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Alternate partial root-zone drip 
irrigation improves water– and 
nitrogen– use efficiencies of 
sweet-waxy maize with nitrogen 
fertigation
Fengbei Fu1,2, Fusheng Li  1,2 & Shaozhong Kang2,3

Alternate partial root–zone drip irrigation (ADI) or fertigation has favorable effect on crop water- and 
nitrogen- use efficiencies (WUE and NUE). However, the advantage of combined application of ADI 
and nitrogen fertigation on crop WUE and NUE remains unclear. A pot experiment was conducted to 
investigate the impact of three irrigation methods (CDI conventional drip irrigation (both halves of pot 
irrigated), ADI (both halves of pot alternatively irrigated) and FDI fixed partial root–zone drip irrigation 
(fixed half of pot irrigated)) and five nitrogen treatments (F0 no N supplied, F1-F4 0.2, 0.18, 0.16 and 
0.14 g N per kg soil via fertigation) on sweet-waxy maize. Compared with CDI, ADI reduced water 
consumption by 19.9%, but increased water use efficiency based on dry seed yield (WUEs) by 32.3%, 
and also enhanced nitrogen apparent recovery fraction (Nrf) and nitrogen agronomic efficiency (NAE). 
F1-F4 augmented dry mass accumulation, dry seed yield and total nitrogen uptake if compared to F0. 
Moreover, F2-ADI had higher shoot and total dry masses, WUEs, total nitrogen uptake, Nrf and NAE. 
Thus ADI increased nitrogen uptake, WUE and NUE of sweet-waxy maize with nitrogen fertigation of 
0.18 g N per kg soil in this study.

Agriculture is facing with the shortage of irrigation water, severe drought and low irrigation water use efficiency 
in China. Previous study showed seasonal water shortage and low water use efficiency in Guangxi, southern 
China1, which leads to search for high efficient water–saving method2. Alternate partial root–zone irrigation 
(APRI) or alternate partial root–zone drip irrigation (ADI) is a water–saving method by supplying alternate 
wetting and drying cycling to the root-zones, which can reduce irrigation water3,4. Researches on different crops, 
e.g. maize, potato, peach and cotton indicated that APRI or ADI performs well in increasing water use efficiency 
(WUE) without a greater yield loss5–8. Zorica et al.5 evaluated the effects of full irrigation and partial root drying 
irrigation (or called fixed partial root-zone irrigation, approximately fixed half of the root system is irrigated 
normally while the remaining fixed half is drying without irrigation) on nitrogen (N) content in field potatoes, 
and observed an increase in N content in potato tubers under partial root–zone drying irrigation in comparison 
of full irrigation. Li et al.8 reported that APRI increases maize N apparent recovery fraction by 16.4%, suggesting 
that APRI can improve N use efficiency in comparison of conventional irrigation.

In China, N fertilizer consumption was 1117 million tons in 1987, and increased to 3391 million tons in 20129. 
The increasing N fertilizer consumption leads to environmental problems such as greenhouse gas emission and 
N loss. Fertigation, which integrates irrigation and fertilization, has showed many advantages, including direct 
supplement to root-zone, a lasting, stable environment of water and fertilizer, less soil fixation to fertilizer and 
less greenhouse gas emission10,11. Some studies indicated that fertigation can contribute to higher yield, nutri-
ent uptake12,13 and nutrient utilization under rational fertilization level12. Bai et al.14 reported that compared 

1College of Agriculture, Guangxi University, Nanning, 530005, China. 2Guangxi Academician Work Station of The 
New Technology of Water–saving Agriculture in Karst Region, Nanning, 530005, China. 3Center for Agricultural Water 
Research in China, China Agricultural University, Beijing, 100083, China. Correspondence and requests for materials 
should be addressed to F.L. (email: lpfu6@163.com)

Received: 23 June 2017

Accepted: 28 November 2017

Published: xx xx xxxx

OPEN

http://orcid.org/0000-0003-4189-3354
mailto:lpfu6@163.com


www.nature.com/scientificreports/

2SCientifiC RepoRtS | 7: 17256  | DOI:10.1038/s41598-017-17560-2

with conventional fertilization, fertigation increases N use efficiency (NUE) by 14.3%. In addition, some studies 
showed that fertigation can also improve crop WUE15–18.

Previous studies showed alternate partial root–zone drip irrigation (ADI) or fertigation has benefit effect on 
crop dry mass accumulation, yield, N uptake, and water- and nitrogen- use efficiencies (WUE and NUE)12,18–20. 
However, the advantage of combined application of ADI and fertigation on crop yield, N uptake, WUE and 
NUE remains unresolved, so the hypothesis of this study was that the combined application of alternate drip 
irrigation and rational N fertigation can increase N uptake, WUE and NUE of sweet-waxy maize. In this study, 
a pot experiment was conducted to investigate the effect of three drip irrigation methods and five N fertiga-
tion strategies on dry mass accumulation, seed yield, N uptake, WUE and NUE of sweet-waxy maize, so as to 
reveal alternate root–zone drip irrigation combined with rational nitrogen fertigation for sweet-waxy maize 
production.

Results
Dry mass accumulation and dry seed yield. Table 1 shows the effect of irrigation method and nitrogen 
(N) treatment on dry mass accumulation and dry seed yield of sweet-waxy maize. Irrigation method and N 
treatment had remarkable impacts on shoot, root and total dry masses (P < 0.05) and their interaction influenced 
shoot and total dry masses significantly (Table 1).

ADI increased shoot, root and total masses while FDI reduced these indices slightly if compared to CDI. 
Compared with no N treatment (F0), N fertigation treatments (F1-F4) enhanced shoot, root and total dry masses 
by 58.1–95.8%, 56.8–86.8% and 57.9–94.1%, respectively (Table 1). Moreover, the highest shoot and total dry 
masses were observed in F2-ADI (Fig. 1).

Table 1 shows marked effects of irrigation method and N treatment on dry seed yield. Mean dry seed yield 
in ADI was slightly higher than that in CDI, while mean dry seed in FDI was slightly lower than that in CDI. N 
fertigation treatments (F1-F4) enhanced mean dry seed yield by 31.4–74.6% if compared with F0, and the differ-
ences were notable.

Water use. Table 2 shows the effect of irrigation method and N treatment on water use of sweet-waxy maize. 
Irrigation method and N treatment remarkably affected water consumption, water use efficiency on the basis of 
total dry mass (WUEt) or dry seed yield (WUEs), but their interaction has not significant impact on these indices 
(Table 2). Compared to CDI, ADI and FDI decreased mean water consumption of maize by 19.9% and 19.8%, 
respectively. Hence, ADI and FDI enhanced WUEt by 34.4% and 15.7%, and WUEs by 32.3% and 15.6%, respec-
tively (Table 2). The WUEt and WUEs was 39.7–79.5% and 28.4–61.5% higher in N fertigation treatments than 
in no N treatment, respectively, and the difference was obvious. On average, F2-ADI enhanced WUEs by 39.0% if 
compared with the other treatments (Fig. 2).

N content. Impacts of irrigation method and N treatment on N contents in shoots, roots and seeds of 
sweet-waxy maize are shown in Table 3. Irrigation method had marked effect on N contents of shoots and seeds, 
and N treatment influenced the contents of shoots, roots and seeds N significantly, but their interaction did not 
affect maize N content notably.

ADI and FDI did not significantly have higher or lower mean N contents in shoots, roots and seeds than 
CDI. In F0, mean N contents in shoots, roots and seeds were 10.63, 5.84 and 12.23 g kg−1, while these values in 
N fertigation treatments (F1-F4) were raised by 16.5–43.0%, 49.8–81.6% and 19.3–41.9%, respectively, and the 
differences were remarkable (Table 3).

Treatment
Shoot dry mass  
(g plant−1)

Root dry mass 
(g plant−1)

Total dry mass  
(g plant−1)

Dry seed yield 
(g plant−1)

F0 45.73 c 9.66 c 55.40 c 38.53 d

F1 82.10 a 17.58 a 99.68 a 62.48 a

F2 84.85 a 17.34 a 102.19 a 63.80 a

F3 75.90 b 16.21 b 92.11 b 57.09 b

F4 73.03 b 15.39 b 88.42 b 52.19 c

CDI 72.02 a 15.31 a 87.33 a 55.14 a

ADI 77.97 a 16.25 a 94.22 a 58.25 a

FDI 66.97 a 14.15 a 81.12 a 51.07 a

Significance test (P values)

  N treatment <0.001 <0.001 <0.001 <0.001

  Irrigation method <0.001 <0.001 <0.001 <0.001

  N treatment × irrigation method <0.001 0.754 <0.001 0.522

Table 1. Mean dry mass accumulation and dry seed yield of sweet-waxy maize for different irrigation methods 
and N treatments. Analysis of variance (ANOVA) P values were shown (P < 0.05, significance; P > 0.05, no 
significance). Different small letters in the same column are significantly different for various N treatments 
or irrigation methods (P < 0.05), and the same letters are not markedly different for various N treatments or 
irrigation methods (P > 0.05). F0: no N supplied; F1: 0.2 g N kg−1 soil; F2: 0.18 g N kg−1 soil; F3: 0.16 g N kg−1 
soil; F4: 0.14 g N kg−1 soil. CDI: conventional drip irrigation, ADI: alternate partial root–zone drip irrigation, 
FDI: fixed partial root–zone drip irrigation. The symbols in the following Tables are the same as this Table.
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N uptake. Table 4 shows the effect of irrigation method and N treatment on N uptake of sweet-waxy maize. 
Significant effects of irrigation method and N treatment on shoot, root, seed and total N uptakes were obtained, 
and their interaction only influenced total N uptake notably.

Figure 1. Effects of irrigation method and N treatment on shoot dry mass (a) and total dry mass (b) of sweet-
waxy maize. Data points are averaged values ± standard errors (n = 3), different small letters on the bars are 
significantly different (P < 0.05), and the same letters are not significantly different (P > 0.05). F0: no N supplied; 
F1: 0.2 g N kg−1 soil; F2: 0.18 g N kg−1 soil; F3: 0.16 g N kg−1 soil; F4: 0.14 g N kg−1 soil. CDI: conventional drip 
irrigation, ADI: alternate partial root–zone drip irrigation, FDI: fixed partial root–zone drip irrigation. The 
symbols in Figs 2 and 3 are the same as Fig. 1.

Figure 2. Effects of irrigation method and N treatment on water use efficiency on the basis of total dry mass 
(WUEt) (a) and total N uptake (b) of sweet-waxy maize. Data points are averaged values ± standard errors 
(n = 3), different small letters on the bars are significantly different (P < 0.05), and the same letters are not 
significantly different (P > 0.05).

Figure 3. Effects of irrigation method and N treatment on nitrogen apparent recovery fraction (Nrf) (a) and 
nitrogen agronomic efficiency (NAE) (b) of sweet-waxy maize. Data points are averaged values ± standard 
errors (n = 3), different small letters on the bars are significantly different (P < 0.05), and the same letters are not 
significantly different (P > 0.05).
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Compared with CDI, ADI increased mean shoot and total N uptakes slightly, but FDI decreased mean seed 
N uptake slightly. In comparison of F0, N fertigation treatments (F1-F4) increased shoot, root, seed and total N 
uptakes by 86.4–164.5%, 142.7–228.6%, 59.6–127.1% and 77.8–150.2%, respectively, and the differences were 
obvious (Table 4). F2-ADI had the highest total N uptake (Fig. 2). On average, total N uptake in F2-ADI was 
59.0% higher than that in the other treatments.

NUEs. Impacts of irrigation method and N treatment on nitrogen use efficiency of sweet-waxy maize were 
shown in Table 5. Marked effects of irrigation method, N treatment and their interaction on nitrogen apparent 
recovery fraction (Nrf) were found. CDI had an average Nrf of 27.9%. ADI increased Nrf by 12.4% and FDI low-
ered it by 12.3% when compared with CDI. In a certain range of N rates, Nrf enhanced with the rising of N rates, 
but declined when N rate was over 0.18 g N per kg soil. Moreover, F2-ADI had the highest Nrf (Fig. 3).

Significant effects of irrigation method and N treatment on nitrogen use efficiency (NUE) were observed, but 
there was no remarkable effect of their interaction on NUE (Table 5). As a whole, mean NUE decreased with the 
raise of N rates.

There was notable effect of N treatment on nitrogen physiological efficiency (NPE), but no marked effect of 
irrigation method on NPE. Similarly, the interaction of irrigation method and N treatment did not significantly 
impact NPE (Table 5). In summary, mean NPE also reduced with the rising of N rates.

Remarkable effects of irrigation method, N treatment and their interaction on nitrogen agronomic efficiency 
(NAE) were found (Table 5). Compared to CDI, ADI increased mean NAE by 16.2%, while FDI decreased it by 
10.6%. In a certain range of N rates, NAE enhanced with the increasing of N rates, but decreased when N rate was 
over 0.18 g N per kg soil. F2-ADI had the highest NAE, and was 9.2–38.5% higher than the other treatments (Fig. 3).

Treatment
Water consumption 
(kg pot−1)

WUEt 
(kg m−3)

WUEs 
(kg m−3)

F0 23.36 b 2.40 b 1.67 c

F1 26.75 a 3.77 a 2.36 ab

F2 25.40 ab 4.07 a 2.54 a

F3 24.67 ab 3.77 a 2.34 ab

F4 23.60 b 3.79 a 2.23 b

CDI 28.54 a 3.05 c 1.92 c

ADI 22.86 b 4.10 a 2.54 a

FDI 22.87 b 3.53 b 2.22 b

Significance test (P values)

  N treatment <0.001 <0.001 <0.001

  Irrigation method <0.001 <0.001 <0.001

  N treatment × irrigation method 0.666 <0.001 0.151

Table 2. Mean water use of sweet-waxy maize for different irrigation methods and N treatments. WUEt: water 
use efficiency on the basis of total dry mass, WUEs: water use efficiency on the basis of dry seed yield. Different 
small letters in the same column are significantly different for various N treatments or irrigation methods 
(P < 0.05), and the same letters are not markedly different for various N treatments or irrigation methods 
(P > 0.05).

Treatment
Shoot N content 
(g kg−1)

Root N content 
(g kg−1)

Seed N content 
(g kg−1)

F0 10.62 d 5.84 c 12.23 c

F1 15.06 a 10.32 a 16.84 a

F2 14.46 ab 10.43 a 16.44 a

F3 14.04 b 9.38 b 15.49 b

F4 12.49c 8.93 b 14.74 b

CDI 13.49 a 9.08 a 15.29 a

ADI 13.62 a 9.14 a 15.70 a

FDI 12.89 a 8.72 a 14.44 a

Significance test (P values)

  N treatment <0.001 <0.001 <0.001

  Irrigation method 0.020 0.215 0.001

  N treatment × irrigation method 1.000 1.000 0.999

Table 3. Mean N contents in shoots, roots and seeds of sweet-waxy maize for different irrigation methods and 
N treatments. P values were shown (P < 0.05, significance; P > 0.05, no significance). Different small letters in 
the same column are significantly different for various N treatments or irrigation methods (P < 0.05), and the 
same letters are not markedly different for various N treatments or irrigation methods (P > 0.05).
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As shown in Table 5, irrigation method and N treatment showed obvious effects on root nitrogen uptake effi-
ciency (NRE), but their interaction did not affect NRE markedly. Mean NRE in ADI was 122.0 mg shoot N g−1 
root, higher than that in CDI. But mean NRE in FDI was 113.6 mg shoot N g−1 root, slightly lower than that in 
CDI. In a certain range of N rates, NRE rose with the raise of N rates, but declined when N rate was over 0.18 g N 
per kg soil.

Discussion
Earlier studies showed that alternate partial root–zone irrigation (APRI) or alternate partial root–zone drip irriga-
tion (ADI) decreases crop dry mass accumulation and raises water use efficiency (WUE) in comparison of conven-
tional irrigation (no alternating drying–wetting irrigation) or conventional drip irrigation (CDI)6–8,21. The results of 
this study showed that ADI enhanced dry mass accumulation slightly and water use efficiency on the basis of total 
dry mass (WUEt) of sweet-waxy maize greatly if compared with CDI. Nong et al.22 showed that APRI from seedling 
to jointing stages of maize has no obvious effect on total dry mass and increases WUEt notably. Our study further 
indicated that ADI influenced maize seed yield with N fertigation, and both ADI and FDI decreased maize water 
consumption, thus raised maize water use efficiency on the basis of dry seed yield (WUEs) if compared to CDI, 
which was similar to the results of the previous studies23–25. Overall, the highest WUEt and WUEs were observed in 
ADI. This result can be attributed to the characteristics of ADI, which forms alternate drying and wetting circles in 
root system, and enhances abscicic acid in the roots under drought stress and causes stomata closure, thereby leads 
to the reduction in transpiration loss and the improvement in crop WUE without much yield decrease3,4.

Treatment
Shoot N uptake 
(mg plant−1)

Root N uptake 
(mg plant−1)

Seed N uptake 
(mg plant−1)

Total N uptake 
(mg plant−1)

F0 486.24 d 56.41 c 472.26 d 1014.91 d

F1 1238.70 a 181.78 a 1054.25 a 2474.73 a

F2 1228.04 a 181.20 a 1049.94 a 2459.18 a

F3 1067.08 b 152.25 b 885.36 b 2104.69 b

F4 912.94 c 137.60 b 771.29 c 1821.84 c

CDI 992.52 a 143.84 a 857.29 ab 1993.65 a

ADI 1086.26 a 153.98 a 930.98 a 2171.22 a

FDI 881.03 a 127.71 a 751.59 b 1760.33 a

Significance test (P values)

  N treatment <0.001 <0.001 <0.001 <0.001

  Irrigation method <0.001 <0.001 <0.001 <0.001

  N treatment × irrigation 
method 0.100 0.885 0.809 0.006

Table 4. Mean N uptake of sweet-waxy maize for different irrigation methods and N treatments. Analysis 
of variance (ANOVA) P values were shown (P < 0.05, significance; P > 0.05, no significance). Different small 
letters in the same column are significantly different for various N treatments or irrigation methods (P < 0.05), 
and the same letters are not markedly different for various N treatments or irrigation methods (P > 0.05).

Treatment Nrf (%)
NUE (g dry mass 
g−1 N)

NPE (g dry mass 
g−1 N)

NAE (g dry mass 
g−1 N)

NRE (mg shoot N 
g−1 root DM)

F0 — 92.84 a — — 99.62 d

F1 36.50 ab 65.73 d 46.78 c 17.06 b 130.23 a

F2 40.12 a 67.64 d 49.83 b 20.02 a 131.46 a

F3 34.06 b 71.11 c 50.88 b 17.27 b 120.40 b

F4 28.82 c 77.44 b 58.02 a 16.68 b 109.36 c

CDI 27.89 b 74.07 a 40.27 a 13.94 b 119.08 a

ADI 31.34 a 72.75 a 41.77 a 16.20 a 122.01 a

FDI 24.46 c 78.02 a 41.25 a 12.47 c 113.55 a

Significance test (P values)

  N treatment <0.001 <0.001 <0.001 <0.001 <0.001

  Irrigation method <0.001 <0.001 0.395 <0.001 0.010

  N treatment × irrigation method 0.044 0.738 0.997 0.005 1.000

Table 5. Mean nitrogen apparent recovery fraction (Nrf), nitrogen use efficiency (NUE), nitrogen physiological 
efficiency (NPE), nitrogen agronomic efficiency (NAE), root nitrogen uptake efficiency (NRE) of sweet-waxy 
maize for different irrigation methods and N treatments. Analysis of variance (ANOVA) P values were shown 
(P < 0.05, significance; P > 0.05, no significance). Different small letters in the same column are significantly 
different for various N treatments or irrigation methods (P < 0.05), and the same letters are not markedly 
different for various N treatments or irrigation methods (P > 0.05).
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Previous studies also reported that fertigation has advantage in increasing crop yield, water– and nitrogen– 
use efficiencies11,15,18,26–28. For eggplant, the yield and N agronomic efficiency are augmented in the treatment of 
water and N via drip irrigation if compared with the treatment of soil N application and furrow irrigation (local 
irrigation method as control treatment)29. In this study, compared to no N treatment (F0), N fertigation treat-
ments (F1-F4) raised the yield, total N uptake, WUEt and WUEs of sweet-waxy maize.

Nitrogen apparent recovery fraction (Nrf) is an index to express the percentage of nitrogen fertilizer recovery 
in plants30. In this study, there were no significant differences in Nrf among F1, F2 and F3. In the view of N rate, 
F3 (0.16 g N per kg soil) had the potential for a high N apparent recovery fraction. Comparatively, close to F3, F2 
(0.18 g N per kg soil) had the highest nitrogen apparent recovery fraction (Table 5).

Nitrogen use efficiency (NUE) is a ratio of yield to N supply, which is regarded as an important index in evalu-
ating fertilizer performance31. Hartmann et al.32 showed that NUE declines with the increase of N rates. Similarly, 
NUE decreased as N fertilizer rate rose in our study.

Nitrogen physiological efficiency (NPE) is an index of the plant’s ability to convert nutrients into economic 
yield. Peng et al.33 found that there is a positive correlation between NUE and NPE. In our study, increased N 
fertilizer rate also resulted in a decline in NPE.

Nitrogen agronomic efficiency (NAE) is an index to express the relationship between yield–increasing effect 
and per unit of applied N and it is used to evaluate the contribution of fertilizer N34. Our study showed that in 
a certain range of N rates, NAE enhanced along with the rising of N rates, but reduced when N rate was over 
0.18 g N per kg soil via fertigation (F2) (Table 5), which was in consistent with the finding of Rathore et al.35 The 
decrease in NAE when N rate was over 0.18 g N per kg soil may result from the fact that N uptake and maize yield 
did not raise at the same percentage.

Root N uptake efficiency (NRE) is an index to reflect shoot plant N accumulation regarding to root contri-
bution36–38. In this study, no obvious difference between F1 (0.20 g N per kg soil) and F2 (0.18 g N per kg soil) 
indicated that F2 can result in higher NRE with lower N rate.

Our results showed that F2 increased maize dry mass accumulation and yield, and improved total N uptake 
and NRE compared with F0 (no N applied) under ADI, indicated that rational nitrogen fertigation was beneficial 
for raising yield and N uptake of sweet-waxy maize under ADI. Moreover, the marked interaction of irrigation 
method and N treatment on shoot and total dry masses, WUTt, total N uptake, Nrf and NAE were found, and 
F2–ADI had higher shoot and total dry masses, WUEt, total N uptake, Nrf and NAE. Water and nitrogen have 
mutual promotion in crop growth. On one hand, suitable water supply may promote dry mass accumulation 
and N transport. On the other hand, appropriate N rate may maintain a suitable N concentration in the crop and 
enhance crop drought tolerance. Moreover, moderate N supply may increase WUE in semiarid environments39.

There are several reports about spatial and temporal distribution characteristics of ADI and fertigation on 
crops14,39,40. In this study, N dynamics was not observed, but crop WUE, nitrogen uptake and nitrogen use effi-
ciencies were investigated under the combined effect of ADI and fertigation. More researches in N dynamics in 
responding to ADI and fertigation are needed in the future investigation.

Therefore, the yield, N uptake, WUE and NUE of sweet-waxy maize were determined not only by irrigation 
method, but also by N fertigation, and alternate drip irrigation increased shoot and total dry masses, nitrogen uptake, 
and water- and nitrogen- use efficiencies of sweet-waxy maize with nitrogen fertigation of 0.18 g N per kg soil.

Materials and Methods
Experimental site and materials. Pot experiment was conducted in a greenhouse in Guangxi University, 
Nanning, southern China (22°51′11″ N, 108°17′27″ E). The experimental soil is latosolic red soil (Orthic Acrisol, 
FAO-UNESCO system). The soil texture was clay soil, with a pH of 5.3, available nitrogen (N) (hydrolytic 
N, 1 mol l−1 NaOH hydrolysis) of 31.6 mg kg−1, available P (0.5 mol l−1 NaHCO3) of 33.3 mg kg−1, available K 
(1 mol l−1 neutral NH4OAc) of 100.3 mg kg−1 and soil water content at field capacity (on the mass basis) of 29.8%. 
Maize plant (Zea mays L., a local variety, Jiatian No. 11) was used for this experiment.

Plastic pots were 35 cm in upper diameter, 26 cm in bottom diameter, and 29 cm in depth. The inside of pot 
was sealed with a plastic sheet in the middle to separate into two even halves and prevent water exchange. Each 
pot was filled with 20 kg and each half contained 10 kg soil. Maize seeds were sown at the center of the pots. The 
primary roots were relatively evenly distributed in the two halves of the pot.

Experimental design and implement. There were three irrigation levels and five nitrogen (N) fertiga-
tion treatments in this study, totally 15 treatments (i.e. 3 × 5), and each treatment had three replicates and was 
conducted as a randomized block design, totally 45 pots. The 15 pots in a row were arranged in the east-west 
direction, and the position of the pots was randomly shifted each week. Three irrigation methods included con-
ventional drip irrigation (CDI, both halves of the pot simultaneously irrigated by two drippers), alternate partial 
root-zone drip irrigation (ADI, both halves of the pot alternately irrigated by one dripper) and fixed partial 
root-zone drip irrigation (FDI, only one fixed half of the pot irrigated by one dripper). Before starting water 
control, soil moisture contents of all treatments were maintained at 70–80% of field capacity (θf). Water control 
started at 20 days after the sowing. Weighing the pots in CDI and irrigating with tap water at interval of one day 
or two days depending on climate condition and plant growth status. Irrigation amount in CDI depend on soil 
moisture content, which was maintained within the range of 70–80% θf at the seedling stage, 75–85% θf from the 
jointing stage to harvest. Irrigation amount in ADI and FDI was 80% of each watering in CDI. Drip irrigation 
imitation system consisted of storage bag, plastic tube and dripper (Fig. 4). Storage bag was hanged in two meters 
high above soil surface, and water amount in the storage bag depended on the required water in each pot. One 
plastic tube had one flow–rate controller and one dripper at the end. Two drippers per pot were for CDI and one 
dripper per pot was for ADI or FDI at each irrigation event. Each dripper was kept at flow rate of 0.7 L h−1.
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Five nitrogen (N) treatments included F0 (no N supplied), F1-F4 (0.2, 0.18, 0.16 and 0.14 g N per kg soil via 
fertigation, respectively). N was supplied with urea (N 46%) as topdressing via fertigation, and N fertilization 
dates and percentages during the growing season for different N fertigation treatments were shown in Table 6. 
When topdressing via fertigation, N fertilizer was dissolved in water and mixed with the needed amount of irri-
gation water, applied through imitated system of drip irrigation (Fig. 4). Under CDI, urea solution was evenly 
supplied to the two halves of the pot every topdressing. Under ADI, urea solution was alternately supplied to 
the two halves of the pot in consecutive topdressing, so as to maintain the two halves of the pot evenly fertilized. 
Under FDI, urea solution was supplied to one fixed half of the pot every topdressing. Both P and K fertilizers for 
all treatments were used as basal fertilizer and mixed with soils evenly at the commencement of the experiment. 
P2O5 (0.15 g per kg soil) and K2O (0.2 g per kg soil) were applied with KH2PO4 (P2O5 52%, K2O 34%) and KCl 
(K2O 60%), respectively. All fertilizers were used with analytical reagents.

Three sprouting seeds in each pot were sown on 7 April, 2014. One plant per pot was chosen for uniformity on 
26 April. Plants were harvested on 11 July.

Measurements
Dry mass accumulation and dry seed yield. Shoots, roots and seeds were separately harvested in each 
treatment. Plant materials were firstly dried at 105 °C for 30 min to inactivate enzyme in plants, and then dried at 
60–70 °C to the constant mass. Finally the dry mass was weighed.

Maize water consumption and WUE. Maize water consumption was computed using the following water 
balance equation in the pot18.

Figure 4. Layout of drip irrigation imitation system for three drip irrigation methods. (a) CDI: conventional 
drip irrigation (both halves of the pot simultaneously irrigated by two drippers), (b) ADI: alternate partial root–
zone drip irrigation (both halves of the pot alternately irrigated by one dripper), (c) FDI: fixed partial root–zone 
drip irrigation (only one fixed half of the pot irrigated by one dripper).
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θ θ= − −ET I ( ) (1)h 0

where ET is crop evapotranspiration, I is total irrigation water over the growth season (liters), θh is soil water 
reserved at the harvest stage (liters), θ0 is soil water content at the beginning of the experiment. During the whole 
experiment, there was no leakage and runoff.

Water use efficiency on the basis of total dry mass (WUEt) or dry seed yield (WUEs) was calculated, 
respectively,

= +−WUEt(kg m ) (shoot dry mass root dry mass)/total water consumption (2)3

=−WUEs(kg m ) Dry seed yield/total water consumption (3)3

Maize N content. Maize N content (on dry mass basis) was determined from dried ground material digested 
with H2SO4/H2O2 and analyzed by the Kjeldahl method41. Maize N uptake is the product of root, or shoot, or seed 
N content and the corresponding dry mass. Total N uptake is the sum of root, shoot and seed N uptakes36.

Nitrogen use efficiency. Nitrogen (N) use efficiency parameters, including N apparent recovery fraction 
(Nrf), N- use efficiency (NUE), N physiological efficiency (NPE), N agronomic efficiency (NAE) and root N 
uptake efficiency (NRE), were calculated as follows36,

= − ×NN (%) (Total N uptake at N Total N uptake at N )/ applied at N 100 (4)rf t 0 t

= + +−NUE(g dry mass g N) Total biomass (shoot root seed)/Total N uptake (5)1

= −
−

−NPE(g dry mass g N) (Total biomass at N Total biomass at N )/
(Total N uptake at N Total N uptake at N ) (6)

1
t 0

t 0

= −− NNAE(g dry massg N) (Total biomass at N Total biomass at N )/ applied at N (7)1
t 0 t

=−NRE(mg N g root DM) Shoot and seed N uptake/Root dry mass (8)1

where Nt is N applied treatment, N0 is no N added treatment.

Statistical analyses. General linear model–univariate procedure from SPSS20.0 software was used to do 
analysis of variance (ANOVA). ANOVAs included main effects (irrigation method and N treatment) and their 
interaction. When the interaction of irrigation method and N treatment was significant, all treatments were com-
pared using the Duncan’s multiple range tests, and the results were shown in the Figs 1, 2 and 3. Mean values 
for three irrigation methods or five N treatments were compared for any notable difference using the Duncan’s 
multiple range tests.

Data availability. The authors declare that the data in the current manuscript are available upon request.

References
 1. Ran, M. Y. Current situation and countermeasures on exploitation and utilization of regional water resources in China. J. Sichuan 

Normal Univ. (Nat. Sci.) 24, 416–419 (2015).
 2. Kang, S. Z. Towards water and food security in China. Chin. J. Eco–Agric. 22, 880–885 (2014).
 3. Kang, S. Z., Zhang, J. H., Liang, Z. S., Hu, X. T. & Cai, H. J. The controlled alternative irrigation– a new approach for water saving 

regulation in farmland. Agric. Res. Arid Areas. 15, 1–6 (1997).
 4. Kang, S. Z. & Zhang, J. H. Controlled alternate partial rootzone irrigation: its physiological consequences and impact on water use 

efficiency. J. Exp. Bot. 55, 2437–2446 (2004).

N 
treatment

N rate (g N per 
kg soil)

Percentage of N applied at different growth stages (%)

Jointing stage Booting stage Maturing stage

4/30 5/20 5/31 6/7 6/17 6/26

F0 0 0 0 0 0 0 0

F1 0.20 15 15 20 20 15 15

F2 0.18 15 15 20 20 15 15

F3 0.16 15 15 20 20 15 15

F4 0.14 15 15 20 20 15 15

Table 6. N fertilization dates and percentages during the growing season for different N fertigation treatments. 
4/30, 5/20, 5/31, 6/7, 6/17 and 6/26 were N supplied date.



www.nature.com/scientificreports/

9SCientifiC RepoRtS | 7: 17256  | DOI:10.1038/s41598-017-17560-2

 5. Zorica, J., Radmila, S., Biljana, V. & Prabhaka, M. Partial root–zone drying increases WUE, N and antioxidant content in field 
potatoes. Eur. J. Agron. 33, 124–131 (2010).

 6. Song, L. et al. Effects of alternative partial root zone irrigation on peach growth, productivity, and water use efficiency. Chin. J. Appl. 
Eco. 19, 1631–1636 (2008).

 7. Du, T. S., Kang, S. Z., Zhang, J. H. & Li, F. S. Water use and yield responses of cotton to alternate partial root-zone drip irrigation in 
the arid area of north-west China. Irrig. Sci. 26, 147–159 (2008).

 8. Li, F. S., Liang, J. H., Kang, S. Z. & Zhang, J. H. Benefits of alternate partial root–zone irrigation on growth, water and nitrogen use 
efficiencies modified by fertilization and soil water status in maize. Plant Soil. 295, 279–291 (2007).

 9. Huang, G.Q. Study on the Development Characteristics and Sustainability of Chemical Fertilizer Industry in China. Beijing: Ph D 
thesis in China Agriculture University. 1–2 (2014).

 10. Jokinen, K., Särkkä, K., Näkkilä, J. & Tahvonen, R. Split root fertigation enhances cucumber yield in both an open and a semi–closed 
greenhouse. Sci. Horti. 130, 808–814 (2011).

 11. Singandhupe, R. B., Rao, G. G. S. N., Patil, N. G. & Brahmanand, P. S. Fertigation studies and irrigation scheduling in drip irrigation 
system in tomato crop (Lycopersicon esculentum L.). Eur. J. Agron. 19, 327–340 (2003).

 12. Bhat, R., Sujatha, S. & Balasimha, D. Impact of drip fertigation on productivity of arecanut (Areca catechu L.). Agric. Water Manage. 
90, 101–111 (2007).

 13. Choi, S. T., Kang, S. M., Park, D. S., Hong, K. P. & Rho, C. W. Combined effects of leaf/fruit ratios and N and K fertigation levels on 
growth and distribution of nutrients in pot–grown persimmon trees. Sci. Horti. 128, 364–368 (2011).

 14. Bai, M. J., Xu, D., Zhang, S. H. & Li, Y. Spatial–temporal distribution characteristics of water–nitrogen and performance evaluation 
for basin irrigation with conventional fertilization and fertigation methods. Agric. Water Manage. 126, 75–84 (2013).

 15. Castellanos, M. T. et al. Nitrogen fertigation: An integrated agronomic and environmental study. Agric. Water Manage. 120, 46–55 
(2012).

 16. Mahajan, G. & Singh, K. G. Response of greenhouse tomato to irrigation and fertigation. Agric. Water Manage. 84, 202–206 (2006).
 17. Antonio, J. S. N., Sérgio, Z. & Daniela, C. L. Development and evaluation of an automated system for fertigation control in soilless 

tomato production. Comput. Electron. Agric. 103, 17–25 (2014).
 18. Liang, H. L., Li, F. S. & Nong, M. L. Effects of alternate partial root–zone irrigation on yield and water use of sweet-waxy maize with 

fertigation. Agric. Water Manage. 116, 242–247 (2013).
 19. Rajput, T. B. S. & Patel, N. Water and nitrate movement in drip–irrigated onion under fertigation and irrigation treatments. Agric. 

Water Manage. 79, 293–311 (2006).
 20. Zhang, H. X., Chi, D. C., Wang, Q., Jun, F. & Fang, X. Yield and quality response of cucumber to irrigation and nitrogen fertilization 

under subsurface drip irrigation in solar greenhouse. Agric. Sci. Chin. 10, 921–930 (2011).
 21. Wang, Y. F., Cai, H. Y., Zhang, X. H., Gao, H. & Sun, X. Effects of root–divided alternative irrigation on physiological characteristics 

and yield of flue–cured tobacco. Agric. Res. Arid Areas. 24, 93–98 (2006).
 22. Nong, M. L., Li, F. S. & Liu, S. Effects of partial root–zone irrigation and N, K levels on dry mass accumulation, water and nutrients 

use of maize. Plant Nutri. Fert. Sci. 16, 1539–1545 (2010).
 23. Wei, Z. H. et al. Carbon isotope discrimination shows a higher water use efficiency under alternate partial root–zone irrigation of 

field–grown tomato. Agric. Water Manage. 165, 33–43 (2016).
 24. Ye, Y. S. et al. Alternate wetting and drying irrigation and controlled–release nitrogen fertilizer in late–season rice: Effects on dry 

matter accumulation, yield, water and nitrogen use. Field Crops Res. 144, 212–224 (2013).
 25. Liu, L. J. et al. Combination of site–specific nitrogen management and alternate wetting and drying irrigation increases grain yield 

and nitrogen and water use efficiency in super rice. Field Crops Res. 154, 226–235 (2013).
 26. Du, W. B. Effects of drip fertigation on tomato in the solar greenhouse. J. Shanxi Agric. Sci. 37, 58–60 (2009).
 27. Cabello, M. J., Castellanos, M. T., Romojaro, F., Martínez-Madrid, C. & Ribasa., F. Yield and quality of melon grown under different 

irrigation and nitrogen rates. Agric. Water Manage. 96, 866–874 (2009).
 28. Hebbar, S. S., Ramachandrappa, B. K., Nanjappa, H. V. & Prabhakar, M. Studies on NPK drip fertigation in field grown tomato 

(Lycopersicon esculentum Mill.). Eur. J. Agron. 21, 117–127 (2004).
 29. Aujla, M. S., Thind, H. S. & Buttar, G. S. Fruit yield and water use efficiency of eggplant (Solanum melongema L.) as influenced by 

different quantities of nitrogen and water applied through drip and furrow irrigation. Sci. Horti. 112, 142–148 (2007).
 30. Zheng, Y. M., Ding, Y. F. & Wang, Q. S. Favorable effect of nitrogen before transplanting on nitrogen distribution and utilization 

efficiency in rice rhizosphere soil. Sci. Agric. Sin. 40, 314–321 (2007).
 31. Qiao, J., Yang, L. Z., Yan, T. M., Xue, F. & Zhao, D. Nitrogen fertilizer reduction in rice production for two consecutive years in the 

Taihu Lake area. Agric. Ecosyst. Environ. 146, 103–112 (2012).
 32. Hartmann, T. E. et al. Yield and N use efficiency of a maize-wheat cropping system as affected by different fertilizer management 

strategies in a farmer’s field of the North China Plain. Field Crops Res. 174, 30–39 (2015).
 33. Peng, S. et al. Strategies for overcoming low agronomic nitrogen use efficiency in irrigated rice systems in China. Field Crops Res. 96, 

37–47 (2006).
 34. Cassman, K. G. et al. Opportunities for increased nitrogen–use efficiency from improved resource management in irrigated rice 

systems. Field Crops Res. 56, 7–39 (1998).
 35. Rathore, V. S., Nathawat, N. S., Meel, B. & Bhardwaj, S. Cultivars and nitrogen application rates affect yield and nitrogen use 

efficiency of wheat in hot arid region. Proc. Natl. Acad. Sci. India, Sect. B Biol. Sci. (2016).
 36. Li, F. S., Kang, S. Z., Zhang, J. H. & Cohen, S. Effects of atmospheric CO2 enrichment, water status and applied nitrogen on water– 

and nitrogen–use efficiencies of wheat. Plant Soil. 254, 279–289 (2003).
 37. Lopez–Bellido, R. J. & Lopez–Bellido, L. Efficiency of nitrogen in wheat under Mediterranean conditions: effect of tillage, crop 

rotation and N fertilization. Field Crops Res. 71, 31–46 (2001).
 38. Li, Y. Z., Wang, F. X. & Huang, Y. F. Soil water and nutrient use efficiency: A comparison of several definitions. Chin. J. Soil Sci. 4, 

150–155 (2000).
 39. Kang, S. Z., Shi, W. J., Cao, H. X. & Zhang, J. Alternate watering in soil vertical profile improves water use efficiency of maize (Zea 

mays L.). Field Crops Res. 77, 31–41 (2002).
 40. Zhang, J. J., Li, J. S., Zhao, B. Q. & Li, Y. Simulation of water and nitrogen dynamics as affected by drip fertigation strategies. J. Integre. 

Agric. 14, 2434–2445 (2015).
 41. Helrich, K. Official Methods of Analysis of the Association of Official Analytical Chemists. Arlington: Association of Official Analytical 

Chemists Inc. (1990).

Acknowledgements
This work was supported by Guangxi Science and Technology Project (Title: Capacity building of Guangxi 
Academician Work Station of The New Technology of Water–saving Agriculture in Karst Region) and the 
National Natural Science Foundation of China (51469003). We thank to our research group members for research 
assistance.



www.nature.com/scientificreports/

1 0SCientifiC RepoRtS | 7: 17256  | DOI:10.1038/s41598-017-17560-2

Author Contributions
F.L. and S.K. conceived and designed the experiments. F.F. performed the experiments. F.F. analyzed the data. F.L. 
contributed reagents/materials/analysis tools. FF wrote the manuscript and drew all figures. F.L. and S.K. revised 
and approved the final version of the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Alternate partial root-zone drip irrigation improves water– and nitrogen– use efficiencies of sweet-waxy maize with nitroge ...
	Results
	Dry mass accumulation and dry seed yield. 
	Water use. 
	N content. 
	N uptake. 
	NUEs. 

	Discussion
	Materials and Methods
	Experimental site and materials. 
	Experimental design and implement. 

	Measurements
	Dry mass accumulation and dry seed yield. 
	Maize water consumption and WUE. 
	Maize N content. 
	Nitrogen use efficiency. 
	Statistical analyses. 
	Data availability. 

	Acknowledgements
	Figure 1 Effects of irrigation method and N treatment on shoot dry mass (a) and total dry mass (b) of sweet-waxy maize.
	Figure 2 Effects of irrigation method and N treatment on water use efficiency on the basis of total dry mass (WUEt) (a) and total N uptake (b) of sweet-waxy maize.
	Figure 3 Effects of irrigation method and N treatment on nitrogen apparent recovery fraction (Nrf) (a) and nitrogen agronomic efficiency (NAE) (b) of sweet-waxy maize.
	Figure 4 Layout of drip irrigation imitation system for three drip irrigation methods.
	Table 1 Mean dry mass accumulation and dry seed yield of sweet-waxy maize for different irrigation methods and N treatments.
	Table 2 Mean water use of sweet-waxy maize for different irrigation methods and N treatments.
	Table 3 Mean N contents in shoots, roots and seeds of sweet-waxy maize for different irrigation methods and N treatments.
	Table 4 Mean N uptake of sweet-waxy maize for different irrigation methods and N treatments.
	Table 5 Mean nitrogen apparent recovery fraction (Nrf), nitrogen use efficiency (NUE), nitrogen physiological efficiency (NPE), nitrogen agronomic efficiency (NAE), root nitrogen uptake efficiency (NRE) of sweet-waxy maize for different irrigation methods
	Table 6 N fertilization dates and percentages during the growing season for different N fertigation treatments.




