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Kinetics of net nitrification associated with soil aggregates
under conventional and no-tillage in a subtropical rice soil
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Abstract Tillage effects on soil nitrification kinetics
at the aggregate scale were studied for a subtropical
rice soil. Soil samples were separated into large
aggregates (>2.0 mm), macro-aggregates (2.0–0.25
mm), micro-aggregates (0.25–0.053 mm) and silt +
clay fractions (<0.053 mm) by wet-sieving. The net
nitrification process was simulated by a zero- and first
kinetics model. Conventional tillage (CT) increased the
proportion of the silt + clay fraction by 60% and
decreased large-aggregates by 35% compared to ridge
with no-till (RNT). Regression analysis showed that the
time-dependent kinetics of net nitrification were best
fitted by a zero-order model for the large-aggregates and

silt + clay fraction but a first-order kinetic model for
macro- and microaggregates and whole soil, regardless
of tillage regime. Both potential nitrification rates (Vp)
and net nitrification rates (Va) were higher for macro-
aggregates than microaggregates. The potential nitrifi-
cation (Np) for whole soil under RNT was 38.7%
higher than CT. The Vp and Va for whole soil was
88.5% and 64.7% higher under RNT than CT,
respectively. Although nitrification was stimulated
under RNT, the kinetics model of nitrification was
not affected by tillage. This inferred that the interaction
between substrates and enzymes involved in nitrifica-
tion associated with aggregates was not altered by
tillage. For this soil, nitrifying microorganisms were
mainly associated with macro- and microaggregates
rather than large-aggregates and silt + clay fractions.

Keywords Soil structure . Nutrient cycling .Microbial
community. Conservation tillage

Introduction

The rate of supply of plant available N is critical for the
functioning of agro-ecosystems. The available N pool
(NH4

+-N and NO3
−-N) generally account for less than

2% of the total N content of soils (Melillo 1981), and
is produced through N-mineralization, which governs
the supply rate of inorganic N to plants. However, the
process of N mineralization is surprisingly poorly
understood (Oorts et al. 2007; DeAngelis et al. 2008).
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Anthropogenic activities like tillage, can influence
the nitrification rate and ultimately N supply to crop
growth. However, effects of tillage on soil N supply in
cropping systems remain unclear (Oorts et al. 2007).
No-till has been reported to increase N mineralization
and nitrification in some studies (Franzluebbers et al.
1995; Green et al. 2007; Sharifi et al. 2008;
Purakayasthaa et al. 2009; Pandey et al. 2010;
Muruganandam et al. 2010), decrease mineralization
and nitrification in others (Brye et al. 2003; Van den
Bossche et al. 2009; Pandey et al. 2010), and result in
no effect on mineralization and nitrification in others
(Rice et al. 1986; Kristensen et al. 2003; Thomsen and
Sørensen 2006; Oorts et al. 2007). These conflicting
results may depend on how tillage-induced changes in
the soil environment (Bronick and Lal 2005).

The primary effect of tillage is to physically disturb
the soil structure and disrupt soil macro-aggregates
into micro-aggregates or individual particles (Filho et
al. 2002; Jiang and Xie 2009). Since soil organic C, N
and microbial biomass were found heterogenously
distributed among different sizes of aggregates (Van
Gestel et al. 1996; Jiang et al. 2011a), it is possible
that the specific effect of tillage on soil nitrification
will depend largely on the disturbances occurring at
the spatial scale to which the substrate and nitrifying
microbes are most sensitive.

We hypothesis that tillage effects on soil nitrifica-
tion process will depend on soil structure change
induced by tillage. Therefore, the objective of this
research was to evaluate soil nitrification kinetics for
different sizes of soil aggregates for variable tillage
regimes.

Material and methods

Tillage regimes and soil sampling

The field experiment has continued since 1990 at
Chongqing, southwest of China, where the soil is a
hydargric Anthrosol (DFAO/Unesco 1988) with basic
properties of pH (H2O) = 7.1, organic C=21.7 gkg−1,
total N=1.7 gkg−1, total P=0.8 gkg−1, and total
K=22.7 gkg−1. The field was planted with rape
(Brassica napus L.) in winter and rice (Oryza sativa
L.) in summer, with residues returned to the soil.

Two tillage regimes were imposed: a combination
of ridge with no-tillage (RNT) and conventional

tillage (CT). Tillage treatments were described in
detail by Jiang and Xie (2009). Briefly, for RNT,
no tillage was imposed on soil that was ridge tilled
in 1990. Rape and rice were planted on ridge tops
and no-till was employed since 1990. For CT, the
soil was puddled and harrowed before rice seed-
lings were transplanted and after rice was harvested,
and tilled again before rape planting. All plant
residues were returned to the soil. The size of the
plots was 4×5 m2 and the experiment was orga-
nized in a randomized complete block design with
four replications.

Five surface soil (0–20 cm) samples were
collected from each plot in April, 2009. Fraction-
ation of soil aggregates was achieved using a wet-
sieving procedure (Chiu et al. 2006) with a small
adaption. Field-moist soil was immersed in water on
a set of three nested sieves (2.0, 0.25, and 0.053
mm) and shaken vertically 3 cm for 50 times during
a 2 min period. The aggregates retained on each
sieve were collected and the silt + clay fraction
(<0.053 mm) collected after centrifugation. The four
resulting aggregate sizes were large-aggregates
(>2.0 mm), macro-aggregates (2.0–0.25 mm),
micro-aggregates (0.25–0.053 mm) and silt + clay
fractions (<0.053 mm).

Incubation

For each plot, 50 g soil was added to 20 plastic bottles
(250 ml). Distilled water was added to adjust the
moisture content to 60% of water-holding capacity.
All bottles were covered with polyethylene film
punctured with needle holes to maintain aerobic
conditions, and pre-incubated at 30°C in the dark
for 7 day. The loss of water through evaporation
was compensated by addition of distilled water
every 3 day. During incubation days 0, 7, 14, 21
and 28, 4 replicate bottles of each treatment were
randomly selected and soil extracted by shaking for
1 h with 100 ml of 2 M KCl (Keeney and Nelson
1982). The resultant analyses of inorganic N forms
were performed colorimetrically with a SKLAR
continuous-flow analyzer.

Microbial and chemical analysis

Soil microbial biomass N (MBN) was determined by
fumigation extraction with a K value of 1.46 used for
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calculation of MBN (Vance et al. 1987). Soil total
organic carbon (TOC) was determined by acid
dichromate wet oxidation as described by Nelson
and Sommers (1996) and total N was determined by
micro-Kjeldahl (Bremner 1996).

Statistical analysis

The changes in NO3
−-N content with incubation time

were modeled with a first-order reaction kinetic
model, expressed as N ¼ N0 þ Np 1� exp �k1tð Þð Þ,
or by a zero-order reaction kinetic model, expressed
as N ¼ N0 þ k0 t. Where N was NO3

−-N content at
incubation time t; N0 was NO3

−-N content after pre-
incubation (t=0); Np was potential nitrification; and
k1 and k0 were rate constants of first- and zero-order
reactions, respectively. The potential nitrification
rate (Vp) was calculated from first-order kenetics as
Vp ¼ k1»Np (Oorts et al. 2007). The mean actual net
nitrification rate (Va) was calculated as Va ¼
N28 � N0ð Þ =28, here N28 was NO3

−-N content after
28 days’ incubation (t=28).

Data (measured or calculated) were subjected to
ANOVA and mean values were separated using
Duncan’s New Multiple Range Test at p<0.05. All
statistical analyses were performed by SPSS statistical
package.

Results

Effects of tillage on aggregate-size distribution

Tillage significantly influenced soil aggregation after
20 years. The proportions of large-aggregates (>2.0
mm), macroaggregates (2.0–0.25 mm), microaggre-
gates (0.25–0.053 mm) and silt + clay fractions
(<0.053 mm) are listed in Table 1. The large-
aggregates represented the greatest fraction of whole
soil for both CTand RNT, whereas macroaggregates and
microaggregates represented the lowest proportion of
whole soil. The CT regime, in comparison to RNT,
increased the proportion of the silt + clay fraction by
60% and decreased large aggregates (>2.0 mm) by 35%
(Table 1). Tillage did not significantly change the
proportion of macro- and micro-aggregate fractions.
The observed trends indicate that CT disrupted soil
large-aggregates into silt, clay or individual particles in
the soil.

Soil total C and N

Soil TOC and total N were observed heterogeneously
distributed among different sizes of aggregates
(Table 2). The TOC ranged from 15.7 to 26.1 for
CT and 16.4 to 36.9 gkg−1 for RNT. The TOC
associated with macroaggregates was significantly
higher than other aggregates and whole soil, while the
lowest TOC was associated with the silt + clay fraction,
regardless of tillage regime. Soil TOC contents for all
aggregates and whole soil were higher for RNT than CT
except for the silt + clay fraction. Similar to TOC, the
highest total N contents were observed for macro-
aggregates (1.90 and 2.84 gkg−1 for CT and RNT,
respectively), while the lowest was associated with the
silt + clay fraction (1.52 and 1.91 gkg−1 for CT and

Table 1 Aggregate size distribution of soils under RNTand CT

Tillage Aggregate size (mm)

>2.0 2.0–0.25 0.25–0.053 <0.053

RNT 53.6a 13.4a 11.8a 22.2b

CT 39.8b 11.9a 12.8a 35.5a

a Values with different letters in column indicates significant
differences (p<5%)
b RNT, no-till treatment was imposed on the soil that was ridge
tilled before the experiment, and the ridges were kept intact
from 1990; CT, conventional tillage

Table 2 Soil C and N of aggregates under RNT and CT

Tillage Aggregate TOC TN C/N
(mm) (g kg-1) (g kg-1)

CT >2.0 17.2±0.66 1.72±0.11 10.0

2.0–0.25 26.1±0.88 1.90±0.09 13.8

0.25–0.053 17.9±0.92 1.53±0.06 11.7

<0.053 15.7±1.06 1.52±0.08 10.4

whole soil 17.1±0.94 1.65±0.10 10.4

RNT >2.0 26.6±2.39 2.26±0.13 11.8

2.0–0.25 36.9±2.75 2.84±0.15 13.0

0.25–0.053 22.9±1.19 2.16±0.11 10.6

<0.053 16.4±0.83 1.91±0.11 8.6

whole soil 25.5±2.28 2.32±0.12 11.0

a RNT, no-till treatment was imposed on the soil that was ridge
tilled before the experiment, and the ridges were kept intact
from 1990; CT, conventional tillage
b TOC total organic C; TN total N
c Values represent TOC ± Std and TN ± Std
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RNT, respectively). Soil total N contents for all
aggregates, silt + clay fractions and whole soil were
higher for RNT than CT. For whole soils, TOC was
49.1% higher under RNT than CT, and total N was
40.6% higher.

Nitrification dynamics associated with aggregates

After preincubation, NO3
−-N increased as the incuba-

tion time increased (Fig. 1). The largest net nitrification
(70.5 and 56.6 mg kg−1 for CT and RNT, respectively)
was observed for macroaggregates (2.0–0.25 mm) and
the least for large-aggregates (24.4 and 37.5 mg kg−1

for CT and RNT, respectively). Regression analysis
showed that the time-dependent kinetics of net
nitrification was best fitted by a zero-order model for
the large-aggregate and silt + clay fractions, while first-
order kinetic model for macro-, micro-aggregate and
whole soils, regardless of tillage regimes.

Simulated parameters of nitrification are listed
in Table 3. Both the highest and lowest potential
nitrification was observed under CT (103 and 58.6
mg kg−1, respectively) for macro-aggregates and
whole soil. Both potential nitrification rates (Vp) and
average nitrification rates (Va) were higher for
macroaggregates than microaggregates, regardless
of tillage regime. The Vp and Va for whole soil under
RNT were 88.5% and 64.7% higher, respectively,
than under CT (Table 3). Simulated nitrification
rates (k0) of the zero-order model for large-

aggregates and silt + clay fractions were also higher
for RNT than CT.

Microbial biomass N dynamics associated
with aggregates

The MBN differed for soil aggregate size fraction and
time of incubation. The MBN ranged from 5.36 to
31.8 mg kg−1 for CT after preincubation. However,
MBN increased quickly and reached its highest level
for all aggregates after 7 day incubation (Fig. 2).
Then, MBN decreased from the second week to the
third week of incubation. It seems that MBN reached
a balance with the incubation environment after 3
weeks because no significant differences were
observed between the third week and the end of
incubation, except for MBN associated with macro-
aggregates. The highest MBN was observed for
macroaggregates (124 mg kg−1), and the lowest for
the silt + clay fractions (8.52 mg kg−1) during 28 day
incubation.

The MBN associated with different aggregates and
whole soil was significantly higher for RNT (32.3 to
52.8 mg kg−1) than CT before incubation (Fig. 2).
However, MBN increased slowly under RNT com-
pared to CT, reaching its highest levels after 14 days
incubation (Fig. 2). Then, MBN decreased from the
third week to the end of incubation. The highest MBN
was also observed for macroaggregates (135 mg kg−1)
during 28 d incubation.
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Fig. 1 Net NO3
− accumulation associated with aggregates under CTand RNT during 28 days incubation at 30°C with soil moisture of

60% WHC (Soils were pre-incubated in dark at 30°C with soil moisture of 60% WHC for 7 days)
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Discussion

Kinetics of net nitrification and net mineralization
associated with aggregates

The time-dependent kinetics of net nitrification was
best fitted by a zero-order model for the large-
aggregates (>2.0 mm) and silt + clay fractions
(<0.053 mm), while a first-order kinetic model was
best suited for macro-aggregates (2.0–0.25 mm),

micro-aggregates (0.25–0.053 mm) and whole soil,
regardless of tillage regime.

Nitrification associated with large-aggregates (>2.0
mm) and silt + clay fractions (<0.053 mm) were best
fitted by a zero-order reaction, indicating the substrate
for nitrification (NH3) is sufficient compared to the
oxidizing capacity of the ammonia oxidizers, and
nitrification rates were limited by ammonia oxidizers
rather than the substrate (NH3) supply. Therefore,
nitrification rate was independent of the concentration

Table 3 Parameters of zero or first-order kenetics fitting NO3-N accumulation during 28 days of incubation

Tillage Aggregate Model Np k0 (mg Nkg−1 day−1) R2 Vp Va
(mm) (mg kg−1) or k1 (day−1) (mg Nkg−1 day−1)

CT >2.0 Zero-order 0.91 0.992d 0.87

2.0–0.25 First-order 103 0.048 0.972d 4.94 2.52

0.25–0.053 First-order 62.7 0.0467 0.983d 2.93 1.53

<0.053 Zero-order 0.97 0.992d 0.97

whole soil First-order 58.6 0.0388 0.996d 2.27 1.36

RNT >2.0 Zero-order 1.38 0.994d 1.34

2.0–0.25 First-order 85.1 0.0416 0.995d 3.54 2.02

0.25–0.053 First-order 94.2 0.0263 0.996d 2.48 1.64

<0.053 Zero-order 1.71 0.992d 1.71

whole soil First-order 81.3 0.0526 0.992d 4.28 2.24

aMean values of nitrate-N of four tillage replicates were used in fitting by a zero or first—order reaction
b Np was potential nitrification; and k0 or k1 was the rate constant of zero or first—order reaction. Vp was potential nitrification rate
calculated from first-order kenetics as Vp ¼ k1»Np. Va was average net nitrification rate
c,d indicates significance at p<0.05 level
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Fig. 2 Microbial biomass N associated with aggregates under CT and RNT during 28 days incubation at 30°C with soil moisture of
60% WHC (Soils were pre-incubated in dark at 30°C with soil moisture of 60% WHC for 7 days)
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of the substrate for large-aggregates and silt + clay
fractions.

For macro-aggregates (2.0–0.25 mm), micro-
aggregates (0.25–0.053 mm) and whole soil, a first-
order kinetic model was the best fit. This indicated the
rate of nitrification was proportionate to the first
power of NH3 concentrations. However, this does not
necessarily mean NH3 concentrations for large-
aggregates and silt + clay fractions were higher than
for macro-aggregates, micro-aggregates and whole
soil. Instead, it is possible that the quantity or activity
of ammonia oxidizers associated with macro-
aggregates, micro-aggregates and whole soils were
higher than those associated with large-aggregates and
silt + clay fractions. The average net nitrification rate
(Va) serves as a potential evidence since Va was higher
for macro-aggregates, micro-aggregates and whole
soil than large-aggregates and silt + clay fractions.

According to a hierarchical model proposed by
Tisdall and Oades (1982), the formation of micro- and
macroaggregates are different, yet interrelated process-
es. Free primary particles and silt-sized aggregates are
bound together into micro-aggregates by persistent
binding agents, oxides and highly disordered alumi-
nosilicates. These stable micro-aggregates, in turn, are
bound together into macro-aggregates (>0.25 mm) by
temporary and transient binding agents. Because of
this hierarchical order of aggregates and their
binding agents, the quantity and quality of readily
mineralizable organic matter may be different for
different sizes of aggregates. Present results dem-
onstrated that soil TOC and total N were heteroge-
neously distributed within different aggregate sizes.
Secondly, soil respiration results in an O2 spike
among aggregates, and so anaerobic conditions
develop when O2 consumption exceeds O2 diffusion
into aggregates. Since the rate of O2 diffusion is
directly related to the distance (aggregate radius), O2

concentrations are assumed different in various aggre-
gate sizes (Sexstone et al. 1985; Kremen et al. 2005),
and thus differentially affect the nitrification process
(Craswell et al. 1970). Thirdly, heterogeneous distribu-
tion of microbial biomass (Gupta and Germida 1988;
Beauchamp and Seech 1990; Miller and Dick 1995;
Franzluebbers and Arshad 1997; Jiang et al. 2011b)
and diversity (Lupwayi et al. 2001) among aggre-
gates also plays critical roles in nitrification processes
associated with aggregates. Furthermore, most nitrifiers
are attached to soil surfaces (Chenu et al. 2001;

Arp et al. 2002), and this kind of attachment stimulates
nitrification (Keen and Prosser 1987). Different sizes
of aggregates were assumed to have variable surface
area, thus have variable capacity to absorb nitrifying
microorganisms. Muruganandam et al. (2010) reported
a higher N transformation rate associated with macro-
aggregates (0.5–1.0 mm) than large aggregates
(2.0–4.0 mm) and microaggregates (< 0.25 mm),
corroborating results of the present study.

Large-aggregates and silt + clay fractions account
for more than 70% of whole soil under CT and RNT.
However, nitrification in whole soil did not follow the
zero-order model for large-aggregates and silt + clay
fractions, but best fit the first-order model similar to
macro- and micro-aggregates. This may imply that
nitrifying microorganisms are mainly associated with
macro- and micro-aggregates rather than large-
aggregates and silt + clay fractions.

Tillage effects on net nitrification kinetics

Nitrification is primarily dependent on the interac-
tion between substrate (NH3) and nitrifying micro-
organisms. So, factors affecting NH3 and nitrifying
microorganisms will affect the nitrification process
and include soil organic matter (especially readily
mineralized organic N), pH (controls the reaction of
NH4

+ to NH3), O2, and perhaps soil surface
properties as well (Jiang et al. 2011c). In the present
long-term experiment, the amounts of plant residue
returned to soils were much higher under RNT than
CT because the crop yields were higher under RNT
(Jiang and Xie 2009). As a result, soil organic C,
total N and microbial biomass for all aggregates and
whole soils were higher for RNT than CT. The
potential nitrification (Np), potential nitrification rate
(Vp) and average nitrification rate (Va) for whole soil
under RNT were higher than for CT. Simulated
nitrification rates (k0) of a zero-order model for
large-aggregates and silt + clay fractions were also
higher for RNT than CT. All models indicated that
nitrification was stimulated by RNT. The observation
that no-till soils have greater N mineralization and
nitrification potential than CT soils agreed well with
other studies of different soil types (Kingery et al.
1996; Booth et al. 2005; Muruganandam et al. 2010).

Although nitrification was stimulated under RNT,
the kinetics model of nitrification was not affected by
tillage. This inferred that the interaction between NH3
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and nitrifying microorganisms associated with differ-
ent aggregates was not altered by tillage. The
distribution pattern of TOC, total N, and microbial
biomass associated with aggregates had no significant
differences between tillage regimes although TOC,
TN, and microbial biomass were higher under RNT
than CT (Jiang et al. 2011a; Jiang et al. 2011b).
Wright et al. (2005) also reported that the forms of
tillage had no significant effects on the distribution of
TOC in aggregates through 20 years long-term field
experiment, and the distribution of microbial biomass
in aggregates showed similar conclusions.

Conclusions

Time-dependent kinetics of net nitrification were best
fitted by a zero-order model for large-aggregates and
silt + clay fractions, while a first-order kinetic model
was most suitable for macro-, micro-aggregate and
whole soils, regardless of tillage regime. The kinetics
model of nitrification associated with aggregates was
not altered by tillage regime, although the nitrification
process was stimulated under RNT. We thus conclud-
ed that nitrifying microorganisms were mainly asso-
ciated with macro- and micro-aggregates rather than
large aggregates and silt + clay fractions. Thus, tillage
regimes, such as CT, that break down macroaggre-
gates into silt + clay particles can have a detrimental
effect on nitrification, which leads to a decrease in the
soil’s N-supplying capacity to crops.
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