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Abstract Organic materials with low C/N ratio, such as ani-
mal manure and compost, have been largely applied to or-
chard soil to maintain soil organic matter and improve soil
fertility. However, little is known about the decomposition
characteristics and nitrogen (N) mineralization of added or-
ganic materials. Thus, a laboratory incubation study using
15N tracing technique was carried out to investigate the effects
of organic materials with low C/N ratio (rapeseed meal and
chicken manure) on gross N transformations in a vineyard
soil. Our result showed that carbon (C) mineralization of or-
ganic material depended on C/N ratio and lignin/N ratio of
organic material, while N mineralization was associated with
substrate N concentration. The application of organic material
with low C/N ratio increased gross N mineralization, NH4

+

immobilization, autotrophic nitrification rates, and CO2, N2O,
and NO emissions. Heterotrophic nitrification and NO3

− im-
mobilization did not occur, irrespective of organic material
amendments. Organic material amendments increased more

total inorganic N production (mineralization+heterotrophic
nitrification) than total inorganic N consumption (immobiliza-
tion of NH4

+ and NO3
−), leading to increasing net N mineral-

ization rates. In addition, NO3
− consumption (NO3

− immobi-
lization+dissimilatory NO3

− reduction to NH4
+) increased to

a lesser extent than NO3
− production (heterotrophic+autotro-

phic nitrification) following organic material amendments,
leading to more rapid accumulation of NO3

− in soils. Our
results suggest that organic material with a low C/N ratio
can provide readily available N as N fertilizers but accompa-
nied by enhanced risk of N losses through gaseous N emis-
sions and possibly NO3

− leaching and runoff.

Keywords Gross Nmineralization . Organic material . 15N .

Vineyard soil . CO2 andN2O emissions

Introduction

The Taihu Lake region is one of the most intensive agricultural
regions and the most economically developed areas in China.
This region is characterized by large inputs of synthetic N
fertilizer (Zhu and Chen 2002; Ju et al. 2009). As a result,
the excessive input of synthetic N fertilizer induced environ-
mental problems, such as eutrophication of surface waters
(non-point source pollution), nitrate pollution of groundwater,
acid rain and soil acidification, and greenhouse gas emissions
(Guo et al. 2004; Jin et al. 2005). Traditionally, a rice–wheat
rotation is the main cropping system adopted in this region (Ju
et al. 2009). However, the region is experiencing the rapid
conversion of rice–wheat rotation to orchard, which is predict-
ed to increase in future due to the high economic benefit of
fruits (Cheng et al. 2014). In contrast to rice–wheat rotation,
which relies on inorganic fertilizers, the application of organic
fertilizers is most commonly used in orchard systems (Ji et al.
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2008; Ju et al. 2009; Cheng et al. 2014). However, the effects
of organic fertilizers addition on soil N dynamics and N losses
are largely unknown in these orchard systems.

For acid soil, organic fertilizer amendments can increase
soil pH by providing ash alkalinity and enhancing mineraliza-
tion of organic N (de Boer et al. 1988; Cai et al. 2015).
Increasing pH has been demonstrated to stimulate autotrophic
nitrification (Ste-Marie and Pare 1999; Cheng et al. 2013).
Thus, organic fertilizer amendments would be expected to
promote the conversion of NH4

+ to NO3
− through autotrophic

nitrification. However, increasing production of NO3
− is not

always associated with rapid accumulation of NO3
− and in-

creasing risk of NO3
− losses, as NO3

− consumption processes
(e.g., NO3

− immobilization) may completely or partly coun-
teract the production of NO3

− (Stark and Hart 1997).
Numerous studies have shown that microbial NO3

− immobi-
lization was non-existent in agricultural soils (Jansson et al.
1955; Rice and Tiedje 1989; Recous et al 1990; Shi and
Norton 2000; Shi et al. 2004; Zhang et al. 2013), whereas it
did occur in forest and grassland soils as well as in the organic
farm systems under high C availability (Davidson et al. 1990;
Bradley 2001; Burger and Jackson 2003). It has been sug-
gested that available C is likely an important factor controlling
microbial NO3

− immobilization (Shi and Norton 2000; Shi
et al. 2004). Therefore, organic material applications may en-
hance NO3

− immobilization in agricultural soils by providing
C source and increasing soil microbial biomass and activity.
However, net rates calculated by the change of soil NO3

−

concentrations over time cannot differentiate if both produc-
tive and consumptive processes are taking place simulta-
neously, which makes it unsuitable to understand the actual
N cycles in soils. Alternatively, measuring gross N transfor-
mation rates using 15N isotope techniques has been demon-
strated as useful for quantifying individual microbial N pro-
cesses (Stark and Hart 1997; Nannipieri and Paul 2009; Li and
Lang 2014).

The decomposition rate and N release from organic fertil-
izer are largely determined by the C/N ratio of organic fertil-
izer. C/N ratio of organic fertilizer has been demonstrated
effectively to indicate net N mineralization and immobiliza-
tion, with the threshold value of approximately 20-40
(Whitmore 1996; Van Kessel et al. 2000). However, net N
mineralization was calculated as the difference between gross
Nmineralization and immobilization. Thus, the factor control-
ling gross and net Nmineralization from organic fertilizer may
be different. In addition, N mineralization from organic fertil-
izer can be immobilized into the soil organic N pool, which
subsequently gradually re-mineralize, resulting in a net in-
crease in soil N mineralization and N availability for plant
(Choi et al. 2004; Sørensen 2004). Luxhøi et al. (2007) sug-
gested that mineral N in the transition between gross N min-
eralization and immobilization is available for assimilation by
plants. Consequently, understanding the decomposition rate

and gross N release capacity of organic fertilizer could poten-
tially improve our capacity to synchronize N supply with plant
demand, and thus minimize N losses to the environment.

The application of organic fertilizers characterized by low
C/N ratio (<20) is commonly prevalent in the vineyard soil of
the Taihu Lake region (Cheng et al. 2014). Thus, the objective
of this study was to quantify the effects of the added organic
fertilizers with low C/N ratio on gross N transformation rates
in a vineyard soil in the Taihu Lake region. Two contrasting
types of organic fertilizers (rapeseedmeal vs. chicken manure)
used in this region were chosen to examine the effects of
organic fertilizer characteristics on decomposition and N re-
lease. Gross N transformation rates were quantified with a
numeric 15N tracing model in combination with a Markov
chain Monte Carlo sampling algorithm for parameter estima-
tion (Müller et al. 2007).

Materials and methods

Soil and amendment characteristics

The study site was located in Zhoutie town in southern
Jiangsu Province, China, on the west side of Taihu Lake.
This region is characterized by a subtropical monsoon climate,
an annual average temperature of 15.7 °C and annual rainfall
of 1,177 mm. Avineyard soil with a pH of 5.1 and containing
13 % sand, 70 % silt, 17 % clay, 20 g kg−1 organic C, and
2.0 g kg−1 organic N was collected from a depth of 0–20 cm.
The vineyard soil was converted from rice paddy soil
about 5 years ago. The vineyard soil had received both organic
and chemical fertilizer, with annual rates of about 150 and
224 kg of N ha−1, respectively. The fresh soil was sieved
(2mmmesh) to remove roots and other debris, and then stored
at 4 °C in closed plastic bags less than a week before being
used in the experiment.

In the studied region, rapeseed meal and chicken manure
were applied widely into the vineyard soil. Thus, rapeseed
meal and two types of chicken manure differing in biochem-
ical characteristics were selected in this study. Those residues
were dried at 60 °C and ground to less than 1 mm. Selected
characteristics of the organic amendments used are listed in
Table 1.

15N tracing experiment

Gross N transformation rates were determined by the 15N
isotope tracing technique, using a paired labeling method with
one receiving 15NH4NO3 and the other receiving NH4

15NO3

(Müller et al. 2007). The experiment comprised four treat-
ments in total: no organic material added (abbreviated as
CK); rapeseed meal added (RM); chicken manure 1 added
(CM1); and chicken manure 2 added (CM2). The treatments
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were replicated three times. For each treatment, 20 g (dry
weight basis) of fresh soil were placed inside a 250-mL flask.
The soils in sealed flasks were acclimated to 25 °C for 1 day to
allow equilibration. Then, the soil sample from each flask in
the organic material amendments treatments was mixed thor-
oughly with ground organic material. The application rate of
various organic materials was equivalent to 100 mg N kg−1

soil, a typical incorporation rate in the field in this region. The
corresponding amounts of C provided were 836 for RM, 752
for CM1, and 1,618 mg kg−1 for CM2. For all flasks, an
ammonium nitrate solution containing either ammonium
(15NH4NO3) or nitrate (NH4

15NO3) labeled with 15N at 10
atom% excess was applied to the soil at 100 mg N kg−1 soil
(oven-dried weight), which is equivalent to a moderate rate of
N application in the studied region. The 15N-labeled solution
was added uniformly over the soil surface with a pipette, and
the final soil moisture contents were adjusted to 60 % water
holding capaci ty (WHC) using deionized water.
Subsequently, all flasks containing the soil samples were
sealed with rubber stoppers and incubated at 25 °C in the dark
for an additional 14 days. During incubation, the samples
were aerated for 30 min each day to maintain aerobic condi-
tions inside the flasks, and any lost water was replaced every
3 days with deionized water as required.

Gas samples (three replicates) were taken from the head-
space of the flasks on days 1, 2, 5, 9, and 14. Before each gas
sampling event, the flasks were opened for 30 min to renew
the atmosphere inside and immediately sealed for 6 h using a
silicone sealant. Two sets of flasks with the same soil samples
were used for N2O and NO sampling, respectively. For one set
of the flasks, 20 mL gas sample were collected using a 25-mL
gas-tight syringe with a stopcock from the headspace of each
flask at the end of 6 h incubation and was injected into two
pre-evacuated vials (18.5 mL) respectively, to determine the
concentration of N2O and CO2. For another set of the flasks,
40-mL gas samples were also collected and transferred to a
multilayer foil sampling bag (2 L) for NO analysis.

A sub-set of incubation flaskswere destructively sampled on
days 2, 5, 9, and 14 for analysis of NH4

+, NO3
−, and organic N.

Specifically, three flasks were randomly selected from each
labeling treatment, and the soil was extracted using 100 mL
2 M KCl solution to determine the concentration and isotopic
composition of NH4

+ and NO3
−. The extraction procedure was

also performed 0.5 h following 15N addition to avoid

disturbance from abiotic N immobilization. After KCl extrac-
tion, residual soil was washed with deionized water, oven-dried
at 60 °C to a constant weight, and ground to pass through a
0.15-mm sieve for 15N analysis of insoluble organic N.

Soil analysis

Soil pH was measured in a slurry with a soil:water ratio of
1:2.5 (v/v) using a DMP-2 mV-pH detector (Quark Ltd.,
Nanjing, China). Soil texture was determined with a laser
particle characterization analyzer (Beckman Coulter, Los
Angeles, CA, USA). The soil organic C was determined by
wet digestion with H2SO4-K2Cr2O7, while soil organic N was
determined by semi-micro Kjeldahl digestion using Se,
CuSO4 and K2SO4 as catalysts. NH4

+ and NO3
− concentra-

tions were determined with a continuous-flow analyzer
(Skalar Analytical, Breda, The Netherlands). Klason lignin
content including acid-soluble and acid-insoluble lignin was
estimated according to TAPPI standards (T13wd-74 and
T222om-88, respectively) (Tappi 2006).

The isotopic compositions of NH4
+ and NO3

− were mea-
sured using an automated C/N analyzer isotope ratio mass
spectrometer (Europa Scientific Integra, Sercon 20-22, UK).
NH4

+ and NO3
− were separated for 15N measurements by

distillation with magnesium oxide and Devarda’s alloy
(Bremner 1996). In detail, a portion of the extract was
steam-distilled with MgO to separate NH4

+ on a steam distil-
lation system. The sample in the flask was distilled again after
the addition of Devarda’s alloy to separate out the NO3

−. The
liberated NH3 was trapped using boric acid solution. To pre-
vent isotopic cross-contamination between samples, 25 mL of
reagent-grade ethanol was added to the distillation flasks and
steam-distilled for 3 min between each distillation (Hauck
1982). Trapped N was acidified and converted to (NH4)2SO4

using 0.005 mol L−1 H2SO4 solution. The H2SO4 solution
(containing NH4

+) was then evaporated to dryness at 60 °C
in an oven and analyzed for 15N abundance.

Prior to NO determination, gas samples drawn from flasks
were diluted to 1 L with highly purified He. The NO concen-
tration was measured using a NOx analyzer (ThermoFisher
42i, Chemiluminescence Detector, USA). N2O concentrations
were determined with a gas chromatograph (Agilent 7890,
Santa Clara, CA, USA) equipped with a 63Ni electron capture
detector (ECD) operated at 300 °C. Separation was performed

Table 1 Biochemical characteristics of the three different organic materials added to a vineyard soil

Type of organic materials Abbreviation Biochemical properties of the added organic materials

pH C (%) N (%) C/N Lignin (%) Lignin/N

Rapeseed meal RM 5.2 44.0 5.4 8.1 31.0 5.7

Chicken manure 1 CM1 8.3 34.2 4.5 7.6 16.2 3.6

Chicken manure 2 CM2 7.5 33.7 2.1 16.0 21.3 10.1
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using a stainless-steel column packed with 80/100 mesh
Porapak Q at 65 °C. The injection port was maintained at
100 °C. The carrier gas was argon (Ar) gas and contained
5 % CH4 at a flow rate of 40 mL min−1. Meanwhile, CO2

concentrations were determined with a gas chromatograph
(Agilent 7890) equipped with a thermal conductivity detector
using a column packed with Porapak Q (80/100 mesh). The
temperatures of the column oven, injector, and detector were
40, 100, and 300 °C, respectively.

Calculations and statistical analysis

Gross N transformation rates were calculated using a 15N trac-
ing model (Müller et al. 2007, Fig. 1). The model calculated
gross N transformation rates by simultaneously optimizing the
kinetic parameters for the various N transformations by min-
imizing the misfit between modeled and observed NH4

+ and
NO3

− concentrations (Fig. 4) and their respective 15N enrich-
ments (Fig. 5) in the 15NH4NO3 and NH4

15NO3 labeled treat-
ments. Parameter optimization was carried out with Markov
chain Monte Carlo Metropolis algorithm. The MCMC-MA
routine was programmed in MatLab (Version 7.2,
MathWorks Inc.), which calls models that are separately set
up in Simulink (version 6.4, MathWorks Inc.). The optimiza-
tion procedure led to a probability density function (PDF) for
each parameter, from which the parameter averages and stan-
dard deviations were calculated. Each analysis was conducted
with three parallel sequences to identify adequate iteration
numbers. According to the kinetic settings and the final pa-
rameters, the average N transformation rates were calculated

over the entire period and expressed in units of mg N kg−1 soil
day−1 (Table 2). The cumulative gross N mineralization was
thus calculated as days of the whole incubation×the average
gross N transformation rates. The proportion of N mineralized
from added organic material N was calculated as the differ-
ence in the cumulative gross N mineralization between organ-
ic amended and CK treatments divided by added organic ma-
terial N. Cumulative CO2, N2O, and NO emissions were cal-
culated using linear interpolation across sampling intervals.

The difference in cumulative productions of CO2, N2O,
NO, NO/ N2O ratio, the percentage of 15N recovery in the
insoluble organic N pool, and the net N transformation rates
over the 14-day incubation period was evaluated by one-way
ANOVA followed by a least significant difference (LSD) test.
The correlation between CO2 and N2O and NO emissions was
assessed using Pearson’s correlation test. All statistical analy-
ses were performed using SPSS 13.0. All results are reported
as the mean±standard deviation on a soil dry weight basis.

Results

Soil C mineralization

The CO2 emission rates gradually decreased during the whole
incubation period, irrespective of organic material amend-
ments (Fig. 2a). The CO2 emission rates were generally higher
in the organic amended than in the CK treatments during the
whole incubation period. As a result, the cumulative CO2

emissions over the 14-day incubation period (an index of soil
respiration) were significantly stimulated by organic material
amendments (P<0.001; Fig. 3), with the stimulation much
more pronounced in the CM1 than in the RM and CM2 treat-
ments. The cumulative CO2-C emission as a percentage of the
C added was 34.2, 56.7, and 14.2 % in the RM, CM1, and
CM2 treatments, respectively.

Inorganic N concentration and 15N enrichments

The simulated concentrations and 15N enrichments were al-
most within the range of the observed averages±SD (Figs. 4
and 5). In the CK treatment, NH4

+ concentrations gradually
decreased during the first 9 days of incubation and thereafter
remained stable (Fig. 4a). In the RM treatment, NH4

+ concen-
trations decreased during the first 2 days of incubation and
increased during days 2–5, and subsequently declined again
toward the end of incubation. In the CM1 treatment, NH4

+

concentrations gradually decreased during the whole incuba-
tion, while they decreased during the first 9 days of incuba-
tion, and then increased in the CM2 treatment (Fig. 4a). NO3

−

concentrations increased during the whole incubation, regard-
less of organic material amendments (Fig. 4b). At the end of
the incubation (14 day), NO3

− concentrations were highest in

INH4_Nrec
MNrec

Nrec

ONrec

NO3
-

INO3

ONH4

DNO3

Nlab

INH4_Nlab

NH4
+

MNlab

ANH4

NH4
+
ads

RNH4

Fig. 1 15N tracing model developed by Müller et al. (2007) for
calculating gross N transformation rates (NH4

+=ammonium; NH4
+
ads=

adsorbed NH4
+; Nlab=labile soil organic N; NO3

−=nitrate; Nrec=
recalcitrant soil organic N). MNrec, mineralization of recalcitrant organic
N (Nrec) to NH4

+; MNlab, mineralization of labile organic N (Nlab) to
NH4

+; INH4-Nrec, immobilization of NH4
+ to Nrec; INH4-Nlab,

immobilization of NH4
+ to Nlab; ONH4, oxidation of NH4

+ to NO3
−

(autotrophic nitrification); ONrec, oxidation of recalcitrant organic N to
NO3

− (heterotrophic nitrification); INO3, immobilization of NO3
− to

recalcitrant organic N; DNRA, dissimilatory NO3
− reduction to NH4

+;
ANH4, adsorption of NH4

+ on cation exchange sites; RNH4, release of
adsorbed NH4

+
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CM1 treatment, intermediate in the other two organic material
amended treatments, and lowest in the CK treatment.

In the 15NH4
+ labeled treatments, the 15N enrichment of

NH4
+ gradually declined (Fig. 5a), and the 15N enrichments

of NO3
− increased in all treatments (Fig. 5b). Such results

indicated that a continuous input of NH4
+ at natural abun-

dance or low 15N enrichment into the 15N-labeled NH4
+ pool

and ammonia oxidation of 15N enriched NH4
+ to NO3

−. An
increase in the 15N enrichment of NH4

+ over time in the
15NO3

− labeled treatments indicated the occurrence of reduc-
tion of labeled NO3

− to NH4
+ or re-mineralization of recently

immobilized 15NO3
− (Fig. 5c). In all treatments, the 15N en-

richment of NO3
− in the 15NO3

− labeled treatments declined
over time except for the CK treatment, in which the 15N en-
richment of NO3

− declined during the first 5 days of incuba-
tion, and then kept almost constant (Fig. 5d).

Nitrogen transformations

The organic material amendments resulted in increasing total
gross N mineralization (MNrec+MNlab) rates, following the or-
der of CM2<CM1<RM treatments (Table 2). The cumulative

Table 2 Gross N transformation rates and net N mineralization and nitrification rates (mg N kg−1 soil day−1) in a vineyard soil treated with various
organic materials

N transformations Treatments

CK RM CM1 CM2

M 2.40 (0.36)a 6.99 (0.72)b 4.70 (0.70)c 3.72 (0.68)ac

INH4 1.29 (0.30)a 5.02 (0.72)b 1.54 (0.75)a 2.24 (0.09)c

ONH4 2.10 (0.18)a 5.54 (0.14)b 8.94 (0.51)c 5.45 (0.34)b

ONrec 0.00 (0.00)a 0.00 (0.00)a 0.00 (0.00)a 0.00 (0.00)a

INO3 0.02 (0.00)a 0.01 (0.00)a 0.00 (0.00)a 0.01 (0.00)a

DNRA 0.70 (0.21)a 1.11 (0.18)a 2.03 (0.01)b 0.88 (0.01)a

ANH4 0.32 (0.14)a 0.02 (0.01)a 0.43 (0.18)a 0.01 (0.00)a

RNH4 0.17 (0.03)a 0.01 (0.00)a 0.07 (0.03)a 0.00 (0.00)a

Net N mineralization 0.94 (0.09)a 1.96 (0.21)b 2.80 (0.14)b 1.47 (0.19)ab

Net nitrification 1.37 (0.16)a 4.42 (0.14)b 6.91 (0.43)c 4.57 (0.30)b

The gross N transformation rates are presented as averages and standard deviations. CK, no amendment control; RM, rapeseed meal amendment; CM1,
chicken manure 1 amendment; CM2, chicken manure 2 amendment. Chicken manure 1 and chicken manure 2 are two kinds of chicken manure differing
in quality

M: the sum ofMNrec (mineralization of recalcitrant organic N (Nrec) to NH4
+ ) and MNlab (mineralization of labile organic N (Nlab) to NH4

+ ); INH4: the
sum of INH4-Nrec (immobilization of NH4

+ to Nrec) and INH4-Nlab (immobilization of NH4
+ to Nlab); N: ONH4 (oxidation of NH4

+ to NO3
− , autotrophic

nitrification) andONrec (oxidation of recalcitrant organic N to NO3
− , heterotrophic nitrification); INO3, immobilization of NO3

− to recalcitrant organic N;
DNRA, dissimilatory NO3

− reduction to NH4
+ ; ANH4, adsorption of NH4

+ on cation exchange sites; RNH4, release of adsorbed NH4
+
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total gross N mineralization was responsible for 64.2, 32.2,
and 18.5 % of the N added in the RM, CM1, and CM2 treat-
ments. The total gross NH4

+ immobilization (INH4-Nrec+INH4-
Nlab) rates were significantly enhanced by RM amendment
and to a lesser extent by CM1 and CM2 amendments
(Table 2), which was supported by the results of 15N recovery
in the insoluble organic N pool in the 15NH4

+ labeled treat-
ments. At the end of the incubation, the percentage of 15N
recovery in the insoluble organic N pool increased from
10.3 % in the CK treatment to 29.2 % in the RM treatment
and 18.7–21.7 % in the CM1 and CM2 treatments (Table 3).
The total gross NH4

+ immobilization rates were consistently
lower than total gross N mineralization rates, regardless of
organic material amendments.

In all treatments, heterotrophic nitrification (oxidation of
recalcitrant organic N) did not occur, and thus NO3

− produc-
tion was solely from autotrophic nitrification (oxidation of
NH4

+ to NO3
−) (Table 2). The gross autotrophic nitrification

rates were stimulated by CM1 and to a lesser extent by other
two organic material amended treatments. The ratio of auto-
trophic nitrification and NH4

+ immobilization (N/I) was 1.6,
1.1, 5.8, and 2.4 in the CK, RM, CM1, and CM2 treatments,
respectively. Compared with substantial NH4

+ immobiliza-
tion, NO3

− immobilization was negligible in all treatments,
indicating a preferential uptake of NH4

+ by soil microorgan-
isms (Table 2). The percentage of 15N recovery in the insolu-
ble organic N pool in the 15NO3

− labeled treatments remained
stable during the whole incubation period and was not affected
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by any kind of organic material amendment (Table 3), also
demonstrating the absence of NO3

− immobilization in all
treatments. The rates of dissimilatory NO3

− reduction to
NH4

+ (DNRA), another NO3
− consumption process, were en-

hanced by organic material amendments, but a significance
difference was only found in the CM1 treatment.

In general, total NO3
− production (heterotrophic+autotro-

phic nitrification) increased to a greater extent than NO3
− con-

sumption (NO3
− immobilization+dissimilatory NO3

− reduc-
tion to NH4

+) following organic material amendments, lead-
ing to higher net nitrification rate in the organic material
amended treatments compared with the CK treatment
(Table 2). Similarly, organic material amendments increased

more total inorganic N production (mineralization+heterotro-
phic nitrification) than total inorganic N consumption (immo-
bilization of NH4

+ and NO3
−), and thus increasing net N min-

eralization rates due to organic material amendments
(Table 2).

N2O and NO emissions

In the CK and CM2 treatments, the N2O emission rates grad-
ually decreased during the whole incubation period, while the
N2O emission rates peaked at day 2 in the RM and CM1
treatments (Fig. 2b). In contrast, the NO emission rates de-
creased during the whole incubation period in all treatments
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Table 3 Percentage of added 15N
recovered in insoluble organic N
pools during the 14 days of
incubation period in a vineyard
soil treated with various organic
materials

Labeling type Day Percentage of added 15N recovered in insoluble organic N

CK RM CM1 CM2

15NH4
+ 0 5.2 (0.5) 5.9 (0.3) 4.1 (0.5) 4.3 (0.1)

2 8.0 (0.5) 28.8 (1.4) 16.3 (1.7) 11.9 (0.2)

5 10.4 (0.6) 30.1 (0.1) 23.4 (2.2) 17.0 (1.1)

9 10.4 (1.8) 28.7 (2.5) 22.3 (1.0) 18.8 (1.9)

14 10.3 (2.1)a 29.2 (3.7)b 21.7 (1.8)c 18.7 (1.8)c

15NO3
− 0 2.7 (0.6) 2.7 (0.3) 2.2 (0.3) 2.5 (0.4)

2 2.1 (0.3) 2.4 (1.6) 1.7 (0.2) 1.3 (0.2)

5 2.1 (0.4) 2.0 (0.3) 2.0 (0.6) 2.8 (0.4)

9 2.7 (0.5) 2.4 (0.5) 3.1 (0.4) 2.0 (0.2)

14 1.5 (0.6)a 2.3 (0.7)a 2.1 (0.5)a 1.7 (0.2)a

Numbers in parentheses are standard deviation of the mean. Different letters within the row indicate the signif-
icant difference between treatments at P<0.05. CK, no amendment control; RM, rapeseed meal amendment;
CM1, chicken manure 1 amendment; CM2, chicken manure 2 amendment. Chicken manure 1 and chicken
manure 2 are two kinds of chicken manure differing in quality
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(Fig. 2c). The cumulative N2O emissions over the 14-day
incubation were 29.9, 42.0, and 4.1-fold higher in the RM,
CM1, and CM2 treatments than in the CK treatment, respec-
tively (Fig. 3). In the RM, CM1, and CM2 treatments, the
cumulative NO emissions were 0.9, 3.3, and 0.8 times higher
than in the CK treatment, respectively (Fig. 3). The ratio of
NO to N2O emission was 0.35, 0.02, 0.03, and 0.12 in the CK,
RM, CM1, and CM2 treatments, indicating that organic ma-
terial amendments decrease this ratio. Both N2O and NO
emissions were positively correlated with CO2 emission
(P<0.01).

Discussion

Soil C mineralization

Our results showed that the application of organic materials
with lowC/N ratio stimulated CO2 emission in a vineyard soil,
in accordance with previous studies (Chantigny et al. 2002;
Khalil et al. 2005). The stimulation may be attributed to min-
eralization of added organic materials C, or mineralization of
native soil organic C (priming effect) due to organic materials
input (Garnier et al. 2003; Major et al. 2010). However, the
effects of various organic materials on CO2 emission appeared
to be different, and emission depended on the quality of or-
ganic materials. The C/N ratio has been proposed as an indi-
cator of organic material decomposition rate (Melillo et al.
1982; Trinsoutrot et al. 2000). Residues with a high C/N ratio
posed a nutrient limitation on decomposers during the early
stage of decomposition (Eiland et al. 2001), and thus
there was a significant negative relationship between
residue C/N ratio and the rate of mineralization of res-
idues (Vigil and Kissel 1991; Huang et al. 2004).
Similarly, our results also demonstrated that CO2 emis-
sions increased with decreasing residue C/N ratio. In
addition to C/N ratio, initial N, lignin, and polyphenol
contents were linked to residue quality (Palm et al.
2001). Nitrogen availability limits microbial degradation,
lignin is one of the most recalcitrant C compounds, and
polyphenols can bind with proteins thereby immobilizing N
(Palm and Rowland 1997; Gentile et al. 2008). Low-quality
residue is associated with low N and high lignin contents
(<2.5 % N; >15 % lignin) (Palm et al. 2001). Therefore, low
quality of CM2 (2.1 % N; 21.3 % lignin) contributed to low
CO2 emission in this study. Alternatively, lignin/N ratio has
been found to be related to decomposition rate of plant resi-
dues (Melillo et al. 1982; Chantigny et al. 2002; Wang et al.
2004). Our study also demonstrated that CO2 emission and the
percentage of the C added as CO2-C emission increased with a
decline in lignin/N ratio. In general, organic materials charac-
terized by lower C/N ratio and lignin/N ratio were involved
with higher C mineralization.

Gross N mineralization-immobilization turnover

Generally, long-term inputs of exogenous C, such as crop
straw and animal manure, could promote gross N mineraliza-
tion and immobilization turnover (MIT) rates simultaneously,
irrespective of whether C/N ratio was narrow or wide (Luxhøi
et al. 2007; Zhang et al. 2012). Similarly, our study also found
that short-term addition of organic materials with low C/N
ratio (≤16) into a vineyard soil increased MIT rates. The in-
crease in gross N mineralization following the application of
organic materials could be due to the mineralization of organic
materials or stimulation of soil organic N mineralization
(Shindo and Nishio 2005), while increasing gross N immobi-
lization was a consequence of additional inorganic N need for
microbial growth under enhanced C availability (Burger and
Jackson 2003). Finally, organic materials and their induced N
immobilization will re-mineralize, potentially causing soil
mineralization to increase in the long term.

Since soil C and N cycles are closely coupled, the factors
regulating C mineralization may govern N mineralization
(Murphy et al. 2003). However, our results found that both
lower C/N ratio and lignin/N ratio were not responsible for
higher gross N mineralization rate, despite the fact that soil C
mineralization increased with decreasing C/N ratio and lignin/
N ratio. Such results may indicate that other factors may be
associated with Nmineralization. Our study showed that gross
N mineralization increased with increasing substrate N con-
tent of organic materials in a vineyard soil, in agreement with
previous reports that the low substrate N content of organic
materials likely limited its microbial degradation (Recous
et al. 1995; Trinsoutrot et al. 2000). Therefore, substrate N
content of organic materials probably played a vital role in
gross Nmineralization and should be taken into account when
predicting gross N mineralization using C mineralization.

It is generally believed that C/N ratio of substrate governs the
balance between net N mineralization and immobilization, and
the break-even point of substrate was at a C/N ratio of around
20–40 (Whitmore 1996; Van Kessel et al. 2000). Our results also
found that the input of organic materials with low C/N ratio
(≤16) into a vineyard soil cause net N mineralization (Table 2).
Net N mineralization took place because gross N mineralization
was stimulated to a greater degree than gross N immobilization
by input of organic materials with low C/N ratio in this study. In
contrast, the input of organic materials with high C/N ratio led to
a lesser stimulation of gross N mineralization than immobiliza-
tion and thus net N immobilization, as microbial needed addi-
tional inorganic N to complete the decomposition process under
abundant C availability (Shindo and Nishio 2005).

Gross nitrification and NO3
− immobilization

There is a general agreement that the application of organic
materials with low C/N ratio can promote nitrification (Shi
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et al. 2004; Habteselassie et al. 2006; He et al. 2007). Our
results further demonstrated that autotrophic nitrification was
the sole pathway producing NO3

− in a vineyard soil, and
organic material amendments enhanced nitrification rate also
resulted from autotrophic nitrification. These results were in
line with results by Müller et al. (2003) who found that the
application of cattle slurry to a grassland soil stimulated the
nitrification of NH4

+ to NO3
− and had no effect on the oxida-

tion of organic N. For acid soil, an increase in pH could be
responsible for the stimulation of activity of autotrophic nitri-
fiers following organic material amendments (Comfort et al.
1988; Paul and Beauchamp 1989). Not only because most of
the organic material itself contain ash alkalinity but also be-
cause organic material addition can increase local pH by en-
hancing mineralization (de Boer et al. 1988; Cai et al. 2015).
Furthermore, input of organic materials with low C/N ratio
resulted in a greater stimulation of gross Nmineralization than
gross N immobilization, and thus inevitably provided more
available NH4

+ for nitrifiers. Likewise, long-term application
of organic manure with NPK fertilizers can buffer the soil
from pH changes and providing not only substrates and nutri-
ents but also a suitable habitat for the ammonia-oxidizing
bacteria (AOB) and ammonia-oxidizing archaea (AOA) (He
et al. 2007). It has been reported that the AOB-specific nitri-
fication potential and AOB numbers were significantly higher
in organic amended soil than in mineral-fertilized soil
(Innerebner et al. 2006; Chu et al. 2008). Thus, the stimulation
of autotrophic nitrification in the organic amended treatments
was probably driven by the increase in AOB population size
and activity.

Our results showed that microbial NO3
− immobilization did

not occur in the vineyard soil studied, which was consistent
with previous general understanding that microbial NO3

− im-
mobilization was negligible in agricultural soil (Jansson et al.
1955; Rice and Tiedje 1989; Recous et al 1990; Shi and Norton
2000; Shi et al. 2004; Zhang et al. 2013). Generally, microbial
assimilation NO3

− need higher energy costs in comparison with
NH4

+ (Lindell and Post 2001). In addition, high NH4
+ concen-

tration can repress NO3
− transport or synthesis of NO3

− reduc-
tase (Van’t Riet et al. 1968; Sias and Ingraham 1979; Cresswell
and Syrett 1979). Alternatively, the absence of microbial im-
mobilization of NO3

− could be ascribed to heterotrophic micro-
organisms C limitation in the agricultural soil (Shi and Norton
2000). Recous et al. (1990) found that microbial assimilation of
NO3

− in cultivated soil was negligible when KNO3 was added
without the addition of glucose-C, whereas assimilation of
NO3

− occurred when glucose-C at 500 μg g−1 was added along
with the same amount of KNO3. In the forest ecosystems, NO3

−

assimilation has been observed to increase at glucose-C con-
centrations above 1,000μg g−1 (Bradley 2001). The addition of
sufficient glucose-C might have resulted in a rapid depletion of
NH4

+, and thus microbe turned to assimilate NO3
− for main-

taining self-growth, finally causing enhanced NO3
−

immobilization rate. In contrast, the application rate of organic
material was as high as 752–1,618 μg C g−1, but NO3

− immo-
bilization did not occur in the vineyard soil studied, in line with
the results by Shi and Norton (2000) and Shi et al. (2004),
showing that NO3

− immobilization did not exist in the compost
treated soil with C/N ratio of compost less than 12. Therefore, it
is likely that organic material amendments with low C/N ratio
could not provide sufficient readily available C for supporting
microbial growth, while input of organic materials with high C/
N ratio supported more activity of heterotrophs with greater
indigenous soil N demand, and thus enhanced NO3

− immobi-
lization. The input of wheat straw has been demonstrated to
enhance NO3

− immobilization in agricultural soil (Nishio
et al. 2001; Cheng et al. 2012). In addition, significant NO3

−

immobilization has been observed in forest soil, grassland soil,
and organic farming systems due to microbial demand for N as
a result of higher C availability (Davidson et al. 1990; Bradley
2001; Burger and Jackson 2003),

Nitrogen losses

Our study showed that N2O emissions were positively corre-
lated with CO2 emissions following organic material addition
(R2=0.76, P<0.01), in line with previous studies (Miller et al.
2008; Chen et al. 2013). Thus, it was possible to predicate soil
N2O emissions through soil respiration after organic material
addition. The stimulation of N2O emission following organic
material addition was therefore due to stimulating microbial
respiration and increasing oxygen depletion, creating tempo-
rary anaerobic microsites for denitrification and N2O produc-
tion (Goek and Ottow 1988). Another possibility was that
organic material addition can provide available C as the ener-
gy source for denitrification. The NO/N2O ratio was <1, and
decreased by the organic material addition, further demon-
strating the increasing importance of denitrification to N2O
production following organic material addition (Skiba et al.
1992; Hayakawa et al. 2009). In contrast, Begum et al. (2014)
found that residue decomposition linked to N immobilization
reduced N2O emissions. The ratio of autotrophic nitrification
and NH4

+ immobilization (N/I) was generally greater than 1
for all treatments, indicating that autotrophic nitrification was
the main fate of NH4

+ and potential NO3
− losses probably

occurred through leaching, runoff, and gaseous N emission
(Stockdale et al. 2002; Murphy et al. 2003). Thus, the higher
rate of application of organic material with low C/N ratio into
agricultural soil should be approached with caution when con-
sidering the increasing risk of N losses.

Conclusions

The application of organic material with low C/N ratio to a
vineyard soil increased gross N mineralization, NH4

+
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immobilization, autotrophic nitrification rates, and CO2, N2O,
and NO emissions, and had no effect on heterotrophic nitrifi-
cation and NO3

− immobilization rates. Carbon mineralization
of organic material depended on C/N ratio and lignin/N ratio
of organic material, while N mineralization was associated
with substrate N concentration. The ratio of autotrophic nitri-
fication and NH4

+ immobilization was generally greater than
1 for all treatments, indicating that autotrophic nitrification
was the main fate of NH4

+. In addition, total NO3
− production

(heterotrophic+autotrophic nitrification) increased to a greater
extent than NO3

− consumption (NO3
− immobilization+dis-

similatory NO3
− reduction to NH4

+) following organic mate-
rial amendments, leading to more rapid accumulation of NO3

−

in soils. Although the application of organic material with low
C/N ratio increased N availability for microorganisms and
plants, the negative environmental consequences should be
carefully considered. Further studies are needed to clarify
the long-term application of organic material with low C/N
ratio on soil N cycle, and related soil biodiversity and func-
tional genes using molecular and proteomic techniques.
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