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Abstract
Alternate wetting and drying (AWD) irrigation is widely adopted to save water in rice production. AWD practice shifts 
lowland paddy fields from being continuously anaerobic to being alternately anaerobic and aerobic, thus affecting nitrogen 
(N) transformations in paddy field soils. Using the barometric process separation technique, a large number of soil cores 
sampled from lowland paddy field soil profiles were measured for gross nitrification and denitrification rates under differ-
ent temperature and soil moisture conditions. The gross nitrification and denitrification rates vary with rice growth stages 
and range between 1.18–30.8 and 0.65–13.54 mg N m−3 h−1, respectively. Results indicate that both gross nitrification and 
denitrification rates increased with the increase in temperature in all three studied soil layers. Gross nitrification rates sig-
nificantly decrease with increasing soil moisture while denitrification rates increase, and different soil layers demonstrated 
different rates of variation to the increase in soil moisture. Gross nitrification rates in the cultivated horizon layer decreased 
more sharply with the increase in soil moisture. High soil water content is favorable to denitrification of all soil layers.
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Introduction

Rice (Oryza sativa L.) is cultivated in paddy fields under a 
wide range of climate, soil, and water regime (Li and Barker 
2004). Water and nitrogen (N) are two of the most impor-
tant inputs for high grain yields in rice production (Bou-
man et al. 2007; Zhu and Chen 2002). Inorganic N ferti-
lizers are increasingly applied for rice, but the overall N 
use efficiency is often low, with reports at about 30% (Zhu 
and Chen 2002). Gaseous losses, leaching losses and run-
off losses of N accounted for about 40, 0–19 and 0–11% of 
the applied N fertilizer, respectively (Zhu and Chen 2002). 
The agricultural gaseous N emissions from paddy fields in 
the form of nitrous oxide, N2O, and ammonia, NH3, which 
are greenhouse gases, may influence regional and global 

atmospheric chemistry and cause globe warming (Peng et al. 
2011a; Ussiri and Lal 2013), while inorganic N (NH4

+–N 
and NO3

−–N) solutes contribute greatly to eutrophication 
risk in water bodies.

An appreciable part of both native and applied N in 
flooded rice soils is lost by nitrification–denitrification (Arth 
and Frenzel 2000; Buresh et al. 2008). NO3

−–N, which is 
the product of nitrification of NH4

+–N in the localized aero-
bic zone of the submerged paddy soils, enters the anaerobic 
zone by mass flow and diffusion, and can be rapidly deni-
trified (Reddy and Patrick 1986; Sahrawat 1980). Because 
of the flooded condition of rice paddy fields, the NH4

+–N 
diffusion and oxygen availability for nitrification determines 
the processes of nitrification–denitrification (Patrick and 
Reddy 1975). The alternate drying and flooding improves 
oxygen availability and nitrification to form NO3

−–N to be 
denitrified, thus the N losses increase (Reddy and Patrick 
1986). However, there was limited quantitative information 
identifying the effects of soil water regime in paddy fields on 
nitrification and denitrification rates, as many factors affect 
the N transformations and it is hard to measure their rates. 
Benefiting from the non-disturbance and related low cost of 
the barometric process separation (BaPS) technique (Breuer 
et al. 2002; Ingwersen et al. 1999, 2008), it is possible to 
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rapidly measure and compare soil gross nitrification, denitri-
fication and respiration rates under different soil conditions.

The plow pan layer (PPL) formed by puddling is a highly 
compacted soil layer with low hydraulic conductivity in low-
land paddy fields, normally found at 20–30 cm depth. The 
PPL retards water movement and solution transport from 
upper soil to deep soil, causing highly variable soil water 
profile and vertical N distribution (Bouman et al. 2007; Tan 
et al. 2013). Soil structure dynamics caused by puddling 
results in changes to microhabitats (Eickhorst and Tippköt-
ter 2009). Kögel-Knabner et al. (2010) comprehensively 
reviewed the biogeochemistry of paddy fields and empha-
sized the layer effects on organic matter decomposition and 
N transformations. Various researches about biochemical 
processes regarding N cycling in lowland paddy fields show 
large N losses in different soil layers (Bhandral et al. 2007; 
Colbourn and Dowdell 1984; Dhondt et al. 2004; Ishii et al. 
2011), but N transformation rates in different soil layers are 
rarely measured for understanding pathways of N losses.

As water is becoming increasingly scarce, techniques 
of water saving irrigation (WSI) are widely adopted in 
global rice production systems. Different from the con-
tinuously anaerobic paddy field under traditional flooding 
irrigation, WSI, e.g., alternate wetting and drying irriga-
tion (AWD) (Belder et al. 2005; Cabangon et al. 2001; Li 
and Barker 2004; Tan et al. 2013), control irrigation (Peng 
et al. 2011a, b), results in a frequent change in soil water 
regime and induces the paddy field under alternate aerobic 
and anaerobic condition. Hence, the N transformations in 
paddy field soils have been greatly changing due to WSI 
practices (Buresh and Haefele 2010; Peng et  al. 2006). 
Although several soil modules were proposed to simulate 
the biomass, N and water dynamics under alternation or 
transition of soil environments (Gaydon et al. 2012; Jing 
et al. 2010; Ridolfi et al. 2003), little work has been done to 
examine the relationship between N transformation rates of 
paddy soils and soil moisture. Since the field water regime 
variation evidently also brings about the soil temperature 
change (Alberto et al. 2011), this paper presents the gross 
nitrification and denitrification rates measured from soil 
cores with different temperature and soil moisture using the 
BaPS system.

Materials and methods

Measuring sites and soil sampling

Intact soil core samples were taken during the rice grow-
ing season in 2011 from experimental rice paddy fields at 
Tuanlin Hubei, China (30°49′N, 112°10′E), which were 
intensively researched for WSI including AWD (Tan et al. 
2013, 2014, 2015). The local average altitude and tempera-
ture is 90 m and 16 °C, respectively. The site belongs to the 
zone of subtropical monsoon climate in terms of climatic 
regionalization. The rainfall and pan evaporation amounts 
to 700–1100 and 1300–1800 mm, respectively. On aver-
age, nearly 60% of the yearly rainfall occurs during the rice 
growing season (May to September). The soil texture was 
silty clay loam. Based on vertical differences in soil physi-
cal characteristics analyzed (Tan et al. 2013, 2014, 2015), 
the paddy soil profile can be divided into three layers, i.e., 
cultivated horizon layer (CHL, 1–18 cm), PPL (18–33 cm) 
and illuvial horizon layer (IHL, 33 cm and below) based 
on the soil characteristics (Table 1). N fertilizer (urea) 
was applied in three splits following a prescribed fertilizer 
schedule as local farmers and previous field experiments 
applied (Tan et al. 2013, 2014, 2015). These three splits 
are 90 kg ha−1 basal fertilization (Jun-04-2011, before rice 
being transplanted), 60 kg ha−1 early-tillering fertilization 
(June-30-2011), and 30 kg ha−1 panicle-initiation fertiliza-
tion (Jul-22-2011). 

Lowland paddy fields are characterized by heavy soils and 
the existence of a PPL which are requirements for success-
ful AWD irrigation for rice production with reduced water 
inputs without a significant impact on yield (Bouman et al. 
2007). The experimental paddy fields are representative low-
land paddy fields in China that are, in total 12 million ha in 
area, adopted with AWD irrigation (Li and Barker 2004). 
Because of the representative field soils and climate condi-
tions, successful AWD practices obtained from long-term 
experiments that were conducted in our experimental fields 
(e.g., Belder et al. 2004, 2005; Bouman and Tuong 2001; 
Bouman et al. 2007; Cabangon et al. 2001, 2004; Tan et al. 
2013, 2014) are adopted by many Chinese (and some other 
Asian countries’) lowland paddy fields for increasing water 

Table 1   Basic soil physical properties

ρb bulk density; θf field capacity; θs saturated volumetric water content

Soil layer Texture ρb (g cm−1) θf (cm3 cm−3) θs (cm3 cm−3)

Sand (%) Silt (%) Clay (%)

Cultivated horizon (CHL, 0–18 cm) 20.2 45.5 34.3 1.33 38.6 51.2
Plow pan (PPL, 18–33 cm) 16.1 44.7 39.2 1.56 34.9 46.4
Illuvial horizon(IHL, 33–100 cm) 36.4 37.2 26.4 1.43 37.6 48.3
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productivity (Li and Barker 2004; Bouman et al. 2007). 
Studies about the effects of AWD on N regimes and balances 
in experimental fields are follow-ups of these researches for 
integrated management of water and N in AWD paddy fields 
(Belder et al. 2005; Cui et al. 2004; Tan et al. 2013, 2015).

A soil domain of 1 × 1 × 1 m was excavated on the day 
of rice growth stage of early-vegetative (Jun-07-2011 and 
Jun-14-2011), early-tillering (Jul-04-2011 and Jul-12-2011), 
panicle-initiation (Jul-28-2011 and Aug-06-2011) on the dif-
ferent site but in the same paddy field for the investigation 
of possible differences in gross nitrification and denitrifica-
tion rates of the paddy soil resulting from the hypothetical 
difference in the abundance and/or community structure of 
microbial nitrifier and denitrifier communities. Due to the 
difference in root depth and the N fertilization and utilization 
during different rice growth stages, the oxygen availability 
and substrate concentration for nitrification and denitrifi-
cation processes may also be different. Undisturbed intact 
soil cores (steel cutting ring, 100 ml) were taken from each 
soil layer after appropriate drainage that allowed soil dry 
enough to be sampled intactly. The soil profile was vertically 
even sampled with an interval of 10 cm, and soil cores from 
the same layer were combined to be put in the measuring 
chamber of BaPS system as seven replicates were required 
by BaPS system for each measurement. Soil cores were 
stored immediately after collection in a cold room at 4 °C 
and transported to the soil analysis laboratory at Wuhan Uni-
versity, Wuhan, China in an insulated box and then frozen 
until the commencement of N transformation measurement. 
Disturbed soils were also sampled for each layer on all three 
sampling days and used for the soil N and organic matter 
(OM) analysis. The disturbed soil samples were extracted 
with 2 mol l−1 KCl (soil-to-solution ratio 1:10), and the 
extracts were measured for NH4

+–N, and NO3
−–N by the 

indophenol blue method and disulfonic acid phenol method 
using a UV-2800 spectrophotometer (SEPA 2002). The soil 
total N (TN) content was determined as well by the Kjeldahl 
method (Bremner 1960), while the OM content was deter-
mined by loss on ignition at 500 °C for 24 h.

Nitrification and denitrification rates measurement 
using BaPS system

Nitrification and denitrification rates were measured with 
the automatic BaPS measuring system made by Umweltana-
lytische Mess-Systeme (UMS) GmbH (Munich, Germany). 
The BaPS technique has been widely used in the research of 
the soil nitrification, denitrification, and respiration (Breuer 
et al. 2002; Chen and Huang 2006; Geng et al. 2005; Mul-
ler et al. 2004; Rosenkranz et al. 2006), as BaPS technique 
allows the determination of gross nitrification, denitrifica-
tion, and respiration rates without destroying the original 
soil structure and does not need to add labeled substrates 

to the soil as 15N-isotope pool dilution technique (David-
son et al. 1991). The BaPS method works well in acidic to 
weakly acidic soils, but it cannot determine the N trans-
formation of anaerobic soils as, among others, methane is 
produced (Ingwersen et al. 2008).

Details about the theoretical considerations, mathematical 
procedures of the BaPS technique, as well as the calibra-
tion and measurement result analysis can be found in the 
literature (e.g., Breuer et al. 2002; Ingwersen et al. 1999; 
Ingwersen et al. 2008). The BaPS technique is based on the 
determination of the CO2, O2, and total gas balances inside 
an isothermal, gas tight soil system. Biological processes, 
i.e., nitrification, denitrification and respiration are responsi-
ble for gas pressure changes inside such a system. By meas-
uring the net changes of CO2, O2, as well as the pressure 
change, the production of gaseous N-compounds (NxOy) via 
denitrification can be calculated. Thus, the gross nitrifica-
tion, denitrification, and respiration rates can be obtained.

Temperature and moisture treatments

In order to investigate the temperature and moisture depend-
ence of gross nitrification and denitrification rates of paddy 
field soils, the collected soil cores were grouped and, 
respectively, incubated in the BaPS system at four tempera-
tures × four soil moistures over 2 weeks. The temperature 
was set to 20, 25, 30, and 35 °C, corresponding to the sea-
sonal range of air temperatures observed at the climate sta-
tion near the experimental paddy field. Temperatures were 
controlled by the thermostat of the BaPS system. Deion-
ized water was randomly dripped onto the soil surface via 
syringe. 12 h after each moisture addition, the soil core was 
assumed to be homogeneous to the new moisture condition 
and was subsequently transferred for measurement using the 
BaPS system. At the end of each measurement, volumetric 
soil moisture content was measured after drying for 24 h at 
105 °C. Since the BaPS system cannot measure N transfor-
mation rates for anaerobic soils, BaPS measurement results 
for saturated or almost saturated soils (anaerobic) were not 
included in further analyses. In case of anaerobic soils, 
another aerobic measurement was additionally conducted 
to substitute the anaerobic ones.

Since there were 48 measurements (4 temperatures × 4 
moistures × 3 soil layers) to be conducted for each rice 
growth stage, approximately 3 weeks (typically 7–12 h 
for each measurement) were required to measure the rates 
of nitrification and denitrification under different tem-
perature and moisture conditions. It was not possible to 
have replicates to be measured for all treatments in less 
than about 1 month (length of the rice growth stage) as 
we just have one BaPS system. Moreover, rates of nitrifi-
cation and denitrification may change significantly after 
1 month, so soil cores collected were typically needed to 
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be analyzed in 1 month to ensure that measured rates of 
nitrification and denitrification represent the in situ rates 
(Ingwersen et al. 1999, 2008; Shi et al. 2010; Sun et al. 
2009). Three replicate measurements for the same soil 
core and condition showed that the rate differences of 
gross nitrification and denitrification between them were 
within 10%. Moreover, every measurement has already 
combined seven soil cores. Therefore, no replicate meas-
urements were conducted for each condition.

Statistical analysis

All statistical analyses were performed with SPSS 17 
(SPSS Inc., USA). Because variables were not normally 
distributed (Breuer et al. 2002; Jahangir et al. 2012), the 
nonparametric Mann–Whitney test was used (1) to iden-
tify differences between soil cores from the three soil 
layers and (2) to distinguish temperature and soil mois-
ture treatment on gross nitrification and denitrification 
rates, and (3) to compare seasonal means of nitrifica-
tion and denitrification rates. Simple linear regressions 
(stepwise) analyses were performed to test relationships 
between gross nitrification and denitrification rates and 
soil temperature, and moisture as well. A statistical prob-
ability of p < 0.05 was considered significant for all tests. 
Analysis of variance (ANOVA) with soil moisture as the 
main factor and temperature as the sub-factor was also 
conducted on data for each combined treatment (4 tem-
peratures × 4 moistures) from different soil layers and rice 
growth stages.

Results

N distribution in paddy soil profile

OM and N contents, as well as the pH in paddy soil profile 
are shown in Table 2. The pH values ranged 5.3–6.1, which 
indicated that the BaPS approach is applicable to accurately 
measure the nitrification and denitrification rates of these 
paddy soil cores as BaPS works well in acidic to weakly 
acidic soils (Ingwersen et al. 2008). OM and N contents in 
deep soils (IHL) were significantly lower than that in upper 
soils (CHL and PPL) in all rice growth seasons. OM con-
tents in IHL were only 30.6% of those in CHL and PPL 
on average. The total N and NH4

+–N content in IHL was 
50.5 and 63.1% of that in CHL and PPL, respectively, while 
NO3

−–N in IHL was only 21.1% of that in CHL and PPL. 
In paddy fields fertilized with urea like this experimental 
paddy, NH4

+–N concentration in soil water is very large 
compared to NO3

−–N concentration (Cui et al. 2004). Soil 
usually readily adsorbs available NH4

+–N at cation exchange 
points. However, paddy soils are not adsorbable to NO3

−–N 
and NO3

−–N in deep soils could be easily denitrified as a 
result of the deep anaerobic environment. Consequently, the 
NO3

−–N content in IHL was significantly lower than that in 
CHL and PPL. The OM and N content in PPL was slightly 
lower (less than 8%) than that in CHL, in that NO3

−–N con-
tent in PPL was even 5.9% higher than that in CHL. Because 
of the downward water and solute transport after fertiliza-
tion, average gross nitrification rate at rice growth stage of 
early-tillering was 34.8, 12.2, and 45.9% higher than those at 
the stage of early-vegetative, and 17.3, 6.6, and 26.7% higher 
than those at the stage of panicle-initiation, respectively. 

Table 2   Basic soil chemical properties of paddy soil profile at different rice growth stages

a Standard deviation was calculated from the 112 soil cores (4 temperatures × 4 moistures × 7 soil cores) for each soil layer and each rice growth 
stage

Soil layer Rice growth stage pHa Organic 
matter 
(g kg−1)a

Total N 
(g kg−1)a

NH4
+–N 

(mg kg−1)a
NO3

−–N (mg kg−1)a

Cultivated horizon (CHL, 0–18 cm) Early-vegetative 5.8 ± 0.2 18.9 ± 8.4 1.32 ± 0.72 4.35 ± 1.66 8.24 ± 2.38
Early-tillering 5.7 ± 0.2 24.2 ± 7.8 1.28 ± 0.69 5.58 ± 1.58 7.24 ± 2.09
Panicle-initiation 5.7 ± 0.3 21.5 ± 6.8 1.24 ± 0.56 4.13 ± 1.33 6.23 ± 2.17
Average 5.7 ± 0.2 21.5 ± 7.7 1.28 ± 0.66 4.69 ± 1.52 7.24 ± 2.21

Plow pan (PPL, 18–33 cm) Early-vegetative 6.1 ± 0.3 17.7 ± 6.2 1.18 ± 0.25 2.61 ± 0.72 8.87 ± 1.43
early-tillering 5.6 ± 0.2 22.8 ± 5.3 1.26 ± 0.21 4.11 ± 0.84 7.53 ± 1.25
Panicle-initiation 5.7 ± 0.4 19.5 ± 4.9 1.25 ± 0.22 3.56 ± 0.61 6.59 ± 1.62
Average 5.8 ± 0.3 20.0 ± 5.5 1.23 ± 0.23 3.43 ± 0.73 7.66 ± 1.43

Illuvial horizon (IHL, 33–100 cm) Early-vegetative 5.8 ± 0.3 4.5 ± 1.2 0.54 ± 0.08 1.91 ± 0.42 3.32 ± 0.36
Early-tillering 5.6 ± 0.2 8.4 ± 0.6 0.87 ± 0.10 3.25 ± 0.28 2.15 ± 0.88
Panicle-initiation 5.7 ± 0.1 6.2 ± 0.9 0.71 ± 0.09 2.53 ± 0.34 1.24 ± 0.55
Average 5.7 ± 0.2 6.4 ± 0.9 0.71 ± 0.09 2.56 ± 0.35 2.24 ± 0.60
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NO3
−–N gradually decreased after rice transplanting 

because of leaching losses and/or plant water uptake.

Temperature effects on nitrification 
and denitrification of paddy soils

Table 3 shows the statistical gross nitrification and denitri-
fication rates under different temperature. The high stand-
ard deviations were caused by the different soil moisture 
levels. The gross nitrification and denitrification rates 
ranged between 1.18–30.8 and 0.65–13.54 mg N m−3 h−1, 
respectively. These N transformation rates were nota-
bly (approximate 1–2 order) lower than that of previ-
ously reported values, e.g., gross nitrification rates of 
20–1400 μg N kg−1 soil h−1 and denitrification rates of 
0–280 μg N kg−1 soil h−1 (Breuer et al. 2002; Chen and 
Huang 2006; Geng et al. 2005). In these studies, the soil 
samples were from very thin (less than 10 cm) surface soil 
as they assumed that soil respiration and N transformations 
mostly happens in surface soil. However, N losses by nitri-
fication–denitrification were contributed by the whole soil 
profile and the deep soil also had high N2O concentration in 

paddy fields (Onishi et al. 2012; Xing et al. 2002; Zhu et al. 
2003), which was also indicated by the N transformation 
rates of deep soil (Table 3). Sampled soil cores from surface 
soil in these experiments were mixed and represented by the 
mean N transformation rates, so the N transformation rates 
were low.

Both gross nitrification and denitrification rates slightly 
increased with the increase in the temperature with great 
significance in all three soil layers, although the effect of 
soil moisture was more evident. Since soil moisture induced 
large variations in gross nitrification and denitrification rates 
that change with temperature, there was no definable regres-
sion relationship between gross nitrification and denitrifica-
tion rates and temperature, although the increasing trend was 
significant. Through ANOVA, the effects of soil moisture 
and temperature, and their interaction on gross nitrification 
and denitrification rates are all statistically significant at the 
significance level of 0.01.

On average of the three rice growth stages and three 
soil layers, the gross nitrification and denitrification rates 
increased 36.0 and 42.0%, respectively, as temperature 
increased from 20 to 35 °C. The gross nitrification rate of 

Table 3   Comparison of 
mean gross nitrification and 
denitrification rates (± standard 
deviation) of paddy soils from 
different layers at different 
temperature

a Standard deviation was calculated from the four measurements with different soil water content for each 
soil layer and each rice growth stage

N transformation 
rates (mg N m−3 h−1)

Rice growth stage Tempera-
ture (°C)

Cultivated horizona Plow pana Illuvial 
horizona

Nitrification rates Early-vegetative 20 12.3 ± 8.6 5.2 ± 3.6 1.3 ± 0.1
25 13.6 ± 7.8 5.7 ± 3.3 1.3 ± 0.1
30 14.9 ± 7.9 6.2 ± 3.8 1.4 ± 0.1
35 15.4 ± 8.3 6.4 ± 3.8 1.5 ± 0.0

Early-tillering 20 16.8 ± 11.5 10.3 ± 8.3 3.0 ± 0.9
25 18.3 ± 12.0 11.6 ± 8.2 3.3 ± 0.8
30 20.2 ± 14.1 14.9 ± 9.8 4.0 ± 1.1
35 23.2 ± 13.9 17.3 ± 9.2 3.8 ± 1.3

Panicle-initiation 20 14.6 ± 8.7 9.9 ± 7.0 2.6 ± 0.3
25 15.8 ± 7.8 10.7 ± 7.7 2.9 ± 0.2
30 17.0 ± 8.9 13.6 ± 8.5 3.0 ± 0.4
35 17.9 ± 7.6 14.8 ± 9.3 3.1 ± 0.3

Denitrification rates Early-vegetative 20 4.1 ± 2.7 3.8 ± 2.6 2.2 ± 0.7
25 4.5 ± 2.8 4.4 ± 2.1 2.4 ± 0.8
30 4.8 ± 2.3 5.0 ± 2.4 3.0 ± 0.7
35 5.1 ± 2.4 5.5 ± 2.2 3.5 ± 1.1

Early-tillering 20 5.1 ± 3.0 4.3 ± 2.3 3.0 ± 0.9
25 5.3 ± 3.6 4.9 ± 2.4 3.6 ± 1.2
30 5.8 ± 3.3 6.2 ± 3.1 4.5 ± 1.1
35 5.7 ± 3.3 6.9 ± 3.5 4.6 ± 1.2

Panicle-initiation 20 3.6 ± 2.7 3.6 ± 2.8 2.3 ± 0.6
25 3.8 ± 2.8 4.3 ± 3.2 2.7 ± 0.8
30 3.9 ± 2.3 5.4 ± 3.3 3.1 ± 1.1
35 4.1 ± 2.2 6.6 ± 3.1 3.4 ± 0.9
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IHL was only 15.6 and 24.7% of that of CHL and PPL on 
average, respectively, while the PPL (5.1 mg N m−3 h−1) 
had the highest denitrification rate averaged on three rice 
growth stages, compared to CHL (4.6 mg N m−3 h−1) and 
IHL (3.2  mg  N  m−3  h−1). The variations in both gross 
nitrification and denitrificaiton rates in three rice growth 
season were also significant. Average gross nitrification 
rate at the stage of early-tillering (12.2 mg N m−3 h−1) 
was 71.8 and 16.2% higher than that at the early-vege-
tative stage (7.1 mg N m−3 h−1) and the panicle-initia-
tion stages (10.5 mg N m−3 h−1), respectively. The aver-
age denitrification rate at the stage of early-tillering 
(5.0 mg N m−3 h−1) was 25.0 and 16.3% higher than that at 

early-vegetative (4.0 mg N m−3 h−1) and panicle-initiation 
(4.3 mg N m−3 h−1) averaged on three soil layers, respec-
tively. The variations in these by soil layer and rice growth 
are also indicated in Figs. 1 and  2.

Moisture effects on nitrification and denitrification 
of paddy soils

Mean nitrification and denitrification rates at different soil 
moisture conditions which were represented by the volu-
metric soil water content are shown in Figs. 1 and 2. The 
standard deviations show the variations caused by tempera-
ture. Soil water content ranged from 18.4 to 37.3% which 

Fig. 1   Effects of soil moisture 
on gross nitrification rates 
(mean ± standard deviation) for 
sampled soil cores taken from 
different soil layers at different 
rice growth stage
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was mostly lower than the corresponding field capacity of 
three layers (Table 1). These simulated soil water contents 
were in the range of soil moisture on paddy fields under 
AWD irrigation during the dry period (Peng et al. 2011a, b; 
Tan et al. 2013). The gross nitrification rates decreased with 
the increase in soil water content, while denitrification rates 
significantly increased.

There was no significant variance of denitrification rates 
between rice growth stages at all soil layers, while the nitri-
fication rates in the rice growth stage of early-vegetative 
(7.1 mg N m−3 h−1) was significantly (41.0 and 32.2%) 

lower than that of early-tillering (12.2 mg N m−3 h−1) and 
panicle-initiation (10.5 mg N m−3 h−1) averaged on three 
soil layers. There were great variations in both gross nitri-
fication and denitrification rates between soil layers. Gross 
nitrification rate of IHL (2.6 on mg N m−3 h−1) was only 
15.6 and 24.7% of that of CHL (16.7 mg N m−3 h−1) and 
PPL (10.5 mg N m−3 h−1) averaged over rice growth stages, 

Fig. 2   Effects of soil moisture 
on gross denitrification rates 
(mean ± standard deviation) for 
sampled soil cores taken from 
different soil layers at different 
rice growth stage
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respectively. However, the paddy soils of PPL had the high-
est denitrification rate of 5.1 mg N m−3 h−1 which is 10.9 
and 59.3% higher than that of CHL (4.6 mg N m−3 h−1) and 
IHL (3.2 mg N m−3 h−1), respectively. These results were in 
agreement with the findings that soil compaction caused a 
significant increase in N losses by denitrification (Bhandral 
et al. 2007; Torbert and Wood 1992).

As nitrification and denitrification rates were intensively 
associated with the soil water content, the correlations 
between mean nitrification and denitrification rates and soil 
water content are shown in Fig. 3. These correlations varied 
greatly with the soil layers, which was caused by the dif-
ferent soil properties (Tables 1, 2), microbial communities 
and possibly also the oxygenation. The linear correlation r 
ranged 0.87–0.93. Because of the relative low nitrification 
rate of IHL in the growth stage of early-vegetative (Fig. 2), 
the gross nitrification rate of IHL did not decrease very sig-
nificantly with the increasing soil water content (Fig. 3). 
Gross nitrification and denitrification rates of the surface soil 
layer (CHL) were mostly sensitive to the soil water content. 
To our knowledge, no other experiments on the soil depth 
dependency of gross nitrification or denitrification rates, 
especially for paddy soils, have been published so far. How-
ever, the data of Chen and Huang (2006) suggest a strong 
depth dependency of gross nitrification and denitrification in 
wheat field soil profiles (20 cm). Dhondt et al. (2004) found 
that denitrification rates in the soil profile (210 cm) were 
associated with the accumulation of buried OM. The lower 
OM content (Table 2) in IHL resulted in lower denitrification 
rates compared to CHL and PPL.

Discussions

Factors influencing the rate of nitrification 
and denitrification

Even though gross rates of nitrification and denitrification in 
rice paddy fields which are man-made wetlands were seldom 
investigated, there are some studies about the effects of soil 
temperature, moisture and physicochemical properties on the 
rate of nitrification and denitrification in natural wetlands. 
There were large spatial variations in western USA in terms 
of the optimum temperature for nitrification (Mahendrappa 
et al. 1966), since nitrification of soils from northern regions 
was faster at 20 and 25 °C than at 35 and 40 °C while the 
reverse was true for the southern soils which nitrified fastest 
at 35 °C. Malhi and McGill (1982) found that the optimum 
temperature for nitrification in soils of a grassland wetland in 
central Alberta, Canada was 20 °C and at 30 °C nitrification 
activity had almost ceased. Corre et al. (2002) found that in 
a grassland wetland in the USA, the gross nitrification was 
significantly, negatively related to soil moisture represented 
by water-filled pore space (WFPS) with a correlation coef-
ficient of r = − 0.79 which is similar to our results (r = − 0.74 
to −0.91 by WFPS converted from r = − 0.83 to −0.92 by 
volumetric soil water content), and positively related to tem-
perature with a coefficient of r = 0.55. These studies indicate 
that nitrification microbial communities in soils from differ-
ent wetlands have adapted to different temperature ranges.

The denitrification process could occur in a wide range 
of temperature (5–70 °C), and the rate of denitrification 
increases with the temperature, although extremely low 
(< 15 °C) or high (> 40 °C) temperature inhibits denitrifica-
tion (Stanford et al. 1975; Maag and Vinther 1996). Since 
the denitrification occurs under anaerobic conditions, soil 
moisture indirectly affects the rate of denitrification through 
changing the oxygenation condition (Ruser et  al. 2006; 
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Ryden et al. 1987). Generally, rates of denitrification are 
low in soils with low moisture (< 20%), and high in soils 
with high moisture (> 30%) (Ryden et al. 1987; del Prado 
et al. 2006), which are consistent with our results.

The substrate concentration is another important factor 
that is related to the rate of nitrification and denitrifi-
cation. High amount of N2O (product of the nitrifica-
tion–denitrification process) fluxes was associated with 
high-level fertilizer application for paddy fields (Zhang 
et  al. 2014). Malhi and McGill (1982) examined that 
Michaelis–Menten kinetics, Eq.  (1), is appropriate to 
describe the relationship between rates of nitrification 
and substrate concentration under constant temperature 
and soil moisture.

where v is the rate of nitrification or denitrification; Vmax 
represents the maximum rate achieved by the system at 
maximum (saturating) substrate concentrations; the Michae-
lis constant Km is the substrate concentration at which the 
reaction rate is half of Vmax. We fitted the average rates of 
nitrification and denitrification of each soil layer and corre-
sponding NH4

+–N (Fig. 4a) and total N (TN) (Fig. 4b) con-
centrations to Eq. (1). There were significant relationships 
between the rate of nitrification and denitrification and the 
substrate concentration that follows the Michaelis–Menten 
kinetics. Note that scatter dots in Figs. 4a, b are average 
values from different temperature and soil moisture condi-
tions, so it is not appropriate to estimate Vmax and Km from 
these least-squares fittings. The difference in the rates of 
nitrification and denitrification between different soil layers 
in paddy fields could be likely attributed to the difference in 
substrate concentration between them.

(1)v =
VmaxS

K
m
+ S

or
1

v
=

K
m

Vmax

1

S
+

1

Vmax

In order to predict the rate of denitrification and deni-
trification based on known temperature, soil moisture, pH 
and substrate concentration, Parton et al. (1996) proposed 
a generalized model to estimate rates of nitrification and 
denitrification based on experimental data from drylands. 
However, due to specific relationships between influenc-
ing factors and rates of nitrification and denitrification 
for different soils, more studies should be conducted for 
soils from different lowland paddy fields to promote the 
N fertilizer utilization.

Effects of AWD irrigation on nitrification 
and denitrification

Since temperature and soil moisture are correlated with the 
nitrification and denitrification processes, the AWD irri-
gation, which changes the field environment compared to 
the continuously flooded (CF) irrigation, likely leads to the 
change in N pathway in lowland paddy fields. Alberto et al. 
(2009) shows that AWD paddy fields had 48% more sensible 
heat flux than CF paddy fields, indicating that more radiation 
was used for warming the surrounding air and soils. The 
soil temperature of paddy fields typically ranged 20–32 °C 
(Alberto et al. 2009, 2011; Tan et al. 2015), and the soil tem-
perature of AWD paddy fields is significantly higher (lower) 
than that of the CF paddy fields during daytime (nighttime) 
by about 1.0 (0.5) °C (Alberto et al. 2009). Since the rate of 
nitrification and denitrification increases with the tempera-
ture, this temperature difference could result in more inten-
sified nitrification–denitrification process in AWD paddy 
fields that lead to higher NxOy emissions and lower N use 
efficiency. However, Liu et al. (2015) found that warming 
alone did not affect the abundance or community structure 
of ammonia oxidizing archaea and bacteria in the rice rhizo-
sphere of paddy fields at any growth stage. Again, given 
the specific effects of temperature on the N transformation 
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and microbial communities, further studies for diverse soils 
would be required to obtain a sound understanding of poten-
tial changes in N cycling and rice productivity under warm-
ing soils in AWD paddy fields.

Compared to temperature differences between AWD 
and CF paddy fields, the soil moisture difference is more 
notable. The soil moisture in the AWD paddy fields where 
soil sampled for this study ranged from 17% cm3 cm−3 to 
saturated water content (Tan et al. 2013, 2014, 2015). If 
we suppose that a continuously, extremely low and high 
soil water content in paddy fields was 25 and 45%, the 
corresponding total N nitrified (denitrified) during the 
rice growth season would be 121.3 and 29.3 kg N ha−1 
(52.5 and 161.1 kg N ha−1) in soil domain with 1 m depth, 
respectively. The extremely low (high) temperature cor-
responds to the frequent condition in AWD (CF) paddy 
fields. The hypothetical total N transformed per unit area 
(ha), NT (kg ha−1), in each soil layer are estimated by 
Eq. (2) using the rates of transformation that are estimated 
from the linear model shown in Fig. 3 with the soil volume 
for that soil layer and the time of the rice growth season

where rT is the rate of nitrification or denitrification 
(mg N m−3 d−1); ds is the depth of a soil layer (m). The total 
N transformed in 1 m depth soil was the summation of NT 
in three soil layers. Although this estimate does not consider 
the change in substrate concentration and soil moisture in 
paddy fields, the differences in N transformed under low 
and high temperature indicate that AWD paddy fields poten-
tially dominate with NO3

−–N rather than NH4
+–N that is 

easily absorbed by rice (Tan et al. 2013), because of the high 
rates of nitrification in AWD fields. The product of nitri-
fication NO3

−–N increases the substrate concentration for 
denitrification in the days with high soil moisture in AWD 
paddy fields. Therefore, more NxOy emissions would occur 
in AWD paddy fields than in CF paddy fields, which is also 
shown in the results of experiments (Peng et al. 2011a, c; 
Yang et al. 2012) and simulations (Tan et al. 2015). In this 
sense, decreasing the number of wetting and drying cycles is 
likely and alternative to inhibiting nitrification–denitrifica-
tion processes and decreasing N losses. On the other hand, 
NH4

+–N-dominated CF paddy fields have higher volatiliza-
tion NH3 losses than NO3

−–N-dominated AWD paddy fields. 
Therefore, it is hard to estimate the differences in total gase-
ous losses (NH3 + NxOy) between AWD and CF paddy fields.

Due to complicated N transformation and transport 
processes in paddy fields, limited simulation studies (Li 
et al. 2015; Tan et al. 2015) for N transport and balance 
generally used sequential first-order decay chain reac-
tions to describe the N transformation. Parameters of the 

(2)
N
T
= r

T
× ds × 104m2 × T = r

T
× 10−6 kg∕mg × d

s

× 104 m2 × 24 h∕d × 100 d

first-order decay reactions were calibrated by field regimes 
of NH4

+–N and NO3
−–N. The rates of nitrification and 

denitrification estimated in this study that are associated 
with soil moisture cannot be converted to parameters of 
the first-order decay reactions. However, in the future 
work, N transformation models can be updated to include 
Michaelis–Menten kinetics for incorporating measured 
rates of transformation and Michaelis parameters which 
are associated with soil temperature and moisture, or other 
soil physicochemical properties. Thus, modeling studies 
could promote N management in AWD fields through 
adjusting irrigation schedule to increase N use efficiency 
and reduce greenhouse gas emissions.

Conclusions

Since the BaPS technique allows rapid analysis of the soil 
respiration and N transformations, a large number of sam-
pled soil cores from lowland paddy field soil profiles were 
measured for detecting gross nitrification and denitrification 
rates. The gross nitrification and denitrification rates varied 
at different rice growth stages and ranged 1.18–30.8 and 
0.65–13.54 mg N m−3 h−1, respectively. Using the BaPS 
technique, the effects of temperature and soil moisture on 
gross nitrification and denitrification of paddy soil from dif-
ferent soil layers were also examined. Both gross nitrifica-
tion and denitrification rates increased with the increase in 
the temperature in all three soil layers. Gross nitrification 
rates significantly decreased with the increasing soil mois-
ture while denitrification rates increased, although differ-
ent soil layers demonstrated varied rates of variation to the 
soil moisture increase. Gross nitrification of CHL decreased 
more sharply with the increase in soil moisture while high 
soil water content was favorable to denitrification of all three 
soil layers.

N management in lowland paddy fields under AWD irri-
gation should take account of the effects of soil moisture 
and soil layer on nitrification–denitrification transformation, 
as AWD irrigation, compared to CF irrigation, increases 
the number of wetting and drying cycles during the rice 
growth season that facilitate the applied NH4

+–N to be lost 
via nitrification during the drying phase and denitrifica-
tion during the subsequently wetting phase. However, the 
N losses by nitrification–denitrification transformation in 
paddy fields with AWD environment during the whole rice 
growing season should be further explored through coupling 
the transformation rate with the field water and N regimes. 
Models for simulating water and N processes in AWD paddy 
fields require incorporating a moisture-dependent N trans-
formation module for representing the effects of changes in 
soil moisture on the N transport and transformation. Thus, 
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simulations can be applied to optimize the AWD irrigation 
schedule and N fertilizer application methods to increase N 
use efficiency while decrease greenhouse gases emission.
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