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Abstract

Although sweet sorghum is in focus as a promising multi-purpose crop in semi-arid tropical regions,
information on optimum nitrogen (N) management remains rather limited. To determine and understand
the N dynamics in sweet sorghum-soil ecosystem, we evaluated the N recovery of applied fertilizer in
the Alfisol field during the 2009 and 2010 rainy seasons. Sweet sorghum was grown under six N rates
(0, 30, 60, 90, 120 and 150 kg N ha™") with split application (at 0, 30 and 60 days after sowing) and N
concentration and N recovery efficiency (NRE) were measured. In addition, to determine the fate of
basal and topdressed N, N-labeled urea was applied at each application timing within main plots of
90 kg N ha™'. There was no significant difference in NRE calculated by the difference method between
six N rates and N uptake rose with increasing N rate. The total dry weight and sugar yield increased
at rates up to 90 kg N ha™! and higher N rates did not significantly affect sorghum productivity. As a
total of basal and topdressing applications, 33% of the applied *N-labeled urea was absorbed by the
sorghum plant, while 36 and 30% remained in the soil and unaccounted for, respectively. The NRE
calculated by the isotopic method was about 39 and 37% for topdressings at 30 and 60 days after
sowing, respectively. The distribution ratio of absorbed N in leaves was higher for basal applications
and topdressing at 30 days after sowing, while that in grains was higher for topdressing at 60 days after
sowing, compared to the other application timings. In contrast to topdressings, the NRE was very low
(13%) for basal N application: about 70% of the basal applied N remained in the soil at the physiologi-
cal maturity. The results imply that the NRE might be increased by improving the ways in which basal
N is applied.
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Introduction as food, the stalks to produce ethanol and bagasse and the
stripped leaves for fodder and fuel. Compared to grain sor-

Sweet sorghum (Sorghum bicolor (L.) Moench) is a ghum, which has been widely grown in semi-arid tropical
promising multi-purpose crop, since its grain can be used regions, sweet sorghum is characterized by more biomass
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and higher sugar content in the stem juice. The wide adapt-
ability of sweet sorghum to dry conditions as well as its
multiple usages give it great potential to boost the income
of smallholder farmers in the semi-arid tropics (Rao et al.
2009). However, information on the optimum nitrogen
(N) input for sweet sorghum in semi-arid tropical regions
remains scarce (Turgut et al. 2005, Reddy et al. 2008).

A few studies have been conducted to investigate the
effect of N input on sweet sorghum productivity. Reddy et
al. (2008) reported that input of 64 kg N ha™ (18 kg N ha™!
as basal application and 46 kg N ha™! as topdressing) was
sufficient to obtain the maximum sugar yield of sweet
sorghum on Vertisols. In contrast, a higher amount of N
input was recommended for sweet sorghum on Alfisols than
Vertisols, because Alfisols, which contain a high ratio of
sand, have lower soil fertility and water-holding capacity
than those of Vertisols (Sahrawat 1984). In our previous
study (Uchino et al. 2013a), for example, we investigated
the effect of six rates of nitrogen inputs ranging from 0
to 150 kg N ha™! on sweet sorghum growth on Alfisols.
Grain dry weight, juice volume and sugar yields peaked
at 90 kg N ha™!, severe lodging of the plants was observed
at 150 kg N ha™ and it was ultimately concluded that an
N rate varying from 90 to 120 kg N ha™' was optimum for
sweet sorghum productivity.

To manage N more effectively in sweet sorghum
production, it is important to understand the N dynamics of
sweet sorghum-soil ecosystems in more detail, for which
information regarding N uptake by sorghum and N recovery
efficiency (NRE) of applied fertilizer is needed. Fertilizer
N recovery by a crop can be estimated using two different
methods. One is the ‘difference method’ and the other is the
‘isotopic method’ (Harmsen & Moraghan 1988). In the dif-
ference method, the amount of applied N taken up by a crop
is estimated as the difference in total N uptake between fer-
tilized and unfertilized plots (Harmsen 2003). Conversely,
the isotopic method based on the use of stable isotopic "N
allows the amount of N applied in various subsystems to be
quantified, i.e. in soil and plants under field conditions. In
this method, the amount of fertilizer N taken up by a crop is
estimated from total N uptake and N isotope-ratio analysis
of plant materials from fertilized treatments (Harmsen
2003). The difference and isotopic methods provide us with
apparent and real NRE and are thus sometimes referred to
as indirect and direct methods, respectively (Harmsen &
Moraghan 1988).

Some studies investigated the NRE of grain sorghum.
For example, Yamaguchi (1991) reported, in his review,
that the NRE calculated by the difference method was 10%
while the NRE by the isotopic method was 21%. Adu-
Gyamfi et al. (1996) investigated the effects of N applica-
tion timing on the NRE of grain sorghum; reporting that
the NRE by difference method was 15.0% when fertilizer
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was applied as a basal application, but increased to 32.2%
when fertilizer was applied at 40 days after sowing (DAS).
Venkateswarlu et al. (1978) also studied the effects of fertil-
izer application methods on the NRE of the grain sorghum
hybrid ‘CSH1” and revealed that the NRE improved mark-
edly when N was applied in two or three splits, compared to
the single application in basal form.

Compared to grain sorghum, there is little information
on the NRE of sweet sorghum, particularly in the semi-arid
tropical regions on light-textured Alfisols. The objective of
the present study is 1) to analyze the effect of a variation
in N input with three split applications (basal and two
topdressings) on N uptake by sweet sorghum using the dif-
ference method and 2) to evaluate the N dynamics in sweet
sorghum grown under an optimum N input of 90 kg N ha™!
in Alfisol fields in the semi-arid tropics by quantifying the
N uptake and measuring the residual N in 0-90 cm soil lay-
ers using N-labeled urea by the isotopic method.

Materials and methods

1. Study site

The study was carried out at the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT) at
Patancheru (17.53 °N, 78.27 °E) in India during the 2009
and 2010 rainy seasons (June-October). The soil type was
Alfisols with 1.11 and 0.76 gkg™ of N (by the Kjeldahl
method) in the 0-15 cm soil layer during the 2009 and 2010
seasons, respectively. Detailed information on the other soil
chemical properties is reported in Uchino et al. (2013a).

2. Un-labeled urea study

Detailed experimental procedures were described
by Uchino et al. (2013a). Briefly, the promising sweet
sorghum hybrid in India ‘CSH22SS’ was sown on 16 June,
2009 and 21 June, 2010 during the two seasons, using spac-
ing of 60 cm between rows and 15 cm between plants. The
experiment was arranged as a randomized complete block
design with three replications and each plot measuring 6 x
10 m and 6 x 13 m in 2009 and 2010, respectively. Six rates
of N (0, 30, 60, 90, 120 and 150 kg N ha™') were applied as
un-labeled urea fertilizer (46% N) and these six treatments
are hereafter referred to as ON, 30N, 60N, 90N, 120N and
150N, respectively. For each N treatment except for ON,
15 kg N ha™' was band-applied as basal and half the remain-
ing N was band-applied as first and second topdressings at
around 30 and 60 DAS, respectively. Other nutrients (phos-
phorus: 40 kg P-Os ha™!, sulfur: 200 kg gypsum ha™!, boron:
0.475 kg B ha™!, zinc: 50 kg ZnSO4 ha™') were uniformly
applied as basal dressing to all treatments in both growing
seasons. Irrigation was given as furrow irrigation at 2, 10
and 42 DAS in the 2009 season and at 3 DAS in the 2010
season respectively.
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Sorghum plants were harvested at 119 (90N, 120N,
150N) and 126 DAS (0N, 30N, 60N) in 2009 and at 115
(90N, 120N, 150N) and 122 DAS (0N, 30N, 60N) in 2010,
because the date of the physiological maturity stage (i.e.
when a seed black layer in 50% of the plants was visible)
was delayed more in lower than higher N inputs (Uchino
et al. 2013a). The sampling areas were 9.18 and 6.48 m? in
2009 and 2010, respectively. Twelve plants were randomly
selected from the harvested samples, oven-dried at 60°C
for more than 120 h, weighed, then ground (< 250 micron)
using a cyclone sample mill (Udy Corporation, USA).
Organic N + ammonia N (hereafter referred to as ‘Kjeldahl
N’) concentration in each plant part was determined by the
Kjeldahl method and N uptake (kg ha™') was calculated by
multiplying the dry weight by the Kjeldahl N concentration.
The juice of the remaining harvested samples was then ex-
tracted by using a common sugar cane crusher, whereupon
the brix was measured using a hand-held refractometer
(Master-o, Atago, Japan). Sugar yield was estimated ac-
cording to the following equation, as reported by Reddy et
al. (2005):

Sugar yield (t ha™) = {(brix (%) x 0.8746) +

0.1516}/100 x juice volume (kI ha™)

3. Labeled urea study

To evaluate the fate of applied N, three micro-plot
treatments (basal N, Ist-topdress "N and 2nd-topdress
5N, which are referred to as B-°N, TP;-"N and TP,-"*N
respectively) receiving '*N-labeled urea (10 atom% enrich-
ment, Sigma-Aldrich, USA) were established within each
main plot of 90N treatment of the un-labeled study in 2010
(Table 1). Each micro-plot (60 x 120 cm) containing eight
plants in the central portion was enclosed with a metal
frame extending to a depth of 10 cm below the soil surface,
while granules of labeled urea were applied along the sor-
ghum rows at a depth of 5 cm and other nutrients applied as
basal dressing at the same rate as outside the micro plots.

All plants in the micro plots were harvested at the
physiological maturity stage (115 DAS) and separated into
their constituent parts (leaf, stem and grain). The dry weight
was recorded after drying at 60°C for more than 120 h,
whereupon the plants were ground (< 250 micron). Two
soil samples from 0-15, 15-30, 30-60 and 60-90 cm depths
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were also collected from inside and outside the micro plots
at 116 DAS. Roots, plant residues and gravel were removed
from soil samples after air drying and the soil samples were
ground. Inorganic N + organic N (hereafter referred to as
‘total N”) concentration in the plant and soil samples was
determined using an NC analyzer (Sumigraph NC-220F,
Sumika Chemical Analysis Service, Osaka, Japan). The
powdered plant and soil samples were sealed into small tin
capsules and introduced into an element analyzer (Flash
EA-1112, Carlo Erba, Milan, Italy) connected to a continu-
ous-flow isotopic ratio mass spectrometer (Delta XPplus,
Thermo Finnigan, Hamburg, Germany) to determine "N
abundance. All the analysis for total N concentration and
5N abundance were performed at JIRCAS, Tsukuba, Japan.

4. Data processing and statistical analysis

Fertilizer NRE was computed by the ‘difference
method” (NREdirerence) and the ‘isotopic method” (NREisotopic)
(Hauck & Bremner 1976, Varvel & Peterson 1990).
NREdiference Was calculated by the following equation 1 in
the un-labeled urea study.

NREuifrerence (%0) = 100 X (NFpiant = NCoiant) /Niertitizer

------ (Equation 1)
where the NF,n (kg N ha™') constitutes the total N uptake
by plants in the N fertilized plot, NCpin (kg N ha™') is the
total N uptake by plants in the unfertilized plot (i.e. ON) and
Netertitizer (kg N ha™) is the rate of fertilizer N applied.

The NREisowpic Values of the plant and soil were calcu-
lated by the following equations 2 and 3, respectively, in the
labeled urea study.

NREistopic of plant (%) = 100 % {NFypant X

(AFptane — ABpiant) / (Afertitizer — ABplant)} / Niertitizer

------ (Equation 2)
where AFpuan is atom% "N in plants grown with labeled
urea, ABpun is atom% PN in plants grown with un-labeled
urea and Arerilizer is atom% N in fertilizer. The ABprun varied
from 0.3684 to 0.3898% according to the constituent parts
of plants and replications.

NRE:isotopic of s0il (%) = 10000 x [{NFsoil x

(AF i — ABsoil) / (A fertitizer — ABSOH)} x soil depth (cm) X

bulk density] / Neeritizer ~ ===--- (Equation 3)
where NF.i (g N kg™) is the N concentration in soil in N
fertilized plot, AFi is atom% "N in soil grown with labeled

Table 1. Details of each experimental treatment of '*N-labeled urea application timing

I5N-labeled urea Treatment code Basal urea Ist topdressing urea 2nd topdressing urea
application timing (15kg N ha™) (37.5 kg N ha™) (37.5 kg N ha™)
Basal "N B-"N Labeled Un-labeled Un-labeled
Ist-topdress "N TPi-"N Un-labeled Labeled Un-labeled
2nd-topdress '*N TP,-"N Un-labeled Un-labeled Labeled
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urea and ABqi is atom% *N in soil grown with un-labeled
urea. The ABy.ii varied from 0.3687 to 0.3695% according to
the soil depth and replications. The bulk density in each soil
depth was 1.50 gcm™ (0-15 cm), 1.58 gem™ (15-30 cm),
1.59 gem™ (30-60 cm) and 1.46 gcm™ (60-90 cm), as
reported by Pathak et al. (2013a), who investigated the soil
physical properties of the same Alfisol field as our study.

Statistical analysis was conducted using the SPSS
software (version 14.0J, SPSS Japan). Analysis of variance
(ANOVA) was also performed via a combined model for
the un-labeled urea study, where the year and N treatment
were treated as fixed factors and replication as a random
factor (McIntosh 1983). Differences between treatments
were tested by the Tukey-Kramer method when ANOVA
was significant.

Results

1. Meteorological data

Figure 1 shows the daily mean air temperature and
precipitation during growing seasons in 2009 and 2010. The
air temperature often exceeded 30°C in the early growth
stages and gradually decreased in the run up to the late
growth stage, while precipitation was very low from 0 to
60 DAS in 2009. During this dry spell, the sorghum plants
exhibited drought stress symptoms such as leaf rolling.
Well-distributed rainfall was received and no drought stress
symptoms were observed during the 2010 growing season.
In particular, the rainfall was relatively high around the date
of the second topdressing.

2. Un-labeled urea study
The main effect of the treatment was significant for
the dry weight of the whole plant: as mean values of two
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years, although the dry weight rose with increasing N input,
it did not differ significantly among 90N, 120N and 150N
(Table 2). A significant interaction of year x treatment was
also observed for the dry weight of the whole plant, but
this interaction was of the non-crossover type, because the
ranking of treatment was similar for both years (detailed
data were shown in Uchino et al. (2013a)). Traits relating
to sugar productivity (brix, juice volume and sugar yield)
tended to increase at rates up to 90 kg N ha' (Fig. 2:
detailed data shown in Uchino et al. (2013a)).

Kjeldahl N concentration, Kjeldahl N uptake and
NREdifterence are shown in Table 2. Although the dry weight
tended to be higher in 2010 than in 2009, the Kjeldahl N
concentration was significantly lower in 2010 than in 2009
(Table 2), which revealed no significant difference in Kjel-
dahl N uptake (= computed by multiplying the dry weight
by Kjeldahl N concentration) between two years. The N
input treatment significantly affected Kjeldahl N concen-
trations in the leaf, stem and whole plant. The Kjeldahl
N concentrations rose with increasing N input, but were
unaffected by N input rates exceeding 120 kg N ha™'. When
comparing the effect of N input on N concentrations among
the constituent parts of sorghum, it was larger in leaf than
in the stem and grain: the N concentration in leaves rose by
121% when increasing N inputs from 0 to 150 kg N ha™',
but those in stem and grain only increased by 36 and 4%,
respectively.

NREdiference did not differ significantly between either
years or treatments (Table 2). Regardless of the N input
rates, about 34-48% (as mean values of the two years) of
the applied N was apparently absorbed by sweet sorghum,
which suggests that the amount of N not absorbed by the
sorghum rose with the increase in the applied N rate: 17,
40, 49, 63 and 82 kg ha™' of N was not apparently absorbed
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Fig. 1. Daily average air temperature and precipitation during the growth periods in 2009 (left) and 2010 (right). Line: air
temperature; Bar: precipitation. Arrows denote the timings of first and second topdressings.
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Table 2. Dry weight, Kjeldahl nitrogen (N) concentration, N uptake and N recovery efficiency calculated by the difference
method (NREuifrerence) 0f sweet sorghum at the physiological maturity stage in un-labeled urea studies in 2009 and 2010.

Dry weight (t ha™)® Kjeldahl N concentration (%) Kjeldahl N uptake (kg ha™) NREdifference
Whole Leaf Stem  Grain Whole Leaf Stem Grain Whole (%)
Year (Y)*
2009 15.5 097  0.18 1.46 048 25.1 19.1 29.5 73.7 354
2010 18.3 087 0.14 1.14 041 244 172 33.6 75.2 51.0
Treatment (T)¢
ON 129d 058 ¢ 0.14ab 126 0.32d 128¢ 134c¢ 15.0d 41.2d -
30N 14.9 cd 0.67c 0.13b 1.14 036d 169¢ 132c¢ 24.0cd 542cd 433
60N 15.9 be 071¢c 0.14ab 122 039cd 176¢c 152c¢ 285bc 6l4c 33.8
90N 18.2 ab 090b 0.15ab 132 045bc 259b 185bc 37.7ab 822b 45.6
120N 193 a 1.17a 0.17ab 133 051ab 347a 229ab 4l.1ab 98.7 ab 47.9
150N 203 a 128a 0.19a 131 054a 40.5a 257a 429a 109.1a 453
ANOVA
Y NS * ok rx HE NS NS NS NS NS
YxT * NS NS NS NS NS NS NS NS NS

* Data of dry weight were modified from Uchino et al. (2013a).
® Mean values of six N treatments and three replications.
¢ Mean values of two years and three replications.

4 Mean values with a different letter indicate significant differences among treatments by the Tukey—Kramer method (P<0.05).
NS: Not significant, *: Significant at a 5% level of probability, **: Significant at a 1% level of probability, ***: Significant at a 0.1%

level of probability.

by sweet sorghum for 30N, 60N, 90N, 120N and 150N,
respectively.

To evaluate the effect of N status in the sorghum plant
on sugar productivity, correlations of Kjeldahl N concentra-
tions in the leaf, stem and grain with brix, juice volume and
sugar yield were analyzed. There were significant correla-
tions of the N concentration in leaves with brix, juice vol-
ume and sugar yield (p < 0.05, n = 6) (Fig. 2). In addition,
the relationship flattened off at a rate of 90 kg N ha™!, par-
ticularly for juice volume and sugar yield (Figs. 2B and C),
because N input significantly increased the N concentration
in the leaf at rates of up to 120 kg N ha™' (Table 2), but up to
only 90 kg N ha™" for juice volume and sugar yield (detailed
data shown in Uchino et al. (2013a)). This means the effect
of N inputs was more pronounced for the N concentration in
leaves than for traits relating to sugar productivity. Contrary
to the N concentration in leaves, N concentrations in the
stem and grain did not correlate significantly with any traits
relating to sugar productivity (data not shown).

3. Labeled urea study

Since total dry weight and total N uptake of sweet
sorghum did not differ significantly between the un-labeled
treatment (90N) and labeled treatments (B-*N, TP;-'*N and

TP,-"*N) (data not shown), it is considered that '"N-labeling
did not influence dry weight and N content.

The distribution ratio of absorbed basal and topdress-
ing N to leaf, stem and grain is shown in Table 3 and
was similar between B-'N and TP;-"N: peaking in grain
(41-42%), followed by leaf (32-33%) and stem (25-26%).
The ratio to grain was higher in TP,-'*N than in B-"N and
TPi-5N: 55% of the absorbed N was distributed to grain,
as opposed to just 22 and 23% to the leaf and stem, respec-
tively, in TP,-15N.

The residual N remaining in the 0-90 cm soil profile
at the physiological maturity of sweet sorghum is shown
in Table 3. Throughout all timings of N application, the
residual N in the soil peaked (exceeding 80%) in the shal-
lowest layer (i.e. 0-15 cm) and decreased with soil depth.

The fate of applied '"N-labeled urea, including N
recovery in the sorghum plant and soil and the unaccounted
for N losses, with basal and two topdressings, is shown
in Fig. 3. NREjwuwpic in the plant (i.e. the sum of NRE in
the grain, stem and leaf) was markedly higher in TP;-*N
(38.8%) and TP>-"N (36.3%) than in B-"N (12.9%). In
contrast, the residual N in the soil profile peaked in B-'*N
(68.0%), followed by TP;-*N (41.0%) and TP»-"*N (19.3%).
The unaccounted for N loss tended to be higher in TP>-'*N
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Fig. 2. Correlations of Kjeldahl nitrogen (N) concentration
in leaves with (A) brix, (B) juice volume and (C) sugar
yield. Data of brix, juice volume and sugar yield were
modified from Uchino ef al. (2013a). A: 0 kg N ha™',
A:30kgNha',: 60 kg N ha™', B: 90 kg N ha™', O:
120 kg N ha™!, @: 150 kg N ha™.

(44.4%) than in the other two treatments. As a total of basal
and topdressing applications, 33.4% of the applied '"N-
labeled urea was absorbed by the sorghum plant, while 36.5
and 30.1% were in soil and unaccounted for, respectively.

Discussion
1. Nitrogen concentration in the sorghum plant
Tobita et al. (1994) investigated total N concentration

in the sorghum aboveground part in the semi-arid tropics
and revealed that it ranged from 0.60 to 0.77% under N

414

inputs from 0 to 100 kg N ha™'. Bliimmel et al. (2009)
reported that total N concentration in the stalk (= leaf+
stem) of 34 sweet sorghum cultivars ranged from 0.44 to
0.89% under 80 kg N ha™ input in the semi-arid tropics.
Han et al. (2011) also reported that N concentration in
the aboveground part of five sweet sorghum cultivars at
maturity stage was 0.75-1.02% under 120 kg N ha™! input.
Compared to these studies, the Kjeldahl N concentration in
our study was very low (Table 2): the Kjeldahl N concentra-
tion in the whole plant was 0.32-0.54% and that in the stalk
was 0.22-0.39%, as calculated from the dry weight and the
Kjeldahl N concentration.

Nitrate N, which cannot be measured by the Kjeldahl
method, might be one of the reasons for the lower N
concentration in the present study than in previous stud-
ies. It is known that sorghum plants accumulated high
concentrations of the nitrate N in the stem (Harada et al.
2000). In the present study, both total N (including nitrate
N) and Kjeldahl N concentrations were measured by an NC
analyzer and the Kjeldah method, respectively in 2010 and
the total N concentration (0.44%) significantly exceeded
the Kjeldahl N concentration (0.39%) (p < 0.05, n = 3).
However, the difference between these concentrations was
very small: total N concentration in the present study was
still much lower than previous studies, which means nitrate
N concentration in the stem cannot explain the very low
stem N concentration in the present study.

A similarly low N concentration in stem as our study
was only reported in sugar cane (Saccharum officinarum
L.) (Thorburn et al. 2007), but we could not find any
studies reporting similar low stem N concentrations in
sweet sorghum. Further investigation is required to clarify
whether or not the low N concentration found in the present
study constitutes an inherent characteristic of the sweet
sorghum hybrid, CSH22SS.

2. Fate of N absorbed by sweet sorghum

NREisotwpic Was reportedly higher in topdress-'°N than in
basal-"N for wheat (Triticum aestivum L.) (Jia et al. 2011)
and maize (Zea mays L.) (Yang et al. 2011). In the present
study, NREjsiopic was markedly lower in basal N application
than in topdressings (Fig. 3). In addition, it was reported
that basal N did not significantly affect the SPAD reading
of sweet sorghum, which correlated positively with leaf N
content (Uchino et al. 2013a, b). Our results and those of
earlier studies therefore suggest that the effect of basal N on
sweet sorghum growth and N uptake was low. These results
match those of Adu-Gyamfi et al. (1997) who reported a
relatively lower effect of the applied N through basal ap-
plication than by topdressing on sorghum yield.

Jia et al. (2011) and Yang et al. (2011) reported that the
distribution ratio of '*N to grain was higher in topdressing
than in basal applications for wheat and maize, respectively.
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Table 3. Amount of basal and topdressing 15N in crop and soil at the physiological maturity stage

Treatment Labelled N in crop (kg N ha™) Labelled N in the soil (kg N ha™") Labelled N unaccounted
code Leaf  Stem  Grain  Whole 0-15 1530 30-60 6090  0-90 for (kg N ha™')
B-°N 0632 05@2@6 08@M2) 19@00 &83@®H 11010 06@® 032 10.2(100) 29

TP;-N 4933 3725 6.0@)H 145100 12883 15010 07 032 154 (100 7.6

TP:-N 3022 32@3 7465 13.6(00) 6.0@®3) 0700 04¢) 023  7.2(100) 16.7

Total 8528 7324 14247 30.1(100) 27.1(82) 330 1.7¢) 082 32.8 (100 27.1

Values in parentheses are the percentages of each constituent plant part to the whole plant or each soil layer to the 0-90 cm soil depth.

BN [} 68a 19a
]
E TP-"N 13a 41a 20a
g
E
$ TP, N 8b 19a 44a
=

Total 9 36 30

40 60 80 100

Ratio of applied nitrogen (%)

B Grain [JStem [JLeaf []Soil []Loss

Fig. 3. The fate of '*N-urea (%), including N recovery in the grain, stem and leaf, in the soil (0-90 cm depth) and as unaccounted
for as affected by the time of N application (basal, first topdressing and second topdressing). Values with different let-
ters indicate significant differences among the three timings of N application, according to the Tukey-Kramer method

(P<0.05).

Our study also found that the distribution ratio of absorbed
N to grain was higher in TP»-"N than N applied at the
other timings (Fig. 3), indicating that topdressed N, which
was applied at 60 DAS, could increase N accumulation in
grain as compared to other N application timings.
Conversely, the distribution ratio of absorbed N to
leaf was higher in TP;-"*N than in TP>-"*N. It is known that
leaf N concentration is highly correlated with extended
foliar greenness during grain filling, known as stay-green
(Borrell & Hammer 2000). It was reported that stay-green
traits affected the increase in sugar content in the stem
(McBee et al. 1983, Duncan 1984) particularly under water-

limited conditions, because the stay-green type plants retain
chlorophyll in their leaves and maintain their ability to carry
out photosynthesis longer than senescent types. Serrao et al.
(2012) also reported that leaf N concentration was the best
indicator for predicting sugar yields in sweet sorghum. The
present study revealed a significant correlation of leaf N
concentration at the maturity stage with juice volume and
sugar yield (Fig. 2). These results suggest that topdressed N
at 30 DAS increased N accumulation in leaves, which could
boost sugar productivity by extending foliar greenness. Due
to the importance of stay-green for sorghum productivity,
QTLs associated with stay-green traits were identified (San-

415



H. Uchino et al.

chez et al. 2002, Harris et al. 2007).

3. Fate of N unabsorbed by sweet sorghum

In the un-labeled experiment, NREgifrerence did not differ
significantly among the six N treatments (Table 2). This
matches the results reported by Moraghan et al. (1984) for
grain sorghum. They studied the effects of urea input rates
ranging from 40 to 160 kg N ha™! on N uptake by grain
sorghum hybrid and revealed that NREgiference did not differ
significantly among N input rates. These results indicate
that the amount of N not absorbed by the sorghum rose with
increasing N input rate.

In the present labeled experiment, 67% of all N ap-
plied could not be absorbed by sorghum plants and about
half the unabsorbed N remained in the soil on physiological
maturity (Table 3, Fig. 3). In particular, 68% of basal ap-
plied N remained in the soil and this ratio exceeded that
for topdressing of N. This result is well supported by Jia et
al. (2011), who reported that 37-51% of the basal applied
N remained in the soil on harvest and the ratio exceeded
that from topdressed N. Stevens et al. (2005) reported that
20-55% of inorganic N was converted into an immovable
form, including organic and clay-fixed forms, during the
maize growing season. Sugihara et al. (2010) studied the ef-
fect of rainfall after the dry period on microbial biomass and
N dynamics and revealed increasing microbial biomass and
a drastic decline in inorganic N after rewetting by rainfall,
which occurred within 50 hours of rainfall. In the present
study, although the microbial biomass was not measured,
the inorganic N derived from the applied urea was probably
converted to organic N by stimulated microbial activity (in
a process known as immobilization) following rewetting by
irrigation and/or rainfall after a long dry spell of post-rainy
season.

In general, the N not absorbed by plants and soil is lost
from agricultural fields through various processes, includ-
ing NH; volatilization, NoO emissions (Follett & Delgado
2002) and nitrate N leaching. Ramu et al. (2012) monitored
N>O emissions from the field site where this study was
conducted; and the results showed that only 0.90% of the
applied urea-N was lost as N>O. In contrast, it is reported
that 47.7% of the applied urea was lost due to NH; volatil-
ization from Alfisol fields in the semi-arid tropical regions
(Reddy & Sharma 2000). Burford & Sahrawat (1988) also
reported that NH; volatilization was one of the major N loss
pathways from Alfisols in the semi-arid tropical regions. In
the present study, therefore, it is hypothesized that most of
the unaccounted for N was lost due to NH; volatilization.

Nitrate N leaching is also one of the possibilities
causing N loss from agricultural fields. Although nitrate N
leaching was not monitored in the present study, it is known
that Alfisols were well-drained soils due to their low water-
holding capacity and high saturated hydraulic conductivity
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(Pathak et al. 2013b). In the present study, therefore, part
of the unabsorbed N might leach out from the rooting
zone in association with water percolation to a deeper soil
layer. In particular, it was reported that high rainfall mark-
edly increased deep water drainage on Alfisols (Pathak et
al. 2013b). Since precipitation around second topdressing
was very high compared to other application timing in 2010
(Fig. 1), this facilitated nitrate N leaching and resulted in a
relatively higher ratio of unaccounted for N loss in TP>-'"N
than in B-N and TP;-"*N (Fig. 3).

However, there is a possibility that various processes
other than those listed above (such as NO and N, emis-
sions due to denitrification) also contributed to N losses
from agricultural fields. Further investigations to monitor
gaseous emissions and N leaching are needed to clarify
understanding of N dynamics in sweet sorghum production
systems on Alfisols.

Conclusions

In our present and previous studies (Uchino et al.
2013a), although N uptake rose with increasing N rate,
grain and sugar yields and net incomes for farmers in-
creased at rates of up to 90 kg N ha™' and higher N rates did
not significantly affect productivity or income. In addition,
the un-labeled urea study revealed that the amount of N not
absorbed by the sorghum rose with increasing N rate. These
results suggest that an input of 90 kg N ha™ is optimum
for sweet sorghum production on Alfisols in the semi-arid
tropical regions. However, since the NRE was much lower
for basal applications than topdressings, the NRE might
be increased by improving basal N application methods,
such as the deep application of fertilizer, using slow-release
fertilizer (Raun & Johnson 1999) and so on.

Acknowledgements

We sincerely appreciate Dr. S. Tobita (JIRCAS) for his
kind help to measure the >N abundance. We wish to thank
Messrs. K. Papa Rao, P. V. Satish and M. Vishwanath of the
ICRISAT and Mr. T. Naya of Hokkaido University’s Crop
Science Laboratory for their dedicated support.

References

Adu-Gyamfi, J. J. et al. (1996) Improvement of soil and fertilizer
nitrogen use efficiency in sorghum/pigeonpea intercropping.
In Dynamics of Roots and Nitrogen in Cropping Systems of
the Semi-arid Tropics. eds. Ito, O. et al. JIRCAS, Tsukuba,
Japan, 453-468.

Adu-Gyamfi, J. J. et al. (1997) Timing of N fertilization on N2
fixation, N recovery and soil profile nitrate dynamics on
sorghum/pigeonpea intercrops on Alfisols on the semi-arid

JARQ 49 (4) 2015



tropics. Nutr. Cycl. Agroecosyst., 48, 197-208.

Borrell, A. K. & Hammer, G. L. (2000) Nitrogen dynamics and
the physiological basis of stay-green in sorghum. Crop Sci.,
40, 1295-1307.

Bliimmel, M. et al. (2009) Evaluation of sweet sorghum (Sor-
ghum bicolor L. Moench) used for bio-ethanol production in
the context of optimizing whole plant utilization. Anim. Nutr.
Feed Techn., 9, 1-10.

Burford, J. R. & Sahrawat, K. L. (1988) Nitrogen availability in
SAT soils: Environmental effects on soil processes. /n Col-
loquium on Soil Fertility and Fertilizer Management in
Semiarid Tropical India, ed. Christianson, C. B., Muscle
Sholas, Alabama, USA, 53-60.

Duncan, R. R. (1984) The association of plant senescence with
root and stalk diseases in sorghum. /n Sorghum root and
stalk rots, a critical review. ed. Mughogho, L. K., ICRISAT,
Patancheru, India, 99-110.

Follett, R. F. & Delgado, J. A. (2002) Nitrogen fate and transport
in agricultural systems. J. Soil Water Conserv., 57, 402-408.

Han, L. P. et al. (2011) Accumulation and partitioning of nitro-
gen, phosphorus and potassium in different varieties of sweet
sorghum. Field Crop. Res., 120, 230-240.

Harada, H. et al. (2000) Variations in nitrogen uptake and
nitrate-nitrogen concentration among sorghum groups. Soil
Sci. Plant Nutr., 46, 97-104.

Harmsen, K. (2003) A comparison of the isotope-dilution and the
difference method for estimating fertilizer nitrogen recovery
fractions in crops. I. Plant uptake and loss of nitrogen. NJAS-
Wageningen Journal of Life Sciences, 50, 321-347.

Harmsen, K. & Moraghan, J. T. (1988) A comparison of the
isotope recovery and difference methods for determining
nitrogen fertilizer efficiency. Plant Soil, 105, 55-67.

Harris, K. et al. (2007) Sorghum stay-green QTL individually
reduce post-flowering drought-induced leaf senescence. J.
Exp. Bot., 58, 327-338.

Hauck R. R. & Bremner J. M. (1976) Use of tracers for soil and
fertilizer nitrogen research. Adv. Agron., 28, 219-266.

Jia, S. et al. (2011) Fate of labeled urea-'’N as basal and
topdressing applications in an irrigated wheat-maize rotation
system in North China Plain: I winter wheat. Nutr. Cycl.
Agroecosyst., 90, 331-346.

McBee G. G. et al. (1983) Effect of senescence and nonse-
nescence on carbohydrates in sorghum during late kernel
maturity states. Crop Sci., 23, 372-376.

MclIntosh, M. S. (1983) Analysis of combined experiments.
Agron. J., 75, 153-155.

Moraghan, J. T. et al. (1984) Labeled nitrogen fertilizer research
with urea in the semi-arid tropics: 2 Field studies on a Verti-
sol. Plant Soil, 80, 21-33.

Pathak, P et al. (2013a) Inter-row tillage for improved soil
and water conservation and crop yields on crusted Alfisols.
Agricultural Sciences, 4, 36-45.

Pathak, er al. (2013b) Hydrological behavior of Alfisols and

Nitrogen Dynamics in Sweet Sorghum Production Systems

Vertisols in the semi-arid zone: Implications for soil and
water management. Agr. Water Manage. 118, 12-21.

Ramu, K. ef al. (2012) Fertilizer induced nitrous oxide emissions
from Vertisols and Alfisols during sweet sorghum cultivation
in the Indian semi-arid tropics. Sci. Total Environ., 438, 9-14.

Rao, S. P. et al. (2009) Sweet sorghum for biofuel and strate-
gies for its improvement. Information Bulletin No. 77,
Patancheru, India, International Crops Research Institute for
the Semi-Arid Tropics.

Raun, W. R. & Johnson G. V. (1999) Improving nitrogen use
efficiency for cereal production. Agron. J., 91, 357-363.

Reddy, B. V. S. et al. (2005) Sweet sorghum-A potential alternate
raw material for bio-ethanol and bio-energy. Int. Sorghum
Millets Newslett., 46, 79-86.

Reddy, D. D. & Sharma, K. L. (2000) Effect of amending urea
fertilizer with chemical additives on ammonia volatilization
loss and nitrogen-use efficiency. Biol. Fertil. Soils, 32, 24-27.

Reddy, P. S. ef al. (2008) Standardization of nitrogen fertilizer
rate for sugar yield optimization in sweet sorghum. J. SAT
Agric. Res., 6, 1-4.

Sahrawat, K.L. (1984) Effects of temperature and moisture on
urease activity in semi-arid tropical soils. Plant Soil, 78,
401-408.

Sanchez, A. C. et al. (2002) Mapping QTLs associated with
drought resistance in sorghum (Sorghum bicolor L. Moench).
Plant. Mol. Biol., 48, 713-726.

Serrao, M. G. et al. (2012) Mineral leaf composition of sweet
sorghum in relation to biomass and sugar yields under differ-
ent nitrogen and salinity conditions. Commun. Soil Sci. Plan.,
43,2376-2388.

Stevens, W. B. et al. (2005) Fate of nitrogen-15 in a long-term
nitrogen rate study. Agron. J., 97, 1046-1053.

Sugihara, S. ef al. (2010) In situ short-term carbon and nitrogen
dynamics in relation to microbial dynamics after a simulated
rainfall in croplands of different soil texture in Thailand. Soil
Sci. Plant Nutr., 56, 813-823.

Thorburn, P. J. et al. (2007) Systems to balance production
and environmental goals of nitrogen fertiliser management.
Proceedings of the International Society of Sugar Cane
Technologists, 26, 302-311.

Tobita, S. et al. (1994) Field evaluation of nitrogen fixation and
use of nitrogen fertilizer by sorghum/pigeonpea intercropping
on an Alfisol in the Indian semi-arid tropics. Biol. Fertil.
Soils, 17, 241-248.

Turgut, L. et al. (2005) Production of sweet sorghum (Sorghum
bicolor L. Moench) increases with increased plant densities
and nitrogen fertilizer levels. Acta Agric. Scand. Sect. B-Soil
Plant Sci., 55, 236-240.

Uchino, H. et al. (2013a) Effects of nitrogen application on
sweet sorghum (Sorghum bicolor (L.) Moench) in the semi-
arid tropical zone of India. JARQ, 47, 65-73.

Uchino, H. er al. (2013b) Calibrating chlorophyll meter
(SPAD-502) reading by specific leaf area for estimating leaf

417



H. Uchino et al.

nitrogen concentration in sweet sorghum. J. Plant Nutr., 36,
1640-1646.

Varvel, G. E. & Peterson, T. A. (1990) Nitrogen fertilizer recov-
ery by corn in monoculture and rotation systems. Agron. J.,
82, 935-938.

Venkateswarlu et al. (1978) Recovery of fertilizer nitrogen
applied to grain sorghum and assessment of residual effect.
Pantnagar Journal of Research, 3, 36-40.

418

Yamaguchi, J. (1991) Fertilizer-nitrogen absorption determined
by the "N isotopic and difference methods. JARQ, 25, 93-
100.

Yang, Y. et al. (2011) Fate of labeled urea-"*N as basal and
topdressing applications in an irrigated wheat-maize rotation
system in North China plain: II summer maize. Nutr. Cycl.
Agroecosyst., 90, 379-389.

JARQ 49 (4) 2015



