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Abstract: Partial root-zone irrigation (PRI) has been practiced worldwide, but little information is available on nitrogen (N) 
supply methods influence on fate of applied N fertilizer for crop production under PRI. A field experiment was conducted to 
investigate effect of N supply methods on the uptake, residual, and loss of applied N fertilizer in maize (Zea mays L.)  under 
alternate PRI at Wuwei, northwest China in 2014.  15N-labeled urea was used as N fertilizer.  Two irrigation methods 
included alternate furrow irrigation (AI) and conventional furrow irrigation (CI).  Two N fertilizer supply methods included 
conventional N supply (CN) and alternate N supply (AN), were applied in combination with each irrigation method.  Grain 
yield, root length density (RLD), N uptake by maize at the maturity stage, and atom % of 15N excess, residual 15N and residual 
NO3-N in the 0-100 cm soil layer after maize harvest were determined.  Results shown that compared to CI coupled with CN, 
AI coupled with AN or CN significantly increased the grain yield, harvest index, RLD, N uptake by maize, 15N accumulation in 
grain, atom % of 15N excess in the 0-60 cm soil layer, the residual 15N and 15N uptake rates; but significantly decreased the 
residual NO3-N in the 0-100 cm soil layers and 15N loss rate.  Moreover, the synchronized rather than separation supply of N 
fertilizer and water enhanced the most above parameters under AI.  15N uptake rate was positively correlated with RLD in the 
0-40 cm soil layer, suggesting that the enhanced RLD contributed to the improved 15N uptake rate.  Therefore, alternate furrow 
irrigation coupled with conventional or alternate nitrogen supply (synchronized supply of N fertilizer and water) could help 
improve 15N uptake rate and reduce the 15N loss rate. 
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1  Introduction  

The increasing freshwater consumption has encouraged more 
research into developing novel irrigation strategies to improve crop 
water use efficiency (WUE)[1].  Partial root-zone irrigation (PRI) 
and deficit irrigation (DI) are water-saving irrigation techniques 
which have been intensively studied in many regions of the world.  
In DI, the entire root zone is irrigated with an amount of water less 
than that of potential evapotranspiration, which could induce minor 
stress with minimal effects on yield[2].  PRI is a further refinement 
of DI.  In PRI, half of the root zone is irrigated, while the other 
half is left dry[3].  There are two ways for PRI application, namely 
alternate PRI (APRI) and fixed PRI (FPRI).  It has been shown 
that PRI can allow the induction of the abscisic acid-based 
root-to-shoot chemical signaling to regulate growth and water use[4].  
Moreover, given a same amount of irrigation water, APRI was 
superior to DI and FPRI in terms of yield maintenance and increase 
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in WUE[5-9].  In addition, nitrogen (N) is another essential 
resource for crop production.  And, N fertilizer is one of the most 
energy-consuming chemical products and is expensive, owing to 
the growing global demand for fossil fuels.  Also, the extensive 
and non-agronomic based application of N fertilizer has reduced N 
use efficiency (NUE) and caused numerous environmental 
issues[10].  Therefore, the sustainable use of water and N fertilizer 
has become a priority for agriculture, especially in water deficit 
regions.  

Apart from supply level of N fertilizer and amount of irrigation 
water, supply patterns of water and N fertilizer play a vital role in 
determining WUE, NUE and the distribution of residual soil 
NO3-N.  In comparison with conventional furrow irrigation (CI) 
and fertilization, the separation of N fertilizer and water with APRI 
increased WUE by 13%-33%, agronomic efficiency of N fertilizer 
by 36%-56%, and NO3-N in the upper soil layers (0-60 cm) by 
30%-60% in a semi-arid area[11].  Placement of N fertilizer in 
non-irrigated rather than irrigated furrow could improve the N 
uptake as well as reduce the possibility of NO3-N leaching under 
FPRI in a relatively wet season[12].  However, N fertilizer 
accumulation in the plant was reduced by 50% when it was placed 
in the no-irrigated furrow under FPRI in a drier year[13].  Thus, 
effect of N fertilizer supply patterns on N uptake and water 
utilization in crops are not consistent under PRI, which merits 
additional study.  

N uptake by crops mainly comes from two sources: namely 
soil initial N and applied N fertilizer.  It has been shown that the 
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N uptake by plants and fate of applied N fertilizer depend largely 
on climatic factors and agricultural management practices[14].  
Compared with the conventional irrigation (full irrigation), APRI 
could enhance the N accumulation in maize[7,15,16], wheat[17] and 
tomato[18].  The recovery rate of 15N fertilizer was greater in the 
APRI treatment than that in the CI treatment, and the residual 
percentage of 15N fertilizer showed an opposite observation[7].  
Moreover, the enhanced plant N nutrition is responsible for the 
improved WUE under APRI[19].  In addition, the Hexi Corridor 
area is one of the most important food production areas in China, 
where crop production depends heavily on irrigation due to 
infrequent precipitation[20].  PRI has been widely being practiced 
in this region in recent years[21,22].  Therefore, exploring fate of 
applied N fertilizer in crops under PRI is essential for high 
economic return and environmental protection in this region.   

Soil N and water availability are closely linked and mutually 
influences one another[23], and the interaction and complementary 
activities of nutrients and water play an important role in 
agricultural production[24].  Moreover, it has been shown that an 
appropriate N supply pattern could help improve N accumulation in 
crop plants[25-26].  N fertilizer applied to the topsoil was useful to 
increase the recovery of 15N-labeled nitrate[27].  Also, the deep 
placement of coated urea is an efficient N supply method to 
produce a high yield of soybean[26].  Furthermore, an earlier study 
illustrated that traditional N management leading to substantial 
losses of N fertilizer under intermittent irrigation[28].  However, in 
most investigations on PRI, the main pattern of N supply is 
uniformly applied either as a basal application or topdressing, in 
which the coordination of N supply and irrigation pattern received 
relatively limited attention[12,29].  In addition, our previous work 
has shown that APRI coupled with conventional or alternate N 
supply could improve growth and distribution of maize roots, and 
maintain more soil NO3-N and water within the upper soil layers 
(0-40 cm) for a longer period of time as compared with the 
conventional irrigation and fertilization[30-31].  However, whether 
fate of N fertilizer is influenced by N supply patterns under PRI 
and the mechanisms behind this remains largely unknown.  

The objective of this study was to investigate the effect of N 
supply patterns on the fate of N fertilizer in maize under APRI as 
compared to CI and to elucidate the causes of possible differences.  
The results should provide a basis for scientific management of 
irrigation water and N fertilizer under PRI. 

2  Materials and methods 

2.1  Experimental site 
A field study was carried out at the Wuwei Experimental 

Station for Efficient Use of Crop Water, Ministry of Agriculture, 
northwest China during the 2014 growing season.  The site is in a 
typical continental temperate climate zone with mean annual 
precipitation of 164.4 mm, mean annual evapotranspiration of  
2000 mm.  The cumulative average temperature for days with 
mean temperature above 10°C is 3500-4000°C.  The average air 
temperature, precipitation, and sunshine hours during the 
maize-growing season of 2014 measured at a weather station 
within the experimental site are shown in Table 1.  The soil is 
classified as a clay loam (FAO, 1998).  In the plough layer (0-  
40 cm soil layer), organic matter 15.90 g/kg, total N 0.55 g/kg, total 
phosphorus 0.93 g/kg, available phosphorus 6.22 mg/kg and 
available potassium 236.24 mg/kg.  NO3

--N in the 0-100 cm soil 
layer was 35 kg/hm2 and NH4

+-N was 21 kg/hm2 before the start of 
the experiment.  The latitude, longitude and groundwater level at 

the site is described in details by Qi et al.[31]. 
 

Table 1  Precipitation, sunshine hours, and mean temperature 
during growing season of maize in 2014 at experimental site 

April May June July August September 

Precipitation (mm per month) 

20 17 12 46 75 5 

Sunshine (h per month) 

213 226 279 312 259 235 

Mean temperature (°C) 

7.6 14.2 17.2 22.2 22.3 21.6 

Note: Temperatures are the monthly averages. 
 

2.2  Crop management and experimental design  
Furrows and ridges established were described in details by Qi 

et al.[31].  Briefly, the main plots measured 4 m×8 m each, arranged 
in a randomized complete block design with three relocates.  
Ridges were built in a west-east direction.  45 kg P2O5/hm2 (triple 
superphosphate) was uniformly applied before the planting. 

The experiment factors comprised of irrigation method and N 
fertilizer supply method.  Irrigation methods included 
conventional furrow irrigation (CI) and alternate furrow irrigation 
(AI).  N supply methods included conventional N supply (CN) 
and alternate N supply (AN).  The definition of AI, CI, AN and 
CN and FN are described in details by Qi et al.[31].  Briefly, the 
alternate treatments refer to alternatively supply of N or water to 
one certain furrow of neighboring furrows; and the conventional 
treatments refer to supply of water or N evenly to all furrows.  
This experimental plan yielded four treatments, i.e. CIAN, CICN, 
AIAN and AICN.  In addition, AIAN was applied in two ways, 
namely synchronized supply of N fertilizer and water under AI 
(AIANS) and separation supply of N fertilizer and water under AI 
(AIAND).  The 15N study reported here was carried out in 
microplots that were nestled within the main plot, and when the 
main plots received the treatment, these microplots were left 
unfertilized and no-irrigated.   
2.3  Microplot setup and management 

 15N microplot was 1.5 m2 (1.5 m×1 m) and 15N-labeled urea 
(abundance 10.19%, produced by the Institute of Chemical Industry 
in Shanghai, China) was applied to the microplots.  A 
zinc-galvanized iron sheet was used to forming a profile of the 
microplots.  The profile was 0.65 m in depth below the soil 
surface and 0.55 m in height above the ground.   

Twice as much water and/or N was applied to the 
irrigated/fertilized furrow in the alternate treatments as that to the 
furrow in the conventional treatments, resulted in the same input of 
N fertilizer and irrigation water for all treatments.  200 kg N/hm2 

(15N-labeled urea), a recommended N rate for maize production in 
the local area[32], was applied to each microplot.  N fertilizer was 
applied before planting (50%), and at the V12 (25%) and VT (25%) 
stages of maize.  The corresponding dates were 19 April, 12 July 
and 1 August in 2014, respectively.  According to Ju et al.[14],   
10 cm of the topsoil the in furrows from the microplot was 
removed, passed through a 5 mm sieve, mixed with N-labeled urea, 
and then refilled with this mixture before sowing for the basal 
application of labeled fertilizer N.  Top-dressing of N-labeled urea 
was sprayed to the center of the furrows and was immediately 
followed by irrigation.  According to Yang et al.[33], the irrigation 
water was applied after planting and at the V6, V12, VT, R1 and R4 
of maize (45 mm per time), respectively.  Underground water with 
electrical conductivity of 0.52 dS/m was used as the irrigation 
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source.  A water meter installed at the discharging end of the pipe 
to measure the amount of the irrigation water.  The details of 
partial irrigation and N fertilizer application for all treatments are 
shown in Table 2.  
 

Table 2  Time and position of localized irrigation and nitrogen 
(N) application to maize grown for different irrigation and 

nitrogen supply methods 

Position of localized irrigation and nitrogen application 

Irrigation method Nitrogen supply methodMaize growth 
period 

Al CI AN CN 

Before planting / / South furrow Both furrows

After planting Both furrows Both furrows / / 

V6 South/north furrow Both furrows / / 

V12 South/north furrow Both furrows North furrow Both furrows

VT South/north furrow Both furrows South furrow Both furrows

R1 South/north furrow Both furrows / / 

R4 South/north furrow Both furrows   

Note: “/” represents no treatment; AI, alternate furrow irrigation; CI, 
conventional furrow irrigation; AN, alternate N supply; CN, conventional N 
supply; Irrigation was conducted in north furrow for AIANS treatment, and in 
south furrow for AIAND and AICN treatments.  Abbreviations indicate are 
same in the below.  100, 50 and 50 kg N/hm2 was applied before planting, and 
at the 12 collars and tasseling stage of maize, respectively.  The rate of 
irrigation and N application per time was the sum of N and water supply to the 
both furrows (south and north furrow).  

 

Grain maize with variety of ‘Golden northwest No.22’ was 
sown in the ridges; the planted density was 73 000 plants/hm2.  
The crop was sown on April 20, and was harvested on September 
22 in 2014.  Besides, water and N and the other agronomic 
managements in the main plots were very similar to those in the 
microplots excepted for common urea was used as a source of N 
fertilizer in the former.  
2.4  Plant and soil sampling and laboratory procedures 

Maize above-ground in the microplots were cut at the R6 and 
then partitioned into the different organs for the dry matter yield 
(included grain yield, corrected to 15.5% of moisture content) and 
total N uptake determination.  According to Ju et al.[14], the plant 
material was ground to <0.15 mm sieve, and then analyses for total 
N by the Kjeldahl method and 15N abundance (Mat-251 mass 
spectrometer, Finnigan, Germany). 

Soil samples for root measurements were taken from the 
microplots with a steel corer of 70 mm diameter after the shoots 
harvest.  From each microplot, three plants were randomly chosen 
for soil sampling position.  The sampling positions were described 
in details by Qi et al.[31].  Briefly, soil sample north, south and 
under the plant were collected to 100 cm soil depth in 20 cm 
increments.  A 30-35 g soil sample from each section was used for 
soil NO3-N content determination and total N analysis.  The 
samples were placed in plastic, sealable bags and the bags were 
placed in refrigerated storage until washing the next day.  Roots 
were washed from soil cores and debris and dead roots were 
removed from the samples.  Samples were then scanned to 
measure root length.  Root length density (cm/cm3) was calculated 
as the ratio of root length to the volume of the sections for each 
sampling.  

The soil samples were sieved to a 5 mm mesh size, and then 
the subsamples used for NO3-N content analysis[34].  The 
remaining samples were air-dried, and ground to pass through a 
0.15 mm sieve, and then used for total N analysis[35].  15N 
abundance analysis in total soil N was described in details by 

Hauck et al.[34]. 
2.5  Data analysis  

The 15N enrichment of plants and soil materials is expressed as 
atom % 15N excess.  The soil Ndff%, amount of residual N 
fertilizer, plant Ndff%, plant recovery of 15N, amount of N fertilizer 
loss, rate of N fertilizer residual and loss were calculated by 
Equations (1)-(7) respectively:  

N

N

Soil Ndff%
atom % 15  excess of total N in different soil layers 100

atom % 15  excess of labeled N fertilizer

=

×
 (1)  

Amount of residual N fertilizer
Soil total N in different soil layers soil Ndff%

=
×

     (2) 

N

N

atom % 15  excess of pant NPlant Ndff% 100
atom % 15  excess of labeled N fertilizer

×  (3) 

N
plant N plant Ndff%Plant recovery of 15 100

amount of labeled N fertillzer
− ×

= ×  (4) 

Amount of N fertilizer loss
Amount of N fertilizer application plant N plant Ndff%
Amount of residual N fertilizer

=
− × −

=
 (5) 

Amount of N fertilizer residualRate of N fertilizer residual 100
Amount of labeled N fertilizer

= ×  

(6) 
Amount of N fertilizer lossRate of N fertilizer loss 100

Amount of labeled N fertilizer
= ×  (7) 

where, plant Ndff% is the proportion of plant uptake 15N from the 
labeled N fertilizer, soil Ndff% is the proportion of residual soil 15N 
from the labeled N fertilizer, plant-N is total N uptake by 
aboveground parts of the plant. 

The analysis of variance (ANOVA) was performed using 
one-way ANOVA using SPSS 17.0 software.  Treatment means 
were compared for significant differences (P0.05 level) using 
Duncan’s multiple range tests.  

3  Results 

3.1  Grain yield, harvest index and the total N uptake  
As shown in Table 3, AIANS, AIAND and AICN significantly 

increased harvest index (ratio of grain yield to shoot biomass) and 
grain yield compared to CICN.  Total N uptake by maize was 
significantly greater in AIANS and AICN than that in the other 
treatments.  

 

Table 3  Grain yield, harvest index (HI) and total nitrogen 
uptake in maize for different nitrogen supply methods under 

alternate furrow irrigation and conventional furrow irrigation 

Treatment Grain yield/kg·hm-2 HI/% Total N/kg·hm-2 

AIANS 10707a 53.7a 148.8a 
AIAND 9151b 53.4a 130.8b 
AICN 10774a 53.7a 156.1a 
CIAN 8228c 51.4b 119.9c 
CICN 8119c 51.3b 123.2c 

Note: Values followed by different letters within each column are significantly 
different at the probability level of 0.05. 
 

3.2  Accumulation and distribution of soil N and N fertilizer 
The accumulation and distribution proportion of N in leaves, 

SS(stem+sheath), BC(bract+cob), and grain of maize derived from 
the soil were higher than those derived from N fertilizer (Table 4).  
The accumulation and distribution proportion of N were the highest 
in grain, followed by leaves, SS, and BC in all treatments.  The 
ratio of N derived from the fertilizer to that from the soil by maize 
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was about 4:6.  There was no significant difference in the total 
proportion of N derived from the soil with different treatments 
(Table 4).  However, grain N uptake from N fertilizer and its 
distribution proportion were significantly higher in AIAN, AIANS 
and AIANS plants than those in CICN and CIAN plants.  On the 
contrary, the proportion of N fertilizer uptake by leaves to total N 

uptake was significantly lower in the AI plants than that in the CI 
plants (Table 4).  The accumulation of N in leaves, SS, BC and 
grain of maize derived from soil were all significantly greater in 
AIANS and AICN than those in CICN, CIAN and AIAND (Table 
4).  The total N fertilizer uptake by maize was significantly 
greater in the AI plants than in the CI plants.  

 

Table 4  Accumulation and distribution of nitrogen in different organs of maize from different sources at maturity for different 
nitrogen supply methods under alternate furrow irrigation and conventional furrow irrigation 

N accumulation amount/kg·hm-2 Distribution proportion/% Nitrogen 
source Treatment 

Leaf SS BC Grain Total Leaf SS BC Grain Total 

AIANS 9.26 6.81 3.32 36.89a 56.28a 6.22b 4.58 2.23 24.79a 37.82 
AIAND 10.26 6.27 3.03 33.58b 53.14a 7.85b 4.79 2.32 25.67a 40.63 
AICN 7.96 7.19 3.48 39.38a 58.02a 5.10b 4.61 2.23 25.23a 37.17 
CIAN 11.91 5.28 2.71 27.66c 47.56b 9.43a 4.90 2.26 23.07b 39.67 

NDFF 

CICN 10.63 5.18 2.66 28.89c 45.86b 8.63a 4.21 2.16 23.45b 37.22 
AIANS 19.52a 11.19a 5.46a 56.34a 92.52a 13.12 7.52 3.67 37.87 62.18 
AIAND 16.93b 9.16b 4.43b 47.14b 77.66b 12.94 7.01 3.38 36.04 59.37 
AICN 21.28a 12.16a 5.88a 58.75a 98.08a 13.63 7.79 3.77 37.64 62.83 
CIAN 15.48b 8.03b 4.12b 44.71b 72.34b 12.91 6.70 3.44 37.29 60.33 

NDFS 

CICN 16.47b 8.74b 4.49b 47.64b 77.34b 13.37 7.09 3.64 38.67 62.78 
Note: NDFF-N derived from fertilizer; NDFS-N derived from soil; BC-maize bract+Cob; SS—Stem+Sheath; Values followed by different letters within each column 
and nitrogen source are significantly different at the probability level of 0.05. 

 

3.3  Atom % of 15N excess in different soil layers after maize 
harvest 

ANOVA analysis showed that there was no significant 
difference in the atom % of 15N excess among different sampling 
positions (north, south and under the plant) of each soil layer in all 
treatments.  Therefore, atom % of 15N excess in the different 
positions within a same soil layer was pooled.  Atom % of 15N 
excess in all treatments decreased with the increase in soil layers 
(Figure 1).  The peak in atom % of 15N excess was found in the 
20-40 cm soil layer (Figure 1).  The atom % of 15N excess in the 
0-60 cm soil layers was highest in AIAND, intermediate in AIANS 
and AICN, and lowest in CICN and CIAN (p<0.05).  However, CI 
plants had a higher atom % of 15N excess in 60-100 cm soil layers 
compared with AI plants (p<0.05).  

 
Note: AI, alternate furrow irrigation; CI, conventional furrow irrigation; AN, 
alternate nitrogen supply; CN, conventional nitrogen supply; AIANS and 
AIAND represent synchronized and separation supply of nitrogen fertilizer and 
water under AI respectively; the same below.  Values (mean ± standard error, 
n=3) in each soil depth were averaged across different positions (north, south and 
under the plant). 
Figure 1  Distribution of atom % 15N excess of total nitrogen in 
the 0-100 cm soil layer after maize harvest for different nitrogen 

supply methods under alternate furrow irrigation and conventional 
furrow irrigation 

3.4  Residual NO3-N in 0-100 cm soil layers  
As shown in Figure 2, the amount of soil residual NO3-N 

decreased with the soil layer deepening in all treatments.  The 
residual NO3-N in the 0-40 cm soil layers was significantly smaller 
in AIANS, AIAND and AICN than those in CICN and CIAN.  
The residual NO3-N in 60-100 cm soil layers was the greatest in 
CICN and CIAN, intermediate in AIANS and AICN, and smallest 
in AIAND.  The residual NO3-N in the 0-100 cm soil layers was 
significantly greater in the CI plants than in the AI plants.  

 
Note: Values (means ± standard error, n=3) followed by different letters within 
each soil depth are significantly different at the probability level of 0.05. 
Figure 2  Residual NO3-N in the 0-100 cm soil layer after maize 

harvest as affected by different nitrogen supply methods under 
alternate furrow irrigation and conventional furrow irrigation 

 

3.5  Fate of labeled N fertilizer  
As shown in Table 5, the 15N uptake by crop was greater than 

the 15N loss for AIANS, AIDND and AICN although the difference 
was not statistically significant (p>0.05).  However, the 15N 
uptake was significantly smaller than the 15N loss for CICN and 
CIAN (p<0.05).  15N uptake by crop was significantly greater in 
AIANS, AIAND and AICN than in those in CICN and CIAN.  
The 15N loss showed an opposite observation.  The residual 15N in 
0-100 cm soil layers was the greatest in AIAND treatment, 
intermediate in AIANS and AICN, and smallest in CICN and 
CIAN.  The rates of 15N uptake, residual and loss were consistent 
with the amount of those among the different treatments.  These 
indicated that alternate furrow irrigation could help increase 15N 
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uptake by maize while reduce 15N loss.  
 

Table 5  Fate of 15N-labeled fertilizer after maize harvest for 
different nitrogen supply methods under alternate furrow 

irrigation and conventional furrow irrigation 

Crop 15N uptake Residual 15N in the  
0-100 cm soil layer 

15N loss 
Treatment 

kg·hm-2 % kg·hm-2 % kg·hm-2 % 

AIANS 56.28a 28.14a 88.91b 44.46b 54.81b 27.41b
AIAND 53.14a 26.57a 95.31a 47.66a 51.55b 25.78b
AICN 58.02a 29.01a 89.34b 44.67b 52.64b 26.32b
CIAN 47.56b 23.78b 83.70c 41.85c 68.74a 34.37a
CICN 45.86b 22.93b 84.38c 42.19c 69.76a 34.88a

Note: Values followed by different letters within each column are significantly 
different at the probability level of 0.05. 
 

3.6  Root vertical distribution  
ANOVA analysis showed that the difference in root length 

density (RLD) between two N supply methods of each soil layer 
was not statistically significant under AI and CI.  Thus, the RLD 
at the two N supply methods in each irrigation treatment was 
pooled.  The RLD decreased consistently with the soil layer 
deepening.  The RLD in each soil layer was greater in the AI 
plants than that in the CI plants, and the difference was statistically 
significant in the 0-40 cm soil layers (Figure 3). 

 
Note: Values (mean ± standard error, n=3) followed by different letters within 
each soil layer are significantly different at the probability level of 0.05.  Data 
in each soil layer was averaged across different nitrogen supply methods 
(conventional and alternate nitrogen supply method) and different sampling 
positions (north, south and under the plant). 
Figure 3  Distribution of root length density in the 0-100 cm soil 
layer after maize harvest for alternate furrow irrigation (AI) and 

conventional furrow irrigation (CI) 

4  Discussion 

In the present study, AIANS and AICN significantly improved 
the total N uptake by maize compared to AIAND and CICN (Table 
3).  The reduced N accumulation in AIAND could be related to 
the lower N uptake from the relatively dry soil zones.  In AIAND, 
the separation of fertilizer N from the irrigated furrow each time 
resulted in that the root zone of N supplied became relatively dry.  
In CICN, CI resulted in the decreased soil water content in the 
plough layer (0-40 cm soil layers) compared to AI[22].  It has been 
shown that the soil N availability and its transport to the roots are 
determined by soil moisture content[7].  Both mass flow and 
diffusion rates and the release rate of the nutrient of available N 
were reduced by water deficit[24], resulting in the decreased N 
uptake under AIAND and CICN (Table 3).  Moreover, in this 
study, biomass was smaller in AIAND, which contributed to the 
reduced total N uptake[36].  Thus, these results suggested that the 
synchronized supply of N fertilizer and water with alternate furrow 

irrigation was useful to improve N accumulation in maize.  In 
addition, Han et al.[11] found that AIAND could significantly 
improve N accumulation in summer maize compared to 
conventional irrigation and fertilization.  Consistently, herein we 
observed that the total N uptake by maize was greater in AIAND 
than that in CICN (Table 3).  Although with different weather 
conditions, such as the average precipitation per year in this study 
(164 mm) was only approximately 20% of that in Han et al. 
(2014)’s study.  

Both atom % of 15N excess and residual NO3-N in the      
60-100 cm soil layers were significantly lower in AIANS, ANAND 
and AICN compared to those in CICN (Figures 1 and 2).  This 
could be explained as following: root growth status and soil N 
availability are the two important factors responsible for 
determining N use efficiency[6].  An earlier study illustrated that 
AI enhances rooting depth, contributing to the improvement of N 
uptake in field grown plants from deeper soil layers[36].  
Correspondingly, the RLD in 60-100 cm soil layers was higher in 
the AI plants than in the CI plants although the differences were  
not statistically significant (Figure 3), resulting in the enhanced N 
uptake from 60-100 cm soil layers.  Moreover, AI plants 
significantly enhanced N uptake from the sources of N fertilizer 
and soil (Table 4).  This was associated with the enhanced RLD 
under AI (Figure 2).  Since a higher RLD usually have a greater 
root surface area[31,37], resulting in the improved N accumulation of 
the plants.  

Using 15N-labeled technology, Wang et al.[6] found that AI 
significantly increase N contents in the leaves, stems and tubers, 
whereas the 15N content in the reproductive organ are comparable 
between AI and CI.  In line with this, AI increased N uptake in 
maize plants (Table 3); whereas AIANS, AIAND and AICN 
significantly increased 15N accumulation in the grain compared to 
CICN and CIAN (Table 4).  This could be explained as following: 
AI could reduce redundant plant growth and optimize the 
distribution of carbohydrates among the different organs[36], which 
indicated by AI plants resulted in a greater harvest index to CI 
plants (Table 3).  Thus, we speculate that AI enhanced the transfer 
of the 15N from the leaves to the grain.  Correspondingly, 
irrigation treatments were only continued for about four weeks 
under a pot culture in Wang et al.’s study[6] A relatively shorter 
experimental time may not be enough for the transfer of the 
absorbed 15N by plants from the nutritive organ to reproductive 
organ.   

An earlier study has shown that AI promotes the upward 
movement of 15N from the 60-100 cm to 0-40 cm soil layers as 
compared with CI[38].  In agreement with this, atom percentage 
15N excess in the 0-60 cm soil layers was greater in the AI plants 
than those in the CI plants, and it was greatest in AIAND (Figure 
1).  This was associated with varying dynamics of soil water 
under different irrigation methods.  In CI, the vertical movement 
is a major form in soil water, resulting in the increased probability 
of the deep percolation.  However, the alternate drying/wetting 
cycles enhances the lateral movement of the water in soil under AI, 
thereby reducing the deep percolation[39].  Moreover, the 
separation of N fertilizer application from irrigated furrow with AI 
was favor to maintain a high soil N availability in the 0-40 cm soil 
layers for a longer period of time[40].  In addition, the greatest 
residual percentage of 15N in the 0-100 cm soil layers was found in 
AIAND (Table 5).  The residual 15N usually does not disappear 
immediately, which play a vital role in recharging soil N pool[14].  

In the present study, crop 15N uptake rate was significantly 
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higher in the AI plants than that in the CI plants (Table 5).  This 
confirms our earlier findings that AI resulted in a higher recovery 
rate of N15 fertilizer, which derived from a pot culture[7].  
Moreover, Zhang et al.[41] suggested that root 15N uptake is 
positively correlated with RLD in wheat plants.  In consistent with 
this, the correlation analysis showed that 15N uptake by maize was 
positively correlated with RLD in the 0-40 cm soil layers at the R6 
stage of maize (r=0.836, p<0.01).  Since plant roots systems are 
involved in acquisition of nutrients and water[42,43].  In addition, it 
has been shown that water utilization and nutrients uptake by crop 
is a function of temporal and spatial distribution of the roots 
systems[44].  Thus, we suggested that enhanced root length density 
contributes to the increased 15N uptake rate under alternate furrow 
irrigation.    

Earlier studies suggested that localized supply of N fertilizer 
can meet the N requirements of plants as conventional supply of 
it[12,45].  In agreement with this, all the measured parameters were 
comparable between AIANS and AICN.  Because of the 
compensatory effect, roots N uptake capacity of N supplied zone is 
significantly enhanced to compensate for the lack of N fertilizer in 
zero-N supplied zone[46].  Moreover, the distribution of soil 
NO3-N and water dynamics in the 0-100 cm soil layers were 
comparable between AIANS and AICN during the crop grown 
season[30].  Nevertheless, the application of N fertilizer to the half 
furrows in AIANS are labor-saving than the all furrows in AICN.  
Thus, the synchronized supply of water and N fertilizer with 
alternate furrow irrigation can be better practiced in maize 
production.    

5  Conclusions 

With a same amount of nitrogen fertilizer and irrigation water, 
compared to conventional furrow irrigation coupled with 
conventional nitrogen supply, alternate furrow irrigation together 
with either conventional or alternate nitrogen supply generated a 
greater grain yield, root length density, harvest index, nitrogen 
accumulation in maize, atom % of 15N excess in the 0-60 cm soil 
layer, 15N accumulation in grain, residual 15N and 15N uptake rates, 
and lower the residual soil NO3-N in the 0-100 cm soil layers and 
15N loss rate.  Moreover, the synchronized supply of nitrogen 
fertilizer and water was superior to the separation of them in 
improving the most those parameters under alternate furrow 
irrigation.  The enhanced root length density contributed to the 
improved 15N uptake rate under alternate furrow irrigation.  
Therefore, 15N uptake rate by maize was improved while the 15N 
loss rate was reduced under alternate furrow irrigation when 
conventional or alternate nitrogen (synchronized supply of nitrogen 
and water) application methods was used. 
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