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Abstract Nitrogen isotope abundance (δ15N) of paddy rice
(Oryza sativa L.) grown for 110 days after transplanting
(DAT) under field conditions with ammonium sulfate (AS
with −0.4‰ as a synthetic fertilizer), pig manure compost
(PMC with 15.3‰ as a livestock manure compost), and
hairy vetch (HV with −0.5‰ as a green manure) was
investigated to test the possible use of δ15N technique in
discriminating organically grown from conventionally
grown rice. At 15 DAT, the δ15N of whole rice decreased
(P<0.05) in the order of 10.5‰ for PMC > 5.5‰ for
control (without N input) > 4.0‰ for HV > 1.8‰ for AS.
This difference seemed to reflect primarily the δ15N signal
of N sources. Although differences in δ15N of rice grown
with isotopically distinct N inputs (i.e. PMC vs. AS and
PMC vs. HV) became smaller over time, the difference (2.8

and 3.0‰ difference at harvest on 110 DAT, respectively)
was still significant (P<0.05). However, there was no
distinguishable difference between AS and HV treatment
after 42 DAT. Such effect of N inputs on δ15N of whole rice
was also observed for root, shoot, and grain at harvest.
Therefore, our study suggests that it is possible to
distinguish rice grown with manure composts from that
grown with synthetic fertilizers. However, if green manure
of preceding N2-fixing plants is used as the N source, δ15N
of rice may not be a good surrogate of N sources.

Keywords δ15N technique . Green manure . N sources .

Organic produce certification . Temperate rice

Introduction

As organic farming practices without the use of synthetic
fertilizers and pesticides produce safer food with mini-
mum environmental impacts, market and social forces
have created price premiums on organic produce (Mann
2003). To be labeled as organic products, the absence of
synthetic pesticide and fertilizer use needs to be certified by
qualified inspecting authorities (Codex Committee on Food
Labelling 2001). The use of synthetic pesticides can be
detected by pesticide residue analysis on soil and agricultural
products. However, discriminating organic foods grown with
non-synthetic fertilizers from those conventionally grown
with synthetic fertilizers is not straightforward (Choi et al.
2002). Food companies are putting more efforts to strength-
en reliability of their organic produce certification by
adopting extra inspection systems that are not regulated by
relevant laws (in the case of Korea, the Agricultural Products
Quality Management Act).
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One of the extra inspection systems potentially adoptable
is using natural 15N abundance (15N/14N, expressed as
δ15N) of plant tissues to identify the use of synthetic
fertilizers (Ro and Choi 2010). Choi et al. (2002) proposed
the possible use of the δ15N technique in the certification of
organic products by showing a higher δ15N of maize (Zea
mays L.) grown with organic input (composted pig manure)
than with synthetic fertilizer (urea). This technique is based
on the fact that the δ15N of synthetic fertilizers manufac-
tured from atmospheric N2 using the Haber–Bosch process
(<2.0‰) is usually lower than that of organic sources of N
fertilizers (>5.0‰; e.g., manure/manure-based composts,
seaweed-based materials, non-manure wastes of livestock,
and fish-based materials) that are permitted in organic
farming (Bateman et al. 2005; Bateman and Kelly 2007;
Choi et al. 2003a; Choi et al. 2006; Rogers 2008; Schmidt
et al. 2005).

Previous reports have shown that the application of
organic fertilizers results in a higher δ15N of crop than
synthetic fertilizers application (Bateman et al. 2005; Choi
et al. 2003a; Choi et al. 2006; Rogers 2008; Schmidt et al.
2005). The δ15N of crops ranged from 0‰ to 5‰ for
synthetic fertilizers and 3‰ to 15‰ for organic fertilizers.
However, discriminating organic crops against conventional
crops using a critical δ15N range is not yet a straightforward
task because there is sometimes an overlap in δ15N values
between organic and conventional crops. To improve the
feasibility of the δ15N technique for identifying organic vs.
conventional crops, a crop δ15N database encompassing a
variety of crop species, N inputs, and soil types needs to be
constructed (Bateman et al. 2007; Yun et al. 2006). In this
context, δ15N of paddy rice (Oryza sativa L.) grown with
synthetic fertilizer and organic inputs should be added to
the current crop δ15N databases because rice is a staple food
for more than half of the world’s population, particularly in
many Asian countries, where the organic rice market is
increasing (Coats 2003). However, to date, most studies
have been conducted on vegetables such as Chinese
cabbage, lettuce, tomato, and carrot (Bateman et al. 2005;
Lim et al. 2007; Nakano et al. 2003; Rogers 2008; Schmidt
et al. 2005; Šturm et al. 2011; Yun et al. 2006) and upland
grain crops such as maize, canola, barley, and wheat (Choi
et al. 2002, 2006).

Another gap in our current knowledge is the kind of
organic N input used. Although various kinds of organic N
sources are permitted in organic farming, most studies have
been conducted with livestock manure including pig
manure compost (Choi et al. 2002, 2003a; Yun et al.
2006), liquid pig manure (Lim et al. 2007), solid pig
manure (Choi et al. 2006), chicken manure (Bateman et al.
2005), and cattle manure (Choi et al. 2006), which has
distinctly higher δ15N than synthetic fertilizers. Green
manure plants that fix atmospheric N2 have served as a

traditional N source for summer crops including paddy rice
(Asagi and Ueno 2009; Ashraf et al. 2004). Due to the N2-
fixing ability of green manure plants, we cannot eliminate
the possibility of similar δ15N signals to synthetic fertilizer,
which may produce indistinguishable δ15N signals between
crops receiving green manure and synthetic fertilizer.
Despite widespread organic crop rotation with green
manure as a winter crop, there is little attention given to
δ15N of crops including rice grown with green manure.

Ideally, to test N isotopic response of rice to N inputs
with various δ15N, a long-term experiment employing
different fertilization treatments needs to be conducted as
various organic inputs are applied a couple of times in a
single cropping season and return of plant residues
including straw may influence δ15N of rice in the next
cropping season (Choi et al. 2006). However, for such a
large-scale experiment, a preliminary study to obtain
fundamental information on the variations in δ15N of rice
as affected by N inputs with various δ15N may be helpful.
Therefore, this study was conducted to test if the applica-
tion of isotopically different N sources (i.e., synthetic
fertilizer vs. composted manure) results in distinguishable
δ15N of paddy rice and to investigate if paddy rice grown
with isotopically similar N sources (i.e., synthetic fertilizer
vs. green manure) will show analogous δ15N in a single
cropping season.

Materials and methods

Nitrogen inputs

In this study, three kinds of N inputs were used, which
were ammonium sulfate (AS) as synthetic fertilizer, pig
manure compost (PMC) as livestock manure compost,
and hairy vetch (HV) as green manure. Ammonium
sulfate was purchased from a fertilizer manufacturing
company (Namhae Chemical Ltd., Yeosu, Korea), and
compost was obtained from the experimental livestock
farming station at Chonnam National University. Before
the initiation of the experiment, seeds of hairy vetch
(Vicia villosa Roth.) were sown at the plots allocated for
HV treatment (see the Experimental settings for details) at
the recommended rate (10 gm−2). Five months later, hairy
vetch (including roots) was harvested, weighed, and stored
at 4°C until field application. The compost had a δ15N
value of 15.3‰ which was significantly (P<0.05) higher
than those of AS (−0.4‰) and HV (−0.5‰; Table 1).

Experimental settings

The experiment was conducted in the experimental rice paddy
at Chonnam National University (126°53′ E, 35°10′ N),
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Gwangju, Republic of Korea. The climate is temperate
with an annual mean temperature of 13.7°C over the
past 30 years. Annual mean precipitation was approxi-
mately 1,520 mm, with over 60% of the annual
precipitation occurring during the monsoon rainy season
(June to August). The soil of the paddy field was
classified as fine loamy, mesic family of Typic Hapludults in
the USDA Soil Taxonomy. The δ15N of soil was 6.4±0.6‰
for total N, 4.1±1.6‰ for NH4

+, and 5.3±0.4‰ for NO3
-

(Table 2).
Four treatments were laid out in a randomized complete

block design with four replicates: control without N inputs
(code: control), synthetic fertilizer with AS, livestock
manure compost with PMC, and green manure with HV.
In each block (4×15 m), plots were located 2 m apart, and
each plot (1.5×1.5 m) was confined by inserting flexible
plastic barriers (40 cm in height) into the plow pan layer of

the soil (around 20 cm in depth) to minimize cross-
contamination. Seven days before rice transplanting, N
inputs, together with fused phosphate of which chemical
composition is P2O5 19%, SiO2 27%, CaO 30%, and MgO
12% (4.5 g P2O5 m−2) and KCl (5.7 g K2O m−2), were
mixed thoroughly with the soil surface layer (0∼20 cm).
The total amount of N applied was 11 g m−2 (the
recommend rate for rice cultivation) for AS, 22 g m−2 for
PMC, and 9.3 g m−2 for HV treatments. For PMC, N was
doubled to compensate the low N availability of livestock
manure compost (Lim et al. 2010), and the lower HV
application was due to low dry matter production of the
green manure.

The total amounts of PMC and HV were applied as basal
fertilization, but AS was applied in three dressings (5.5 g m−2

at transplanting, 3.3 gm−2 at tillering stage on 16 days
after transplanting (DAT) and 2.2 g m−2 at panicle
initiation stage on 43 DAT following the conventional
fertilization practices.

Rice cultivation and sampling

Three 30-day-old rice seedlings (O. sativa L. subsp.
Japonica) were transplanted into each plot with a hill
spacing of 15 cm and a row spacing of 30 cm (a total of 50
hills per plot). The same rice seedlings were transplanted in
the remaining spaces of the field to create canopy
conditions. The plots were kept waterlogged (water depth,
3 cm) throughout the growing season except for a 7-day
summer drainage period in the middle of July.

Rice samples (both above- and below-ground) were
collected on 15 (the day before second fertilization), 42 (the
day before third fertilization), 72, and 110 DAT (at
maturity) from three randomly selected hills. Above-
ground plants were collected, and the soils (a cylindrical
shape with 5 cm in hill direction×15 cm in row direction×
20 cm in depth with the hill as a center) were excavated
intact with a shovel. Rhizosphere soils were separated from
the excavated soils–roots mixture as much as possible by

Table 2 Properties of the soil used for the experiment

Variablesa Values

Texture Loam

pHwater 5.84 (0.1)

Total N (g kg−1) 0.92 (0.02)

NH4
+ (mg N kg−1) 9.1 (2.1)

NO3
- (mg N kg−1) 7.2 (0.7)

Total C (g kg−1) 9.4 (0.2)

Available P (mg P2O5 kg
−1) 32.5 (3.7)

δ15N of N (‰) Total N 6.4 (0.6)

NH4
+ 4.1 (1.6)

NO3
- 5.3 (0.4)

Values are the means of triplicate measurements with standard errors
in parentheses
a Texture as USDA classification after particle size separation with
pipette method; pHwater with a pH meter at a 1:5 (soil-to-water) ratio;
total N and C using a combustion method; NH4

+ and NO3
- with

Kjeldhal distillation method after extracting with 2 M KCl at 1:5 (soil-
to-extractant) ratio; available P with Bray #1 method. Method of δ15 N
analysis is described in the text

Table 1 Nitrogen concentration and corresponding δ15N of ammonium sulfate, pig manure compost, and hair vetch used as N sources

N sources Total N 2 M KCl extractable mineral N

Concentration (g N kg−1) δ15N (‰) Concentration (mg N kg−1) δ15N (‰)

NH4
+ NO3

- NH4
+ NO3

-

Ammonium sulfate (AS) 211.9 (0.1)b −0.4 (0.1)a NA NA NA NA

Pig manure compost (PMC) 23.1 (1.2)a 15.3 (0.2)b 327.2 (13.5) 125.4 (7.9) 12.5 (1.3) 22.6 (0.1)

Hairy vetch (HV) 29.4 (0.3)a −0.5 (0.1)a NA NA NA NA

Values are the means of triplicate measurements with standard errors in parentheses

Values in the same column followed by different lowercase letters are significantly different at α=0.05

NA not applicable
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hands, and all the broken roots found during the separation
were placed in plastic bags. The separated soils were mixed
homogenously with hands, and around 100 g of the
rhizosphere soils was used for chemical analysis, and the
remaining was backfilled to each sampling pit. The roots
including those in the plastic bags were covered with a net,
and all visible root tissue was collected by washing soil
particles out with tap water.

Plant samples collected on 15, 42, and 72 DAT were
treated as single samples (i.e., not separated into each plant
part), and those on 110 DAT were separated into grain (i.e.,
panicle), shoot (including green and dead leaves, leaf
sheath and culm, and rootstocks) and root. Half of the
grain was polished by hand removal of hull followed by
milling. All the plant samples were oven-dried at 60°C to a
constant weight. After dry weight measurement, plant
samples were ground to coarse particles.

Chemical analyses and calculation

For the determination of total N concentration and δ15N,
each sample (soil, PMC, AS, and HV) was dried in
different manners considering their NH4

+ concentration
that is susceptible to volatilization. Soil samples with a
relatively low NH4

+ concentration (9.1 mg N kg−1, see
Table 2) were air-dried; PMC samples which have an
NH4

+ concentration as high as 327.2 mg N kg−1 (see
Table 1) were freeze-dried (to minimize N loss during
drying), and AS and HV samples oven-dried at 65°C to
facilitate water removal. All the samples were ground to
a fine powder with a ball mill (MM200, Retsch GmbH,
Haan, Germany) and analyzed for concentration and the
corresponding δ15N using a continuous-flow stable iso-
tope ratio mass spectrometer (CF-IRMS) linked to an
elemental analyzer (IsoPrime-EA, Micromass, UK).

Mineral N (NH4
+ and NO3

-) concentrations of compost
and soil samples were analyzed with the steam distillation
method after extraction with 2 M KCl at 1:10 (w/v) ratio
(Hauck 1982; Keeney and Nelson 1982). The N content in
the distillates was potentiometrically determined by titration
with 0.01 mol L−1 NaOH. After titration, the solution
containing NH4

+ was adjusted to pH 3 using 0.05 mol L−1

H2SO4 and evaporated to dryness at 65°C in an oven and
analyzed for δ15N using the CF-IRMS. Nitrogen isotope
compositions were calculated as

(‰) sample = [(R /Rstandard)-1]  1000

where Rsample and Rstandard are the ratio of 15N/14N for
sample and standard (atmospheric N2), respectively. The
reproducibility (n=10) of the analytical procedure was
checked with IAEA-N2 (ammonium sulfate, 20.3‰) for
NH4

+ and an internal reference material (6.8‰ for soil,

13.5‰ for compost, and 4.8‰ for plant samples) for total
N as reference materials following the above-mentioned
procedures, and it was better than 0.1‰.

For the sample collected at harvest (the final sampling),
the integrated δ15N values of the whole rice plant consisting
of root, shoot, and grain were calculated using the
following isotope mass balance equations (Karamanos and
Rennie 1981):

d15Nwhole ¼ d15NrootNroot þ d15NshootNshoot þ d15NgrainNgrain

� �
=Nwhole

where Nroot, Nshoot, Ngrain, and Nwhole are the N content of
root, shoot, unpolished grain, and whole rice plant,
respectively, and δ15Nroot, δ

15Nshoot, δ
15Ngrain, and δ15Nwhole

are their corresponding δ15N, respectively.

Statistical analysis

All the statistical analyses were performed with PASW
Statistics 18 package (SPSS Inc., Chicago, IL, USA).
For statistical analysis, data were tested for homogeneity
of variance and normality of distribution. Dry matter
data were normally distributed (P>0.05) but N uptake at
72 and 110 DAT, and δ15N of rice at 42 DAT were not.
These data were log-transformed to achieve normal
distribution and homogeneity of variance, and back-
transformed means with 95% confidence limit are
reported. Analysis of variance was performed to examine
the effects of N inputs using the general linear model.
When the treatment effects were significant, the means
were separated by the Tukey's honestly significant differ-
ence test. The significance level was set at α=0.05 for the
mean separation.

Results

Dry matter and N uptake of rice

In all the treatments, the dry matter (DM) of rice increased
linearly (r2>0.98 and P<0.01, regression equation of DM
with DAT was not shown) with elapse of days after
transplanting (Table 3). Comparing among the treatments,
application of AS and HV resulted in a greater DM
production than the control with varying statistical signif-
icance depending on sampling time (Table 3), meanwhile
the effect of PMC application on increasing DM production
over the control was not significant at α=0.05. Overall, AS
application produced the greatest DM, followed by HV and
PMC applications (except at 15 DAT). At the final
sampling time point (110 DAT), the DM of rice was in
the order of AS (2,382.2 g m−2)>HV (1,744.0 g m−2)>
PMC (1,183.9 g m−2)≥control (1,011.7 g m−2) at α=0.05.
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Temporal and inter-treatment variations in the amount
of N assimilated by rice showed similar patterns to DM
(Table 3). At 110 DAT, the amount of N uptake was
greatest in AS (15.2 g m−2), followed by HV (9.3 g m−2),
then PMC (7.5 g m−2), and finally the control (6.1 g m−2;
P<0.05).

Temporal change and intra-plant variations in δ15N of rice

At 15 DAT, the δ15N of rice was significantly (P<0.05)
different among treatments, 10.5‰ for PMC > 5.5‰ for
control > 4.0‰ for HV > 1.8‰ for AS (Fig. 1). However,
at 42 DAT, differences in δ15N of rice among treatments
became smaller and that between AS and HV treatments

was insignificant (P>0.05), as a result of a decrease in δ15N
of rice in the PMC treatment (8.5‰) and a concomitant
increase in δ15N in the AS treatment (4.6‰). Thereafter, the
δ15N of rice in PMC and AS treatments showed very small
fluctuation and the final δ15N values at 110 DAT were
8.2‰ and 5.4‰, respectively. Meanwhile, the δ15N of rice
grown without N input (control) and with HV did not
change dramatically at 42 DAT but showed gradual
increasing patterns with time from 5.5‰ (15 DAT) to
6.7‰ (110 DAT) for control and from 4.0‰ to 5.2‰ for
HV treatment during the same period.

At 110 DAT (harvest), the δ15N (8.2‰) of whole rice
with PMC was significantly (P<0.05) higher than that
(6.7‰) of the control. Meanwhile, application of AS and
HV resulted in similar δ15N of whole rice (5.4‰ for AS and
5.2‰ for HV) that is lower than the control. The effect of N
inputs on δ15N of each rice part was similar to that on
whole rice, and the value for each part was highest in PMC
and lowest in AS and HV treatments (Fig. 2). Comparing
the δ15N of rice parts, grain δ15N ranged from 5.3‰ to
7.1‰ for unpolished and from 4.6‰ to 6.1‰ for polished,
and those of shoot and root were between 7.8‰ and 8.6‰
and between 7.7‰ and 9.7‰, respectively. Within the same
N treatments, δ15N of grain for control and PMC in which
N availability was relatively low as shown by the low N
uptake (Table 3) was significantly (P<0.05) lower than
those of shoot and root but not for AS and HV treatments
(Table 3).

Concentrations and δ15N of soil mineral N

Across the treatments, the concentration of NH4
+ varied

between 3.4 and 6.4 mg kg−1 during the sampling time

b
b

b b

c
c

c

c

aa

a

a a
a

ab

0

3

6

9

12

15 42 72 110
Days after treatment

Control Pig manure compost

Ammonium sulfate Hairy vetch

δ15
N

 o
f 

ri
ce

 p
la

nt
s 

(‰
)

Fig. 1 Temporal changes in δ15N of whole rice plants grown with
different N sources. Values are the means of four replicates with
standard errors (vertical bars). Treatment effects were all significant at
α=0.05. Data on the same days after treatment (DAT) with different
lowercase letters are significantly different at α=0.05

Table 3 Dry matter and N uptake amount of rice grown with different N inputs at different sampling time

Treatments Dry matter (g m−2) N uptake (g m−2)

Days after transplanting

15 42 72 110 15 42 72 110

Control 21.1 (2.1)a 241.1 (33.1)a 687.2 (53.3)a 1011.7 (127.0)a 0.6 (0.1)ab 3.0 (0.2)a 4.2 (0.2)a 6.1 (0.5)a

Pig manure compost 25.6 (2.1)a 248.9 (14.6)a 738.9 (61.0)ab 1183.9 (136.1)a 0.5 (0.1)a 3.7 (0.5)ab 5.3 (0.4)a 7.5 (0.7)ab

Ammonium sulfate 34.4 (4.6)b 491.1 (51.3)c 1521.1 (132.1)c 2382.2 (198.7)c 1.0 (0.1)b 8.5 (0.9)c 14.2 (0.4)c 15.2 (0.9)c

Hairy vetch 21.1 (3.3)a 353.5 (31.3)b 1107.9 (92.8)b 1744.0 (194.2)b 0.5 (0.1)a 5.2 (0.)b 9.0 (0.9)b 9.3 (0.5)b

ANOVA (Probability>F)

Treatment effect 0.039a 0.001c <0.001c <0.001c 0.004b <0.001c <0.001c <0.001c

Values are the means with standard errors in parentheses (n=4)

Values in the same column followed by different lowercase letters are significantly different at α=0.05
a Significant at α=0.05
b Significant at α=0.01
c Significant at α=0.001
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(Fig. 3a). Significant treatment effect was observed during
the growth period until 72 DAT, and NH4

+ concentration
was consistently (P<0.05) higher in AS than in other
treatments. Meanwhile, NO3

- concentration was consistent-
ly lower than 2 mg kg−1 during the course of the
experiment (Fig. 3b).

The δ15N of soil NH4
+ fluctuated from 5.4‰ to 9.6‰

(Fig. 4). Overall, soil amended with PMC had a relatively
higher (P<0.05) δ15N than those amended with other
treatments throughout the experiment (Fig 4). However,
differences in δ15N among other N inputs were not
significant (P>0.05). The δ15N of NO3

- was not determined
due to a sustained low concentration of below 2 mg kg−1.

Discussion

Dry matter production and N uptake of rice

The percent increment of DM and N uptake relative to the
control were 17.0% and 24.2% for PMC, 135.5% and
150.6% for AS, and 72.4% and 54.1% for HV, respectively
(calculated with the data in Table 3). The significant greater
DM yield and N uptake of rice grown with AS than those
with PMC and HV seemed to reflect their different N
availability. The amounts of plant N derived from inputs
calculated by using difference method (Cassman et al.
1998), i.e., the difference in N uptake between control and
each N input treatment, were 1.5, 9.1, and 3.3 gN m−2 for
PMC, AS, and HV treatments, respectively. These amounts
correspond to 6.7%, 83.1%, and 35.3% of the applied N
inputs, respectively. Apparently, lower uptake efficiency of

livestock manure compost-N by rice than that of chemical
fertilizer-N was consistent with the result of Nishida et al.
(2005), reporting 17% of N uptake efficiency for swine
manure compost and 34% for ammonium sulfate, and this
is generally ascribed to low mineralization of compost-N
due to stabilization of organic compost-N via humification
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during composting (Kim et al. 2008). The N uptake
efficiency of PMC observed in this study (6.7%) is
relatively low but within the ranges of percent N mineral-
ization (1.2% to 65.0%) of a variety of livestock manure
compost (Lim et al. 2010; Miller et al. 2008; Nendel et al.
2004). Meanwhile, the relatively high N uptake efficiency
of AS in this study than the values (less than 50%) reported
for chemical fertilizer (Bronson et al. 2000) could be
attributed both to split application and to the confined
experimental conditions that can minimize loss of applied
N. The difference method used in this study could also lead
to over-estimation of N uptake efficiency as N fertilization
can stimulate uptake of soil N over the control due to so-
called “priming effect” (Jenkinson et al. 1985).

Compared with AS, however, low uptake efficiency of
HV by rice was different from other studies (Asagi and
Ueno 2009; Diekmann et al. 1993) that reported no
significant difference between chemical fertilizer and green
manure. In this study, HV application was conducted at
7 days before transplanting (i.e., 6 days earlier than AS
application) as recommended by Korean government to
avoid gas damage to young seedling that is in contrast with
other studies in which green manure and chemical fertilizer
were applied at the same time. The early incorporation of
HV into soil could lower N uptake efficiency because green
manure is easily decomposable and thus some portion of N
derived from HV might have been lost before rice
transplanting (Thorup-Kristensen 1994). Magid et al.
(2001) reported that most mineralization of green manure
estimated by CO2 evolution occurred rapidly during the
first 4 days of incorporation into soil.

Temporal changes in rice δ15N

Plant δ15N is determined by δ15N of the N source (soil and
N inputs) and isotopic fractionation associated with N
transformation and subsequent loss that results in 15N
enrichment of the substrate (i.e., mineral N) for plant uptake
(Evans 2001). Due both to isotope mixing of added N with
indigenous soil N and to the isotopic fractionation, plant
δ15N is likely to deviate from the 15N signature of applied
N (Choi et al. 2002; Högberg 1997). In our study, the
significantly (P<0.05) different isotope signatures among
treatments at 15 DAT (Fig. 1) show that the N source effect
is greater than the N isotopic fractionation effect in the early
growth period, leading to greater δ15N difference among
treatments (10.5‰ for PMC > 5.5‰ for control > 4.0‰ for
HV > 1.8‰ for AS) than in the later growth period (Fig. 1).

When the plant δ15N at 15 DAT was compared with the
δ15N of the N source, rice grown with PMC had a lower
δ15N (10.5‰) than the applied N input (15.3‰) while that
receiving AS or HV had a higher δ15N (1.8‰ and 4.0‰,
respectively) than the applied N inputs (−0.4‰ and −0.5‰,

respectively) due primarily to isotope mixing with soil N,
which has an intermediate δ15N (6.4‰). In spite of the
similar isotope signature of AS and HV, δ15N of rice grown
with AS showed a lower δ15N than that with HV, possibly
due to a greater contribution of 15N-depleted N input to
total plant N in AS treatment than that in HV treatment, as
indicated by greater N uptake in AS (1.0 g m−2) than in HV
(0.5 g m−2) treatments at 15 DAT (Table 1).

At 42 DAT, δ15N of rice grown with compost decreased
by 2.0‰ and that with AS increased by 2.8‰, and
thereafter their values remained almost constant (Fig. 1).
These temporal changes in δ15N of crop grown with
compost and synthetic fertilizer have been reported by
Choi et al. (2002) who ascribed the pattern primarily to
increasing contribution of soil-derived N of which δ15N is
lower than that of compost but higher than that of synthetic
fertilizer to total plant N with time (Tables 1 and 2).
Meanwhile, 15N enrichment of plant-available mineral N
due to N isotopic fractionation associated with N transfor-
mation and loss might also play a critical role in temporal
increases of rice δ15N particularly for AS treatment in
which mineral N availability was higher than other
treatment (Fig. 3) as 15N enrichment of the remaining soil
N due to N loss is proportional to N availability (Choi et al.
2003b; Högberg 1997). Besides, changed N turnover rates
by different N inputs (inorganic vs. organic) might have
influenced δ15N of mineral N and subsequent plant δ15N, e.
g., Billings et al. (2002) reported that increased microbial
activity due to sufficient C substrate under elevated CO2

resulted in 15N-enrichment of soil mineral N and plant
tissue. In the present study, therefore, the higher δ15N of
NH4

+ (Fig. 4) and rice (Fig. 1) treated with PMC could be
attributed partially to increased N turnover by the applica-
tion of organic-C enriched compost. However, such effect
was not observed for HV treatment, suggesting that δ15N
rather than chemical composition (e.g., organic-C content)
of N inputs might influence δ15N of available N and
subsequent that of rice more greatly.

The δ15N of plant is often correlated with that of
available N (mineral N) for root uptake (Billings et al.
2002; Choi et al. 2003a). However, in our study, the
temporal pattern of δ15N of NH4

+ which is the predomi-
nant mineral N form available for plant uptake in paddy
soils did not match with that of rice, suggesting that the
δ15N signal of mineral N is not always a conservative
surrogate of the N source because the mineral N pool is
very dynamic, and thus its δ15N is susceptible to change
by many processes including volatilization and nitrifica-
tion (for NH4

+) and denitrification (for NO3
-; Choi and Ro

2003; Choi et al. 2003b). Although microbial immobili-
zation–remineralization of N (Billings et al. 2002; Monaco
et al. 2010) and physico-chemical fixation of NH4

+

(Nieder et al. 2011) are also important fates of NH4
+ in
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soils, N isotopic fractionation associated with these
processes are generally negligible (Högberg 1997). For
example, N isotopic fractionation factors (α) associated
with N mineralization, immobilization, and ion exchange
are generally lower than 1.002, but those with NH3

volatilization, nitrification, and denitrification are as high
as 1.035 (Högberg 1997). In an incubation study without
plants, Choi and Ro (2003) investigated the changes in
δ15N of NH4

+ and NO3
- in water-saturated and unsaturated

soils after adding (NH4)2SO4 (δ15N=−2.6‰) and found
that δ15N of NH4

+ sharply increased to around 50.0‰
with a rapid decrease of NH4

+ concentration within 7 days
under water-unsaturated nitrifying conditions. Mean-
while, under water-saturated conditions, NH4

+ concen-
tration decreased at a slower rate, and δ15N of the
remaining NH4

+ increased to around 20.0‰ at most
during the 36-day incubation due to retardation of
nitrification under anaerobic conditions as in paddy soils.
Another reason for the discrepancy of the temporal pattern
of δ15N between plant and NH4

+ is that plant δ15N is an
integrated δ15N value for the whole plant growth period
but δ15N of mineral N is an instantaneous value at the time
of soil sampling. For example, the δ15N of NH4

+ in AS-
treated soil represents the value of the remaining NH4

+

after rice uptake of applied AS because soil sampling (i.e.,
on 15 and 42 DAT) was made the day before next
fertilization in our study.

Rice δ15N with N inputs at harvest

The δ15N of various N inputs have been reported by
Bateman and Kelly (2007); the mean value was −0.2‰ for
synthetic fertilizer, 8.1‰ for manure/compost, 2.5‰ for
seaweed-based materials, 5.9‰ for non-manure wastes of
livestock, and 7.1‰ for fish-based materials in their study.
Among the various N inputs, the types of N inputs tested
for crop δ15N are classified into liquid manure (LM), solid
manure (SM), manure compost (MC), synthetic fertilizer
(SF), and non-synthetic fertilizer/non-manure (NSF/NM)
type such as hornmeal and corn steep liquor (Bateman et al.
2005; Choi et al. 2002, 2003a, 2006; Georgi et al. 2005;
Lim et al. 2007; Nakano et al. 2003; Yun et al. 2006).

Summarizing the previous studies on δ15N variations of
crops as affected by various types of N inputs, the δ15N of
crops ranged from 5.6‰ to 14.9‰ for LM, from 6.0‰ to
12.0‰ for MC, from 5.7‰ to 10.0‰ for NSF/NM, from
2.2‰ to 6.0‰ for SM, from 0.7‰ to 7.7‰ for no N input
(i.e. control in the experiments), and from −4.0‰ to 5.5‰
for SF (Fig. 5). The δ15N of rice in our study are within (for
control, PMC, and AS) or adjacent to (for HV) the range
reported for the corresponding N input regime as depicted
in Fig. 5. The wide variations in δ15N of crops grown with
non-synthetic N inputs are ascribed primarily to different N

availability and δ15N of N inputs. Therefore, when other
experimental conditions are the same, application of LM
(high δ15N and high N availability) is likely to result in
highest crop δ15N followed by MC (high δ15N and low N
availability), NSF/NM (intermediate δ15N and high N
availability), and SM (low δ15N and high N availability;
Bateman et al. 2005; Choi et al. 2006; Georgi et al. 2005;
Lim et al. 2007). Meanwhile, a wide range of δ15N of crops
grown with the same type of N input is attributed to many
factors, such as fertilization rate, N availability of inputs,
weather conditions, soil characteristics, crop species, and
other management practices (Bateman and Kelly 2007;
Choi et al. 2006; Rogers 2008; Yun et al. 2006).

In our study, the difference in δ15N of whole rice
between treatments with PMC (8.2‰) and AS (5.4‰) at
harvest was 2.8‰, suggesting that δ15N of rice can be
exploited in discriminating rice grown with manure
compost and synthetic fertilizer. Fortunately, we observed
higher δ15N of soil NH4

+ in PMC treatment than in AS
treatment (Fig. 4). The difference between manure-based N
inputs and synthetic fertilizer (2.8‰) detected in our study
is within the range (around 2‰ to 6‰ difference) reported
for other crops, for example, less than that for Chinese
cabbage (Brassica campestris L.) and chrysanthemum
(Chrysanthemum morifolium Ramatuelle) grown with liquid
pig manure and urea (>6.0‰ difference) (Lim et al.
2007), similar for carrot (Daucus carota L.) grown with
chicken manure and NH4NO3 (3‰ to 4‰ difference;
Bateman et al. 2005), and greater for maize grown with
pig manure compost and urea (<2‰ difference; Choi et al.
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Fig. 5 Distribution of δ15N in crops as affected by the type of N
inputs applied (LM liquid manure, MC manure compost, SM solid
manure, NI no input, SF synthetic fertilizer, NSF/NM non-synthetic
fertilizer/non-manure). Data adopted from Choi et al. (2002; 2003a),
Bateman et al. (2005), Choi et al. (2006), Yun et al. (2006), Nakano et
al. (2003), Lim et al. (2007), Georgi et al. (2005). Error bars indicate
the range of δ15N and boxes correspond to the most frequently
observed range of values. Solid circle represents the δ15N of whole
rice based on the N input category observed in this study
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2002). This variation is due primarily to differences in N
availability and δ15N of N inputs as previously mentioned.
In general, the higher the δ15N and N availability of the
organic fertilizer, the higher the δ15N in crop tissues (Choi
et al. 2006).

Meanwhile, the δ15N of whole rice grown with AS and
HV was not different although the amount of rice N
derived from AS (9.1 gN m−2) was higher than that from
HV (3.3 gN m−2), and both are not isotopically different.
This result suggests that the δ15N technique is not
applicable in discriminating conventional farming with
synthetic fertilizer from organic farming with green
manure. The δ15N of N derived from inputs (δ15NNDFI)
was calculated by using the isotope mass balance
equations (Karamanos and Rennie 1981).

d15NNDFI ¼ TNTd
15NT � TNcontrold

15Ncontrol

� �
= TNT � TNcontrolð Þ

where TNT and TNcontrol are the N content of rice treated
with N inputs and the control, respectively, and δ15NT and
δ15Ncontrol are the corresponding δ15N of rice. The δ15N of
N derived from AS (δ15NNDFAS) and HV (δ15NNDFHV)
were 4.6‰ and 2.6‰, respectively. The higher δ15NNDFAS

and δ15NNDFHV than the corresponding δ15N of N inputs
(−0.4‰ for AS and −0.5‰ for HV, see Table 1) could be
attributed to 15N enrichment of the remaining N via N
isotopic fractionation during N loss, and such patterns
have been widely reported for several crop species (e.g.,
Choi et al. 2002, 2003a, 2006). However, for AS
treatment, the “priming effect” seemed to contribute to
the higher δ15NNDFAS as root DM at the harvest was
significantly (P<0.001, data not shown) higher in AS
treatment (592.8 g m−2) than others (204.4, 236.7, and
428.5 g m−2 for control, PMC, and HV, respectively).
According to the “priming effect” theory (Jenkinson et al.
1985), chemical fertilizer enhances root proliferation and
thus uptake of soil N particularly when the root growth is
not restricted as in the present study (Choi et al. 2001). In
this study, δ15N of total soil and rice in control was 6.4‰
and 8.2‰ (Table 2; Fig. 1) and thus increased uptake of
soil-derived N which is more enriched with 15N compared
with AS-derived N could lead to estimation of δ15NNDFAS

at a higher value than the real δ15N of N derived from AS.
All the rice parts (root, shoot, and grain) showed similar

δ15N patterns to the total rice plant, with the highest δ15N in
PMC treatments followed by the control and then HVor AS
(Fig. 2). Among the rice parts, grain showed the smallest
isotopic difference (1.8‰ for unpolished and 1.1‰ for
polished) between PMC and AS treatments compared with
other parts (3.7‰ for root and 3.5‰ for shoot). This
seemed to be related with rice organ development and
associated N uptake and use patterns. Rice plants assimilate
N from soils and store N in shoot during the active growing

period, and at the grain filling stage (i.e., reproductive
growth stage), parts of N are supplied from N stored in the
shoot (internal N reservoir) through remobilization and the
other parts from the soil through root uptake (external soil
N; Kano 1995; Thorup-Kristensen 1994). Since N avail-
ability of PMC-treated soil was much lower than that of
AS-treated soil as indicated by N uptake data (Table 3),
reliance of rice on an internal N source (shoot N) for grain
filling might have been greater when it was grown with
PMC than that with AS. Remobilization and redistribution
of stored N in the plant causes 15N depletion in the sink
(grain for rice) due to N isotopic fractionation associated
with enzymatic remobilization of stored N (Choi et al.
2002; Shearer and Kohl 1986). In our study, the lower δ15N
of grain than shoot in relatively N-limited soils as in the
control and PMC treatments evidenced N isotopic fraction-
ation during the N allocation from shoot to grain, and Choi
et al. (2002) also reported similar pattern with maize.
Therefore, the smallest isotopic difference of grain between
PMC and AS treatments could be ascribed to the greater
contribution of intra-plant redistribution of N to grain N of
PMC treatment that led to a lower δ15N of grain.

Not only δ15N of N sources (fertilizer-N and soil N) but
also N assimilation pattern can influence intra-plant patterns
of δ15N (Choi et al. 2002). For example, a significant intra-
plant variation of δ15N can be found when NO3

- rather than
NH4

+ is the predominant N source because primary NO3
-

assimilation can occur in both roots and leaves and NO3
-

not assimilated in the root and thus translocated to leaves
would be enriched in 15N because it experienced N isotopic
fractionation during the assimilation mediated by nitrate
reductase in the root (Evans et al. 1996; Yoneyama and
Kaneko 1989). Meanwhile, little intra-plant variations of
δ15N are observed when NH4

+ is the predominant N source
as in this study (paddy conditions), because NH4

+ is likely
to be assimilated immediately after entering roots due to its
toxic accumulation within the plant (Bloom 1988). Because
the predominant mineral N species in our study is NH4

+

due to the waterlogged soil conditions (Fig. 3), therefore,
the contribution of the N assimilation pattern to the intra-
plant variations of δ15N could be assumed to be negligible.

In conclusion, although this study was conducted for a
single cropping season, the results suggest a possibility
of using δ15N analysis in discriminating rice grown with
manure composts from that with synthetic fertilizers;
however, when organic N input (HV in our study) of
which δ15N signal is similar to synthetic fertilizers (AS) is
used, rice δ15N may not serve as a surrogate of N sources.
We believe that our study provides fundamental data on
δ15N variations of rice plants as affected by different N
inputs, and these data can be considered in designing a
long-term experiment. Although small isotopic difference
of grain, the commercial product of rice cultivation,
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between PMC and AS treatments was observed in this
single cropping experiment, this may need to be further
tested in a long-term experiment as continuous applica-
tions of organic inputs may enrich soil N with 15N and
thus lead to annual increases of plant δ15N. It may also be
necessary to consider investigating δ15N of other rice parts
(i.e., whole rice, root, and shoot) samples for more reliable
certification.
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