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a b s t r a c t
Agriculture is one of the largest sources of nutrient contamination, mainly inorganic nitrogen (N) fertilization of intensive crops, such as maize (Zea mays L). Proper irrigation management can reduce nutrient
leaching while maintaining crop yield, which is critical in enhancing the sustainability of agricultural
crops on soils with low water and nutrient holding capacities. A three-year (2012–2014) ﬁeld study
was conducted to evaluate the effects of three irrigation scheduling methods (ISM): Irrigator Pro (IPRO);
Normalized Difference Vegetative Index (NDVI); and Soil Water Potentials (SWP) and two rates of N
applications (NM) on pore water nitrate and phosphate in four soil types (ST) with maize production in
Coastal Plain Region, USA. Soil pore water nitrate varied signiﬁcantly with ISM and NM, but not with ST.
The IPRO method had the lowest soil water pore nitrate followed by SWP and NDVI. The low N application rate resulted in lower nitrate concentration (13.4 mg L−1 ) than the high N rate (17.0 mg L−1 ). Soil
water pore phosphate was not affected by ISM, NM and ST. The use of IPRO reduced the concentration
of pore water nitrate by about 39% and 33% when compared with NDVI and SWP, respectively. Using
IPRO method resulted in lower soil water pore nitrate and phosphate concentrations, results indicate
scheduling method may be a way to reduce nutrient losses. Results of our study suggest that irrigation
management decision may affect nitrogen and phosphorus availability for achieving optimum yield of
maize while potentially minimizing nutrient losses via leaching.
Published by Elsevier B.V.

1. Introduction
Adequate supply of water and nutrients results in higher water
and nutrient use efﬁciency, better crop production control and
avoidance of stress conditions. High-yielding crops, such as maize
(Zea mays, L.) and wheat (Triticum asestivum L.) require large application rates of nitrogen fertilizer to reach optimal yields (Blackmer
and Voss, 1997). Leaching of these nutrients in the form of nitrate-N

Abbreviations: ISM, irrigation scheduling method; IPro, Irrigator Pro; NDVI,
normalized difference vegetative index; SWP, soil water potentials; NO3 − , nitrate;
−3
PO4 , phosphate; ST, soil types; NM, nitrogen management; SD, soil depths; VRI,
variable rate irrigation; ANOVA, analysis of variance; GLM, Generalized Linear
Model; SAS, statistical analysis system; WUE, water – use efﬁciency.
夽 Disclaimer: Mention of a speciﬁc product or vendor does not constitute a guarantee or warranty of the product by the USDA or imply its approval to the exclusion
of other products by the USDA or imply it approval to the exclusion of other products
that may be suitable.
∗ Corresponding author at: USDA-ARS-CPSWPRC, 32611 West Lucas St., Florence,
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and phosphate-P can negatively impact water quality (Sumanasena
et al., 2004). Irrigation may result in increased downward soil water
ﬂux and, as a consequence, greater nutrient loss below the root zone
(Sigua et al., 2010; Zotarelli et al., 2007; Sigua et al., 2005; Vazquez
et al., 2005; Diez et al., 2000; Nguyen et al., 1996; Schneekloth
et al., 1996). Heckrath et al. (1995) reported that dissolved reactive
phosphorus (P) is the largest P fraction in drainage water in permeable soils. Shuman (2001) from his work on leaching of phosphate
showed that P leaching is a potential problem only at high rates
of soluble sources and high irrigation, whereas N is more readily
leached. However, it may be possible that, as a result of improved
water and N and P uptake by crops, efﬁcient irrigation will reduce
nutrient leaching (Burgess et al., 2002).
Irrigation management for maize (Zea mays L.) production in the
southeastern region of USA is difﬁcult because of the highly variable climate along with typical low water holding capacity and low
fertility of the soils. Different types of soils in southeastern coastal
USA have different water holding capacities and hydraulic conductivities; therefore may require different depths and rates of water
application to reach ﬁeld capacity and minimize potential runoff
and/or groundwater leaching of nutrients (Omary et al., 1996).
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In an attempt to improve crop production and protect water
quality, some farmers have started using irrigation scheduling
based on soil moisture and calculations of crop evapotranspiration
commonly performed by means of an energy balance method (Rode
et al., 2009; Gooday et al., 2008; Michael et al., 2008; Donatelli et al.,
2006; Allen et al., 1998). This endeavor involves a commitment by
the producers to optimally manage water, labor and equipment.
Interest in site-speciﬁc irrigation management system has
emerged over the past decade in response to successful commercialization of other site-speciﬁc application technologies in
irrigated agriculture (Stone et al., 2015). This interest can be
attributed to the desire of improving water use efﬁciency (WUE)
as well as complement management of other crop inputs such
as nitrogen for groundwater protection. Variable-rate irrigation
systems used for site-speciﬁc irrigation are capable of spatially allocating limited water resources while potentially increasing proﬁts
for farmers. Spatial water applications attempt to overcome sitespeciﬁc problems that include spatial variability in topography, soil
types, soil-water availability and landscapes features (Stone et al.,
2015; Stenger et al., 2002; Ilsemann et al., 2001). Currently, there
are no readily identiﬁed decision support systems for site-speciﬁc
water management.
There is still limited information on the effects of irrigation
scheduling and its interaction with nitrogen management on
nitrate and phosphate leaching in humid regions such as the
southeastern Coastal Plain. Additionally, site-speciﬁc irrigation
management system has the potential to reduce leaching of nitrogen and/or phosphorus from the crop root zone, but this has not
yet been fully demonstrated in the ﬁeld. There is a need to ﬁnd
scheduling method to precision-apply water for maximum agronomic and environmental utility. A three-year (2012–2014) ﬁeld
study was conducted to evaluate and compare the effects of three
irrigation scheduling methods (ISM): Irrigator Pro (IPRO); Normalized Difference Vegetative Index (NDVI) and Soil Water Potentials
(SWP) and two levels of N applications (NM): 157 and 224 kg N ha−1
on pore water nitrate (NO3 ) and phosphate (PO4 ) in four soil types
(ST) under maize production using variable-rate irrigation in the
southeastern Coastal Plain region of the United States.

2. Materials and methods
2.1. Site description, experimental treatments and experimental
design
2.1.1. Site description
From 2012–2014, maize (Zea mays L.) was grown under conservation tillage on a 6-ha site under a variable-rate center pivot
irrigation (VRI) system near Florence, South Carolina. The study
site has long-term historical data set on soil physical and chemical properties because of different types of researchers conducted
since 1999. Each year, ﬁeld preparation started with an application of glyphosate to control winter weeds. Field tillage at maize
planting consisted of in-row sub-soiling. The maize (Dekalb 66–97
in 2012 and 2013, and Dekalb DKC66-97 in 2014) was planted in
76 cm rows, with a planting population of 79,000 seeds per hectare.
The planting dates for the three years were 3/30/2012, 4/9/2013,
and 4/4/2014. The maize ﬁeld received an annual lime application of 1.7 tons ha−1 in 2013 and 2014. Phosphorus and potassium
fertilizers were also applied at the rate of 118 kg P2 O5 ha−1 and
135 kg K2 O ha−1 in 2012, 2013 and 2014, respectively. Fig. 1 shows
the different dates of nitrogen fertilizer application in the study site
during the growing season of maize. The monthly average rainfall
and irrigation amount in the study site during the growing season
of maize are also presented in Fig. 1.

2.1.2. Experimental treatments and experimental design
The layout of our experimental plots (9.1 × 9.1 m plot) was based
on split-split–split plot in complete block design (Fig. 2). Experimental treatments were consisted of four factors: four soil types
(ST); three irrigation scheduling methods (ISM); two nitrogen management (NM); and two soil depths (SD). Fig. 2 shows the different
locations of ST (main treatment) within the 6-ha site under a
variable rate irrigation (VRI) system. The three sub-treatments consisting of ISM, NM and SD were randomly distributed under each
ST. A total of nine plots were marked at the center of each ST (Fig. 2).
2.1.2.1. Soil types treatment (ST). Soils under the center pivot irrigation system are highly variable. Some of the selected properties
of the soils used in our study are shown in Table 1. These soils consisting of four soil types are as follows: i) Bonnaeau, BnA; loamy,
siliceous, subactive, thermic Arenic Paleudults; ii) Norfolk, NkA;
ﬁne loamy, kaolinitic, thermic Typic Kandiudults; iii) Dunbar, Dn;
ﬁne loamy, kaolinitic, thermic, Aeric Paleaquults; and iv) Noboco,
NcA; ﬁne loamy, siliceous, subactive, thermic Oxyaquic Paleudults
(Fig. 2). Each experimental plot (9.1 × 9.1 m) represented by four
soil types was instrumented with suction lysimeters and soil moisture tensiometers. Suction lysimeters were installed at two depths
(i.e., 30.5 cm and 91.4 cm) while soil tensiometers were installed
at 30 cm soil depth. Additional descriptions on the installations of
suction lysimeters and soil tensiometers can be found in Section
2.3 below.
2.1.2.2. Irrigation scheduling method (ISM). Three methods of irrigation scheduling treatments were evaluated for our study.
Irrigation scheduling methods under the center pivot irrigation
system was replicated three times and was randomly arranged on
every quadrant as shown in Fig. 2. The ﬁrst irrigation treatment was
based on the Irrigator Pro for Corn expert system (IPRO) that was
developed by the USDA-ARS-National Peanut Research Laboratory,
Dawson, GA. This expert system has been tested extensively in uniformly irrigated ﬁelds (Davidson et al., 1998a,b; Lamb et al., 2004,
2007). In this research, IPRO for maize was implemented using
spatial management zones corresponding to variable soil types.
Irrigator Pro uses soil texture and soil water potential measurements to estimate the soil water holding capacity in the root zone
for water balance calculations.
The second irrigation treatment (Soil Water Potential, SWP)
treatment was based on using soil water potential sensors to maintain soil water potentials (SWP) above −30 kPa (approximately 50%
depletion of available water) in the surface 30 cm of soils within a
plot. Soil water potentials were measured from 12 sites within each
soil type. In each treatment and replication, tensiometers (Soilmoisture Equipment Corp, Santa Barbara, CA) were installed in
the individual soil types within each plot at two depths (0.30 and
0.60 m). Measurements were recorded at least three times each
week. The 0.30-m tensiometer in the SWP treatment was used to
initiate irrigation applications. When the soil water potential of
the SWP treatments decreased below −30 kPa, a 12.5-mm irrigation application was applied to that plot. Additionally, if soil water
potentials decreased below −50 kPa, an additional 12.5 mm of irrigation was applied if the rainfall forecast was less than 50%.
The third irrigation treatment was based on remotely sensing
the crop normalized difference vegetative index (NDVI treatment).
The NDVI treatment was used to estimate crop coefﬁcients using
methods similar to those used by Bausch (1993) and Glenn et al.
(2011). These estimated crop coefﬁcients will then be used in the
FAO 56 dual crop coefﬁcient method for estimating crop evapotranspiration (ETc ) and irrigation requirements. Initially in 2012,
the crop coefﬁcients were based on the FAO 56 crop coefﬁcients for
ﬁeld maize (Kcbini = 0.15, Kc mid = 1.15, and Kcbend = 0.5). After crop
establishment and NDVI measurements were collected, the crop
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Fig. 1. Average monthly rainfall distribution (bar graph), irrigation amount (line graph), sampling dates for pore water (represented by downward arrow), soil/plant samples
(represented by inverted triangle) and dates of nitrogen fertilizer application (represented by diamond) in the study site during the growing season of maize (2012–2014).

Fig. 2. Plot map showing the different soil types included in the study under the pivot irrigation system. Each soil type represented by BnA, NkA, Dn and NcA on the ﬁgure
was instrumented with soil tensiometer and suction lysimeter at two depths: 30.5 cm and 91.4 cm.

coefﬁcients were updated and estimated using the soil adjusted
vegetative index (SAVI). The SAVI values were shown to be nearly
linearly related to ET (Glenn et al., 2011). The NDVI measurements
were collected throughout the growing season until tasseling using
a Crop Circle ACS-430 active crop canopy sensor and GeoSCOUT
GLS-400 datalogger (Holland Scientiﬁc, Inc., Lincoln, NE). All sensors were placed approximately 75 cm above the top of the canopy.
A global positioning system was also mounted on the tractor to
allow for the data to be geo-referenced. When collecting data, the
tractor was driven through the ﬁeld at a speed of 3.2 km h−1 .

2.1.2.3. Nitrogen management (NM) and sampling depth (SD). Nitrogen fertilizer was applied at the rate of 157 and 224 kg N ha−1
through the irrigation system in three applications. The lower rate
(157 kg N ha−1 ) of nitrogen application is the recommended rate of
nitrogen application for non-irrigated maize production in Coastal
Plain region. The higher rate (224 kg N ha−1 ) of nitrogen application
is the recommended rate of nitrogen application for irrigated maize
production in Coastal Plain region. All nitrogen fertilizer, except
pre-plant granular applications, was applied via fertigation. The
two depths where leached or pore water samples were collected as
samples become available were 30.5 cm and 91.4 cm, respectively.
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Table 1
Selected properties of the different soils (BnA, NkA, Dn and NcA) that were used in the study.
Soil Properties

Bonneau Soil (BnA)

Norfolk Soil (NkA)

Dunbar Soil (Dn)

Noboco Soil (NcA)

1. Physical Properties
Sand (g kg−1 )
Silt (g kg−1 )
Clay (g kg−1 )
Texture

710
190
100
Loamy Sand

807
167
26
Loamy Sand

604
207
169
Loamy Fine Sand

755
180
85
Loamy Sand

2. Chemical Properties
pH
C (g kg−1 )
N (g kg−1 )
P (mg kg−1 )
K (mg kg−1 )
Ca (mg kg−1 )
Mg (mg kg−1 )
Na (mg kg−1 )
Al (mg kg−1 )
Fe (mg kg−1 )
Cu (mg kg−1 )
Zn (mg kg−1 )

5.5
7.2
0.5
50.9
53.9
247.6
55.6
37.1
687.3
25.1
0.31
4.8

5.2
5.8
0.8
20.3
121.5
244.5
54.7
29.6
924.7
10.7
0.18
3.8

5.2
13.8
0.1
95.4
168.3
419.4
113.2
34.8
1062.7
23.6
0.19
3.5

4.6
8.3
0.6
39.6
77.3
484.9
74.1
35.9
924.4
21.6
0.61
4.1

Bonneau Soil (BnA) – loamy, siliceous, subactive, thermic Arenic Paleudults.
Norfolk Soil (NkA) – ﬁne loamy, kaolinitic, thermic Typic Kandiudults.
Dunbar Soil (Dn) – (ﬁne loamy, kaolinitic, thermic, Aeric Paleaquults).
Noboco Soil (NcA) – ﬁne loamy, siliceous, subactive, thermic Oxyaquic Paleudults.

Table 2
Average (mean ± std. error) concentrations of nitrate and phosphate in pore water from four soil types with maize production as affected by different irrigation scheduling
method and nitrogen management.
Treatments

Year 2 (2013)
Nitrate
−1

(mg L

Year 3 (2014)

Average

Phosphate

Nitrate

Phosphate

Nitrate

Phosphate

)

A. Irrigation Scheduling (ISM)
1. Irrigator PRO (IPRO)
2. NDVI
3. SWP

13.8 ± 1.6
19.2 ± 2.2
17.5 ± 2.1

12.7 ± 2.1
14.6 ± 2.6
12.22 ± 1.9

9.2 ± 1.8
17.0 ± 2.9
15.9 ± 3.7

0.3 ± 0.06
0.3 ± 0.04
0.2 ± 0.02

11.1 ± 1.2ba
17.9 ± 1.9a
16.5 ± 2.2a

5.5 ± 1.0a
6.5 ± 1.3a
5.6 ± 1.1a

B. Nitrogen Mgt. (NM)
1. 157 kg N ha−1
2. 224 kg N ha−1

15.8 ± 1.3
17.8 ± 1.9

12.9 ± 1.8
13.5 ± 1.9

11.5 ± 1.8
16.6 ± 2.8

0.2 ± 0.02
0.3 ± 0.04

13.4 ± 1.2b
17.0 ± 1.7a

5.8 ± 0.9a
5.9 ± 0.9a

C. Soil Type (ST)
1. BnA
2. NkA
3. Dn
4. NcA

17.9 ± 2.6
21.5 ± 2.7
12.4 ± 1.6
15.2 ± 2.1

9.7 ± 1.9
16.2 ± 2.8
12.7 ± 2.6
13.8 ± 2.8

17.2 ± 3.1
9.6 ± 2.2
12.1 ± 1.9
17.6 ± 5.6

0.2 ± 0.03
0.2 ± 0.01
0.2 ± 0.03
0.4 ± 0.09

17.2 ± 2.1a
12.2 ± 1.8a
16.5 ± 1.3a
14.8 ± 3.1a

3.9 ± 0.9a
5.9 ± 1.4a
6.8 ± 1.4a
7.1 ± 1.5a

D. Soil Depth (SD)
1. 30.5 cm
2. 91.4 cm

20.5 ± 1.9
13.3 ± 1.2

10.6 ± 1.7
15.7 ± 1.8

20.4 ± 2.9
6.6 ± 0.7

0.3 ± 0.04
0.2 ± 0.01

20.3 ± 1.9a
9.7 ± 0.7b

4.5 ± 0.8b
7.3 ± 1.0a

BnA – Bonneau loamy ﬁne sand, NkA – Norfolk loamy ﬁne sand, Dn – Dunbar loamy ﬁne sand, NcA – Noboco loamy ﬁne sand; (2012 data was not included in the table, but
included in the calculation of average values).
a
Means followed by the same letter(s) under each column and sub-heading are not signiﬁcantly different from each other at p ≤ 0.05.

2.2. Center-pivot irrigated corn management ﬁeld
Irrigation was performed with center pivot irrigation system
modiﬁed to permit variable application depths to individual areas
of about 9.1 × 9.1 m in size (Omary et al., 1996). The center pivot
length (137 m) was divided into 13 segments, each 9.1 m in length.
Variable rate water applications were accomplished by using three
manifolds in each segment; each had nozzles sized to deliver 1×,
2×, or 4× of a base application depth at that location along the center pivot length. All combinations of the three manifolds provided
application depths of 0 through 7× of the base rate, and the 7×
depth was 12.7 mm when the outer tower operated at 50% duty
cycle. The manifolds were operated by individual solenoid valves
controlled with computer and programmable logic controller (PLC;
model 90-30 Fanuc, Charlottesville, VA) that obtained positional
(angular) data from the C:A:M:S management system (Valmont
Industries, Inc., Valley, NE). A software control program written

in Visual Basic (Microsoft, Richmond, VA) controlled the PLC using
ﬁxed positional data and user-supplied data stored in the computer
and angular positional data from the center pivot management system. A more detailed description of the water delivery may be found
in Stone et al. (2015) and Omary et al. (1996).
2.3. Suction lysimeter, soil moisture tensiometer, leached water
collection and analyses of leached water or pore water
2.3.1. Field installation of suction lysimeter and soil moisture
tensiometer
Each ST was instrumented with six pairs of Soil Moisture Suction Lysimeter (Model 1900) installed at two soil depths (30.5 cm
and 91.4 cm) as shown in Fig. 2. With the use of a 10.2-cm auger,
the site was cored to a depth of 46 cm and 107 cm, respectively. The
soil from the hole was sifted through a 0.6 cm mesh screen to free
it of pebbles to provide a reasonably uniform backﬁll soil for ﬁlling
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around the suction lysimeters. The Soil Moisture Suction lysimeter was inserted into the hole. Bentonite clay was used to backﬁll
the soil surface followed by silica sand layer of about 15.2 cm. The
rest of the hole was backﬁlled slowly with the screened native soil,
free of pebbles and rocks accompanied by tamping continuously
with a metal rod around the hole to prevent surface water from
channeling down between the soil and the body of the sampler. To
collect lysimeter water samples, the clamping ring on the stopper
was removed. The tube ﬁtting on the end of the vacuum hand pump
was inserted into the neoprene tube of the stopper assembly. The
vacuum within the sampler caused the water to move from the soil
through the porous ceramic cup and into the sampler.
2.3.2. Field installation of soil moisture tensiometer
A total of twelve units of soil moisture tensiometer (Soil Moisture Equipment Corp, Santa Barbara, CA) were installed on each soil
type at a depth of 30 cm with four units of soil moisture tensiometer
installed under different irrigation scheduling treatment as shown
in Fig. 2. Measurements were recorded at least three times each
week. The 0.30-m tensiometer in the SWP treatment was used to
initiate irrigation applications.
2.3.3. Collection of leached or pore water
Pore or leached water sample from the suction lysimeter was
collected using a ﬂask with two-hole rubber stopper. One hole was
directly connected to the plastic tubing from the sampler and one
hole was connected to the hand vacuum pump. Stroking the hand
pump created vacuum within the ﬂask which in turn sucks the
sample up from the sampler and into the collection bottle. Suction
lysimeters were completely evacuated one day before and during
the sampling process to ensure that the water samples are fresh and
acceptable for chemical analysis. Fig. 1 shows the different sampling dates for leached or pore water, soils and plant samples in
the study site during the growing season of maize. Total number
of pore water samples collected in three years (2012–2014) from
four soil types of BnA, NkA, Dn and NcA were 113, 97, 96 and 110,
respectively.
2.3.4. Analyses of pore or leached water samples
Pore or leached water samples were transported to the laboratory following collection and refrigerated at 4 ◦ C. Pore or leached
water samples were ﬁltered using a 0.2 m nylon ﬁlter and were
analyzed for soluble anions: nitrate as NO3 −1 and phosphate as
PO4 −3 by Ion Chromatography (IC, Dionex IC-2000, Dionex Corp.,
USA) following the procedures outlined in ASTM International
(2009, 2011).
2.4. Corn harvesting
Corn grain yield were determined by weighing the grain harvested from a 6.1 m length of two rows near the center of soil type
on September 10, 2012, September 16, 2013 and September 11,
2014. Grain yields were corrected to 15% moisture. Additional information on harvesting maize was described in detail by Stone et al.
(2016). Grain yield of maize was not included in our present paper.
2.5. Data reduction and statistical analysis
Concentrations of nitrate and phosphate in soil pore or leached
water were analyzed following the principles of a four-way ANOVA
using PROC GLM (SAS, 2000). The model included ST, ISM, NM,
and SD. Where the F-test indicated a signiﬁcant (p ≤ 0.05) effect,
treatment means were separated following the method of Least
Signiﬁcant Difference (LSD) and/or Duncan Multiple Range Test
(DMRT) using appropriate error mean squares (SAS, 2000).
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Table 3
Summary statistics for the concentrations of pore water nitrate and phosphate as
affected by the different irrigation scheduling method.
Statistics

Nitrate

Phosphate

(mg L−1 )
Irrigation Scheduling Method 1 = IPRO
N
136
11.1
Mean
6.8
Median
0.2
Mode
Range
72.9
Std. Error
1.2
198.5
Variance
2.1
Skewness
4.8
Kurtosis
Irrigation Scheduling Method 2 = NDVI
N
142
17.9
Mean
10.3
Median
0.3
Mode
124.1
Range
1.9
Std. Error
Variance
507.0
2.2
Skewness
5.3
Kurtosis
Irrigation Scheduling Method 3 = SWP
N
138
16.5
Mean
9.1
Median
0.2
Mode
228.9
Range
Std. Error
2.3
685.8
Variance
Skewness
4.8
33.1
Kurtosis

137
5.4
0.2
0.2
63.6
1.0
144.1
2.6
6.9
143
6.5
0.2
0.2
90.3
1.3
228.7
2.8
8.6
139
5.6
5.6
0.2
62.0
1.0
147.4
2.5
6.2

3. Results
3.1. Nitrate concentration in pore water
Soil pore water nitrate varied signiﬁcantly (p ≤ 0.001) with the
interactions of ST × NM × ISM and ST × ISM. The highest concentration of pore water nitrate (22.1 mg L−1 ) when averaged across years
(2012–2014) was from the Noboco (NcA) soil that was fertilized
with 224 kg N ha−1 under the SWP irrigation scheduling method.
On the other hand, the least concentration of pore water nitrate of
about 7.6 mg L−1 was from the IPRO system in Dunbar (Dn) soil with
224 kg N ha−1 (Fig. 3). The interaction effect (p ≤ 0.05) of ST and SD
on pore water nitrate concentration is shown in Fig. 4. Average pore
water concentrations of nitrates (mg L−1 ) in four soils at the upper
soil depth are as follows: BnA – 20.1; NkA – 15.9; Dn – 24.2 and
NcA – 20.6 compared with the average pore water concentrations
(mg L−1 ) at the lower soil depth: BnA – 14.0; NkA – 8.9; Dn – 7.0
and NcA – 8.1 (Fig. 4). Overall, the concentrations of nitrate in pore
water for all soil types at the upper soil depth (30.5 cm) were significantly (p ≤ 0.05) greater than the concentrations of nitrate at the
lower soil depth (91.4 cm).
The different ISM had signiﬁcantly affected the concentration of pore water nitrate (Table 2). The concentrations of pore
water nitrate under the different ISM when averaged across ST
and NM is as follows: NDVI (n = 142; 17.9 mg L−1 ) > SWP (n = 138;
16.5 mg L−1 ) > Irrigator PRO (n = 136; 11.1 mg L−1 ). Table 3 presents
additional statistical parameters on the concentration of nitrate in
soil pore water among the different ISM. It could be well noted that
the median concentration of pore water nitrate (averaged among
ISM in three years) was at or below the 10 mg L−1 nitrate threshold
for drinking water (Sigua et al., 2010). The median concentration
of nitrate leached from system with IPRO was about 6.8 mg L−1
followed by SWP (9.1 mg L−1 ) and NDVI (10.3 mg L−1 ). The concentration of pore water nitrate was not signiﬁcantly affected by
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Fig. 3. Concentrations of pore water nitrate from four different soil types with maize production applied with nitrogen under the different irrigation scheduling method.

Fig. 4. Concentrations of nitrate in pore water at two soil depths from four different soil types under maize production.

soil types (Table 2). Numerically, the concentrations of pore water
nitrate among the different ST in descending order were as follows: (BnA; n = 113; 17.2 mg L−1 ) > (Dn; n = 96; 16.5 mg L−1 ) > (NcA;
n = 110; 14.8 mg L−1 ) > (NkA; n = 97; 12.2 mg L−1 ). Table 4 shows
additional summary statistics for the concentrations of pore water
nitrate and phosphate in four different soils.

On the effect of SD, the upper 30 cm (20.3 mg L−1 ) had signiﬁcantly greater concentration of pore water nitrate compared with
lower depth of 90 cm (9.7 mg L−1 ). Although there was a huge difference in the concentration of pore water nitrate between the
upper and lower SD, the concentration of nitrate at or near 90 cm
depth of 9.7 mg L−1 was below the 10 mg L−1 nitrate threshold for

G.C. Sigua et al. / Agricultural Water Management 186 (2017) 75–85
Table 4
Summary statistics for the concentrations of nitrate and phosphate in pore water
from four different soil types with maize in Coastal Plain region, USA.
Statistics

Nitrate

Phosphate
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Table 5
Average (mean ± std. error) concentration of nitrate in pore water nitrate from four
different soil types with maize applied with two rates of nitrogen.
Nitrogen Application (kg N ha−1 )

SOIL TYPE

(mg L−1 )

157

224
−1

Soil Type 1 = BnA
N
Mean
Median
Mode
Range
Std. Error
Variance
Skewness
Kurtosis

113
17.2
8.8
0.2
124.0
2.1
480.6
2.3
6.3

115
3.9
0.2
0.2
45.7
0.8
81.6
2.9
8.0

Soil Type 2 = NkA
N
Mean
Median
Mode
Range
Std. Error
Variance
Skewness
Kurtosis

97
12.2
8.3
6.4
61.5
1.3
155.9
1.9
3.7

97
5.9
0.2
0.2
63.6
1.4
175.9
2.6
6.9

Soil Type 3 = Dn
N
Mean
Median
Mode
Range
Std. Error
Variance
Skewness
Kurtosis

96
16.5
7.5
0.2
228.9
3.1
923.8
4.5
26.3

96
6.8
0.2
0.2
90.3
1.5
220.3
2.9
10.8

Means followed by the same letter(s) under each column and sub-headings are
not signiﬁcantly different from each other at p ≤ 0.05.

Soil Type 4 = NcA
N
Mean
Median
Mode
Range
Std. Error
Variance
Skewness
Kurtosis

110
14.8
8.3
0.2
101.3
1.8
347.1
1.9
4.3

111
7.1
0.2
0.2
64.8
1.4
224.2
2.2
3.9

4. Discussion

(mg L

drinking water. Table 6 shows the concentration of pore water
nitrate at two soil depths under different ISM. The least concentration of pore water nitrate was observed from IPRO at both soil
depths (i.e., 30.5 cm: 14.6 mg L−1 ; 91.4 cm: 7.3 mg L−1 ).
3.2. Phosphate concentration in pore water
Phosphate concentrations in pore water varied signiﬁcantly
(p ≤ 0.05) with SD, but not with ISM, NM and ST. Concentrations of phosphate in pore water did not vary signiﬁcantly with
interaction effects amongst ST, ISM and NM and SD. The average
pore water phosphate concentration in the upper lysimeter depth
(30.5 cm) was about 4.5 mg L−1 and increased to about 7.3 mg L−1
at the lower lysimeter depth (91.4 cm). Between the upper and the
lower lysimeter depths, concentration of pore water phosphate has
increased by about 62% (Table 2). The interaction effect of soil depth
and irrigation methods on pore water concentration of phosphate
is shown in Fig. 5.
The lowest concentration of pore water phosphate of 5.5 mg L−1
was from IPRO while NDVI (6.5 mg L−1 ) had the greatest concentration of pore water phosphate among the different ISM. Of the
four soil types, NcA (7.1 mg L−1 ) had the greatest concentration
of leached phosphate while BnA (3.9 mg L−1 ) had the least concentration of leached phosphate (Table 4). Summary statistics for

)

15.5 ± 6.6
12.8 ± 0.4
13.4 ± 7.1
10.9 ± 2.5

Bonneau Soil (BnA)
Norfolk Soil (NkA)
Dunbar Soil (Dn)
Noboco Soil (NcA)

18.8 ± 11.3
17.2 ± 3.2
10.5 ± 4.5
22.1 ± 11.3

Table 6
Average (mean ± std. error) concentration of pore water nitrate and phosphate in
soils with maize at two lysimeter depths (30 and 90 cm) under different irrigation
scheduling methods.
Lysimeter Depth

Irrigation
Schedule Method

Nitrate
(mg L−1 )

Phosphate
(mg L−1 )

IPRO
NDVI
SWP

14.6 ± 4.2ba
24.8 ± 5.9a
21.4 ± 6.5a
6.5

3.3 ± 0.8a
5.1 ± 1.6a
5.2 ± 1.5a
3.9

IPRO
NDVI
SWP

7.3 ± 1.6b
10.7 ± 2.3a
10.9 ± 2.1a
3.2

7.8 ± 1.9a
8.0 ± 1.9a
6.1 ± 1.4a
5.1

1. 30.5 cm

LSD0.05
2. 91.4 cm

LSD0.05
a

the concentration of pore water phosphate as affected by different
ISM is shown in Table 3. The concentration of pore water phosphate between the high N application rate (224 kg N ha−1 ) and the
low N application (157 kg N ha−1 ) was almost identical, 5.8 and
5.9 mg L−1 , respectively (Table 2).

4.1. Effects of nutrient management on nitrate and phosphate
concentrations in pore water
The average concentration of pore water nitrate varied signiﬁcantly (p ≤ 0.05) with nitrogen management. Application of
224 kg N ha−1 (17.0 mg L−1 ) yielded greater concentration of soil
pore water nitrate when compared with the application of
157 kg N ha−1 (13.4 mg L−1 ), which is equivalent to about 27%
increase in pore water nitrate concentration (Table 5). Our results
were consistent with the early ﬁndings of Kundu and Mandal
(2009). They reported that there was a direct relationship between
groundwater nitrate levels and nitrogen applications. We have
shown that the average nitrate concentration in pore water from
maize plots fertilized with 224 kg N ha−1 was signiﬁcantly higher
than the concentrations of nitrate in pore water that received lower
rate nitrogen fertilizer (157 kg N ha−1 ). However, our results did
not agree with Yefang and Somers (2008) who reported that high
concentrations of nitrate in groundwater under intensive potato
cultivation were positively correlated, which supports the idea that
a high proportion of leached nitrates that have extended below
the crop root zone will inevitably end up in groundwater. Earlier
studies have shown that pore water nitrate could increase sharply
when the nitrogen fertilizer application rate exceeds a certain value
(Bhogal et al., 2000; Sigua et al., 2010). The nitrate concentrations that we measured from the soil pore water varied greatly
with NM. We found that low N application rate resulted in lower
pore water nitrate concentration (13.4 mg L−1 ) than the high N rate
(17.0 mg L−1 ). We may have seen a higher pore water nitrate from
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Fig. 5. Interaction effects of soil depths and irrigation scheduling method on phosphate concentration in pore water.

Fig. 6. Relationship of mean (averaged: 2012–2014) pore water nitrate and total water usage (irrigation + rainfall) as affected by different ISM. (Total water usage was
published in early paper by Stone et al., 2016).

the application of high N rate (Fig. 4), however, the overall concentration of nitrate at soil depth beyond the rooting depths of maize
was much lower in concentration when compared with the upper
30 cm.
Shuman (2001) reported that the source and rate of fertilizer
nitrate and phosphate along with irrigation rate all inﬂuence the
leaching of nitrate and phosphate. Results show that P leaching is
a potential problem only at high rates of soluble sources and high
irrigation, whereas N is more readily leached. Overall, our results
suggest that irrigation management is at least equal in importance to, and possibly of greater importance than, nitrogen fertilizer
application affecting the leaching of nitrate. Growers should be cautioned to minimize application of nitrogen containing fertilizers
on a ﬁeld that has higher drainage volume and/or with higher soil
inﬁltration rates.

4.2. Effects of irrigation scheduling and soil type on the
concentrations of nitrate and phosphate in pore water
Recently published work of Stone et al. (2016) on irrigation
management using expert systems, soil water potentials and vegetative indices for spatial applications showed that each of the three
ISMs were able to provide the adequate amount of irrigation water
to produce good to excellent maize yield. Their results provided
strong evidence to support the positive effect of different ISM for
maximum agronomic productivity of maize while optimizing environmental utility of the different ISM as shown in our present study
in Coastal Plain soils. The average maize yields for the three-year
study across the ISM treatments ranged from 12.9 to 13.4 Mg ha−1 .
For the three-year study, Stone et al. (2016) have evaluated the
overall and inter-annual homogeneity of variance of maize yield to
determine if there were greater variances in yield among the different soil types. In 2013, there was a slight signiﬁcant difference
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in variances of maize yield among soil types. The greatest maize
yield of 14.4 Mg ha−1 was from IPRO while the lowest maize yield
of 12.9 Mg ha−1 was from plots with SWP.
Our results have shown that the different ISM had signiﬁcantly
affected pore water concentrations of nitrate and phosphate in soils
under maize production in Coastal Plain region. Since Irrigator PRO
method resulted in lower pore water nitrate and phosphate concentrations, results indicate scheduling method may be a way to
reduce nutrient losses to leaching on these Coastal Plain soils. The
use of IPRO reduced the concentration of nitrate leached by about
39% and 33% when compared with NDVI and SWP, respectively.
Irrigator PRO may have some advantages in terms of minimizing
the concentration of nitrate being leached during irrigation when
compared with NDVI and SWP. Irrigator PRO can assist producers
with irrigation management more effectively than NDVI and SWP
by integrating several factors including soil types, yield potential,
cultivars and planting date. It has the capability of recommending
a decision on when and how much to irrigate during growing season. The built-in expert system in irrigation PRO has the capability
of analyzing rainfall data, soil water potentials and percent chance
of rain, among others could be useful in improving nutrient management and minimizing potential losses of nutrients via leaching
during irrigation.
Water use efﬁciency (WUE), deﬁned as the ratio of water used in
plant metabolism to water lost by the plant through transpiration
is an important component of an effective water management.
Irrigation scheduling in combination with fertilizer application
can provide maximum nutrient uptake efﬁciency especially the
mobile nutrients such as nitrate-nitrogen, in the root zone via measured irrigation events. Irrigation timing and duration are based
upon crop need and soil-moisture content. It is quite important to
have higher water use efﬁciency to avoid excessive nutrient leaching. Nitrate may reach groundwater only by being transported by
water that percolates through the soil. Any irrigation or precipitation that exceeds the soil’s water holding capacity in the root zone
will cause soluble chemicals, including nitrate to leach into deeper
groundwater.
Irrigation water applied in excess of the soil water holding
capacity either continues through the soil proﬁle below the root
zone and/or reaches the water table. In both cases, water applied
above the amount required to reﬁll the soil in the root zone is lost
and may potentially contribute to water contamination. This simpliﬁed model of water movement has been called “piston ﬂow”
(Morgan et al., 2009) because water entering the soil from irrigation or rainfall forces existing water in the soil to move deeper
into the soil proﬁle. This process also describes the ﬂow of mobile
nutrients in the sandy soils, making them vulnerable to nutrient
leaching (Morgan et al., 2009). Our results have shown that with
a proper irrigation scheduling using IPRO, sufﬁcient water is being
delivered resulting in improved WUE that can protect the environment through reduced leaching of nutrients like nitrate and
phosphate. The concentration of pore water nitrate may vary with
time and with the amount of water ﬂow and the concentration of
nitrate in the soil water at the time of leaching occurs. Our results
showed relatively small concentration of pore water phosphate
that ranged from 3.7 to 7.3 mg L−1 was similar to the early ﬁndings
of Sumanasena et al. (2004) who reported small dissolved reactive
P concentrations under different irrigation frequency treatments.
Another equally important result from the recently published
work of Stone et al. (2016) on WUE of maize can be critical to
explain the lower concentration of pore water nitrate and phosphate that were leached from plots with IPRO. The average WUE
(kg grain ha−1 mm−1 ) were 23.3, 23.7 and 23.4 for IPRO, NDVI and
SWP, respectively. Although results may not showed differences
in WUEs among the three types of ISM, the WUE values that they
observed were similar to maize WUE values that were previously
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reported. In eastern Colorado, Benjamin et al. (2015) reported irrigated WUE values ranging from 10.0 to 22.0 kg grain ha−1 mm−1 .
Kiniry et al. (2008) reported WUE values ranging from 14 to
25 kg grain ha−1 mm−1 in regional simulation studies. Sadras et al.
(2012) reported a much higher WUE values ranging from 27.0
to 37.0 kg grain ha−1 mm−1 in more intensely managed ﬁeld using
center pivots.
Additionally, difference in the concentration of pore water
nitrate among the different ISM can be related to the total amount
of water (rain + irrigation) received by the crops over the three years
by irrigation treatment and soil types as described in early paper
published by Stone et al. (2016). Their three-year mean irrigation
and total water the crop received was signiﬁcant, with IPRO requiring greater irrigation than NVDI and SWP. The lower concentration
of pore water nitrate in IPRO treatment of 11 mg L−1 compared
with SWP (16.5 mg L−1 ) and NDVI (17.9 mg L−1 ) can be explained
by higher total water and irrigation water depths in IPRO treatment
than the other irrigation treatments. The total water was 546 mm
for IPRO, 522 mm for NDVI and 510 mm for SWP (Stone et al., 2016).
We can surmise that IPRO, having the greatest amount of total
water delivered into our plots may have had provided higher diluting effect on the concentration of nitrate as it moves down the soil
proﬁle. Fig. 6 shows the relationship of pore water concentration
of nitrate and total water usage as affected by different ISM. Our
results were also consistent with the results of measurements made
on 86 farm ﬁelds by Letey et al. in 1977 and 1979, as well as with
the results of a simulation study conducted by Letey and Vaughan
(2013). A model validation conducted by Letey and Vaughan (2013)
disclosed that the amount of nitrogen leached was more closely
related to the amount of water percolating beyond the root zone
than the amount of nitrogen applied and no correlation between
the amount of nitrogen leached and the concentration of nitrogen
in the water.
Furthermore, our present study provided progressive evidence
to support the positive effect of different ISM for maximizing
agronomic productivity of maize while optimizing environmental utility of the different ISM. We have demonstrated that IPRO
method is environmentally friendly, resulted in lower soil pore
water nitrate in the soil proﬁle with average pore water nitrate in
the upper 30 cm of about 14.6 mg L−1 and 7.3 mg L−1 at lower soil
depth (90 cm). These results can be further translated to improving water and nitrogen absorption by plants, which is consistent
to the early ﬁndings of Benjamin et al. (1996). They reported that
bulk volume (both horizontally and laterally) of soil explored by the
root system may be more important for determining water availability and possible plant water stress during dry periods than for
decreasing fertilizer or pesticide leaching.
4.3. Interaction effects of soil types, nutrient management,
irrigation scheduling and soil depth on the concentrations of
nitrate and phosphate in pore water
The concentration of nitrate in pore water was signiﬁcantly
affected by the interaction of ST, NM, ISM and SD. Data in
Tables 5 and 6 showed the signiﬁcant effect of nitrogen application
and irrigation scheduling method on the concentration of nitrate
in soil pore water. Our results suggest that the application of large
concentration of nitrogen to different soil types under different irrigation scheduling method may lead to greater overall loss of nitrate
through leaching. Soil type may dictate how much water will inﬁltrate the soil using a surface irrigation system. Sandy soils have
high inﬁltration rate, whether the water comes from rainfall or a
surface irrigation system. Since most sandy soils have low waterand nutrient-holding capacities, appropriate irrigation scheduling
is critical for proper plant health as well for minimizing leaching of
nutrients. Our results were consistent with data from earlier studies
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on the effect of high irrigation and nitrogen fertilization of Gasser
et al. (2002) and Mosier et al. (2002).
Water and nitrogen absorption of plants (i.e., maize) could be
partly determined by the region in the soil containing roots because
rooting patterns could change water availability and leaching of
nitrates and soil texture. The deep root system of maize could be a
positive feature because it can extract nitrate over a considerable
depth of soil before it leaves the root zone en route to groundwater. The application of heavy irrigation in sandy soil may leach
nutrient to deeper layers below a rooting zone. These losses could
be reduced to some extent by applying light irrigation. The previous work of Minhas and Khosla (1986) and recent work of Kumar
et al. (2016) described the beneﬁcial effects of splitting irrigation
quantity into several applications for reducing the leaching losses
of solutes in the soils. Soil texture inﬂuences how much water a
soil can hold against gravity and how quickly water moves down
the soil proﬁle (Sato and Morgan, 2012). The high sand contents
make irrigation water management extremely difﬁcult because
sands are dominated by large pores that have little capacity to hold
water through capillarity (Kern, 1992). Kumar et al. (2016) reported
that maximum nitrate-N content of about 92.4 mg kg−1 was found
at 15–30 cm soil depth in treatment consisted of fertigation forth
nightly and dripper discharge of about 1.41 L h−1 .
Our data analyses revealed that the treatment interaction of NM
with ST, ISM and SD had a signiﬁcant effect on the concentration of
nutrients in pore water, suggesting that the fate of nutrients in the
soil is inﬂuenced by many chemical, biological and physical factors, hence, concentration of nutrients like nitrate, phosphate or
sulfate could vary in both space and time (Schnug and Haneklaus,
1993; Bloem et al., 2001). Stenger et al. (2002) reported that variation of different soil properties is caused by different processes,
so the semivariograms of those properties may differ considerably.
Nitrate-N showed a low proportion of structural variance and their
distribution patterns were not stable with time. The spatial distribution of nitrate data was not independent and not uncorrelated.
They concluded that the semivariograms obtained from the residual data may not be useful tool to derive maps for site-speciﬁc
fertilizer recommendations.
Soil hydraulic properties and ion adsorption are the two main
soil characteristics affecting nutrient leaching-storage processes in
soils (Clothier et al., 1998). Chao et al. (1962) and Dijksterhius and
Oenema (1990) reported that leaching losses of nutrients increased
with increasing rates of water application. The lower water holding capacity of the soils in our study sties allowed the rain or
irrigation to penetrate deeper and create a downward ﬂux at the
100 cm soil depth. Our results were similar to the ﬁndings of Haque
and Walmsley (1974). They reported that downward movement of
nutrients increased with increasing rates of water application in
soil. Recently, Kumar et al. (2016) reported that maximum nitrateN content of about 92.4 mg kg−1 was found at 15–30 cm soil depth
in treatment consisted of fertigation forth nightly and dripper discharge of about 1.41 L h−1 . They also observed that the highest
concentration of nitrate-N was from soils at 60 cm soil depth under
a fertigation fortnightly compared to other treatments with dripper
discharge lower than 1.41 L h−1 .

5. Summary and conclusion
A three-year (2012–2014) ﬁeld study was conducted to compare the effects of three irrigation scheduling methods (IPRO, NDVI
and SWP) and two levels of N (157 and 224 kg N ha−1 ) on the concentration of pore water nitrate and phosphate in four soil types of
the Coastal Plain, USA. The following conclusions are drawn from
this study:

1. Based on our three-year study, with different rainfall distribution throughout the growing season, our results have shown that
each of the three ISMs provided the adequate amount of irrigation water to produce good to excellent maize yields for the
region;
2. The use of IPRO reduced the concentration of pore water nitrate
by about 39% and 33% when compared with NDVI and SWP,
respectively. Irrigator PRO may have some advantages in terms
of minimizing the concentration of pore water nitrate being
leached during irrigation when compared with NDVI and SWP;
3. Of the three ISM, IPRO (7.3 ± 1.6 mg L−1 ) has the lowest concentration of soil pore water nitrate at soil depth below
30 cm compared with NDVI (10.7 ± 2.3 mg L−1 ) and SWP
(10.9 ± 2.1 mg L−1 );
4. Since the IPRO method resulted in lower soil pore water nitrate
and phosphate, the results indicate scheduling method may be a
way to reduce fertilizer N and P losses to leaching on these soils;
and
5. Results of our study suggest that irrigation management decision
may affect nitrogen and phosphorus availability for achieving
optimum yield while potentially minimizing nutrient losses via
leaching. Our strong interest can be attributed to the desire of
improving water use efﬁciency as well as complement management of other crop inputs such as nitrogen for groundwater
protection.
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