following:

δ15N ¼ 15N=14N
� �

sample=
15N=14N
� �

standard−1
� �

� 1000

Concentrations of residual NO3
− in soils were measured using the

method described above. The N and O isotopic compositions of residual
NO3

− were determined using the modified azide method (Tu et al.,
2016). Briefly, Cd powder was used to reduce NO3

− to NO2
−, and then

NO2
− was reduced to N2O by HN3. The produced N2O was determined

using an automated purge and cryogenic trap system coupled to isotope
ratio mass spectrometer (PT-IRMS), which included a continuous-flow
IRMS (IsoPrime100, 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,
the N2O peak of the reagent blank was approximately 4% of the stan-
dards (Table S1). To eliminate the influence of the reagent blank and
any drift during IRMS isotope analysis, four standards (IAEA-NO-3,
USGS32, USGS34 and USGS35)were used to correct for samples accord-
ing to themixingmodel (Tu et al., 2016) (Table S1, Fig. S2). According to
this modified method, the analytical precision of the δ15N and δ18O
values was 0.2‰ and 0.5‰, respectively.

In addition, for the 2016 incubation with different initial NO3
− con-

centrations, we transferred the headspace gas using a gas-tight syringe
to a newly vacuumed vial after incubation was terminated by injecting



Table 1
Estimates of the nitrogen isotope effect (15ε), oxygen isotope effect (18ε) and ratio of O and N isotopic fractionation (Δδ18O:Δδ15N) during denitrification. Forest-level composite soils col-
lected from 2015 and 2016. Values are means ± 1 SE.

Year Forest type Temperature (°C) O2 Nitrification inhibitor Added NO3
− (μg N g−1) 15ε (‰) 18ε (‰) Δδ18O:Δδ15N k1§ N

2015 JFL-PF 20 Anaerobic Yes 20 44.1 ± 1.6 12.7 ± 0.7 0.29 ± 0.07 0.0116 7
JFL-SF 20 Anaerobic Yes 20 45.8 ± 2.8 13.0 ± 7.7 0.29 ± 0.02 0.0128 7
QY-MF 20 Anaerobic Yes 20 51.4 ± 2.7 16.7 ± 1.0 0.32 ± 0.01 0.0120 7
QY-LF 20 Anaerobic Yes 20 40.7 ± 1.8 15.7 ± 1.0 0.38 ± 0.02 0.0110 12

2016 JFL-PF 20 Anaerobic Yes 20 39.5 ± 8.1 13.6 ± 3.9 0.34 ± 0.07 0.0094 6
JFL-PF 20 Anaerobic Yes 10 34.3 ± 3.2 10.7 ± 0.7 0.31 ± 0.03 0.0189 6
JFL-PF⁎ 20 Anaerobic Yes 0
JFL-PF 20 Anaerobic No 20 30.8 ± 0.9 12.3 ± 0.5 0.40 ± 0.02 0.0121 6
JFL-PF 20 Aerobic Yes 20 43.7 ± 8.7 19.8 ± 4.1 0.43 ± 0.05 0.0016 12
JFL-PF 20 Aerobic No 20 52.7 ± 7.7 24.8 ± 4.2 0.46 ± 0.04 0.0014 12
QY-MF 20 Anaerobic Yes 20 65.0 ± 2.1 19.5 ± 1.5 0.30 ± 0.02 0.0041 12
QY-MF 20 Anaerobic Yes 10 52.7 ± 1.4 15.0 ± 0.9 0.28 ± 0.02 0.0070 12
QY-MF 20 Anaerobic Yes 0 45.7 ± 5.8 23.3 ± 1.7 0.47 ± 0.05 0.0050 9
QY-MF 20 Anaerobic No 20 57.7 ± 2.2 19.5 ± 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 ± 7.5 38.0 ± 3.2 0.56 ± 0.05 0.0008 12

⁎ Nitrate isotopes could not be determined due to low nitrate concentration; therefore, isotope fractionation factors were not calculated.
§ k1 = ln([NO3

−]/[NO3
−]initial)/t. t is given in hours.
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0.5 mL 7 M ZnCl2 solutions. Then, the δ15N-N2O in the headspace gas
was determined via the same automated PT-IRMS. The δ15N of the sam-
ple was relative to the standard (atmospheric N2). We used ambient
N2O to correct the δ15N-N2O for samples (δ15N of ambient N2O was de-
termined to be 8.2‰ in our laboratory (the laboratory air was collected
and the δ15N of N2O was determined with an automated PT-IRMS, as
with the incubated samples) while the average value reported was
6.7‰) (Harris et al., 2017; Kim and Craig, 1990).

2.4. Calculation of isotope fractionation

Estimates of N- andO-isotope effects (15ε and 18ε, respectively)were
calculated by fitting the δ15N and δ18O of NO3

− to the following linear
equations (Mariotti et al., 1981):

δ15N ¼ δ15Ninitial−
15ε ln NO−

3

� �
= NO−

3

� �
initial

� � ð1Þ

δ18O ¼ δ18Oinitial−
18ε ln NO−

3

� �
= NO−

3

� �
initial

� � ð2Þ

We found that in some cases, during the incubation, NO3
− was al-

most completely consumed after several days, with its concentration
later increasing slightly, and both the 15N and 18O abundance of the re-
maining NO3

− substantially decreased. This observation was also re-
ported in previous studies (Granger et al., 2008; Kritee et al., 2012).
For example, on the 14th day of the incubation in 2015, NO3

− concentra-
tions slightly increased in three of the four forest soils (from 0.13±0.02
μgN g−1 in the 7th day to 0.65±0.03 μgN g−1 in the 14th day, P b 0.05),
while both 15N and 18O values of NO3

− decreased by 6.9‰ to 40.6‰
(Fig. S3). Heterotrophic nitrification (not affected by the autotrophic ni-
trifier inhibitor) may be responsible for the low production of NO3

−.
NO3

− productionmay have also occurred in other periods of the incuba-
tion. In those cases, the results in the later part of the incubation were
excluded from the isotope effect calculation (Figs. 2 to 5).
Table 2
Estimates of the nitrogen isotope effect (15ε), oxygen isotope effect (18ε) and ratio of O and N
lected from 2016. Values are means ±1 SE.

Forest type Temperature (°C) O2 Nitrification inhibitor Ad

2016 JFL-PF 20 Anaerobic Yes 20
JFL-PF 20 Anaerobic Yes 20
JFL-PF 20 Anaerobic Yes 20
QY-MF 20 Anaerobic Yes 20
QY-MF 20 Anaerobic Yes 20
QY-MF 20 Anaerobic Yes 20
In addition, previous studies of soils determined the N isotope effect
during denitrification using the difference between the substrate (δ-
15Nsubstrate) and product (δ15Nproduct) (Grabb et al., 2017; Lewicka-
Szczebak et al., 2014; Lewicka-Szczebak et al., 2015; Mathieu et al.,
2007; Menyailo and Hungate, 2006; Perez et al., 2006; Snider et al.,
2009; Well and Flessa, 2009). According to Mariotti et al. (1981),
when δ15Nsubstrate is small with regard to 1000, 15ε can be calculated
using the following equation:

15ε ¼ δ15Nsubstrate−δ15Nproduct ð3Þ

However, when s substantial amount of NO3
− substrate is consumed,

Eq. (3) does not hold and 15ε can be calculated using the following
equation:

δ15Nproduct ¼ δ15Nsubstrate−15ε f lnf= 1− fð Þ ð4Þ

where f = [NO3
−]/[NO3

−]initial.
To compare our results to those of previous studies, we calculated

the N isotope effect of denitrification using the 15N natural abundance
of product N2O. We used the mean δ15N value of NO3

− at the beginning
of experiment to estimate the δ15N of the substrate. At the same time,
we calculated the N isotope effect using Eq. (4) (in 14 days) and
Eq. (3) (in 3 days) using the mean value as 15ε.

2.5. Statistical analysis

All analyseswere conducted using SPSS software (version 19.0; SPSS
Inc., Chicago, IL, U.S.A.). One-way ANOVAwas conducted to examine the
differences in the investigated soil property variables among forests.
Pearson correlation analysis was 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.
isotopic fractionation (Δδ18O:Δδ15N) during denitrification. Plot-level composite soils col-

ded NO3
− (μg N g−1) 15ε (‰) 18ε (‰) Δδ18O:Δδ15N k1 N

42.3 ± 2.6 15.3 ± 1.7 0.36 ± 0.05 0.0112 6
41.1 ± 6.7 14.2 ± 2.4 0.33 ± 0.07 0.0089 6
42.1 ± 3.0 12.1 ± 3.2 0.29 ± 0.07 0.0087 6
54.0 ± 2.7 21.4 ± 1.7 0.40 ± 0.02 0.0045 12
54.8 ± 2.4 20.0 ± 1.4 0.37 ± 0.01 0.0046 12
53.3 ± 4.2 21.2 ± 2.7 0.41 ± 0.02 0.0035 12
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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
JFL-SF, averaging 4.1 and 4.2, respectively) was significantly lower
than that of the temperate forest soils (QY-LF and QY-MF, averaging
5.1 and 5.3, respectively) (P b 0.05). Total C and total N concentrations
varied from 1.9% to 4.5% and 0.18% to 0.46%, respectively, and were ap-
proximately twice as high in the temperate mixed forest soils as in the
other three forest soils. Soil C/N ratios were similar among all four for-
ests (Table S2).

3.2. Nitrate N- and O-isotope fractionation under anaerobic conditions

When forest-level composite soils were incubated under anaerobic
conditions, NO3

− concentrations quickly decreased, and NO3
− was al-

most completely consumed within 14 days in all forest soils except
the temperate mixed forest soil in 2016 (Fig. 1). The NO3

− reduction
rate ranged from 0.17 to 0.35 μg N g−1 h−1 (on average 0.26 ± 0.02
μg N g−1 h−1) 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 L−1) for all forest soils during the entire incubation, while
NH4

+ slightly increased over time in all forest soils (Fig. S4).
With NO3

− consumption, the δ18O and δ15N of the residual NO3
− in-

creased (Figs. S5 and S6). As predicted by the Rayleigh model, there
were significant linear relationships between the δ18O and δ15N values
against the natural logarithm of the fraction of remaining NO3

−. The
slopes of the lines approximate the N- and O-isotope effect (18ε and
15ε). Nitrogen isotope effects (15ε) spanned a broad range, between
30.8‰ and 65.0‰ (on average 42.3 ± 4.7‰), and 18ε ranged from
10.7‰ to 23.3‰ (on average 15.6 ± 1.1‰) in the studied forest soils
(Figs. 2 to 4, Table 1). The slopes of theΔδ18O:Δδ15N ratio of the four for-
est 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 variations in 15εwere found
to correspond to the incubation conditions, e.g., initial NO3

−

Fig. 1. Changes in the concentration of nitrate (NO3
−) during the incubation of four forest soil

(A) Forest-level composite soils sampled in 2015; (B, C, D and E) Forest-level composite soils
in 2016. Note: JFL-PF represents the tropical primary forest; JFL-SF represents the tropical
temperate larch forest.
concentrations and DCD (Table 1). An increase in the initial NO3
− con-

centrations induced an increase in 15ε, from34.3‰ to 39.5‰ in the trop-
ical primary forest (JFL-PF) soils and from 45.7‰ to 65.0‰ in the
temperate mixed forest (QY-MF) soils (Table 1). In addition, with the
same initial NO3

− concentrations, nitrogen isotope effects (15ε) exhib-
ited a greater 15ε when soils were incubated with DCD (Table 1).

In addition, when the plot-level composite soil was incubated with
the addition of 20 μg N g−1 soil, the NO3

− reduction rate was on average
0.30 ± 0.02 μg N g−1 h−1 (in the first 3 days) and 0.22 ± 0.03 μg N g−
1 h−1 (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 decreasing NO3

− concentration, the δ18O and δ15N of the
residual NO3

− also increased (Figs. S5 and S6). The average 18ε was
13.9 ± 0.9‰ and 20.9 ± 0.4‰, and the average 15ε was 41.8 ± 0.4‰
and 54.0 ± 0.4‰ for the tropical primary forest and the temperate
mixed forest soils, respectively (Fig. 5, Table 2). The Δδ18O:Δδ15N ratios
were 0.33 ± 0.2 and 0.39 ± 0.1, respectively (Fig. 5, Table 2).

Under anaerobic conditions, in certain cases, NO3
− was almost

completely consumed after several days (7 days or 14 days), and
when the residual NO3

− amount was less than one-tenth of the initial
level, the δ18O and δ15N of the residual NO3

− began to fall below the
values expected from a constant 18ε and 15ε (Figs. 2 to 5, S4 and S5).

3.3. Nitrate N- and O-isotope fractionation under aerobic conditions

When forest-level composite soils were incubated under aerobic
conditions (headspace filled with air), the NO3

− reduction rate was on
average 0.06 ± 0.00 μg N g−1 h−1 (in 14 days) for the tropical primary
forest and the temperate mixed forest, much lower than under anaero-
bic conditions (Fig. 1). Nitrite was not detected or was near the detec-
tion limit in the two forest soils over the entire incubation, while NH4

+

slightly increased over time in all forest soils (Fig. S4).
With decreasing NO3

− concentration, the δ18O and δ15N of the resid-
ual NO3

− also increased but in a narrow range compared to that under
anaerobic conditions (Figs. S5 and S6). When soils were incubated
with DCD, 15ε was 43.7‰ and 58.3‰, and 18ε was 19.8‰ and 39.0‰
for the tropical primary forest and the temperate mixed forest soils, re-
spectively (Fig. 4, Table 1). The Δδ18O:Δδ15N ratios were 0.43 and 0.60,
s (mean value ± 1 standard deviation, n = 3, except n = 2–5 in soil collected in 2015).
resampled in 2016 under different amendments; (F) Plot-level composite soils sampled
secondary forest; QY-MF represents the temperate mixed forest; QY-LF represents the



Fig. 2.Nitrogen isotope effect (15ε) and the ratio of O andN isotopic fractionation (Δδ18O:Δδ15N) during denitrificationmeasured in 2015. (A) NO3
− δ15N vs. ln([NO3

−]/[NO3
−]initial); (B) NO3

−

δ18O plotted against the corresponding δ15N. Note: Forest-level composite soils collected in 2015 from two temperate and two tropical forests were incubated at room temperature
(approximately 20 °C) with the addition of 20 μg NO3

−-N g−1 soil. All P-values are b0.05 based on linear regressions.
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respectively (Fig. 4, Table 1). When soils were incubated without DCD,
15εwas 52.7‰ and 64.4‰ and 18εwas 24.8‰ and 38.0‰ for the tropical
primary forest and the temperatemixed forest soils, respectively (Fig. 4,
Table 1), and the Δδ18O:Δδ15N 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 N2O produced by denitrification was 15N depleted at the begin-
ning of incubation in all forest soils and all treatments, ranging from−
21.6‰ to−52.6‰ (Table 3). However, the δ15N of N2O increased to −
17.9‰ to −6.6‰ on the 14th day (Table 3). According to Eq. (3), 15ε
for the first 3 days ranged from 21.0‰ to 50.4‰ (on average 38.5 ±
8.9‰) and from 55.5‰ to 66.6‰ (on average 60.7± 3.2‰) for the trop-
ical primary forest soils and temperate mixed forest soils, respectively.
In addition, 15ε for the entire 14-day incubation was calculated using
Fig. 3. Effects of initial nitrate concentration on the nitrogen isotope effect (15ε) and the ratio o
([NO3

−]/[NO3
−]initial); (B) NO3

− δ18O plotted against corresponding δ15N. Note: Forest-level comp
room temperature with the addition of 20, 10 or 0 μg N g−1. All P-values are b0.05 based on lin
Eq. (4), ranging from 38.4‰ to 77.4‰ (on average 60.0 ± 11.4‰) and
65.1‰ to 74.0‰ (on average 70.0 ± 2.6‰) for the primary forest soils
and mixed forest soils, respectively.

4. Discussion

4.1. N isotope fractionation during denitrification

Our study shows that the apparent N isotope effect (15ε) during de-
nitrification under strictly anaerobic conditions and at room tempera-
ture for soils from the four study forests ranged from 30.8‰ to 65.0‰
(on average 48.3±2.0‰, Tables 1 and 2). Our results are, unexpectedly,
largely outside of the reported range of previous studies (Fig. 6); for ex-
ample, values of 6‰ to 33‰ were reported for temperate agricultural
soil (Blackmer and Bremner, 1977; Chien et al., 1977; Mariotti et al.,
1982); 13‰ for the field incubation of Hawaiian tropical forest soils
f O and N isotopic fractionation (Δδ18O:Δδ15N) during denitrification. (A) NO3
− δ15N vs. ln

osite soils collected in 2016 from temperate forests and tropical forests were incubated at
ear regressions.



Fig. 4. Effects of nitrification inhibitor and oxygen on the nitrogen isotope effect (15ε) and the ratio of O and N isotopic fractionation (Δδ18O:Δδ15N) during denitrification. (A) NO3
− δ15N vs.

ln([NO3
−]/[NO3

−]initial). (B) NO3
− δ18O plotted against the corresponding δ15N. 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 b0.05 based on linear regressions.
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(Houlton et al., 2006); 10‰ to 45‰ for three tropical forests in the
Brazilian Amazon (Perez et al., 2006); 20‰ to 29‰ for two temperate
forests in central Ontario, Canada (Snider et al., 2009); and 24‰ to
29‰ for two boreal forests in Krasnoyarsk, Russia (Menyailo and
Hungate, 2006). Our values are also higher than the 15ε reported for
many other environments, e.g., 5‰ to 30‰ in pure culture studies of
Fig. 5. Nitrogen isotope effect (15ε) and the ratio of O and N isotopic fractionation (Δδ18O:Δδ1

against the corresponding δ15N. Note: Plot-level composite soils collected in 2016 from
(approximately 20 °C) with the addition of 20 μg NO3

−-N g−1 soil. All P-values are b0.05 based
heterotrophic denitrifying bacteria (Granger et al., 2008; Treibergs and
Granger, 2016, and references therein) and 18‰ for permeable sedi-
ments (Kessler et al., 2014).We also determined theN2O produced dur-
ing the 2016 incubation and found that the 15ε of NO3

− to N2O calculated
by δ15N-NO3

− and δ15N-N2O was, on average, 49‰ and 65‰, respec-
tively (Table 3). These results were also at the upper limit of other soil
5N) during denitrification. (A) NO3
− δ15N vs. ln([NO3

−]/[NO3
−]initial).; (B) NO3

− δ18O plotted
the temperate forest and the tropical forest were incubated at room temperature
on the linear regressions.



Table 3
Calculation of N isotope effects during denitrification based on Eqs. (3) and (4) using δ15N of N2O and remaining NO3

−. Forest-level composite soils were incubated in 2016.

Forest
type

Temperature
(°C)

Nitrification
inhibitor

Added
NO3

−

(μg N g−1)

Incubation time
(day)

δ15N-N2O 15ε (‰) according to Eq. (4)a 15ε (‰) according to Eq. (3)b

JFL-PF 20 Yes 20 3 −48.2 ± 0.0 44.0
JFL-PF 20 Yes 20 7 −37.3 ± 0.9
JFL-PF 20 Yes 20 14 −17.9 ± 0.4 38.4 ± 12.4
JFL-PF 20 Yes 10 3 −47.0 ± 0.0 50.4
JFL-PF 20 Yes 10 7 −24.0 ± 5.1
JFL-PF 20 Yes 10 14 −13.0 ± 0.3 64.2 ± 19.9
JFL-PF 20 Yes 0 3 −21.6 ± 0.5 21.0
JFL-PF 20 Yes 0 7 −16.5 ± 0.1
JFL-PF 20 Yes 0 14 −2.2 ± 6.2 77.4 ± 93.8
QY-MF 20 Yes 20 3 −52.6 ± 0.4 55.5
QY-MF 20 Yes 20 7 −42.5 ± 0.1
QY-MF 20 Yes 20 14 −22.5 ± 0.1 70.4 ± 7.4
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 ± 1.4 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 ± 2.5

a 15ε was calculated with Eq. (4) for 14 days.
b 15ε was calculated with Eq. (3) for the first 3 days.
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studies determined via the same approach for agricultural soils (2‰ to
55‰) (Grabb et al., 2017; Lewicka-Szczebak et al., 2014; Lewicka-
Szczebak et al., 2015; Mathieu et al., 2007; Well and Flessa, 2009) and
forest soils (10‰ to 45‰) (Menyailo and Hungate, 2006; Perez et al.,
2006; Snider et al., 2009).

Although N isotope enrichment factors (15ε) observed in the present
studywere higher than previously observed, the range of values we ob-
served (31‰ to 65‰, Tables 1 and 2) was nevertheless within that pre-
dicted by theory. According to the efflux model proposed by Kohl and
Shearer (1978), the 15εorganism (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 membrane
(15εuptake) and the isotope effect that occurs during NO3

− reduction
within the cell (15εintrinic). 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, 15NO3

− and 14NO3
− for N isotope effect (resulting in a 15εuptake of

8‰). The NO3
− reduction step is the rate-limiting and irreversible step

that involves enzymatic breakage of the N\\O bond, which results in a
large isotope fractionation of 65.9‰ at 25 °C (Urey, 1947). Thus, the
maximum 15εorganism will be approximately 74‰, higher than the
highest record in our study of forest soils.
Fig. 6. Variations in 15ε of denitrification under different environmental and experimental
conditions.
The initial NO3
− concentration has been shown to affect the isotope

effect of denitrification (Mariotti et al., 1982).When the initial NO3
− con-

centration is low, NO3
− reduction is relatively more complete and NO3

−

uptake is the rate-limiting step, which may cause a negligible isotope
fractionation (Granger et al., 2004; Granger et al., 2008). In this case,
15εwas lowdue to the low efflux/uptake ratio (Wenk et al., 2014). How-
ever, with increased initial NO3

− concentration, NO3
− reductase was no

longer sufficient to sustain maximal reduction rates (i.e., the enzymatic
step became the rate-limiting step), and the intrinsic isotope fraction-
ation could be nearly fully expressed in the environment (i.e., higher
15ε) (Mariotti et al., 1982; Wenk et al., 2014). Our results were consis-
tent with this interpretation. We found that initial NO3

− concentration
was positively correlated with 15ε, i.e., a higher initial NO3

− concentra-
tion was associated with a higher fractionation (Table 1). The treat-
ments with 20 μg NO3

−-N g−1 soil had a higher 15ε (39.5‰ and 65.0‰
for the tropical primary forest and the temperate mixed forest soils, re-
spectively) than treatments with 10 μg NO3

−-N g−1 soil (15εwas 34.3‰
and 52.7‰, respectively) and those without N addition (15ε was 45.7‰
for temperate mixed forest).

Previous studies also showed that 15ε was affected by temperature
and the amount of available organic carbon (Maggi and Riley, 2015;
Mariotti et al., 1982; Wunderlich et al., 2012). These effects primarily
arise because denitrification rates are regulated by temperature and
the quantity of electron donors. Mariotti et al. (1982) reported that 15ε
was highly correlated with denitrification rate for the studied agricul-
tural soil, with 15ε exponentially decreasing with an increasing denitri-
fication rate (expressed as rate constant k1) (Mariotti et al., 1988).
Similar to this finding, across all forest soils in the present study, 15ε
was also found to exponentially decreasewith increasing denitrification
rate (Fig. 7). However, our results were still greater than the values ob-
served in agricultural soil incubation with the same denitrification rate
(Blackmer and Bremner, 1977; Chien et al., 1977; Mariotti et al., 1982).

In addition, the denitrifying bacterial communities and/or availabil-
ity of nutrients and dissolved organic matter impacted by 15εmay 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, the 15ε in the tropical primary forest
was always lower than that in the temperate mixed forest even when
they received the same nutrient and temperature treatments



Fig. 7. Relationship between N isotopic effect (15ε) and isotopic rate constant k1 (first
order) in our study in comparison with previous studies.
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(Table 1). Additionally, we found that 15ε (51.4‰) for the temperate
mixed forest soils in 2015 was lower than that in 2016 (65.0‰),
which had a different initial NO3

− concentration and denitrification
rate (Table 1, Fig. 1). This finding may provide further evidence that
the N isotope effect of denitrification was correlated with the initial
NO3

− concentration and denitrification rate (Mariotti et al., 1982).
It remains unclear why 15εwas higher for our study forests than for

the other forest soils reported in previous studies. We propose two po-
tential mechanisms. First, the method using 15N depletion of N2O rela-
tive to NO3

− may underestimate 15ε because N2O is likely to be further
reduced to N2, such that the remainingN2O becomesmore 15N enriched
than it should be, although this was not the case in the forest soils in the
present study, where 25% to 60% of produced N2Owas shown to be fur-
ther reduced to N2 under anaerobic conditions (Xi, 2016). This method
has been used in three of the four previous studies for forest soils to de-
termine 15ε during denitrification (Menyailo and Hungate, 2006; Perez
et al., 2006; Snider et al., 2009). Second, relatively complete NO3

− reduc-
tion may explain the low 15ε observed in the first 10 cmmineral soil in
Hawaiian tropical forests, which results in an underexpression of N iso-
tope effects (Houlton et al., 2006). Partial NO3

− consumption (“open-
system kinetics”) leaves behind 15N-enriched NO3

−, which can diffuse
out of the zone of ongoing denitrification, while complete NO3

− con-
sumption (“closed-system kinetics”) would cause underexpression of
the isotope effect because little or no 15N-rich NO3

− would escape. In
fact, denitrification in the soil below a depth of 10 cm should exhibit a
high N isotope effect (60‰, comparable to our results) across the Ha-
waiian tropical forests; therefore, the relationship between 15N/14N of
NO3

− and ln([NO3
−]) in the profile can be appropriately fitted

(Houlton, 2005).

4.2. Oxygen isotope fractionation and Δδ18O:Δδ15N ratio in NO3
− during

denitrification

Unlike the large N-isotope effect, the O-isotope effect (18ε) in our
forest soils was small. The mean value of 18ε was 16.2 ± 0.9‰, compa-
rable to other studies, e.g., 5‰ to 24‰ in the pure culture studies of het-
erotrophic denitrifying bacteria (Dabundo, 2014; Frey et al., 2014;
Granger et al., 2008; Hosono et al., 2015; Karsh et al., 2012; Knöeller
et al., 2011; Kritee et al., 2012; Treibergs and Granger, 2016;
Wunderlich et al., 2012), 14.2‰ in permeable sediments (Kessler
et al., 2014), and 7‰ to 18‰ in groundwater (Böttcher et al., 1990;
Fukada et al., 2003; Mengis et al., 1999; Wenk et al., 2014). As in the
δ15N of the residual NO3

−, δ18O also began to fall below the values ex-
pected from a constant 18ε when the residual NO3

− amount was less
than one-tenth of the initial value (Figs. 2 to 5).

Due to the relatively higher 15ε, the ratio of Δδ18O:Δδ15N 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 stronger 15N effect but similar 18O effect). The ratios in the present
study are also lower relative to the reported range for terrestrial envi-
ronments (0.47 to 0.89) (Böttcher et al., 1990; Fukada et al., 2003;
Lehmann et al., 2003; Wenk et al., 2014), marine environments (1.25)
(Sigman et al., 2005) and the pure culture of heterotrophic denitrifying
bacteria (0.33 to 1.02) (Dabundo, 2014; Frey et al., 2014; Granger et al.,
2008; Hosono et al., 2015; Karsh et al., 2012; Knöeller et al., 2011; Kritee
et al., 2012; Treibergs and Granger, 2016; Wunderlich et al., 2012). In
addition, our result was lower than the ratio of Δδ18O:Δδ15N in soil
water and stream water from tropical forest studies (1.11–1.54 and
0.66, respectively) (Fang et al., 2015; Houlton et al., 2006), but similar
to the value for a temperate forest (0.30) (Fang et al., 2015).

One possible explanation for the lower ratio of Δδ18O:Δδ15Nmay be
related to the different fractionation of N and O isotopes via internal en-
zymatic reduction. During denitrification, there are two types of dissim-
ilatory NO3

− reductases: bacterial membrane-bound NO3
− reductase

(Nar) and periplasmic NO3
− reductase (Nap). Evidence suggested that

the differences in the catalytic steps between Nar and Napwould be re-
sponsible for the lower ratio ofΔδ18O:Δδ15Nunder anaerobic conditions
(Frey et al., 2014; Wenk et al., 2014). Nap can split not only light O but
also heavy O, leading to a slower enrichment of 18O than of 15N in NO3

−

(Frey et al., 2014); thus, Nap enzymes may be responsible for the rela-
tively low Δδ18O:Δδ15N ratio. Previous studies of a pure culture of het-
erotrophic 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 NO3

−-limited condi-
tions, Nap can be essential for NO3

− reduction due to its higher affinity
for NO3

−, and the relative abundance of NapA genes has been shown
to increase with decreasing NO3

− concentrations (Dong et al., 2009).
Another potential explanation for the lowerΔδ18O:Δδ15N ratio is the

O isotope exchange betweenNO2
− andwater and the production of NO3

−

via NO2
− oxidation (NXR) through anaerobic ammonium oxidation

(anammox) (Granger and Wankel, 2016). Granger and Wankel
(2016) recently proposed a numerical model of NO3

− isotope dynamics
and suggested that when the NXR/NAR ratio was low (i.e. NO2

− was
mostly reduced to NO rather than oxidized to NO3

−), the δ15N of NO2
−

was relativelymore 15N enriched and theNO3
− produced byNO2

− oxida-
tion was further 15N enriched due to the inverse isotope effect
(Casciotti, 2009). In contrast, the δ18O of NO3

− produced by NO2
− oxida-

tion would decrease due to the O-isotope exchange between NO2
− and

water and the incorporation of O from water into NO3
− (Fang et al.,

2012; Kool et al., 2009; Wunderlich et al., 2013). The anammox process
will increase δ15N of residual NO3

− and lower the Δδ18O:Δδ15N ratio.
Wunderlich et al. (2013) also found that a redox NO2

− and NO3
− cycle

driven by nitrite oxidoreductase (Nxr) may occur under moderate pH
and anaerobic conditions, resulting in modification of the Δδ18O:Δδ15N
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 18ε (R2 = 0.83, P b 0.05,
Fig. S7), which suggests that pH may affect the extent of O-isotope ex-
change and the Δδ18O:Δδ15N ratio.

4.3. Implications for estimating denitrification rates

Our study revealed an unexpectedly high N isotope effect during de-
nitrification, with an average value of 48‰ across all experiments. In
previous ecosystem studies that used a 15ε of 16‰ to estimate the ef-
fects of denitrification on isotopes, the denitrification was estimated to
account for 35% of total N losses from global unmanaged terrestrial eco-
systems and for 48% to 86% for the six studied forests in southern China
and central Japan (Fang et al., 2015; Houlton and Bai, 2009). However, if
we instead apply our averaged value of 48‰ during denitrification, we
find that the proportion of denitrification in total N losses would de-
crease to 12% for the Houlton and Bai (2009) study and to 26% to 68%
for the Fang et al. (2015) study. Our new estimates indicate that the
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contribution of denitrification to N lossesmight have been considerably
overestimated for soils bearing a high N isotope fractionation in previ-
ous studies. However, the extent to which these findings are represen-
tative of ecosystems at a larger scale is uncertain due to soil spatial
heterogeneity. Therefore, it will be important to confirm whether this
observed highN isotope fractionation is indeed typical for forest ecosys-
tems 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 NO3

− during denitrifi-
cation as well as the ratio of Δδ18O:Δδ15N. We found that the N isotope
effectswere, unexpectedly,muchhigher than the reported range of het-
erotrophic denitrification and other environmental settings
(e.g., groundwater, marine sediments and agricultural soils), ranging
from 31‰ and 65‰ in the studied forest soils. These variations in 15ε
were found to correspond to the incubation conditions, e.g., initial
NO3

− concentrations and DCD. However, the O-isotope effect (18ε) of
our forest soils was comparable to that in other studies, ranging from
11‰ to 39‰. In addition, the ratios of Δδ18O:Δδ15N ranged from 0.28
to 0.60, which were lower than the canonical ratios of 0.5 to 1 for deni-
trification bacteria and other terrestrial environments. We suggest that
the isotope effect of denitrification for soilsmay vary greatlywith 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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