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Stable isotope measurements 
show increases in corn water use 
efficiency under deficit irrigation
Youjie Wu1,2, Taisheng Du2, Yusen Yuan2 & Manoj K. Shukla3

Deficit irrigation has usually improved crop water use efficiency (WUE), but there are still gaps in our 
understanding of the mechanisms. Four irrigation treatments were a conventional furrow irrigation 
(CFI), border irrigation (BI), alternate furrow irrigation (AFI), and an AFI(M/2) (the amount of irrigation 
was 50% of the AFI). The volume of irrigation water applied were nearly the same for CFI, BI, and 
AFI. The isotope (δ18O and δD) method was used to quantify corn root water uptake (RWU) during 
2013–2014. Compared to CFI and BI, corn yield and WUE were 17.0-30.2% and 13.3-33.8% higher in AFI, 
respectively. No significant yield reduction were observed between AFI and AFI(M/2). Corn RWU was more 
from deeper soil with increasing growth stage for AFI(M/2), AFI, and CFI, but from shallower depth for BI. 
The depth for RWU varied in the order of AFI(M/2)  > AFI > CFI > BI. The maximum root density was in the 
depth of 40–80 cm at the growing stage in AFI, and 4–26% more water was extracted from the wetter 
and deeper root zones. The WUE increased under deficit irrigation, and stimulated the root growth with 
attendant decreases in water loss to deep percolation.

Deficit irrigation methods, such as alternate furrow irrigation (AFI), alternate partial root zone irrigation (APRI), 
and partial root zone drying (PRD), are recognized as agronomic practices that improve crop water use effi-
ciency1–5. When compared with conventional surface irrigation methods, such as conventional furrow irrigation 
(CFI) and border irrigation (BI), AFI improves plant water use efficiency (WUE) without significant yield reduc-
tions6. Compared to conventional surface irrigation, APRI is reported to require 38.4% less irrigation water, with 
only slight decreases in shoot (5.9%) and total dry biomass (6.7%) but a 24.3% increase in WUE7. Other studies 
have reported that APRI can save 25–75% of irrigation water, depending on the crop growth stages, without 
significantly affecting crop yield8. APRI is also reported to improve WUE by 20–29% for corn and 61–66% for 
wheat9. Previous research of deficit irrigation were focused on crop yield, water savings, and plant physiology. But 
the mechanisms in improving water use efficiency under deficit irrigation not studied in great details.

High WUE in APRI is due to the reduction in stomatal opening and a better balance between reproduc-
tive growth and vegetative growth during plant development2,3,10–13. However, determination of the causes of 
enhanced crop yields and WUE under partial root zone drying remains challenging14. Few studies have reported 
the mechanisms involved in improving WUE by analyzing plant root water uptake (RWU) patterns. RWU based 
on the proportion of water absorbed from each soil layer and each root zone and their role in improving the WUE 
under different irrigation regimes have not been fully investigated.

Plant RWU depends on the available soil water, root density, and root distribution15–19. Some studies have 
indicated that due to the large spatial variations in the root distributions and soil moisture, these two alone do 
not necessarily explain the extraction depth and volume of soil water obtained by plants20. Traditional methods, 
such as digging roots for studying RWU, have many practical difficulties, provide little insight into water uptake 
patterns, and may be unreliable indicator of water use in the space-time scale21. Stable isotope techniques are 
effective for understanding plant RWU patterns22–25.

Stable oxygen (δ18O) and hydrogen (δD) isotopes have been widely used to determine plant RWU23,26–28. RWU 
of plant is a mixture of water from different root zones, and it can be assessed by using isotopic compositions of 
water in plants as well as in different soil layers29,30 because there is no stable isotope fractionation during the 
absorption of soil water by plant roots28,29. The naturally occurring vertical gradients of stable isotopes in the 
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soil profile provide important information on RWU from soil layers26,31. Using a stable isotope technique, it was 
reported that soil water from shallow soil depths was taken up by plants mainly during the wet season, while 
soil water uptake from deeper soil depths occurred mainly during the dry season20. Corn obtained 45% of water 
mainly from 0–20 cm soil layer32, and with increasing plant growth isotope analysis showed increases in water 
extraction depths27,30.

In this study, we used a stable isotope technique under four irrigation regimes (AFI, BI, CFI, and AFI(M/2) [the 
amount of irrigation was 50% of the AFI]). Combined with corn root distribution and soil moisture, we assessed 
the RWU patterns using the IsoSource model. The objectives of this study were to: (1) quantify corn RWU from 
each soil layer and root zone at various growth stages under each irrigation regimes, and (2) identify mechanisms 
of WUE improvement under deficit irrigation. It can improve our understanding of corn RWU processes and the 
mechanisms related to WUE.

Materials and Methods
Study site.  The study was conducted during 2013–2014 at Shiyanghe Experimental Station of China 
Agricultural University, Wuwei City, Gansu Province, China (37°52′ N, 102°51′ E). The experimental area has a 
typical continental temperate climate, mean annual sunshine duration 3000 h, and long-term average temperature 
of 8 °C. The mean annual precipitation for the region is 164 mm, mean annual evaporation is 2000 mm (from free 
water surface), and groundwater table varies between 30 and 40 m from soil surface. Soil texture varies from loam 
to sandy loam, with average field capacity water contents of 0.28 and 0.26 cm3/cm3 33, respectively.

Experimental design.  Three surface irrigation treatments applied were AFI (alternate furrow wetted during 
irrigations), CFI (all furrows wetted with every irrigation), and BI (similar to flood irrigation). Total irrigation 
volumes applied to the three irrigation treatments were the same, and an additional alternate furrow irrigation 
treatment (AFI(M/2)) was designed where the applied irrigation was 50% of the AFI. Rainfall, irrigation, and ET0 
during all growing stages of corn are presented in Fig. 1. The irrigation schedule was done following the method 
described in34.

For the irrigation treatments of AFI, CFI, and AFI(M/2), corn was planted on both sides of the ridge (Fig. 2). For 
the BI, corn planting density and management were similar to other treatments with a density of 66,000 plants per 
hectare. The field experiment consisted of 12 plots with three replications per treatment. Each plot was 4 m × 60 m 
for the furrow irrigations and 3 m × 60 m for the border irrigation in 2013. However, the plot size was changed to 
4 m × 100 m and 3 m × 100 m for furrow and border irrigations in 2014, respectively.

Sampling and measurements.  Soils samples were obtained using an auger from the depths of 0–5, 5–10, 
10–20, 20–40, 40–60, 60–80, and 80–110 cm at different growth stages of corn. The stems were also collected 
on the day of the soil sampling between 12:00 and 14:00 hours on sunny days to avoid the isotope fractionation. 
Water was extracted from soil and plant samples using a vacuum extraction system (LI-2000, LICA, China). 
Irrigation water and precipitation samples were collected, filtered25, and stored in airtight containers at 4 °C. 

Figure 1.  The rainfall, irrigation quota, and ET0 during all growing stages of corn. (a) 2013, (b) 2014.
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Samples were analyzed for water-stable isotopes (δD and δ18O) by Water Isotope Analyzer (PICARRO L2130i, 
Picarro, USA). The isotopic composition relative to the standard mean ocean water (SMOW) was calculated as 
follows:
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where (D/H)sample, (18O/16O)sample, (D/H)standard, and (18O/16O)standard are the molar ratios of hydrogen and oxygen 
in the sample and standard water, respectively. The analytical precision was <0.1‰ for δ18O and <2.0‰ for δD.

Soil moisture content determined gravimetrically was multiplied by the soil bulk density to obtain volumetric 
soil moisture content. The soil and water samples were collected at the same time and from nearby locations for 
isotope analysis.

Crop evapotranspiration (ET; mm) was calculated using the water balance equation:

= + + +W WET P I (3)h0

where P is the total rainfall during the growing period (mm), I is the amount of irrigation water (mm), and 
W0 and Wh are the amount of soil water (mm) stored at 1.1 m depth during planting and harvesting stages, 
respectively.

The total water use efficiency (WUEET; kg ha-1mm-1) and irrigation water use efficiency (WUEI; kg ha-1mm-1) 
were estimated as:

=WUE GY
ET (4)ET

=WUE GY
I (5)I

where ET is total water used (mm), I is irrigation water amount (mm), and GY is the grain yield (kg ha-1) har-
vested for all the treatments and plots; final results were estimated by the total grain yield.

Four corn plants per treatment were selected, and root samples were collected with a root auger (diameter 
8 cm) to a depth of 100 cm in 10-cm increments. The root length density (RLD) (cm/cm3) was calculated by divid-
ing the total root length (cm) with the volume (cm3) of the soil, separately by depth.

Statistical analyses.  RWU of corn from each root zone was estimated by IsoSource method35; the method 
was based on multi-source mass balance assessment. The soil profile (0–110 cm) was divided into five parts: 0–20, 
20–40, 40–60, 60–80, and 80–110 cm. The mass balance equation was:

Figure 2.  (a) Sketch of the three different irrigation methods (AFI, CFI, and BI). (b) Soil sampling sites in 
the two-dimensional profile. From south to north were labeled as F1, F2, R1, R2, R3, F3, and F4. R, ridge; F, 
furrow; +, soil samplings from each layer and zone.
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where fi is the proportion of source i to the system; δDp and δ18Op are the plant stem hydrogen and oxygen isotope 
compositions, respectively; and δDi and δ18Oi are the ith soil layer hydrogen and oxygen isotope compositions, 
respectively. The range of potential contributions of water from each soil layer to corn RWU can be estimated by 
the multiple-source mass balance assessment. The results are reported as the distribution of feasible solutions (i.e., 
minimum–maximum)35.

The potential contribution of water source (water in different soil layers and zones) was increased incremen-
tally, and the isotopic mass-balance was performed at each increment32. The number of feasible combinations (N) 
was calculated as:

=
+ -

-
j S

j S
N [(100/ ) ( 1)]!

(100/ )!( 1)! (9)

where j is increment (%) and S is the number of sources. In this study, the increment and tolerances were set as 
1% and 0.01‰, respectively.

Results
Yield and water use efficiency of corn.  Corn yield under AFI was significantly higher than other 
treatments for both years (Table 1). Compared to BI, no significant yield reductions were observed between BI 
and AFI(M/2), even though only half of the irrigation water was applied to AFI(M/2) compared to BI during both 
years. A comparison with CFI showed that 17.0% and 30.2% more corn yield was obtained with AFI during 
2013 and 2014, respectively. Compared to BI, 24.5% and 30.4% more corn yield was obtained with AFI during 
2013 and 2014, respectively. The highest WUEET was obtained for AFI(M/2) during 2013 and for AFI during 2014. 
Meanwhile, the WUEI was highest in AFI(M/2) during both years. In contrast, the lowest WUEET and WUEI were 
obtained for BI during both years. AFI produced the highest yield and improved WUE by 13.3–33.8%, while no 
significant differences in WUEET and WUEI were observed among CFI and BI.

Stable hydrogen and oxygen isotopic composition (δD and δ18O).  Mean values of δ18O and δD for 
precipitation were −4.05‰ and −19.42‰ in 2013 and 2014, respectively (Table 2). The slope and intercepts for 
the best fit linear regression between δD and δ18O for the local meteoric water line (LMWL) in 2013 and 2014 
(δD = 7.2 δ18O + 9.7) were close to those for the global meteoric water line (GMWL; δD = 8 δ18O + 10)36 with an 
R2 of 0.93. The slope and intercept values for LMWL are less than those for the GMWL. The slope and intercept 
values for soil water line (δD = 6.0 δ18O–6.9) were also less than those for the GMWL, reflecting a strong evapo-
ration effect on soil water.

Mean values of δ18O and δD for soil water at 0–20 cm depth were −4.98‰ and −36.06‰ in 2013 and 2014. 
Mean values of δ18O and δD for soil water at 20–110 cm depth were −8.89‰ and −59.19‰, respectively. The 
higher means and errors in the surface soil layer (Fig. 3) than deeper layers indicated isotopic fractionation due 
to evaporation of the shallow soil water37,38. The best-fit linear regression line between δD and δ18O for the corn 
stem water (δD = 5.9 δ18O–7.8) were close to the soil water line. Similar values obtained for δD and δ18O in stem 

Year Treatments
Yield  
(kg ha−1)

Rainfall 
(mm) ET (mm)

WUEET  
(kg ha−1mm−1)

WUEI  
(kg ha−1mm−1)

2013

AFI 6139.79 a 68.4 374.5 a 16.39 b 21.54 b

CFI 5247.53 b 68.4 362.6 a 14.47 bc 18.41 c

BI 4931.82 bc 68.4 363.6 a 13.56 c 17.30 c

AFI(M/2) 4201.62 c 68.4 238.2 b 17.64 a 29.38 a

2014

AFI 7397.08 a 241.0 476.9 b 15.51 a 42.27 b

CFI 5681.23 b 241.0 489.4 ab 11.59 c 32.46 c

BI 5673.03 b 241.0 493.7 a 11.51 c 32.42 c

AFI(M/2) 5105.02 b 241.0 389.5 c 13.01 b 57.97 a

Table 1.  Yield and WUE of corn under different irrigation regimes. Letters following the numbers indicate 
statistical significance within the same column at P0.05 level. WUEET is total water use efficiency and WUEI is 
irrigation water use efficiency. AFI, CFI, BI, and AFI(M/2) represent alternate furrow irrigation, conventional 
furrow irrigation, border irrigation, and alternate furrow irrigation with half of the irrigation water, respectively.
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water and irrigation water indicated that the potential water source for corn was from the soil and irrigation water 
(Fig. 3). The mean values ranged from −86.52‰ to −52.42‰ for δD and −13.41‰ to −7.77‰ for δ18O for both 
years (Table 2).

In this study, only δ18O data were further analyzed because the distribution of hydrogen and oxygen isotopes 
showed a good uniformity, and the fractionation of δ18O was less significant than that of δD.

Corn water uptake pattern.  The δ18O in the soil water profile decreased with depth (Fig. 4). The depth, 
corresponding to the point of intersection between δ18O in the soil water profile and stem water line, was con-
sidered to be the depth from where water uptake occurred (Fig. 4a–c). At this depth, there was no stable isotope 
fractionation during plant water uptake, and the isotopic composition of water was consistent with that of the 
stem water23. At the jointing stage, the intersection between δ18O in stem water and soil water for BI treatment 
was between 0 and 20 cm soil depth and for AFI and CFI, it was between 20 and 40 cm depth (Fig. 4a). Thus, corn 
RWU was mainly from the 0–20 cm layer under BI and from 20–40 cm layer under AFI and CFI at the jointing 
stage. At the heading stage, the intersection from 0–20 and 40–60 cm depths for three irrigation regimes (Fig. 4b) 
suggested that corn mainly used water from the 0–20 cm depth under BI and from 40–60 cm depth under AFI 
and CFI. At the filling stage, corn mainly absorbed water from the 20–40, 40–60, and 60–80 cm depths under BI, 
CFI, and AFI, respectively (Fig. 4c).

Depth for corn RWU for AFI(M/2) increased with the growth stage. At each growth stage, corn RWU 
for AFI(M/2) was from deeper soil depths than AFI. For example, corn RWU for AFI(M/2) was from 60–80 and 
80–100 cm depths at the heading and filling stage, respectively, while for AFI it was from 40–60 and 60–80 cm 
depths (Fig. 4d–f).

Samples

δ18O (‰) δD (‰)

Linear relationMin Max Mean Min Max Mean

Precipitation −9.71 3.34 −4.05 −63.59 22.05 −19.42 δD = 7.2 δ18O + 9.7 
(R2 = 0.93, n = 44)

Soil Water

0–5 cm −12.43 3.23 −3.24 −81.97 17.66 −20.36

δD = 6.0 δ18O −6.9 
(R2 = 0.94, n = 557)

5–10 cm −11.60 −0.87 −5.45 −75.04 −8.49 −34.71

10–20 cm −12.38 −1.33 −6.82 −85.29 −13.10 −44.58

20–40 cm −11.50 −3.14 −8.58 −75.60 −24.61 −55.37

40–60 cm −13.97 −4.53 −9.37 −87.85 −29.21 −60.81

60–80 cm −13.27 −6.34 −9.78 −86.17 −34.77 −68.07

80–110 cm −14.38 −7.71 −10.84 −94.17 −46.24 −76.76

Stem water −13.38 −7.80 −10.55 −93.01 −50.07 −71.87 δD = 5.9 δ18O − 7.8 
(R2 = 0.93, n = 89)

Irrigation water −13.41 −7.77 −10.04 −86.52 −52.42 −68.73 δD = 5.7 δ18O − 8.4 
(R2 = 0.96, n = 26)

Table 2.  Isotope compositions of water samples and relationship between δD and δ18O during 2013 and 2014.

Figure 3.  Relationship between δD and δ18O of water samples during 2013 and 2014.
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In the frequency histograms produced from the IsoSource method (multi-source mass balance, results are 
average for the growing stage of corn), corn mainly used water from the soil zones where the histogram patterns 
were relatively convergent meaning they had a crest value (Fig. 5). For example, histogram patterns were relatively 
convergent at the 20–40 cm soil depth and below the ridge (R2 and R3 as shown in Fig. 5a, AFI), indicating that 
corn primarily used water from the 20–40 cm depth at the jointing stage. For AFI, about 4–78% and 16–66% of 
corn RWU was accounted for from the ridge (R2, R3) with the crest values of 38% and 48%, respectively. Thus, 
approximately 38% and 48% of water was mainly absorbed from the 20–40 cm depth below R2 and R3 under AFI. 
With 2–74% and 22–64% of RWU from the 20–40 cm depth below R2 and R3, CFI had the highest proportion 
RWU of 34% and 42%, respectively (Fig. 5a, CFI). Similarly, approximately 44% and 36% of water was absorbed 
from the 20–60 cm depth below R1 and R2 under AFI(M/2) (Fig. 5a, AFI(M/2)), and 40% from the 0–20 cm depth 
under BI (Fig. 5a, BI).

At the heading stage for AFI (Fig. 5b), the RWU of corn was primarily from the 40–60 cm depth, accounting 
for 22% and 40% from F2 and R2, respectively (Fig. 5b, AFI); and 30% and 34% from R2 and R3 at the 20–60 cm 
depth, respectively, for CFI (Fig. 5b, CFI). For AFI(M/2), RWU was 32% from both R2 and F3 at the 40–80 cm 
depth(Fig. 5b, AFI(M/2)); and for BI, it was 46% from the 0–20 cm depth (Fig. 5b, BI).

At the filling stage, the RWU for AFI was primarily from the 40–80 cm depth, accounting for 36% and 38% 
from R2 and R3, respectively (Fig. 5c, AFI). It was 34% and 36% from R1 and R2 at the 40–60 cm depth, respec-
tively for CFI (Fig. 5c, CFI); 36% and 40% from R1 and R2 at the 60–100 cm depth, respectively for AFI(M/2) 
(Fig. 5c, AFI(M/2)); and 50% from the 0–40 cm depth for BI (Fig. 5c, BI).

Root distribution and soil moisture profile.  Spatial distribution of the soil profile was influenced by 
trenching and furrows construction for AFI, CFI, and AFI(M/2), and those also influenced the soil profile wetting 
and root distribution within 0–10 and 40–80 cm depths (Fig. 6). At the heading stage, the maximum root length 
density (RLD) was obtained at 0–10 and 60–70 cm depths for AFI, 0–10 and 50–60 cm depths for CFI, and 0–10 
and 60–70 cm depths for AFI(M/2). However, maximum RLD occurred only at the 0–20 cm depth for BI (Fig. 6b). 
The maximum depth of roots for AFI(M/2) was greater than that for AFI, CFI, and BI during each growth stage. 
For example, at the jointing stage, roots were found up to 100 cm deep for AFI(M/2), 90 cm for AFI, 80 cm for CFI, 
and 70 cm for BI (Fig. 6a). Compared with CFI, corn root distribution south and north of the ridge center was 
asymmetric under AFI and AFI(M/2), but it was symmetric under BI. AFI changed the soil profile wetting and 
stimulated deeper and wider root growth in the dry side of the profile3,39.

The soil moisture profiles for the three corresponding periods under each of the four irrigation regimes 
are shown in Fig. 7. For AFI, the soil water distribution in two-dimensional profile was not symmetric. The 
two-dimensional distribution of the soil water profile in AFI(M/2) was similar to AFI, but water content was less 
than AFI at most depths. For CFI, the soil moisture was greatest at the 60–90 cm depth, it increased asymptotically 
for BI with increasing soil depth, and was near field capacity water content (28%) below 80 cm.

Figure 4.  δ18O of soil water and corn stem water under different irrigation regimes. (a,d) Jointing, (b,e) 
heading, and (c,f) filling stage. (Based on the theory that if the soil water isotope composition of one certain 
layer is similar to the plant stem water, it can indicate that this layer of soil water was mainly absorbed by plant 
roots).
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Corn water uptake pattern of two-dimensional soil profile within a short irrigation cycle.  Soil 
water content was higher at deeper soil depths one day prior to the irrigation (Fig. 8a), and corn RWU was 
12–50% from the 60–80 cm depth of R1 (36%) and 16–52% from the 60–80 cm depth of R2 (38%) (Fig. 8a). One 
day after the irrigation, with a higher soil moisture in the top soil depths of the irrigated furrows, 32–78% and 
14–64% of water were extracted from the 0–20 cm depth of R3 and 20–40 cm depth of F1, respectively (Fig. 8b). 
Three days after the irrigation, about 32% and 34% of water was taken up from the 20–40 cm depth of R3 and 

Figure 5.  Frequency histograms produced from the IsoSource method (multi-source mass balance) showing 
estimated proportion of total corn water uptake from each root zone of two-dimensional soil profile under 
different irrigation regimes. (a) Jointing stage, (b) heading stage, and (c) filling stage. (Results are average for the 
growing stage of corn).
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40–60 cm depth of F1, respectively (Fig. 8c). Seven days after the irrigation, with 0–70% and 6–80% of water 
uptake were from the 40–60 cm depth of R1 and 60–80 cm depth of R2, respectively (Fig. 8d). Therefore, combin-
ing the soil moisture profile with RWU patterns within the irrigation cycle showed that corn RWU depths varied 
with the change in soil moisture. In AFI, more water was taken up from the wetter (irrigated) part of the root 
zones, which can save water by reduced deep percolation loss.

Discussion
Stable isotope techniques for quantifying crop water uptake.  In our study, the slope and intercept 
values in the regression equation for soil water were smaller than those for the local meteoric water line (LMWL), 
indicating a strong kenetic fractionation and a weak equilibrium fractionation respectively, infering a strong 
evaporation effect on soil water during water uptake by crops. Comparison between the isotopic composition 
of soil water and stem water indicated that corn stem water was taken up from soil water from different depths 
under different irrigation treatments (Fig. 4). Results of the direct inference approach were consistent with the 
multi-source mass balance assessment (Fig. 5) as well as with published references18,30,40. The stable isotope analy-
ses improved our understanding of corn RWU processes and active rooting zones21. Using stable isotope analyses, 
Asbjornsen et al.32. confirmed that corn obtained up to 45% of water from shallow soil depths (0–20 cm), which 
was similar to our result under BI. Therefore, stable isotope techniques provided an effective quantifying method 
for explaining soil and plant water dynamics. Traditional methods, such as chemistry solutions of the soil41, anal-
ysis of a plant’s root system20, and sap flow42,43, can not distinguish these effects. Meanwhile, the sources of error in 
this isotope-based study may come from the variability of isotopic signatures, sample size and time, and weather 
conditions. It is still a great challenge to accurately calculate RWU. We expect that future refinement of methods 
would produce accurate assessment of soil and plant water dynamics.

Root distribution and soil moisture profile under different irrigation regimes.  In this study, the 
water uptake by the corn roots occurred from deeper soil layer with the increasing growth stages in AFI, AFI(M/2), 
and CFI, but it was from shallow soil depths under BI. At the same time, depth of corn RWU under four irriga-
tion methods varied in the order AFI(M/2) > AFI > CFI > BI. Compared to conventional irrigation, AFI increased 
RWU from deeper and wetter root zones.

Figure 6.  Corn root distribution under the four irrigation regimes at different growth stages. (a) Jointing stage, 
(b) heading stage, and (c) filling stage. S, south of the center of the ridge (or corn for BI); N, north of the center 
of the ridge (or corn for BI).
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Root distribution is a crucial for plant uptake18,44, and as rooting depth increases water is taken from succes-
sive deeper soil depths39,45. Similar to Aina and Fapohunda (1986) for crops with fibrous roots, corn roots were 
mostly found in the 0–40 cm depth for BI. Thus, RWU of corn was mainly from the 0–40 cm soil depth during 
the growing season for BI30,32. In contrast, in AFI the maximum root density was in the depth of 40–80 cm at the 
late growing stage, which was in agreement with Li et al.39. A wider and deeper root distribution was obtained for 
AFI(M/2) that also increased RWU from deeper soil zones.

Similar to this study, some previous studies also reported that plants prefer water uptake from near the soil 
surface after irrigation, but from deeper soil depths when the shallow soil water gets depleted18,46–49. Our results 
suggest that the amount of water that corn obtained from any soil layer and root zone depended on both soil 
water availability and root distribution. However, the leading factor affecting RWU of corn was the root distribu-
tion within the entire growing season and the soil moisture within a relatively shorter irrigation cycle.

The reasons related to improving WUE by analyzing plant RWU pattern and soil water distri-
bution.  In this study, AFI increased corn yield when compared to BI. There was no significant yield reduction 
when only 50% of irrigation was applied (AFI(M/2)), and WUE substantially improved. The enhanced crop yields 
and WUE under deficit irrigation were possible because more water uptake took place from the wetter part of the 
corn root system that compensated for on the low uptake from the drier side.

This study showed that approximately 4–26% more water uptake was from the wetter side of AFI than CFI, 
suggesting that the RWU ability in AFI exceeded that in CFI. More water uptake was from the deeper soil depths 
of AFI than BI. AFI has greater potential for water savings by increasing the RWU from wetter as well as deeper 
soil depths. Our results are also in agreement with some previous studies3,7,11. Plants are able to modify their pat-
terns of RWU in response to different levels of available water in their root zone.

Improved WUE for AFI and AFI(M/2) could also be explained by analyzing the soil water profiles2,3. An upward 
gradient of soil water existed in the root zone of AFI. In contrast, a downward gradient existed in the root zone 
of CFI. Thus, water in AFI was stored in the root zone, decreasing deep percolation loss. No yield reductions in 
AFI(M/2) during 2014 are difficult to explain, although it could be likely due to supply of water from deeper depths 
>110 cm9. However, yield reductions were noted in 2013, likely due to much lower precipitation of 68.4 mm in 
2013 than 241.0 mm in 2014 (Table 1).

Figure 7.  Soil moisture profile under the four irrigation regimes at different growth stages. (a) Jointing stage, 
(b) heading stage, and (c) filling stage. The sampling time for soil moisture was consistent with the samples of 
root and soil water isotopes.
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Conclusion
This study used stable isotope analysis, soil water distribution, and root distribution to quantify corn water uptake 
and water use efficiency for four irrigation methods. A larger proportion of corn RWU from deeper soil layer was 
observed for AFI, and generally varied as AFI(M/2) > AFI > CFI > BI. RWU pattern varied with the soil moisture 
within a short irrigation cycle and the root distribution over the growing season. AFI increased RWU by 4–26% 
from wetter root zones and decreased water loss to deep percolation, while increasing corn yield by 17.0–30.4%. 
Applying alternate furrow irrigation to field crops has greater potential for water savings, improving WUE, 
and maintaining yields. Therefore, the cause of enhanced crop yields and WUE under deficit irrigation can be 
attributed to its stimulation to root growth and promotion of a higher use efficiency of soil water with attendant 
decreases in water loss to deep percolation. Isotope analysis is shown to be an effective method to quantify RWU, 
and soil water distribution for different irrigation methods. AFI is an important technique for improving water 
use efficiency, and could play a crucial role in agricultural water management.

References
	 1.	 Davies, W. J., Bacon, M. A., Thompson, D. S., Sobeih, W. & Rodríguez, L. G. Regulation of leaf and fruit growth in plants growing in 

drying soil: exploitation of the plants’ chemical signalling system and hydraulic architecture to increase the efficiency of water use in 
agriculture. Journal of experimental botany 51, 1617–1626 (2000).

	 2.	 Du, T. S., Kang, S. Z., Zhang, J. H. & Davies, W. J. Deficit irrigation and sustainable water-resource strategies in agriculture for 
China’s food security. Journal of experimental botany 66, 2253–2269 (2015).

	 3.	 Kang, S. Z. & Zhang, J. H. Controlled alternate partial root-zone irrigation: its physiological consequences and impact on water use 
efficiency. Journal of experimental botany 55, 2437–2446 (2004).

	 4.	 Qiu, R., Liu, C., Wang, Z., Yang, Z. & Jing, Y. Effects of irrigation water salinity on evapotranspiration modified by leaching fractions 
in hot pepper plants. Sci Rep 7, 7231 (2017).

	 5.	 Wang, J. et al. Flowering Characteristics and Yield of Maize Inbreds Grown for Hybrid Seed Production under Deficit Irrigation. 
Crop Science 57, 1–13 (2017).

	 6.	 Du, T. S., Kang, S. Z., Zhang, J. H., Li, F. S. & Hu, X. T. Yield and physiological responses of cotton to partial root-zone irrigation in 
the oasis field of northwest China. Agricultural Water Management 84, 41–52 (2006).

	 7.	 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 and Soil 295, 279–291 (2007).

	 8.	 Zhang, X. Y., Wang, Y. Z., Sun, H. Y., Chen, S. Y. & Shao, L. W. Optimizing the yield of winter wheat by regulating water consumption 
during vegetative and reproductive stages under limited water supply. Irrigation Science 31, 1103–1112 (2013).

	 9.	 Kang, S. Z., Liang, Z. S., Pan, Y. H., Shi, P. Z. & Zhang, J. H. Alternate furrow irrigation for maize production in an arid area. 
Agricultural Water Management 45, 267–274 (2000).

	10.	 Davies, W. J. & Zhang, J. Root signals and the regulation of growth and development of plants in drying soil. Annual review of plant 
biology 42, 55–76 (1991).

	11.	 Kang, S. Z., Liang, Z. S., Hu, W. & Zhang, J. H. Water use efficiency of controlled alternate irrigation on root-divided maize plants. 
Agricultural Water Management 38, 69–76 (1998).

	12.	 Shasha, J. I. et al. Effect of a new antitranspirant on the physiology and water use efficiency of soybean under different irrigation rates 
in an arid region. Frontiers of Agricultural Science and Engineering 4 (2017).

	13.	 Ji, S. et al. A modified optimal stomatal conductance model under water-stressed condition. International Journal of Plant Production 
11, 1735–6814 (2017).

Figure 8.  Soil moisture profile and frequency histograms of corn water uptake from different soil zone under 
AFI. (a) 1 d before irrigation, (b) 1 d after irrigation, (c) 3 d after irrigation, and (d) 7 d after irrigation.



www.nature.com/scientificreports/

1 1SCiEntifiC ReportS |  (2018) 8:14113  | DOI:10.1038/s41598-018-32368-4

	14.	 Dodd, I. C. et al. The importance of soil drying and re-wetting in crop phytohormonal and nutritional responses to deficit irrigation. 
Journal of experimental botany 66, 2239 (2015).

	15.	 Meinzer, F. et al. Dynamics of water transport and storage in conifers studied with deuterium and heat tracing techniques. Plant, cell 
& environment 29, 105–114 (2006).

	16.	 Knight, J. H. Root distributions and water uptake patterns in Eucalypts and other species. 66–93 (1999).
	17.	 Yang, B., Wen, X. & Sun, X. Irrigation depth far exceeds water uptake depth in an oasis cropland in the middle reaches of Heihe River 

Basin. Sci Rep-Uk 5 (2015).
	18.	 Liu, Y. H. et al. Analyzing relationships among water uptake patterns, rootlet biomass distribution and soil water content profile in 

a subalpine shrubland using water isotopes. European Journal of Soil Biology 47, 380–386 (2011).
	19.	 Sun, S. J., Meng, P., Zhang, J. S. & Wan, X. Variation in soil water uptake and its effect on plant water status in Juglans regia L. during 

dry and wet seasons. Tree physiology 31, 1378–1389 (2011).
	20.	 Dawson, T. E. & Pate, J. S. Seasonal water uptake and movement in root systems of Australian phraeatophytic plants of dimorphic 

root morphology: a stable isotope investigation. Oecologia 107, 13–20 (1996).
	21.	 Ehleringer, J. & Dawson, T. Water uptake by plants: perspectives from stable isotope composition. Plant, cell & environment 15, 

1073–1082 (1992).
	22.	 Chimner, R. A. & Cooper, D. J. Using stable oxygen isotopes to quantify the water source used for transpiration by native shrubs in 

the San Luis Valley, Colorado USA. Plant and Soil 260, 225–236 (2004).
	23.	 Dawson, T. E. & Ehleringer, J. R. Streamside trees that do not use stream water. Nature 350, 335–337 (1991).
	24.	 Weiwei, L. U., Xinxiao, Y. U., Jia, G., Hanzhi, L. I. & Liu, Z. Responses of Intrinsic Water-use Efficiency and Tree Growth to Climate 

Change in Semi-Arid Areas of North China. Sci Rep-Uk 8 (2018).
	25.	 Wu, Y. J. et al. Quantification of maize water uptake from different layers and root zones under alternate furrow irrigation using 

stable oxygen isotope. Agricultural Water Management 168, 35–44 (2016).
	26.	 Meißner, M., Köhler, M., Schwendenmann, L., Hölscher, D. & Dyckmans, J. Soil water uptake by trees using water stable isotopes 

(δ2H and δ18O)−a method test regarding soil moisture, texture and carbonate. Plant and Soil 376, 327–335 (2013).
	27.	 Zhang, C. Z. et al. Coupling a two-tip linear mixing model with a δD–δ18O plot to determine water sources consumed by maize 

during different growth stages. Field Crops Research 123, 196–205 (2011).
	28.	 White, J. W., Cook, E. R. & Lawrence, J. R. The DH ratios of sap in trees: Implications for water sources and tree ring DH ratios. 

Geochimica et Cosmochimica Acta 49, 237–246 (1985).
	29.	 Brunel, J. P., Walker, G., Dighton, J. & Monteny, B. Use of stable isotopes of water to determine the origin of water used by the 

vegetation and to partition evapotranspiration. A case study from HAPEX-Sahel. Journal of hydrology 188, 466–481 (1997).
	30.	 Wang, P., Song, X., Han, D., Zhang, Y. & Liu, X. A study of root water uptake of crops indicated by hydrogen and oxygen stable 

isotopes: A case in Shanxi Province, China. Agricultural Water Management 97, 475–482 (2010).
	31.	 Plamboeck, A., Grip, H. & Nygren, U. A hydrological tracer study of water uptake depth in a Scots pine forest under two different 

water regimes. Oecologia 119, 452–460 (1999).
	32.	 Asbjornsen, H., Mora, G. & Helmers, M. J. Variation in water uptake dynamics among contrasting agricultural and native plant 

communities in the Midwestern U.S. Agriculture, Ecosystems & Environment 121, 343–356 (2007).
	33.	 Wu, Y. J. et al. An isotope method to quantify soil evaporation and evaluate water vapor movement under plastic film mulch. 

Agricultural Water Management 184, 59–66 (2017).
	34.	 Du, T. S., Kang, S. Z., Sun, J. S., Zhang, X. Y. & Zhang, J. H. An improved water use efficiency of cereals under temporal and spatial 

deficit irrigation in north China. Agricultural Water Management 97, 66–74 (2010).
	35.	 Phillips, D. L. & Gregg, J. W. Source partitioning using stable isotopes: coping with too many sources. Oecologia 136, 261–269 

(2003).
	36.	 Craig, H. Isotopic variations in meteoric waters. Science 133, 1702–1703 (1961).
	37.	 Allison, G. & Hughes, M. The use of natural tracers as indicators of soil-water movement in a temperate semi-arid region. Journal of 

Hydrology 60, 157–173 (1983).
	38.	 Braud, I. et al. Isotopic composition of bare soil evaporated water vapor. Part I: RUBIC IV experimental setup and results. Journal of 

Hydrology 369, 1–16 (2009).
	39.	 Li, C. X. et al. Response of root morphology and distribution in maize to alternate furrow irrigation. Agricultural Water Management 

98, 1789–1798 (2011).
	40.	 Shen, Y. J., Zhang, Z. B., Gao, L. & Peng, X. Evaluating contribution of soil water to paddy rice by stable isotopes of hydrogen and 

oxygen. Paddy and Water. Environment 13, 125–133 (2014).
	41.	 Asano, Y., Compton, J. E. & Church, M. R. Hydrologic flowpaths influence inorganic and organic nutrient leaching in a forest soil. 

Biogeochemistry 81, 191–204 (2006).
	42.	 Green, S. R., Clothier, B. E. & Mcleod, D. J. The response of sap flow in apple roots to localised irrigation. Agricultural Water 

Management 33, 63–78 (2007).
	43.	 Zhao, P. et al. Seasonal variations in vineyard ET partitioning and dual crop coefficients correlate with canopy development and 

surface soil moisture. Agricultural Water Management 197, 19–33 (2018).
	44.	 Aina, P. O. & Fapohunda, H. O. Root distribution and water uptake patterns of maize cultivars field-grown under differential 

irrigation. Plant & Soil 94, 257–265 (1986).
	45.	 Camposeo, S. & Rubino, P. Effect of irrigation frequency on root water uptake in sugar beet. Plant and soil 253, 301–309 (2003).
	46.	 Yang, B., Wen, X. & Sun, X. Seasonal variations in depth of water uptake for a subtropical coniferous plantation subjected to drought 

in an East Asian monsoon region. Agricultural and Forest Meteorology 201, 218–228 (2015).
	47.	 Qiu, R., Du, T., Kang, S., Chen, R. & Wu, L. Assessing the SIMDualKc model for estimating evapotranspiration of hot pepper grown 

in a solar greenhouse in Northwest China. Agricultural Systems 138, 1–9 (2015).
	48.	 Zhang, Y. L. et al. Effects of plastic mulch on the radiative and thermal conditions and potato growth under drip irrigation in arid 

Northwest China. Soil & Tillage Research 172, 1–11 (2017).
	49.	 Yang, Y. et al. Contrasting responses of water use efficiency to drought across global terrestrial ecosystems. Sci Rep-Uk 6, 23284 

(2016).

Acknowledgements
We are grateful for the research grants from the National Science Foundation of China (NSFC) (51725904, 
51439006, 91425302), the Discipline Innovative Engineering Plan (111 Program, B14002), the Research Projects 
of Public Welfare Industry in China (201503125, 201501017).

Author Contributions
Youjie Wu conducted most of the experiment, analyzed the data, and wrote the manuscript. Taisheng Du 
and Yusen Yuan analyzed the data and improved the manuscript. Taisheng Du and Manoj K Shukla provided 
important advices and improved this manuscript. All authors discussed the results and approved the final version 
of the manuscript.



www.nature.com/scientificreports/

1 2SCiEntifiC ReportS |  (2018) 8:14113  | DOI:10.1038/s41598-018-32368-4

Additional Information
Competing Interests: The authors declare 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) 2018

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

	Stable isotope measurements show increases in corn water use efficiency under deficit irrigation

	Materials and Methods

	Study site. 
	Experimental design. 
	Sampling and measurements. 
	Statistical analyses. 

	Results

	Yield and water use efficiency of corn. 
	Stable hydrogen and oxygen isotopic composition (δD and δ18O). 
	Corn water uptake pattern. 
	Root distribution and soil moisture profile. 
	Corn water uptake pattern of two-dimensional soil profile within a short irrigation cycle. 

	Discussion

	Stable isotope techniques for quantifying crop water uptake. 
	Root distribution and soil moisture profile under different irrigation regimes. 
	The reasons related to improving WUE by analyzing plant RWU pattern and soil water distribution. 

	Conclusion

	Acknowledgements

	Figure 1 The rainfall, irrigation quota, and ET0 during all growing stages of corn.
	Figure 2 (a) Sketch of the three different irrigation methods (AFI, CFI, and BI).
	Figure 3 Relationship between δD and δ18O of water samples during 2013 and 2014.
	Figure 4 δ18O of soil water and corn stem water under different irrigation regimes.
	Figure 5 Frequency histograms produced from the IsoSource method (multi-source mass balance) showing estimated proportion of total corn water uptake from each root zone of two-dimensional soil profile under different irrigation regimes.
	Figure 6 Corn root distribution under the four irrigation regimes at different growth stages.
	Figure 7 Soil moisture profile under the four irrigation regimes at different growth stages.
	Figure 8 Soil moisture profile and frequency histograms of corn water uptake from different soil zone under AFI.
	Table 1 Yield and WUE of corn under different irrigation regimes.
	Table 2 Isotope compositions of water samples and relationship between δD and δ18O during 2013 and 2014.




