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Abstract
An ex-situ 15 N–18O tracing experiment with soils collected from the valley and slope, respectively, of a subtropical second-
ary karst forest with three N addition levels, i.e., 0, 50, and 100 kg N  ha−1  year−1 for each topographic position to investigate 
 N2O production pathways. Autotrophic nitrification pathways (ammonia oxidation, nitrifier denitrification, and nitrification-
coupled denitrification) accounted for > 70% of total  N2O production, but denitrification pathways (heterotrophic denitrifica-
tion and co-denitrification) were the minor source of  N2O at both topographic positions. In the valley, chronic N addition 
stimulated ammonia oxidation-derived  N2O, which was paralleled by increased ammonia-oxidizing archaea (AOA) amoA 
gene transcript abundance, but inhibited nitrifier denitrification- and nitrification-coupled denitrification–derived  N2O along 
with suppressed ammonia-oxidizing bacteria (AOB) amoA gene transcript abundance and stimulated nosZII gene transcript 
abundance, respectively. On the slope, chronic N addition stimulated ammonia oxidation-derived  N2O along with increased 
AOB amoA gene transcript abundance, and enhanced nitrifier denitrification-derived  N2O congruent with increased AOB 
amoA and decreased nirK gene transcript abundances. In addition, chronic N addition reduced the relative contribution of 
heterotrophic denitrification to  N2O production but had no significant influence on heterotrophic denitrification-derived  N2O 
on the slope. Overall, our results provide a comprehensive view in terms of how topography-driven soil properties regulate 
 N2O production and its pathways in a subtropical forest.

Keywords N deposition · Topography · Ammonia oxidation · Nitrifier denitrification · Nitrification-coupled denitrification · 
Heterotrophic denitrification · Transcripts

Introduction

Soils are the predominant source of atmospheric nitrous 
oxide  (N2O) (Tian et al. 2020), which is a potent greenhouse 
gas and long-lived stratospheric ozone-depleting substance 
(Montzka et al. 2011). Soil  N2O emission from natural eco-
systems has been increasing with a rate of 0.7 ± 0.5 Tg N 

 year−1 since the 1860s, and accounted for 67% of global soil 
 N2O emission during the period from 2007 to 2016 (Tian 
et al. 2019a). Nevertheless, the increase in soil  N2O emis-
sion is region-specific. For example, soil  N2O emission from 
natural ecosystems in China has increased from 0.3 ± 0.1 Tg 
N  year−1 in the 1860s to 0.5 ± 0.5 Tg N  year−1 for the period 
from 2007 to 2016 largely due to atmospheric nitrogen (N) 
deposition; but soil  N2O emission from natural ecosystems 
in the USA is relatively constant over the same time scale 
(Tian et al. 2019a). Considering the huge uncertainty in the 
simulation of soil  N2O emission by process-based terres-
trial biosphere models, it is hence imperative to unravel the 
mechanisms underlying the change of soil  N2O production 
in response to atmospheric N deposition.

Nitrification and denitrification are the predominant 
microbial processes that produce  N2O in soil (Butterbach-
Bahl et al. 2013). Nitrification pathways include ammonia 
oxidation (Prosser et al. 2020), heterotrophic nitrification 
(Zhang et al. 2015), nitrifier denitrification (Wrage-Mönnig 
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et al. 2018), and nitrification-coupled denitrification (Ver-
hoeven et al. 2018). During nitrification,  N2O production is 
regulated by amoA gene encoding the ammonia monooxy-
genase enzyme of ammonia-oxidizing archaea (AOA), 
ammonia-oxidizing bacteria (AOB), and complete ammo-
nia-oxidizing bacteria (comammox) (Li et al. 2022). Deni-
trification pathways include heterotrophic denitrification, 
codenitrification (Spott et al. 2011), and chemodenitrifica-
tion (Chalk and Smith 2020). The key step of denitrifica-
tion is the reduction of nitrite into nitric oxide catalyzed by 
nitrite reductase encoded by nirK, nirS (Clark et al. 2012). 
or fungal nirK gene (Aldossari and Ishii 2021). The last step 
of bacterial denitrification is catalyzed by  N2O reductase 
encoded by nosZI and/or nosZII genes (Hallin et al. 2018), 
which is the only known sink of  N2O in the biosphere, as 
it reduces  N2O into  N2 under conditions of oxygen limita-
tion and high carbon (C) availability (Fig. S2) (Duan et al. 
2019b; Krause et al. 2017). As nitrifier and denitrifier activi-
ties are sensitive to substrate availability (Hallin et al. 2018; 
Prosser et al. 2020), N addition could affect nitrification 
and denitrification and thus soil  N2O production, which 
was closely linked to the relative abundance of microbial 
functional genes involved in nitrification and denitrification 
in tropical/subtropical forests, but the potential mechanism 
was rarely explored (Han et al. 2019; Song et al. 2020; Soper 
et al. 2018; Tian et al. 2019b). While previous studies have 
simultaneously measured nitrification and heterotrophic den-
itrification in forest soil and used these processes to explain 
the change of soil  N2O production under elevated N deposi-
tion (Han et al. 2018b; Peng et al. 2021; Tang et al. 2018), it 
remains challenging to distinguish the contribution of other 
processes, e.g., nitrifier denitrification and nitrification-cou-
pled denitrification to soil  N2O production.

Besides soil N availability, the other soil properties, such 
as soil organic C (SOC) has often been found to affect the 
responses of soil  N2O emission to N addition (Tian et al. 
2019b; Wu et al. 2020; Yan et al. 2018). For example, N 
addition significantly increased soil  N2O emission by stimu-
lating the abundances of denitrifiers due to high SOC avail-
ability (Han et al. 2018b). Topographic position has been 
identified as a major determinant for soil properties, soil 
N transformation rates, soil microbial community composi-
tion, and abundance, etc., which may subsequently affect 
 N2O emission (Arias-Navarro et al. 2017; Stewart et al. 
2014; Zhu et al. 2021). Relative to the slope, soils in the 
valley are often characterized by greater levels of dissolved 
organic C (DOC) and  NO3

–, higher moisture, and more  O2 
depletion, which favor the formation of hot spots for  N2O 
production via denitrification (Stewart et al. 2014; Zhu et al. 
2021). Nevertheless, it has never been investigated, to our 
knowledge, whether and how the effects of N addition on 
the contribution of multiple pathways of  N2O production 
are modulated by topography.

To elucidate the soil N transformation and  N2O produc-
tion pathways and their responses to N addition, we con-
ducted an ex situ 15 N–18O tracing experiment with soils 
collected from the valley and slope of a subtropical karst 
forest after 3 years of N addition in southwest China. Paired 
(15NH4

+–15NO3
–) and dual (15  N–18O) isotope labeling 

techniques (Jansen-Willems et al. 2016; Kool et al. 2011) 
combined with mathematical modelling were used to dif-
ferentiate seven  N2O production pathways (Fig. S2). Tran-
scriptional analyses of key microbial functional genes were 
performed to link the changes in the expression of functional 
genes with soil  N2O production through different pathways. 
Our previous studies show that the calcareous soils in this 
region have high soil acid buffering capacity due to high 
contents of calcium (Ca) and magnesium (Mg) (Wang et al. 
2019; Zheng et al. 2020). Since enhanced N deposition can 
promote nitrification in calcareous soil without acidification 
(Hao et al. 2020), we hypothesized that N addition would 
increase the contribution of nitrification to  N2O produc-
tion because of rapid utilization of  NH4

+ from N addition 
(Hypothesis I). In two companion studies, we reported that 
SOC content was higher on the slope than in the valley, 
while  NO3

− availability was higher in the valley than on the 
slope (Chen et al. 2021; Wang et al. 2019). Since  N2O reduc-
tion via denitrification depends on  NO3

– and SOC content, 
with higher  NO3

− but lower SOC content inhibiting activity 
of  N2O-reducing microorganisms (Hallin et al. 2018), we 
hypothesized that N addition would increase the contribution 
of denitrification to  N2O production in the valley due to the 
higher soil  NO3

− but lower C level (Hypothesis II).

Materials and methods

Site description and experimental design

The N addition experiment was conducted in Mulun 
National Nature Reserve of Huanjiang County, southwest 
China (Wang et al. 2019). The region has a humid subtropi-
cal climate. Mean annual precipitation and air temperature 
are 1389 mm and 19 °C, respectively. Atmospheric N depo-
sition rate was approximately 37 kg N  ha−1  year−1 according 
to Zhu et al. (2015).

The experiment was conducted at two topographic posi-
tions, i.e., in the valley and on the slope, respectively, of 
a secondary karst forest. The soil, underlain by limestone, 
is classified as leptosols (limestone soil) according to 
World Reference Base classification system. Soil depth in 
the valley and on the slope varies from 0.0 to 0.8 m and 
from 0.0 to 0.3 m, respectively. The distance between the 
neighboring plots of the two topographic positions is greater 
than 30 m. There are lots of fissures and small conduits in 
the limestone underlain the karst ecosystems, so that the 
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hydrological process is dominated by vertical leakage via 
the fissures and small conduits instead of overland flow 
or interflow (Fu et al. 2016). The selected forest is about 
35 years old after clear-cut, and dominated by Cryptocar 
yachinensis (Hance) Hemsl., Cinnamomum saxatile H.W.Li, 
Koelreuteria minor Hemsl., Pittosporum tobira (Thunb.) 
Ait., Bridelia tomentosa Bl., and Murraya exotica L. Mant. 
The basal area of trees is 229.6 ± 65.3 (mean ± standard 
deviation)  m2  ha−1 in the valley and 195.5 ± 71.4  m2  ha−1 
on the slope. At each position, a randomized complete block 
design was applied with three blocks and three N addition 
levels, i.e., control (N0, 0 kg N  ha−1  year−1), moderate N 
addition (N50, 50 kg N  ha−1  year−1), and high N addition 
(N100, 100 kg N  ha−1  year−1). Therefore, there are nine plots 
(10 × 10 m each) at each topographic position (Fig. S1). 
Each plot was surrounded by a 10-m wide buffering zone 
to avoid potential influence from each other. Nitrogen was 
applied in the form of  NH4NO3 at the beginning of each 
month since April 2016. On each N addition event,  NH4NO3 
was dissolved in 10 L of water (equal to 1.2 mm extra mm 
precipitation per year) and sprayed with a back–pack sprayer. 
The control plots received an equal amount of water.

Soil physicochemical properties

Ten soil samples were taken randomly using a soil corer 
(5 cm in inner diameter) from the mineral soil horizon to 
a depth of 0–10 cm, and mixed thoroughly to a composite 
sample for each plot in September 24, 2019. In total, > 1.5-
kg composite sample was collected from each plot. The soil 
samples were stored in zip-locked polypropylene bags and 
placed in a cool box during transportation to the laboratory. 
After carefully removing the litter, roots, and stones by hand 
with a tweezers, each composite soil sample was passed 
through a 2-mm sieve, and was divided into four subsam-
ples. One fresh subsample was stored at − 20 °C and used 
for the DNA extraction. One fresh subsample was stored at 
4 °C and used to determine DOC, total dissolved N (TDN), 
 NH4

+,  NO2
−,  NO3

−, available P (AVP), microbial biomass 
C (MBC), N (MBN), and P (MBP) within 1 week. One fresh 
subsample was stored at 4 °C and used for the incubation 
experiment in October 2019. One subsample was air dried, 
sieved to 1 mm, and used to determine pH, exchangeable Ca 
and Mg, soil organic C (SOC), total N (TN), and total P (TP). 
Methods for the physicochemical analyses are presented in 
detail in Carter and Gregorich (2007). Soil moisture content 
was measured by weighting and drying for 24 h at 105 °C. 
Soil exchangeable Ca and Mg were analyzed by an induc-
tively coupled plasma atomic emission spectroscopy (ICP-
AES). Soil pH (1:2.5 soil/water ratio) was measured with 
a pH meter (FE20K, Mettler‐Toledo, Switzerland). SOC 
was measured by dichromate redox colorimetric method. 
TN were analyzed using an elemental analyzer (EA 3000; 

EuroVector, Italy). TP were analyzed colorimetrically using 
ascorbic acid molybdate method. DOC and TDN were meas-
ured by the wet oxidation and persulfate oxidation methods, 
respectively. Exchangeable  NH4

+ and  NO3
− were analyzed 

by an auto-analyzer (FIAstar 5000, FOSS, Sweden). AVP 
were measured using the molybdenum blue colorimetric 
method. MBC, MBN, and MBP were measured using chlo-
roform fumigation–extraction method (Brookes et al. 1985; 
Vance et al. 1987). The above variables are presented in 
Table S3.

Soil microcosm experiment

Soils were stored in a refrigerator (4 °C) before starting the 
incubation experiment in October 2019. Two sets of micro-
cosm experiments were carried out. The first experiment 
aimed to evaluate whether abiotic  N2O production played 
an important role or not (See Supplemental Methods for 
details). The second experiment aimed to determine  N2O 
production from multiple microbial processes. According to 
the first experiment, abiotic  N2O production was negligible, 
so that only the second experiment is presented below.

Soil samples were pre-incubated at 50% water hold-
ing capacity (WHC) and 20  °C for 7  days in 120-ml 
serum bottles, each of which was loaded with 10-g 
soil (dry weight equivalent). Upon pre-incubation, 
soil samples from each plot received with four treat-
ments, i.e., (a) 18O-H2O +  NO3

−  +  NH4
+, (b)  H2O + 18O-

NO3
−  +  NH4

+, (c)  H2O + 15  N-NO3
−  +  NH4

+, and (d) 
 H2O +  NO3

−  + 15 N–NH4
+. In total, the laboratory experi-

ment had 216 serum vials [2 topographic positions × 3 N 
addition levels × 3 blocks × 6 isotope treatments (2 sam-
pling times for 15 N labeled + 1 sampling times for 15 N and 
18O labeled) × 2 replicates]. All the microcosms received 
 NH4NO3 at a rate of 50.0 mg N  kg−1 soil (25 mg  NH4

+–N 
 kg−1 and 25 mg  NO3

−–N  kg−1 soil), which was equivalent 
to an atmospheric N deposition rate of 40 kg N  ha−1  year−1 
in southwest of China (Wen et al. 2020). 18O and 15 N were 
enriched to a final abundance of 1.0 atom% 18O and 10.0 
atom% 15 N excess, respectively. After 18O and 15 N addition, 
the microcosms were adjusted at 60% WHC, serum bottles 
were tightly capped with aluminum caps, and incubated for 
36 h at 20 °C.

It should be noted that the incubation conditions of mois-
ture and temperature were identified based on the following 
three aspects. First, the WHC condition was chosen since it 
was reported to be optimum for the simultaneous occurrence 
of nitrification and denitrification (Congreves et al. 2019) 
due to the uninhibited diffusion of both substrates and  O2 
(Parton et al. 1996) and the occurrence of anaerobic micro-
sites in soil aggregates (Sexstone et al. 1985). Second, this 
region is located in the subtropical humid forest life zone 
with a monsoon climate. The mean annual air temperature 
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ranges from 17.8 to 22.2 °C in Huanjiang County, and mean 
soil temperature ranges from 18.8 to 20.1 °C in the N addi-
tion experiment, thus we used the average (20 °C) as the 
incubation temperature in the current study.

At the end of incubation, 50-ml headspace gas was col-
lected from each bottle and evenly injected into two 12-ml 
pre-evacuated glass vials (Labco Exetainer, Labco Limited, 
UK). One gas sample was used for 15N2O,  N2

18O, 29N2, and 
30N2 analyses using a MAT 253 isotope ratio mass spectrom-
eter (Thermo Finnigan MAT, Bremen, Germany). The m/z 
29 and 30 beams enabled calculation of molecular ratios 
of 29R (29N2/28N2) and 30R (30N2/28N2) for  N2 (Yang et al. 
2014). Based on the 15N2 data, none of the 15 N-labeled  N2O 
was further reduced to  N2 (data not shown). Another gas 
sample was used for the analyses of  N2O and  CO2 concen-
trations using a gas chromatograph (Agilent 7890A, Agilent 
Ltd., CA, USA).

The headspace gas was sampled 30 min after the tracer 
addition, and soils in treatments (c) and (d) were extracted 
with 2 M KCl (soil:KCl = 1:5) to determine the concentra-
tions and 15 N abundance of  NO3

− and  NH4
+. An auto-ana-

lyzer (FIAstar 5,000, FOSS, Sweden) was used to analyze 
 NO3

− and  NH4
+ concentrations. 15 N analysis was performed 

after chemically transforming  NO3
− and  NH4

+ to  N2O 
(Laughlin et al. 1997; Liu et al. 2014; Stevens and Laughlin 
1994) using a MAT 253 isotope–ratio mass spectrometer 
(Thermo Finnigan MAT, Bremen, Germany). After extrac-
tion, soils were washed with distilled water for three times 
(Duan et al. 2019c; Peng et al. 2021; Zhang et al. 2018b), 
and then dried at 60 °C and used for the analyses of 15 N 
abundance of organic N using a MAT 253 isotope–ratio 
mass spectrometer coupled with an FLASH2000HT elemen-
tal analyzer (Thermo Finnigan MAT, Bremen, Germany).

At the end of incubation, soils in treatments (a) and (b) 
were used to extract RNA, which was further used to meas-
ure transcript abundances of nitrification and denitrification 
genes. According to the manufacturer’s instructions, 2.0-g 
fresh soil was used to extract RNA using a Power Soil Total 
RNA Isolation Kit (MO BIO Laboratories, Carlsbad, USA) 
(Duan et al. 2019a). RNA was quantified spectrophotometri-
cally (NanoDrop Technologies Inc., Wilmington, DE, USA). 
The RNA extracts were treated with a DNase I kit (MO BIO 
Laboratories, Carlsbad, CA, USA) to remove DNA residu-
als. RNA was transcribed into complementary DNA (cDNA) 
using RT Easy™ I (World’s Foregene, China) for first-strand 
cDNA synthesis. The purified cDNA samples were stored 
at − 20 °C until further analysis.

RT-qPCR was used to measure the abundances of two 
ammonia monooxygenases (AOA amoA and AOB amoA) and 
five denitrification reductases (nirK, nirS, fungal nirK, nosZI, 
and nosZII). RT-qPCR primers are described in Table S1. Each 
RT-qPCR reaction mixtures contained 1 μl of template cDNA 
or serially diluted standards, 5 μl of SYBR Premix Ex Taq II 

(TaKaRa Biotechnology, Otsu, Shiga, Japan), 0.2 μl each of 
forward and reverse primer, 0.2 μl of ROX Reference Dye I, 
and 3.6 μl of RNAase/DNase-free water. Standards ranging 
from  108 to  101 gene copies μL−1 were prepared from lin-
earized plasmids with insertions of target gene fragments. The 
amplification efficiencies ranged between 89.5 and 94.3%, and 
R2 values were > 0.98 for all the genes.

Calculations and statistical analysis

Gross mineralization (GMR) and nitrification rates (GNR) 
were calculated as described before (Davidson et al. 1991; 
Li et al. 2018). A mathematical model named “pool mixing 
model” was used to quantify the relative contributions of 
four pathways to  N2O production, based on the Excel Solver 
method (Duan et al. 2019c; Jansen-Willems et al. 2016). 
Three assumptions for this model are: (i)  N2O comes from 
three uniformly distributed pools; (ii) four processes are taken 
into account, i.e., autotrophic nitrification (AN), heterotrophic 
nitrification (HN), co-denitrification (CD), and heterotrophic 
denitrification (HD); and (iii) isotopic discrimination is con-
sidered to be negligible. The three uniformly distributed pools 
are  NH4

+, organic N, and  NO3
− pools, respectively.  N2O 

derived from the  NH4
+ pool via autotrophic nitrification at 

enrichment an, from organic N pool via heterotrophic nitrifi-
cation at enrichment ao, and from  NO3

− pool via denitrifica-
tion at enrichment ad. Co-denitrification defined as the hybrid 
formation of  N2O, which is formed by one N atom from the 
 NO3

− pool and one from the organic N pool. The detailed deri-
vations for this model are provided in Supplemental Methods 
(Eqs. (1)–(9)).

A dual-isotope (15 N–18O) labeling approach was used to 
distinguish the contribution of nitrification pathways (ammo-
nia oxidation—AO, nitrifier denitrification—ND, and nitrifi-
cation-coupled denitrification—NCD) and HD to  N2O produc-
tion (Kool et al. 2011). The main assumptions underlying this 
approach are: (i) ammonia oxidation-derived  N2O does not 
contain any O from  H2O; (ii)  NO3

− is the substrate for hetero-
trophic denitrification and an obligatory intermediate for nitri-
fication-coupled denitrification; (iii) O exchange takes place 
at the same rate as quantified for denitrification from  NO3

− to 
 N2O across these pathways; (iv) O atom originates from  H2O, 
 O2, and  NO3

− in ratios reflecting the reaction stoichiometry for 
AO, ND, NCD, and HD (Table S2). The detailed calculations 
are provided in Supplemental Methods (Eqs. (10)–(29)).

Following the hole-in-the-pipe model, the fraction (R) of 
 N2O lost via nitrification was calculated using Eq. (1):

where  N2OAN/AO/ND denotes  N2O produced by autotrophic 
nitrification or ammonia oxidation or nitrifier denitrification. 

(1)RN
2
O

AN∕AO∕ND =
N
2
O

AN∕AO∕ND

GNR
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Note that autotrophic nitrification may include ammonia oxi-
dation and nitrifier denitrification when using pool-mixing 
model. Therefore, we distinguished ammonia oxidation from 
autotrophic nitrification.

Statistical analysis

Two-way analysis of variance (ANOVA) with least signifi-
cant difference (LSD) test was adopted to examine the effects 
of field N addition, topography and their interaction on net 
 N2O production, contribution of individual pathways to net 
 N2O production, and functional gene transcript abundances. 
One-way ANOVA with LSD test was used to examine the 
effects of field N addition on net  N2O production, contribu-
tion of individual pathways to total  N2O production, and 
functional gene transcript abundances either in the valley or 
on the slope. Independent samples t test was used to examine 
whether the difference is significant between the two topo-
graphic positions for the same field N addition level. The 
effect was considered significant at p < 0.05 level. The above 
analyses were performed in SPSS 20.0 (IBM Co., Armonk, 
NY, USA). To test the relationships among  N2O produc-
tion pathways, soil properties, and functional gene transcript 
abundances, we adopted Pearson correlation analysis using 
the R packages ggm and psych (R version 3.3.1).

Structural equation modelling (SEM) was performed to 
partition the direct and indirect effects of soil properties and 
functional gene transcripts on  N2O production rate from 
individual pathways (expressed as pathway-derived  N2O) 
in the valley and on the slope. The hypothesized model was 
considered to fit the data well if the chi-square test is not 

significant (p > 0.05), and was rejected if the chi-square test 
was significant (p < 0.05). The SEM analyses were con-
ducted using AMOS 21.0 (Amos Development Corporation, 
Chicago, IL, USA).

Results

Soil  N2O production and its contributions 
from different pathways

Significant interactive effects of topography × N addition on 
net  N2O production, contribution of autotrophic nitrification, 
nitrifier denitrification, nitrification-coupled denitrification, 
and heterotrophic denitrification to  N2O production were 
found (Table S4). Net  N2O production during the laboratory 
incubation experiment was significantly (p < 0.05) greater 
for soils under chronic 3-year high N addition regard-
less of topographic position (Fig. 1a). Net  N2O produc-
tion was significantly higher (p < 0.05) for soils collected 
from the slope than from the valley under N100 (Fig. 1a). 
Autotrophic nitrification was the main source of  N2O by 
accounting for 93.1 ± 2.8–96.4 ± 0.6% in the valley and 
87.9 ± 0.6–95.9 ± 0.8% on the slope of the total  N2O pro-
duction (Fig. 1b). Chronic N addition significantly (p < 0.05) 
increased the contribution of autotrophic nitrification to  N2O 
production on the slope, but not in the valley (Fig. 1b).

The  N2O production rate by autotrophic nitrification was 
significantly (p < 0.05) increased at both topographic posi-
tions by N addition (Table 1). Heterotrophic denitrification 
was responsible for 3.6 ± 0.6–5.9 ± 2.8% in the valley and 

Fig. 1  Impacts of N addition on (a) total  N2O production, and rela-
tive contributions of  N2O production pathways in the valley and on 
the slope either (b) based on a pool mixing model, or (c) based on 
a dual–isotope labeling approach. Different letters denote significant 
difference at p < 0.05 among N addition treatments in the valley or on 
the slope. The asterisk (*) indicates significant difference at p < 0.05 

between the valley and slope for the same N addition level. Values are 
presented as means with standard deviations (n = 3). AN, autotrophic 
nitrification; HN, heterotrophic nitrification; HD, heterotrophic deni-
trification; CD, co-denitrification; AO, ammonia oxidation; ND, nitri-
fier denitrification; NCD, nitrification-coupled denitrification
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4.1 ± 0.8–12.0 ± 1.0% on the slope of the total  N2O produc-
tion. Chronic N addition significantly (p < 0.05) decreased 
the contribution of heterotrophic denitrification to  N2O pro-
duction on the slope but not in the valley (Fig. 1b). How-
ever, there was no significant influence of N addition on 
 N2O production rate from heterotrophic denitrification at 
both topographic positions (Table 1). The contributions of 
heterotrophic nitrification and co-denitrification to total  N2O 
production were negligible and not significantly different 
among the N addition treatments (Fig. 1b).

The contribution of ammonia oxidation to  N2O pro-
duction ranged from minima of 19.1 ± 6.5 to maxima of 
52.3 ± 5.0% in the valley and from minima of 38.8 ± 6.9 
to maxima of 52.9 ± 6.3% on the slope under the control 
(Fig. 1c). The contribution of nitrifier denitrification to  N2O 
production ranged from minima of 14.2 ± 0.9 to maxima 
of 69.1 ± 3.1% in the valley and from minima of 1.1 ± 0.9 
to maxima of 34.1 ± 5.2% on the slope under the control. 
Nitrification-coupled denitrification contributed 21.7 ± 1.0% 
in the valley and 18.9 ± 5.7% on the slope to  N2O production 
under the control. Heterotrophic denitrification contributed 
11.7 ± 6.1% in the valley and 27.1 ± 1.7% on the slope to 
 N2O production under the control. Chronic N addition sig-
nificantly (p < 0.05) increased the contribution of ammonia 
oxidation, while significantly (p < 0.05) decreased the con-
tribution of nitrifier denitrification and nitrification-coupled 

denitrification to  N2O production in the valley. The  N2O 
production rate from ammonia oxidation was significantly 
increased, but that was decreased from nitrifier denitrifica-
tion in the valley by N addition (Table 1). Chronic N addi-
tion significantly (p < 0.05) increased the contribution of 
nitrifier denitrification to  N2O production and  N2O produc-
tion rate from ammonia oxidation and nitrifier denitrification 
on the slope (Table 1).

Microbial transcript abundances

Significant interactive effect of topography × N addition on 
AOB amoA and nosZI transcripts was found (Table S4). 
Compared to the control, AOB amoA transcript was signifi-
cantly (p < 0.05) decreased in the valley whereas increased 
on the slope under chronic N addition (Fig. 2b). AOA:AOB 
amoA ratio was significantly (p < 0.05) increased by chronic 
N addition in the valley (Fig. 2c). AOB amoA transcript 
was significantly higher (p < 0.05) in the valley than on the 
slope for the control, while the ratio of AOA:AOB amoA 
was significantly higher (p < 0.05) on the slope than in the 
valley only for the control (Fig. 2b, c). In addition, AOB 
amoA transcript was significantly higher on the slope than 
in the valley under N100.

Chronic N addition significantly (p < 0.05) decreased 
nirK transcript relative to the control at the two topographic 

Table 1  Effects of N addition on the amount of  N2O derived from different biological pathways, gross N mineralization and nitrification rates, 
and the fraction of gross nitrification rate emitted as  N2O in the valley and on the slope. Values are means ± standard deviations (n = 3)

Different letters denote significant difference at p < 0.05 level among different N additions for a variable from the same topographic position. 
* indicates a significant difference (p < 0.05) between the valley and slope for the same N addition. N0, N50, and N100 represent N addition 
levels as 0, 50, 100 kg N  ha−1  yr−1, respectively.  RN2OAN,  RN2ONDmin,  RN2ONDmax,  RN2OAOmin, and  RN2OAOmax represent the fraction of  N2O 
produced by autotrophic nitrification, maximal and minima of ammonia oxidation, and nitrifier denitrification lost via nitrification, respectively

Valley Slope
Processes N0 N50 N100 N0 N50 N100

Autotrophic nitrification (μg N kg  d−1) 24.1 ± 4b 32.2 ± 3.6a 35.1 ± 2.7a 35 ± 9.6b 36.1 ± 6.3b 66.5 ± 4.6a*
Heterotrophic nitrification (μg N kg  d−1) 0.2 ± 0.4a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a
Heterotrophic denitrification (μg N kg  d−1) 1.6 ± 0.8a 1.9 ± 0.1a 1.3 ± 0.2a 4.7 ± 1.1a* 3.9 ± 2.2a 2.9 ± 0.7a
Co–denitrification (μg N kg  d−1) 0.1 ± 0.1a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a
Ammonia  oxidationmax (μg N kg  d−1) 13.6 ± 3.1b 17.4 ± 3.2b 25.2 ± 0.5a 21.1 ± 5.7b 20.5 ± 6.9b 38.6 ± 6.4a*
Ammonia  oxidationmin (μg N kg  d−1) 5.1 ± 2.4b 8.9 ± 2.1b 20.7 ± 0.9a 15.6 ± 5.4a 15.2 ± 4.5a 23.2 ± 4.7a
Nitrifier  denitrificationmax (μg N kg  d−1) 17.8 ± 2.5a 17.1 ± 3a 10.2 ± 2.5b 13.4 ± 3.5b 14.4 ± 5b 32.7 ± 3.8a*
Nitrifier  denitrificationmin (μg N kg  d−1) 3.7 ± 0.9a* 2.2 ± 0.6ab 0.9 ± 0.4b 0.4 ± 0.3b 1.4 ± 1.1ab 3.9 ± 1.6a*
Nitrification-coupled  denitrificationmax (μg N kg  d−1) 5.6 ± 0.8a 6.4 ± 1a 4.8 ± 1.7a 7.7 ± 3.8b 7.8 ± 1.6b 13.3 ± 1.3a*
Heterotrophic denitrification (μg N kg  d−1) 3 ± 1.5b 8 ± 1.9a 5.5 ± 1.6ab 10.7 ± 2.7a 10.3 ± 2a 13.5 ± 2.3a
Gross N mineralization rate (mg N kg  d−1) 2.5 ± 0.4b 3.4 ± 0.2a* 3.7 ± 0.2a* 3.1 ± 0.8a 2.2 ± 0.7ab 1.2 ± 0.2b
Gross nitrification rate (mg N kg  d−1) 2.5 ± 0.7b 4 ± 0.7b 8.1 ± 1.1a 6.1 ± 0.8b* 5.5 ± 0.3b 8.1 ± 0.1a
RN2OAN (%) 1.0 ± 0.1a* 0.8 ± 0.1a 0.4 ± 0.1b 0.6 ± 0.1b 0.7 ± 0.1ab 0.8 ± 0.1a*
RN2OAOmin (%) 0.1 ± 0.1b 0.2 ± 0.0ab 0.3 ± 0.0a 0.3 ± 0.1a 0.3 ± 0.1a 0.3 ± 0.1a
RN2OAOmax (%) 0.4 ± 0.1a 0.4 ± 0.0a 0.3 ± 0.1a 0.3 ± 0.1a 0.4 ± 0.1a 0.5 ± 0.1a
RN2ONDmin (%) 0.1 ± 0.0a* 0.1 ± 0.0b 0.0 ± 0.0c 0.0 ± 0.0b 0.0 ± 0.0ab 0.0 ± 0.0a*
RN2ONDmax (%) 0.5 ± 0.1a* 0.4 ± 0.1a* 0.1 ± 0.0b* 0.2 ± 0.0b 0.3 ± 0.1b 0.4 ± 0.0a
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positions (Fig. 2d). Compared to control, nosZI transcript 
was significantly (p < 0.05) increased on the slope, and 
nosZII transcript was significantly (p < 0.05) increased at 
both topographic positions by chronic N addition (Fig. 2g, 
h). nir:nos ratio was significantly (p < 0.05) decreased by 
chronic N addition on the slope (Fig. 2i). nirK transcript 
and nir:nos ratio were significantly higher (p < 0.05) on the 
slope than in the valley, while nosZI transcript was signifi-
cantly higher (p < 0.05) in the valley than on the slope under 
the control (Fig. 2d, g, i). nirS transcript was significantly 
higher (p < 0.05) on the slope than in the valley under N100 
(Fig. 2e). The transcriptional levels of nirS and fungal nirK 
genes were not significantly altered by N addition at both 
topographic positions (Fig. 2e, f).

Linking  N2O production rate from individual 
pathways to soil properties and gene transcript 
abundances

In the valley, DOC, DON, DON:AVP ratio, AOA amoA, 
and AOA:AOB amoA ratio were positively related to 
autotrophic nitrification and ammonia oxidation-derived 
 N2O; and  NO2

− was positively related to heterotrophic 
denitrification, nitrifier denitrification, and nitrification-
coupled denitrification–derived  N2O (Fig. 3a). In contrast, 
AOB amoA and nirK transcripts were negatively related 
to ammonia oxidation-derived  N2O, and AOA amoA and 
nosZII transcripts were negatively related to nitrifier 
denitrification-derived  N2O (Fig. 3a). On the slope, AVP, 
AOB amoA, and nirS transcripts were positively, but nirK 

transcript was negatively related to autotrophic nitrifi-
cation, ammonia oxidation, and nitrifier denitrification-
derived  N2O (Fig. 3b).

In the valley, SEM analysis suggested that chronic 
N-induced increase in soil DON and  NH4

+ concentra-
tions indirectly increased ammonia oxidation-derived 
 N2O by enhancing AOA amoA transcript (Fig. 4). Chronic 
N-induced increase in soil DON:AVP ratio and decrease 
in soil C:N ratio indirectly decreased nitrifier denitrifi-
cation-derived  N2O by inhibiting AOB amoA transcript. 
Additionally, chronic N-induced decrease in C:N ratio 
indirectly decreased nitrification-coupled denitrifica-
tion–derived  N2O congruent with stimulated nosZII tran-
script, and nirS transcript had direct effects on nitrifica-
tion-coupled denitrification–derived  N2O. SEM explained 
67%, 51%, and 65% of ammonia oxidation-, nitrifier deni-
trification- and heterotrophic denitrification-derived  N2O, 
respectively (Fig. 4).

On the slope, SEM analysis demonstrated that chronic 
N-induced increase in soil AVP indirectly increased 
ammonia oxidation-derived  N2O congruent with acceler-
ated AOB amoA transcript. Chronic N-induced increase 
in soil AVP indirectly increased nitrifier denitrification-
derived  N2O congruent with accelerated AOB amoA 
transcript, and chronic N addition also indirectly influ-
enced nitrifier denitrification-derived  N2O congruent with 
decreased nirK transcript. SEM explained 78% and 79% 
of ammonia oxidation- and nitrifier denitrification-derived 
 N2O, respectively (Fig. 4).

Fig. 2  Impacts of N addition on 
gene transcript abundances of 
(a–c) ammonia oxidizers and 
(d–i) denitrifiers in the valley 
and on the slope, respectively. 
Different letters denote sig-
nificant difference at p < 0.05 
among N addition treatments in 
the valley or on the slope. * rep-
resents significant difference at 
p < 0.05 between the valley and 
slope for the same N addition 
level. Values are presented as 
means with standard deviations 
(n = 3)
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Discussion

Relative contributions of individual pathways 
to  N2O production are topography‑dependent

We find that autotrophic nitrification dominated soil  N2O 
production in the subtropical karst forest. This is in line 
with some previous studies, reinforcing that autotrophic 
nitrification plays a key role in soil nitrification process 
for karst forests with calcareous soils (Li et al. 2017; Zhu 
et al. 2016). Nevertheless, in some subtropical forests, 

heterotrophic nitrification plays a pivotal role by account-
ing for 30–45% of soil  N2O production (Han et al. 2018b; 
Zhang et al. 2018b). In these studies, low soil pH, high 
SOC content, and C:N ratio have been used to explain the 
high contribution of heterotrophic nitrification to  N2O pro-
duction (Han et al. 2018b; Zhang et al. 2018b). Because 
SOC content and C:N ratio in the current study (Table S3) 
are within the range reported by Zhang et al. (2018b) and 
Zhu et al. (2021), we speculated that the dominance of 
autotrophic nitrification in  N2O production should be 
caused by the relatively high soil pH (7.1–7.5) (Table S3).

Fig. 3  Correlations of  N2O 
production pathways with soil 
properties and functional genes 
transcript abundances (a) in the 
valley and (b) on the slope. Size 
and color of the circles indicate 
the strength and sign of the cor-
relation. *p < 0.05, **p < 0.01

Fig. 4  Schematic illustrating 
mechanisms underlying the 
effects of N addition on the 
amount of  N2O derived from 
different biological pathways 
in the valley or on the slope. 
The blue solid lines represent 
significant negative relation-
ships and the pink solid lines 
represent significant positive 
relationships. Width of arrows 
represents the strength of the 
relationships. The proportion 
of variance explained (R.2) 
appears alongside each response 
variable in the model. Numbers 
alongside arrows are standard-
ized path coefficients with aster-
isks indicating their significance 
levels (*p < 0.05, ** p < 0.01, 
*** p < 0.001)
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Our results show that the contribution of autotrophic 
nitrification to  N2O production was affected by topogra-
phy. Low soil C:N ratio, high gross nitrification rate, and P 
availability have been found to stimulate the contribution of 
autotrophic nitrification to  N2O production (Cui et al. 2020; 
Duan et al. 2019c; Zhang et al. 2018a). However, soil C:N 
ratio was similar between the two topographic positions, 
and gross nitrification rate was significantly higher on the 
slope than in the valley in the current study (Tables 1 and 
S3). Thus, higher contribution of autotrophic nitrification 
to  N2O production in the valley may be due to the higher P 
level, since high P availability usually simulates AOB amoA 
abundance (Shi et al. 2018). In support of this, both soil 
AVP content and AOB amoA transcript abundance were sig-
nificantly higher in the valley than on the slope (Table S3; 
Fig. 2b), supporting the critical role of P availability in pro-
moting AOB activity. Additionally, the higher contribution 
of autotrophic nitrification to  N2O production could partly 
contribute to the observed higher proportion of nitrified N 
lost as  N2O in the valley (p < 0.05) (Table 1).

The present study demonstrates that the contributions 
of nitrifier denitrification and heterotrophic denitrification 
to soil  N2O production were also affected by topography 
(Fig. 1c). It has been reported that nitrifier denitrification 
would be especially favored at low oxygen, C availability, 
and pH conditions, and conducted only by AOB (Prommer 
et al. 2020; Wrage-Mönnig et al. 2018). Considering that 
nitrite oxidation is more sensitive to low pH than ammo-
nia oxidation (Han et al. 2018a; Jung et al. 2019), more 
nitrite would be accumulated and become toxic to ammo-
nium oxidizers and thus favor nitrifier denitrification under 
lower pH condition (Shi et al. 2017). Similarly, soil pH was 
significantly lower in the valley than on the slope in the 
current study (Table S3). Therefore, the higher contribution 
of nitrifier denitrification to  N2O production could partly 
be attributed to the lower pH in the valley. Concerning the 
influence of C availability on  N2O production (Florio et al. 
2019; Hu et al. 2016), microbes can regulate their N use 
efficiency by releasing  NH4

+ produced by the mineraliza-
tion of organic N when C is limited and immobilization of 
inorganic N occurs when N is limited (Mooshammer et al. 
2014). Thus, C limitation would stimulate  N2O production 
via nitrifier denitrification pathways (Wrage-Mönnig et al. 
2018; Wu et al. 2018). This is supported by the observation 
that the fraction of  N2O lost via nitrifier denitrification in the 
valley with low DOC concentration was significantly higher 
than that on the slope (Table 1). Higher contribution of nitri-
fier denitrification to  N2O production in the valley may be 
due to the lower DOC concentration level, since low C avail-
ability usually enhances AOB amoA abundace (Xiao et al. 
2020). High C availability is known to lead to the establish-
ment of anaerobic microsites due to stimulated heterotrophic 
microbial activity, and thus provides favorable conditions for 

heterotrophic denitrification (Grave et al. 2018). Therefore, 
higher DOC contents (Table S3) along with high nir:nos 
ratio (Fig. 2i) on the slope relative to the valley may partly 
explain the greater contribution of heterotrophic denitrifica-
tion to  N2O production in the current study.

Although co-denitrification has been identified as a poten-
tial soil  N2O production pathway (Duan et al. 2019c; Harris 
et al. 2021; Jansen-Willems et al. 2016; Tang et al. 2018), its 
contribution to  N2O production was negligible in the present 
study (0.0–0.2%) (Fig. 1b). A possible reason for this may be 
the relatively low fungi abundance in alkaline soils, so that 
co-denitrification is not favored (Rex et al. 2019).

Nitrogen addition stimulates  N2O production rate 
via ammonia oxidation in the valley

We find that N addition stimulated soil  N2O production 
rate largely via ammonia oxidation in the valley, support-
ing Hypothesis I. In line with our results, several studies 
reported an increase in  N2O production activity from ammo-
nia oxidation under N addition (Fu et al. 2020; Hink et al. 
2018; Meinhardt et al. 2018). It was proposed that high inor-
ganic N inputs stimulates AOB activity and their production 
of  N2O (Hink et al. 2018), because AOB activity is favored 
by high levels of  NH4

+ while AOA activity is tightly linked 
to organic N mineralization (Prosser et al. 2020). However, 
in the current study, AOB amoA transcript was significantly 
reduced by N addition in the valley (Fig. 2b), so that the 
stimulation of ammonia oxidation-derived  N2O by N addi-
tion might not be caused by AOB. In contrast, AOA was 
identified as the strongest explanatory variable for ammonia 
oxidation-derived  N2O in the present study (Fig. 4). The 
dominant role of AOA in ammonia oxidation could be due 
to the increase in N mineralization and thus the availability 
of mineralized  NH4

+ under N addition (Huang et al. 2021; 
Lu et al. 2015). In support of this, our data showed that 
AOA amoA transcript was positively correlated with DON 
(Figs. 4, S3a). Soil DON is largely produced via depolym-
erization of high molecular weight organic N (e.g., protein), 
and is the substrate of gross N mineralization, which pro-
duces  NH4

+ (Mooshammer et al. 2017). Therefore, AOA 
was responsible for the increased ammonia oxidation-
derived  N2O due to increased N mineralization by N addi-
tion in the valley (Table 1).

Nitrogen addition stimulates  N2O production rate 
via ammonia oxidation and nitrifier denitrification 
on the slope

It has been observed in a few studies that enhanced  N2O pro-
duction was related to ammonia oxidation under N addition 
(Duan et al. 2019c; Zhang et al. 2018a). Consistently, N addi-
tion stimulated soil  N2O production rate mainly via ammonia 
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oxidation on the slope in the current study, supporting Hypoth-
esis I. Some studies show that the stimulation of ammonia 
oxidation under N addition was caused by directly providing 
 NH4

+ substrate for AOB growth (Cheng et al. 2020; Hink 
et al. 2018, 2017; Rütting et al. 2021; Song et al. 2021; Wang 
et al. 2016). However, soil  NH4

+ content was not significantly 
altered by N addition (Table S1), and N addition did not have a 
direct effect on AOB amoA transcript on the slope (Fig. 4), so 
that the enhancement in AOB activity should not be caused by 
direct substrate supplying under N addition. Previous studies 
have pointed out that AOB abundance and community com-
position can be more limited by P availability than AOA (Shi 
et al. 2018; Xiang et al. 2017; Yang et al. 2020). In the current 
study, a positive correlation between soil AVP content and 
AOB amoA transcript on the slope (Figs. 4, S3b) indicated 
that the promoted P availability contributed to the increase 
of AOB activity under N addition, since increasing P avail-
ability facilitates microbial growth (Bicharanloo et al. 2022). 
Consequently, elevated N addition would promote ammonia 
oxidization-derived  N2O on the slope through accelerating 
AOB activity (Fig. 4).

Nitrogen addition also stimulated soil  N2O production rate 
from nitrifier denitrification on the slope. This is consistent 
with the findings of some previous studies (Huang et al. 2014; 
Wu et al. 2018; Zhang et al. 2016). They attributed this to 
large  NO2

− accumulation, low C and oxygen availability, and 
N-induced acidity (Wrage-Mönnig et al. 2018). However, soil 
 NO2

– concentration, C:N ratio, C:P ratio, and pH were not 
significantly altered by N addition on the slope (Table S3), 
so that the stimulation of soil  N2O production by N addition 
should not be caused by these factors. In the current study, the 
AVP concentration, gross nitrification rate, and AOB amoA 
transcript were significantly increased by N addition on the 
slope. Increase in P availability may benefit adenosine triphos-
phate (ATP) synthesis, so that providing energy for soil AOB 
growth (Shi et al. 2018), which is subsequently in favor of soil 
nitrification (Mehnaz and Dijkstra 2016; O'Neill et al. 2021). 
It has been reported that the increase of nitrification would 
result in oxygen depletion in soil microsites (Song et al. 2022), 
where nitrifier denitrification would subsequently increase 
substantially (Zhu et al. 2013), and contribute to the observed 
increase of nitrifier denitrification-derived  N2O on the slope 
in the current study. In addition,  RN2OND was significantly 
increased by N addition (Table 1), so that the stimulation of 
soil  N2O production derived from nitrifier denitrification under 
N addition should be caused by enhanced gross nitrification 
rate on the slope.

Nitrogen addition decreases  N2O production rate 
via nitrifier denitrification and nitrification‑coupled 
denitrification in the valley

The current study reveals that N addition significantly sup-
pressed  N2O production from nitrifier denitrification and 
nitrification-coupled denitrification in the valley, which is 
in contrast to Hypothesis II. A previous study showed that 
nitrifier denitrification derived-N2O was reduced under high 
N addition (Deppe et al. 2017), consistent with the present 
study. Based on the stoichiometric decomposition theory, 
microbes obtain resources and adjust their resource use effi-
ciency according to their optimal stoichiometric C:N:P ratio 
(Sinsabaugh and Shah 2012). For example, when C:N ratio 
decreases, microbial C (energy) limitation would increase 
along with stimulated C use efficiency and N mineralization 
(Zechmeister-Boltenstern et al. 2015). Our results showed 
that N addition significantly decreased soil C:N ratio but 
increased DON:AVP ratio in the valley (Table S3), implying 
that microbes would increase N mineralization rate, which 
is supported by our data (Table 1). The growth of AOA has 
been linked to organic N mineralization with low fluxes of 
 NH4

+ (Prosser et al. 2020), so that AOA would outcompete 
AOB when soil  NH4

+ is generated by the mineralization 
of organic N (Hink et al. 2018). In the current study, AOB 
activity was significantly suppressed along with stimulated 
gross N mineralization under N addition (Fig. 2b, Table 1), 
leading to decreased contribution of nitrifier denitrification 
to  N2O production in the valley. Furthermore, the suppressed 
AOB activity would theoretically result in suppressed  N2O 
production via nitrification-coupled denitrification due to 
the reduced supply of nitrate (Shi et al. 2017). However, 
soil  NO3

− concentrations was significantly increased by N 
addition in the valley (Table S3), so that the inhibition of soil 
 N2O production via nitrification-coupled denitrification by 
N addition should not be caused by soil  NO3

−. Increase of 
 N2O reduction has often been used to explain the suppres-
sion of  N2O production from nitrification-coupled denitrifi-
cation (Bakken and Frostegård 2017). In the current study, 
the transcript of the nosZII, which encodes the enzyme 
catalyzing the reduction of  N2O to  N2 (Hallin et al. 2018), 
was negatively related to nitrification-coupled denitrifica-
tion–derived  N2O (Fig. 4), supporting that the suppressed 
 N2O production from nitrification-coupled denitrification 
was partly explained by  N2O reduction in the valley.

Nitrogen addition decreases the relative 
contribution of heterotrophic denitrification to  N2O 
production on the slope

We find that the relative importance of heterotrophic deni-
trification in  N2O production decreased under N addition 
on the slope but not in the valley (Fig. 1b). A few previous 
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studies show that N addition inhibited  N2O production from 
heterotrophic denitrification (Peng et al. 2021; Tang et al. 
2018), consistent with the present study. One possibility is 
that N addition may promote  N2O reduction. The important 
role of soil P availability on denitrification has been demon-
strated in a few studies, either by enhancing  N2O reductase 
abundance (Ma et al. 2016; Tang et al. 2016) or via influ-
encing soil denitrification rate (Deveautour et al. 2022). In 
the current study, the transcripts of nosZI and nosZII, which 
encode  N2O reductase, were found to be simulated by N 
addition (Fig. 2), and they were negatively correlated with 
DOC:AVP and DON:AVP ratios on the slope, respectively 
(Fig. S3b). A few studies reported that the enhanced nosZI 
and nosZII transcripts were accompanied with low  N2O pro-
duction from denitrification due to promoted  N2O reduction 
to  N2 (Domeignoz-Horta et al. 2018; Jones et al. 2014). The 
above mechanism explained the observation that N addi-
tion had negative effects on the contribution of heterotrophic 
denitrification to  N2O production on the slope (Fig. 1b). 
However, we should note that the sets of primers used in the 
current study may not capture a broader taxonomic cover-
age of microbes harboring nosZI gene, but a new primer set 
introduced by Zhang et al. (2021) may increase the coverage 
of  N2O reducers.

Conclusions

Our results show that autotrophic nitrification pathways were 
mainly responsible for soil  N2O production in a subtropi-
cal karst forest regardless of topographic position. Though 
N addition stimulated soil  N2O production, the pathways 
responsible for the stimulation were topography dependent, 
i.e., ammonia oxidation in the valley but ammonia oxidation 
and nitrifier denitrification on the slope. Nitrogen addition 
also suppressed the relative importance of a few pathways 
in soil  N2O production with the pathways being different 
between the two topographic positions. The differences in 
N transformation,  N2O production, and their responses to 
atmospheric N deposition among topographic positions in 
subtropical forests should be further explored in combina-
tion of functional microbial community composition.
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