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Th e use of treated wastewater for irrigation of crops could 
result in high nitrate-nitrogen (NO

3
–N) concentrations 

in the vadose zone and ground water. Th e goal of this 2-yr 
fi eld-monitoring study in the deep silty clay loam soils south 
of Dodge City, Kansas, was to assess how and under what 
circumstances N from the secondary-treated, wastewater-
irrigated corn reached the deep (20–45 m) water table of the 
underlying High Plains aquifer and what could be done to 
minimize this problem. We collected 15.2-m-deep soil cores for 
characterization of physical and chemical properties; installed 
neutron probe access tubes to measure soil-water content and 
suction lysimeters to sample soil water periodically; sampled 
monitoring, irrigation, and domestic wells in the area; and 
obtained climatic, crop, irrigation, and N application rate 
records for two wastewater-irrigated study sites. Th ese data 
and additional information were used to run the Root Zone 
Water Quality Model to identify key parameters and processes 
that infl uence N losses in the study area. We demonstrated that 
NO

3
–N transport processes result in signifi cant accumulations 

of N in the vadose zone and that NO
3
–N in the underlying 

ground water is increasing with time. Root Zone Water 
Quality Model simulations for two wastewater-irrigated study 
sites indicated that reducing levels of corn N fertilization by 
more than half to 170 kg ha−1 substantially increases N-use 
effi  ciency and achieves near-maximum crop yield. Combining 
such measures with a crop rotation that includes alfalfa should 
further reduce the accumulation and downward movement of 
NO

3
–N in the soil profi le.
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With increasingly limited ground water resources, the reuse 

of treated municipal wastewater provides an alternative 

source of irrigation water for crops and landscaping. In addition, 

utilization of the nutrients in recycled wastewater as fertilizer may 

decrease the need for commercial fertilizers in a plant system. 

However, municipal wastewater can contain high levels of 

nitrogen (N) and other constituents, such as salt, heavy metals, 

and pharmaceuticals (Pettygrove and Asano, 1985; Toze, 2006; 

Kinney et al., 2006), that can be detrimental to surface and 

ground water supplies. Nitrate-N (NO
3
–N) leaching into ground 

water is widespread in the US Central Plains and elsewhere and 

has been linked to the over-application of commercial fertilizers 

or animal waste (Bruce et al., 2003). Th e environmental impact 

of treated wastewater irrigation practices needs to be evaluated to 

determine if and when these practices may aff ect ground water and 

what management practices can be changed to slow or prevent the 

downward movement of contaminants such as NO
3
–N.

Understanding the losses and transformation processes of 

wastewater N in the soil are essential for the sustainable use of 

treated wastewater irrigation in agriculture. Th is understanding 

can be achieved by careful fi eld-data collection and analysis in 

combination with simulation models capable of assessing the con-

sequences of certain factors and farming practices on N losses to 

the environment.

Bond (1998) pointed out the confl icting requirements of 

wastewater irrigation, namely that leaching is essential to prevent 

salinization of the root zone, yet leaching results in the downward 

movement of salt and nutrients (such as NO
3
–N) through the 

vadose zone and into the ground water. Bond (1998) also pointed 

out that research challenges in wastewater irrigation include the 

quantitative prediction of N transformations to evaluate scenarios 

for N management and the development of specifi c and more rig-

orous guidelines for wastewater applications. Th is paper addresses 

these research issues.

Abbreviations: DSSAT, Decision Support for Agrometeorology Transfer; EC, electrical 
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Th e research reported here focused on the use of the Root Zone 

Water Quality Model (RZWQM) (Ahuja et al., 2000), a deter-

ministic, integrated model developed by the U.S. Department of 

Agriculture-Agricultural Research Service that simulates the move-

ment of water and nutrients over and through the root zone of an 

agricultural fi eld. Using the RZWQM, Ma et al. (1998) evaluated 

soil NO
3
–N response to beef-manure application in a corn fi eld in 

northeastern Colorado. Th eir calibrated model provided relatively 

good predictions for NO
3
–N and soil-water content, and they con-

cluded that the RZWQM is capable of adequately describing that 

agricultural system. Ma et al. (2007a) evaluated long-term (26 yr) 

corn production and water and N balances using the RZWQM in 

northeastern Iowa and found that although further improvements 

in simulating plant N uptake and yield were needed, overall the RZ-

WQM adequately simulated year-to-year variations and N loading 

in tile fl ow. Malone et al. (2007) evaluated the RZWQM response to 

diff erent N management strategies on corn yield and NO
3
–N con-

centrations in subsurface tile drainage water. Th ey found that winter 

wheat sowed after corn and soybean harvest reduced long-term N 

loss and concluded that RZWQM accurately quantifi es the relative 

eff ects of corn production and N loss under several alternative man-

agement practices. Bakhsh et al. (2004) used an improved version of 

the RZWQM to evaluate 6 yr (1992–1997) of fi eld-measured data 

from a fi eld within Walnut Creek watershed located in central Iowa. 

Simulations of subsurface drainage fl ow closely matched observed 

data, but NO
3
–N losses with subsurface drainage water, although 

simulated reasonably well, were not as accurate. For example, dur-

ing 1993, the model overpredicted the annual amount of NO
3
–N 

drainage losses by 35%. In a comprehensive study of the fate of N in 

a fi eld soil-crop environment in the Mediterranean region, Cameira 

et al. (2007) also found that the prediction of residual NO
3
–N in 

the soil presented errors ranging from 19 to 38% using RZWQM. 

Hu et al. (2006) calibrated and tested the RZWQM to assess N 

management in a double-cropping system composed of winter 

wheat and corn in the North China Plain. In general, soil water, 

biomass, and grain yields were predicted better than plant N uptake 

or soil residual N. Attempts to rectify that problem through better 

calibration of the model did not lead to improved results (Hu et 

al., 2006). In their study, Saseendran et al. (2007) explored whether 

more crop-specifi c plant growth modules could improve simula-

tions of crop yields and N in tile fl ow under diff erent management 

practices compared with a generic plant-growth module. Th ey cali-

brated and evaluated the RZWQM with the Decision Support for 

Agrometeorology Transfer (DSSAT v.3.5) plant-growth modules 

(RZWQM-DSSAT) for simulating various land-use practices. Data 

from 1978 to 2003 from a water-quality experiment near Nashua 

(Nashua experiments), Iowa, were used. Th ey concluded that, con-

sidering the uncertainties of basic input data, processes in the fi eld, 

and lack of site-specifi c weather data, the results obtained with that 

RZWQM-DSSAT hybrid model were not much better than the 

results obtained earlier with the generic crop-growth module.

Th e above review of the literature indicates that N process-

based models are increasingly being used for various N man-

agement activities, such as manure/fertilizer management and 

crop and irrigation management. Th is testifi es to the practical 

usefulness of such models. However, obtaining consistently 

good N-related results with the current modeling technology 

presents serious challenges.

In this study, the latest version of RZWQM, known as 

RZWQM2 (http://arsagsoftware.ars.usda.gov; see also Ma et 

al. [2007b] for the current status of RZWQM development 

and applications), was used as a tool for comparing alternative 

management and wastewater-irrigation strategies with respect 

to crop production and soil/ground water quality. A special 

feature of this applied research was the study of deep vadose 

zone profi les combined with an examination of the underlying 

ground water chemistry.

Th e objectives of this paper are (i) to study the possibility of 

N leaching to ground water under secondary-treated wastewa-

ter application at two sites in the study area and (ii) to model 

these processes using the recently released RZWQM2 to pro-

pose alternatives to current management practice.

Materials and Methods

Background
A long-term crop-irrigation project with secondary-treated 

wastewater south of Dodge City in semiarid to subhumid south-

western Kansas (Fig. 1), which is underlain by the High Plains 

aquifer, was the focus of this study. Th e Dodge City Wastewa-

ter Treatment Plant collects wastewater from Dodge City and a 

meat-packing plant into a collection station. Th e collected waste-

water is piped 17 km south of the city (Fig. 1) into a wastewa-

ter treatment facility, which consists of three covered anaerobic 

digesters and three aeration basins. Th e treated water is stored in 

lagoons with a capacity of more than 3454 × 103 m3. A pumping 

system, consisting of several centrifugal pumps, distributes the 

water to irrigate more than 1100 ha of cropland in 25 fi elds (Fig. 

1, circles). Th e system is managed by CH2M Hill Operations 

Management International and monitored by the agronomic 

fi rm Servi-Tech, Inc., under contracts with Dodge City.

Use of the treated wastewater has resulted in relatively high 

soil NO
3
–N concentrations (10–50 mg kg−1) in the soil profi le 

at the sites irrigated with this treated wastewater (Zupancic and 

Vocasek, 2002). Although the study area is characterized by a 

deep water table ranging from 20 to 45 m below ground surface 

and soils with a silty clay component (predominantly Harney 

and Ulysses silt loams; Dodge et al., 1965), the evidence suggests 

that NO
3
–N is moving down through the vadose zone, entering 

the ground water, and exceeding the USEPA safe drinking-water 

limit of 10 mg NO
3
–N L−1 (Zupancic and Vocasek, 2002).

Field Monitoring Sites
We established two wastewater-irrigated monitoring sites 

(N7 and R8 in Fig. 1) and one ground water–irrigated control 

site (Y8 in Fig. 1). Th e sites are considered representative of the 

wastewater-irrigated and ground water–irrigated sites. Site R8 

(37°-34’-32” N, 100°-3’-8” W) has been irrigated with waste-

water since 1986, before which it was irrigated with ground 

water. Site N7 (37°-37’-9” N, 100°-2’-19” W) has been irri-

gated with wastewater since 1998, before which it was dryland 

farmed. Site Y8 was irrigated with ground water since 1980, 



1288 Journal of Environmental Quality • Volume 38 • May–June 2009

before which it was dryland farmed. Crop-history records indi-

cate corn (Zea mays L.) was planted at site N7 each year since 

1998 and at site R8 since 2003. From 1997 to 2002, site R8 

was planted with alfalfa (Medicago sativa). During 2005, the 

fi rst year of this study, sites N7 and R8 were planted with corn 

(22–23 Apr. 2005), whereas site Y8 was planted with sorghum 

(milo). During 2006, the fi nal year of fi eld monitoring, all 

three sites were planted with corn. Th e planting history of site 

Y8 before 2005 is not known with certainty. A LEPA-sprinkler 

irrigation system applied the treated wastewater at an average 

rate of 7.3 mm d−1 for Site N7 and 6.1 mm d−1 for Site R8.

At the beginning of this study (April 2005), we collected three 

deep (15.2-m) soil cores from each of the sites for a number of phys-

ical and chemical analyses using a truck-mounted Giddings probe. 

Textural, soil hydraulic, and additional physical and chemical analy-

ses were performed by NRCS personnel at the Lincoln, NE, Na-

tional Soils and Soil Mechanics Laboratories. Nitrogen, carbon, and 

related analyses were conducted at the Kansas State University and 

Servi-Tech Soil Analysis Laboratories. Th e soil bulk density down to 

15.2 m was determined from collected cores of known diameter by 

cutting the core in 15.2-cm increments, weighing them in the fi eld, 

and oven-drying them in the lab. Table 1 summarizes the measured 

soil physical properties by layer, which were subsequently used in the 

simulation model (explained further below), and the experimental 

methods used to determine those properties.

A neutron probe (503DR Hydroprobe; Campbell Pacifi c 

Nuclear Corporation, Martinez, CA) was used to collect mois-

ture-data profi les to 15.2-m depth. Aluminized steel pipe was 

used as the neutron probe access tube. Th e neutron probe was 

calibrated in the fi eld based on core measurements collected 

from the access tube borehole and on “wet” and “dry” corner 

plots equipped with neutron probe access tubes that were mea-

sured occasionally. Additional details of neutron access tube 

installation and probe calibration are presented in Sophocleous 

et al. (2006). Periodic (twice monthly for 2005 and monthly 

for 2006) measurements of soil water content (at 0.15-m in-

tervals within the upper 1.8 m and at 0.3-m intervals below 

that) down to 15 m were conducted at one location in each site 

throughout the growing seasons in 2005 and 2006.

Th ree suction lysimeters were installed in each site, one at 

each of three diff erent depths (shallow, 1.6–1.8 m; intermedi-

ate, 5.2–8.0 m; and deep, 9–15 m) for collecting pore water 

samples. A 0.48-MPa vacuum pressure was put on each suction 

lysimeter 1 wk before sampling. Th e site R8 shallow-depth and 

sites R8 and N7 intermediate-depth lysimeters were the only 

ones to yield pore-water samples in 2005.

Fig. 1. Location of the study area (highlighted). Circular areas indicate irrigated fi elds. Black circles are the study sites.
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All the existing monitoring wells (n = 14) in the area (Fig. 

3) were sampled twice a year to measure nitrate-N (NO
3
–N) 

concentrations in ground water, which ranges from depths of 

21 m close to the ephemeral Mulberry Creek to >45 m away 

from Mulberry Creek (Fig. 1). Additional water samples from 

monitoring, domestic, and irrigation wells and wastewater la-

goons were periodically collected.

The Root Zone Water Quality Model
Th e Root Zone Water Quality Model RZWQM2 is an in-

tegrated physical, biological, and chemical process model that 

simulates plant growth and the movement and interactions of 

water, nutrients, and pesticides over and through the root zone 

at a representative area of an agricultural cropping system. It is a 

one-dimensional (vertical into the soil profi le) model designed to 

simulate conditions on a unit-area basis; it does not address lateral 

variations in soil properties and water-fl ow processes. Details on all 

aspects of the model can be found in Ahuja et al. (2000).

Th e model uses the Green-Ampt equation to simulate infi l-

tration and the one-dimensional Richard’s equation to redis-

tribute water within the soil profi le. Th e hydraulic properties 

are defi ned by the soil-water characteristic or retention curves 

and the unsaturated hydraulic conductivity function. Th ose 

relationships are described by functional forms suggested by 

Brooks and Corey (1964) with slight modifi cations (Ahuja et 

al., 2000). In this study, the Brooks-Corey parameters were ob-

tained by fi tting the RETC (RETention Curve) program (van 

Genuchten et al., 1991) to measured soil-water content data.

Th e soil carbon/nitrogen dynamics module of the RZ-

WQM2 (Shaff er et al., 2000) contains two surface residue 

pools (fast and slow decomposition), three soil humus pools 

(slow, medium, and fast decomposition), and three soil mi-

crobial pools (aerobic heterotrophs, autotrophs, and anaerobic 

heterotrophs). Despite the complexity of this organic matter/

N-cycling component, good estimates of initial soil carbon 

content and nitrogen are generally the only site-specifi c param-

eters needed in the model (Ma et al., 1998).

Th e RZWQM2 is a research-grade, complex tool that was 

designed to analyze soil and plant processes only within the 

root zone. Because of model limitations, we had to combine a 

number of soil horizons into a maximum of 10 layers (Table 1). 

A downward unit gradient was assumed for the lower bound-

ary condition, set at 10.8 m for site N7 and 4.8 m for site 

R8 (the lowest depths for which we had detailed soil hydraulic 

analyses). Th e fi rst neutron probe soil-water profi le measure-

ments before crop planting in April 2005 were used as the ini-

tial soil-water depth distribution in the modeling.

Th e model also requires detailed meteorological data, on a daily 

basis, and rainfall intensity. Hourly precipitation and other meteo-

rological data (except for solar radiation) were obtained from the 

Dodge City Municipal Airport weather station 17 km northeast 

of the study sites; daily solar radiation data were obtained from the 

Garden City Agricultural Experiment Station 80 km west-north-

west of Dodge City, operated by Kansas State University. Due to 

similar geomorphic, land-use, land-cover, and climatic conditions 

between Garden City and Dodge City, no signifi cant impacts 

on calculated water budget components are expected from such 

climatic-data translocations. Th is is confi rmed by comparing 5 yr 

(1986–1990) of daily solar radiation data when both Dodge City 

and Garden City weather stations were collecting such data (M. 

Knapp, Kansas State Climatologist, written communication, 15 

May 2008). A linear regression of the daily average solar radiation 

values at Dodge City and Garden City during the period 1986 to 

1990 yielded an R2 of >94%. A year-by-year comparison indicated 

that the Dodge City total solar radiation as a percentage of that 

from Garden City was 97% for 1986, 99% for 1987, 93% for 

1988, and 100% for 1989 and 1990 (M. Knapp, State Clima-

tologist, written communication, 15 May 2008). Th e model also 

requires specifi cation of land-use practices such as planting and 

harvesting dates, specifi cation of irrigation and fertilization events, 

and the chemical quality of irrigation.

Th e RZWQM included a generic crop model that can be 

parameterized to simulate specifi c crops (Hanson, 2000). How-

ever, the latest model version RZWQM2 (version 1.5) incorpo-

rated the Decision Support System for Agrometeorology Transfer, 

DSSAT4.0 suite of crop models (www.icasa.net/dssat/index.html; 

Ritchie et al., 1998) that can simulate detailed yield components 

and phenomenological development for specifi c crops. Of par-

ticular interest in our study is the dedicated corn model CERES-

Maize, available as part of the DSSAT4.0. Th e CERES-Maize 

model has been extensively used worldwide for the development 

of crop-management applications (Saseendran et al., 2005).

Model Calibration and Evaluation
For accurate simulations, RZWQM2 must be calibrated for 

soil hydraulic properties, nutrient properties, and plant-growth 

parameters for the site and crops being simulated (Hanson et al., 

1999) because there are signifi cant interactions among the diff erent 

model components. Th e available data for 2005 were used in cali-

brating the model for sites N7 and R8, whereas the available data 

for 2006 were reserved for verifying (“validating”) the model. Due 

to budget limitations, the control (ground water–irrigated) site Y8 

was not instrumented for detailed soil-water content measurements 

and thus was not modeled in this study. However, soil cores were 

periodically sampled from that site to compare NO
3
–N depth dis-

tributions with those of the wastewater-irrigated sites. Calibration 

targets included the biweekly (during 2005) and monthly (during 

2006) neutron soil-water measurements, soil NO
3
–N analyses, and 

harvested corn grain yields. Th e number of parameters and process-

es in the RZWQM2 are so numerous that it is exceedingly diffi  cult 

to decide which ones to optimize and which optimization scheme 

might be appropriate or even feasible. As a result, Ahuja and Ma 

(2002) concluded that such agricultural system models as the RZ-

WQM2 are usually parameterized by trial-and-error or iterative 

processes, although automated calibration methods are increasingly 

being used. In this paper, we followed the detailed procedures for 

calibrating the RZWQM2 as laid out by Hanson et al. (1999) and 

Ahuja and Ma (2002).

A series of sensitivity analyses was conducted (see Results 

and Discussion) to identify the most important parameters in 

the soil and plant portions of the model aff ecting model output 

and thus to use in model calibration (Sophocleous et al., 2007). 
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For the sensitivity analysis of hydraulic properties, the response 

variable considered was the soil-water content, whereas for the 

sensitivity analysis of crop parameters, the response variable con-

sidered was the soil NO
3
–N. Ahuja and Williams (1991) and 

Williams and Ahuja (2003) found that the soil water retention 

curves, as described by the Brooks and Corey equations, could 

be simply described by the pore-size distribution index, λ. Th e 

importance of λ was used for scaling water infi ltration and re-

distribution (Kozak and Ahuja, 2005) and for scaling evapora-

tion and transpiration across soil textures (Kozak et al., 2005). 

Because of the relatively high sensitivity of parameters θ
s
 (the 

saturated soil-water content) and λ, both of which are fi tted (as 

opposed to experimentally measured) parameters, we used the 

λ and θ
s
 parameters, which were varied by up to 25% of their 

originally estimated values, to calibrate the RZWQM2 model. 

In a few instances, the calibrated θ
s
 values, which should be 

considered the calibrated porosity values, were larger than the 

initially estimated porosity values. Because the porosity (ϕ) esti-

mates (ϕ  = 1 − [BD/PD]), derived from the fi eld-measured bulk 

density (BD) and the particle density (PD), in our case assumed 

equal to that of quartz (2.65 g cm−3), contain considerable error, 

we did not restrict the θ
s
 values to be less than ϕ. Th e RZWQM2 

uses θ
s
 values, not ϕ values, in its numerical calculations.

Th e model calibration strategy we used was as follows: Th e RZ-

WQM2 was fi rst calibrated for soil hydraulic properties, which 

included the pore-size distribution index (λ) and the saturated 

soil-water content (θ
s
) parameters for each modeled soil layer. Th e 

model was then equilibrated with respect to the initial C/N pool 

sizes for the fast and slow decomposition residue pools; slow, me-

dium, and fast decomposition humus pools; and the three mi-

crobial pools (aerobic heterotrophs, autotrophs, and anaerobic 

heterotrophs) (Hanson et al., 1999). No laboratory procedures are 

known to eff ectively determine the sizes of these pools (Ahuja and 

Ma, 2002). Th erefore, because previous climate and management 

at a site determines the initial state of a soil in terms of its organ-

ic matter and microbial populations, simulations with previous 

management practices and weather history of the fi eld usually cre-

ate a better initial condition for those parameters (Ma et al., 1998). 

After entering all the model inputs and parameters, we estimated 

the three humus organic-matter pool sizes (based on the measured 

organic-carbon depth profi les shown in Table 1) at 5, 10, and 

85% for fast, medium, and slow pools, respectively, and set the 

microbial pools at 50,000, 500, and 5000 organisms per gram of 

soil, respectively, for aerobic heterotrophs, autrotrophs, and facul-

tative heterotrophs, as recommended by Ahuja and Ma (2002). 

Th is process was facilitated by the RZWQM2 initialization wiz-

ard. RZWQM2 was initialized for the organic-matter pools by 

running the model for 12 yr before the 2005–2006 simulation 

periods with past management and climate conditions to obtain 

stabilized sizes for all pools and their distribution with depth in the 

soil. A 12-yr initialization run was suggested by Ma et al. (1998) to 

obtain steady-state conditions for the faster soil organic pools.

After initialization and equilibration of the carbon and ni-

trogen (C/N) pool, the crop parameters were calibrated by trial-

and-error adjustments to match observed crop phenology and 

yield as simulated by the CERES-Maize dedicated corn model 

incorporated into the latest model version RZWQM2. Corn-cal-

ibration parameters included four physiological and two growth 

parameters as follows: (i) thermal time from seedling emergence 

to the end of the juvenile phase (P1, expressed in degree days 

above a base temperature of 8°C, oCd), (ii) photoperiodism coef-

fi cient (P2, expressed as days delay in tassel initiation per hour 

increase in photoperiod, d h−1); (iii) thermal time from silking 

to physiological maturity (P5, oCd); (iv) thermal time between 

successive leaf tip appearances, known as phyllochron interval 

(oCd); (v) maximum possible number of kernels per plant (G2); 

Fig. 2. Treated-wastewater irrigation-water chloride, total Kjeldahl nitrogen (TKN), ammonia-nitrogen (NH
4
–N), and organic nitrogen concentration 

time series applied to sites N7 (a) and R8 (b) during 2005 and 2006. The nitrate-nitrogen concentration (not displayed) is of the same order of 
magnitude as organic nitrogen in this graph. Daily precipitation during 2005 and 2006 is also displayed.
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and (vi) kernel fi lling rate (G3, mg d−1). We based adjustments 

of these parameters for corn within the range of values used for 

Kansas environments (Pachta, 2007; Dogan et al., 2006; Ro-

man-Paoli et al., 2000; Kiniry et al., 1997).

Statistics Used in Model Calibration and Evaluation
Although numerous statistical measures can be used, three sta-

tistics were used in this study to evaluate the simulation results: (i) 

root mean squared error (RMSE) between simulated and observed 

values, Eq. [1]; (ii) relative root mean square error (RRMSE) (i.e., 

RMSE relative to the mean of the observed values) Eq. [2]; and 

(iii) mean relative error (MRE) or bias, Eq. [3].

RMSE = 2

1

1
( )  

n

in =

−∑ i iS   O   [1]

RRMSE = RMSE × 
100%

avgO
  [2]

MRE = 
=

− ×∑
1

( )1
100%

n
i i

i i

S O

n O
  [3]

where S
i
 is the ith simulated value, O

i
 is the ith observed vale, O

avg
 is 

the average of observed values, and n is the number of data pairs.

Th e RMSE refl ects the magnitude of the mean diff erence be-

tween simulated and experimental results, whereas the RRMSE 

standardizes the RMSE and expresses it as a percentage that 

represents the standard variation of the estimator (Abrahamson 

et al., 2005). Th e MRE indicates if there is a systematic bias in 

the simulation. A positive value indicates an overprediction, 

and a negative value indicates an underprediction.

Alternative Management Simulations 

and Nitrogen-Use Effi  ciency
Several management scenarios were simulated using reduced fer-

tilization treatments of 50 and 40% of the actually applied wastewa-

Fig. 3. Ground water nitrate-nitrogen (NO
3
–N) concentrations during November 2005. Bold numbers above well symbols indicate ground water 

NO
3
–N concentrations (mg L−1). Circles/semicircles are irrigated fi elds. The study sites are highlighted. Time series distributions of ground 

water NO
3
–N for monitoring wells MW3, MW7, and MW10 (indicated in bold letters in the Figure) are displayed in Fig. 4.
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ter-N totals at site N7 during 2005 and 2006. Also, reduced irriga-

tion totals of 88, 75, and 50% of actually applied amounts in 2005 

were evaluated while maintaining the same irrigation scheduling. 

In all the above-mentioned management scenarios, the resulting 

nitrogen-use effi  ciency (NUE) and grain yields were evaluated.

Nitrogen-use effi  ciency is a term used to indicate the rela-

tive balance between the amount of fertilizer N taken up and 

used by the crop versus the amount of fertilizer N “lost” and 

can be defi ned as follows (Hu et al., 2006):

NUE = 

(Plant N uptake for a particular N treatment)
  (Plant N uptake for zero-N treatment)

(Total amount of N applied)

−
  [4]

To compute NUE, the RZWQM2 model was re-run with a 

zero-N treatment, and the results were used in Eq. [4].

Results and Discussion

Experimental Observations
Th e daily precipitation and the general quality of the treated 

wastewater applied in 2005 and 2006 are shown in Fig. 2. Th e 

average electrical conductivity (EC) of the wastewater applied 

for 2005 was 2.11 mS cm−1 for site N7 and 2.07 mS cm−1 

for site R8 (2.63 and 2.43 mS cm−1, respectively, for 2006), 

whereas the sodium adsorption ratio (SAR) for 2005 was 5.17 

for site N7 and 7.04 for site R8 (6.34 and 5.98, respectively, for 

2006). Electrical conductivity and SAR values exceed the Ser-

vi-Tech, Inc. agronomic-consulting fi rm’s recommendations of 

EC <1.5 mS cm−1 and SAR <5.0 to avoid salinity problems that 

may aff ect crop yields (Zupancic and Vocasek, 2002). Follow-

ing agronomic recommendations, the farmers averted further 

salt buildup on crop leaves by converting their sprinklers from 

higher-pressure overhead nozzles to lower-pressured drop noz-

zles and by applying gypsum treatments to soils with high ex-

changeable sodium percentage (Zupancic and Vocasek, 2002).

Figure 3 shows the ground water NO
3
–N concentrations 

from the November 2005 survey sampling. Th e general ground 

water fl ow in the study area is from west to east based on annual-

ly measured water levels by the Kansas Geological Survey (www.

kgs.ku.edu/Hydro/Levels/). Wells shown in solid black symbols 

exceed the safe drinking water limit for NO
3
–N of 10 mg L−1. 

Most of the wells have >2 mg L−1 NO
3
–N in the ground water. 

Th is indicates that anthropogenic sources have begun to aff ect 

the ground water in the area (Mueller and Helsel, 1996).

Th e increase in NO
3
–N concentration in ground water since 

1998 in three of these monitoring wells (MW3, MW7, and 

MW10, shown in Fig. 3) is shown in Fig. 4. A statistically sig-

nifi cant increase in NO
3
–N in ground water has occurred, as can 

be shown by using the Mann-Kendall test for trend (Helsel and 

Hirsch, 2002). Th e test statistic, τ, had a positive value (Fig. 4), 

indicating increasing NO
3
–N concentration with time. Th e cal-

culated probability level, p, (also shown in Fig. 4) was compared 

with a signifi cance level, α, of 0.10 to indicate a trend if p < α, 

which was the case for the examples shown in Fig. 4.

Figure 5 displays a trilinear diagram with the average water 

quality (major anions and cations) of the irrigation water ap-

plied in R8 and N7 sites marked as the A-circle, the shallow- 

and intermediate-depth suction lysimeter-sampled pore water 

from both sites marked as the B-circle, and the sampled (No-

vember 2005) domestic, monitoring, and irrigation wells in 

the area. Th e sampled populations of applied wastewater, pore 

water from suction lysimeters, and monitoring and domestic 

wells form distinct groups in the trilinear Piper diagram. Th e 

deeper ground water quality in the general area is a calcium-

bicarbonate type water, characterized by relatively low NO
3
–N 

and chloride concentrations (Fig. 5) with specifi c conductance 

around 400 μS cm−1. Th e lysimeter pore water samples plot 

at a higher sulfate–chloride–nitrate concentration level than 

the wastewater-reservoir source waters, indicating that evapo-

concentration processes and N transformation processes from 

ammonium-N to NO
3
–N may have increased the overall con-

centration of ions in the lysimeter samples.

Fig. 4. Ground water nitrate-nitrogen from selected monitoring wells 
(MW) indicated in Fig. 3. Mann-Kendall trend line and related 
statistics are indicated, where τ is the nonparametric equivalent 
of the parametric statistical correlation coeffi  cient, and p is the 
calculated probability level that is compared with the signifi cance 
level, α, which was set to 0.10. Depth to water table for wells MW3, 
MW7, and MW10 were 22.6, 32.0, and 33.5 m, respectively, during 
the November 2005 measurement survey.
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High NO
3
–N concentrations were found in the soil profi le 

at all sites sampled, as seen in Fig. 6 for sites N7, R8, and 

Y8. Th e data for the spring of 2005, which were used as the 

initial conditions for the RZWQM2, indicated that site R8 

(a site with a long-term wastewater-irrigation history since 

1986) (Fig. 6a) had a high NO
3
–N peak of about 40 mg kg−1 

around 60 cm, which decreases sharply to 0.7 mg kg−1 level 

in the depth interval of 380 to 580 cm. Th is decrease is pos-

sibly due to previously planted alfalfa roots consuming the 

NO
3
–N at those depths because the R8 site was cropped to 

the deeply rooted alfalfa perennial from 1997 to 2002. Th e 

NO
3
–N increases again, reaching a secondary maximum of 

about 7.2 mg kg−1 near the depth of 870 cm, then following 

a decrease near the 940 cm level to the 3 mg kg−1 level. It pro-

gressively increases with depth down to more than 1500 cm, 

reaching the 10 mg kg−1 level. It seems that a previous NO
3
–N 

front has reached 1500 cm, with yet older fronts reaching even 

deeper, indicating that NO
3
–N may have already penetrated 

those depths. When the wastewater-irrigation project began, 

fertilizer and wastewater were used, resulting in an increased 

N load above the wastewater concentration. Th is apparently 

occurred for several years (1986–1995; F. Vocasek, personal 

communication, 2008). Before 1986, site R8 was farmed for 

corn using ground water and fertilizers. For site N7 (with 

wastewater irrigation history since 1998) (Fig. 6b), a deeper 

NO
3
–N peak (of <28 mg kg−1, i.e., not as high as that at site 

R8) was observed around the 240-cm-depth level. Th en, the 

NO
3
–N concentration progressively decreases with depth to 

background levels (0.4 mg kg−1) beyond 940 cm, indicating 

that NO
3
–N penetrated to that depth but no further. Before 

1998, site N7 was dryland farmed. Finally, for site Y8 (without 

any wastewater irrigation) (Fig. 6c), a high NO
3
–N peak was 

observed near the 100-cm level, but at the 570-cm-depth level, 

NO
3
–N goes back to background level (1.2 mg kg−1). At site 

Y8, limited irrigation with ground water occurred since 1980, 

before which it was dryland farmed.

Historical and current sampling of N in the soil at the stud-

ied and nearby wastewater-irrigated sites (N6 and R13; Fig. 3) 

show increased accumulation of inorganic N in the soil profi le 

with time (Fig. 7; see also Fig. 6), suggesting the inorganic N 

remaining in the soil at harvest was not taken up completely 

by the subsequent crop. Th is residual N is subject to leaching 

to ground water when rainfall occurs, especially between crop 

seasons. Numerical simulations indicated consistent increases 

in N losses due to denitrifi cation, volatilization, and deep seep-

age as the N-application rate increased.

Fig. 5. Trilinear Piper diagram showing the average 2005 quality of irrigation water applied in sites R8 and N7 (circle A), the shallow-and 
intermediate-depth suction lysimeter-sampled pore water from sites R8 and N7 (circle B), and the domestic, monitoring, and irrigation 
wells (with their letter/number designations) sampled in the area. The axes numbers represent the percentage of each cation or anion or 
combination thereof.
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Sensitivity Analysis
For hydraulic parameters, bulk density, saturation water 

content (θ
s
), and the Brooks and Corey parameters λ (pore-

size distribution index) and ψ
a
 (air-entry or bubbling pressure 

head) were the most sensitive, whereas saturated hydraulic 

conductivity (K
s
) and residual water content (θ

r
) were the least 

sensitive. As expected, the irrigation and fertilization rates were 

very sensitive inputs. Th e hydraulic parameters θ
s
 and λ were 

used for model calibration, and the last two columns of Table 

1 list the calibrated values of those parameters. Th e calibrated 

porosity values (θ
s
) were within 2 SD of the initial porosity 

estimates (Table 1). Additional details on hydraulic and crop-

parameter sensitivity analyses for this study site are presented 

in Sophocleous et al. (2007).

For corn (CERES-Maize) parameters, P1 and P5 were the 

most sensitive ones from the physiological parameters, followed 

(in decreasing order of sensitivity) by G2 and G3 from the 

growth parameters. P2 was the least sensitive from the physi-

ological parameters. Th e calibrated CERES-Maize parameters 

are shown in Table 2.

RZWQM2 Model Simulations
Both wastewater-irrigation sites, N7 and R8, were simu-

lated starting from the spring of 2005 and fi nishing at the end 

of 2006 (Sophocleous et al., 2007). Th e simulated and mea-

sured water content for the various individual layers for sites 

N7 (total simulation depth: 10.8 m) and R8 (total simulation 

depth: 4.8 m) are shown in Fig. 8 for the April to December 

2005 simulation period together with the three statistical in-

dicators of model performance (Eq. [1–3]). Although for the 

upper layers of the soil in both sites the RRMSE and other 

error measures were relatively high, they improved with soil 

depth. Using the 2005 calibration parameters, the 2006 simu-

lated and measured soil-water values for the various soil layers 

for sites N7 and R8 are shown in Fig. 9 along with the three 

statistical measures. Th e model seems to satisfactorily predict 

measured soil-water content, although additional measured 

data may have further improved this calibration.

Th e simulated and measured soil NO
3
–N profi les in the fall 

of 2005 in sites N7 and R8, which were planted with corn in 

April and harvested at the end of September, are shown in Fig. 

10 for the 2005 calibration year and in Fig. 11 for the 2006 

validation year. Th e model results for site N7 approximated the 

main patterns of the November 2005 measured soil NO
3
–N 

profi le relatively well (with a relative error of 18.5%), but not 

the detailed NO
3
–N patterns in the soil profi le (Fig. 10). For 

site R8, the November 2005 simulated soil NO
3
–N profi le had 

a higher relative error (47.1%). For the prediction year 2006, the 

site N7 simulated soil profi le NO
3
–N results for the Spring and 

Fall sampling dates (Fig. 11a and 11b) had relative errors of 12.8 

and 31.1%, respectively, whereas the corresponding relative er-

rors for site R8 simulations (Fig. 11c and 11d) were higher (54.7 

and 41.2%, respectively). Obviously, site R8 simulations of soil 

NO
3
–N did not perform very well. Simulating accurate NO

3
–N 

profi les with time is indeed a challenging task.

Besides the measured profi le of soil-water content and soil 

NO
3
–N concentration, harvested corn grain yield was used to 

gauge treatment diff erences and model performance. For site N7, 

the corn yield was 14,247 kg ha−1 for 2005 and 12,553 kg ha−1 

for 2006, whereas for site R8 the corn yield was 11,548 kg ha−1 

for 2005 and 10,105 kg ha−1 for 2006. Th e simulated corn grain 

yields for site N7 were 15,384 and 11,626 kg ha−1 for 2005 and 

2006, respectively, whereas for site R8 they were 10,701 and 

9102 kg ha−1, respectively. Th us, in all cases, the relative errors in 

simulated corn yields were well below 10% of measured values.

Th e model was further analyzed for its response to irrigation and 

fertilizer management. Although similar results were obtained from 

both study sites, only results from site N7, which had much higher 

Fig. 6. Measured soil profi le nitrate-nitrogen at various times during 2005 and 2006 for the study sites (a, R8; b, N7; and c, Y8).
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N-fertilization applied than site R8, is presented here. Diff erences 

in predicted corn grain yields, plant N uptake, residual soil-profi le 

N, volatilization, and other N losses with diff erent irrigation and 

fertilization treatments were analyzed using the RZWQM2 model 

(Table 3). According to Operations Management International lab 

analyses, the total N applied at site N7 was 427.4 and 520.7 kg ha−1 

during the 2005 and 2006 irrigation seasons, respectively,  both of 

which were much higher than the total N applied to site R8, which 

was 230.2 kg ha−1 and 252.8 kg ha−1 for 2005 and 2006, respec-

tively. Th e simulated N balance components and NUE for the 2005 

and 2006 fertilization totals for site N7 are shown in Table 3. Th e 

major source of N is the applied wastewater with additional, sec-

ondary sources from dead roots and incorporated residue (Sopho-

cleous et al., 2008), and the major losses of applied N are from plant 

uptake, with minor losses due to volatilization, denitrifi cation, and 

deep seepage (Table 3). Mineralization is the major transformation 

of N, followed by immobilization (Sophocleous et al., 2007; 2008). 

Large amounts of NO
3
–N exist in the unsaturated soil profi le (Fig. 

6 and 7). Th e model estimated storage of NO
3
–N in the 10.8-m 

soil profi le of site N7 was 1390 kg ha−1 in 2005 and 1689 kg ha−1 

in 2006, suggesting that N leached below the corn root zone and 

accumulated in the deeper vadose zone and underlying ground 

water with time (Fig. 4, 6, and 7). Th e model results indicate that 

continuing this practice of corn cultivation for the next 20 yr (as a 

measure of the longer term) will result in NO
3
–N accumulation in 

the deeper vadose zone that will exceed current levels by more than 

160% over the 6.8- to 10.8-m-depth interval.

Results suggest that reducing N fertilization by 50% using 

the same 2005 irrigation scheduling increases NUE signifi cantly 

while achieving a maximum simulated crop yield, whereas de-

creasing N fertilization to 40% of the 2005 level achieves maxi-

mum NUE while maintaining crop yield within 0.1% of maxi-

mum (Table 3). Lowering the wastewater N applications from 

the 2006 and 2005 applied amounts of 521 and 427 kg ha−1, 

respectively, to 50 and 40% of those amounts, consistently in-

creased NUE from initially 38.9 and 42.2% to 91.1 and 93.7%, 

respectively (Table 3). Similar results were obtained for site R8, 

except that the NUE was lower. For example, the model-estimat-

ed NUE for the 2006 fertilization of 252.8 kg ha−1 was 36.2%, 

whereas reducing fertilization by 32.5% (to 170.9 kg ha−1) in-

creased NUE to 54.1% while keeping simulated corn grain yield 

to within <1% of the normally obtained maximum.

Reducing irrigation total amount for site N7 by various 

percentages ranging from 12 to 50% (but keeping the same ir-

rigation scheduling) while maintaining N fertilization levels at 

the near-optimal value of 170 kg ha−1 does not result in NUE 

or grain-yield benefi ts, which means that the current irrigation 

practices are effi  cient and that the used amounts are near opti-

mal (48.55 cm during the 2005 irrigation season; Table 3).

Reducing the fertilization levels at the study sites to around 

170 kg ha−1 while maintaining currently used irrigation sched-

ules and amounts maximizes the NUE. Such lower fertiliza-

tion rates can be achieved by blending treated wastewater with 

freshwater from the underlying High Plains aquifer. Th is was 

Fig. 7. Time evolution of vadose-zone nitrate-nitrogen profi les for sites N6 and R13, indicated in Fig. 3.

Table 2. Calibrated crop parameters used as input to the Root Zone Water Quality Model for CERES-Maize.

Maize parameter Calibrated values

P1 thermal time from seedling emergence to the end of juvenile phase, during which the plants are not responsive to 
changes in photoperiod (degree days) 

245

P2 extent to which development is delayed for each hour increase in photoperiod above the longest photoperiod at 
which development is at maximum rate, which is considered to be 12.5 h (days)

0.52

P5 thermal time from silking to physiological maturity (degree days) 990

G2 maximum possible number of kernels per plant 1100

G3 grain-fi lling rate during the linear grain-fi lling stage and under optimum conditions (mg d−1) 10.0

PHINT phyllochron interval (degree days) 38.9
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practiced during the initial years of the wastewater-irrigation 

operation, but the practice was later abandoned. Th e deeper 

ground water quality is generally good. Implementing a crop-

rotation system using leguminous plants, such as alfalfa, will 

likely decrease the rate of build-up of N in the soil profi le, as 

seen in the profi le of site R8 (Fig. 6a), which has a history of 

alfalfa in the crop rotation.

Conclusions
Th e analysis performed in this study leads to the following 

conclusions:

1. Soil coring down to 15.2 m and ground water sampling 

in the treated-wastewater irrigation area south of 

Dodge City, Kansas, indicated that NO
3
–N is 

accumulating in the vadose zone and has reached the 

underlying ground water.

2. Nitrate-N concentrations in the vadose zone and 

underlying ground water in the wastewater-irrigated 

areas show increasing trends over time.

3. Th e RZWQM2 acceptably simulated the observed soil-

profi le water content but generally overestimated the 

profi le soil NO
3
–N and did not simulate its detailed 

pattern well. In our judgment, better procedures 

for estimating the humus and microbial pools and 

plant-growth parameters as well as enhancement 

of the plant-growth module in the RZWQM2 will 

further improve the present state of N simulation. 

Model results may also be improved by increasing 

the maximum number of soil horizons allowed in the 

Fig. 8. Comparison of model-simulated and fi eld-measured soil-water contents at various soil depths for sites N7 and R8 during the 2005 calibration 
period. Three statistical indices, root mean square error (RMSE), relative RMSE (RRMSE), and mean relative error (MRE), are used to quantify 
the goodness of fi t of model parameterization. NP, neutron probe.
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model, especially for deep vadose zone profi les, and by 

obtaining additional soil-hydraulic data.

4. Th e calibrated RZWQM2 showed that reducing the 

wastewater N application rates to around 170 kg 

ha−1 increases NUE signifi cantly while maintaining 

near-maximal crop yield. Adopting this N application 

rate (170 kg ha−1) would reduce the size of residual 

NO
3
–N stored in the thick vadose zone in the area 

and slow down its downward migration. Combining 

such measures with a crop rotation that includes 

alfalfa should further reduce the amounts of residual 

NO
3
–N in the soil.
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Table 3. Nitrogen inputs and losses simulated by Root Zone Water Quality Model 2 for the 2005 and 2006 crop seasons for site N7 for current, 50%, 
and 40% levels of N-fertilization rates and various levels of irrigation reduction through the LEPA system.
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kg ha−1 –––––––––––––––––––––––––––––––––––––––––kg ha−1––––––––––––––––––––––––––––––––––––––––– %

2005

1. Full rate irrigation‡, 

full rate N fertilization§

15,384 – 1389.8 9.4 427.4 41.2 – 360.8 – 1.8 – 15.0 – 12.6 – 42.20

2. Full rate irrigation, 

50% N fertilization

15,547 1.06 1270.9 9.4 214.4 41.3 0.18 364.0 0.87 1.8 0.01 4.1 −72.93 2.6 −79.63 85.59

3. Full rate irrigation, 

40% N fertilization

15,531 0.96 1258.9 9.4 170.4 40.1 −0.57 340.1 −5.74 1.8 0.02 3.7 −75.62 1.5 −88.09 93.70

4. Full rate irrigation, 

zero fertilization

11,005 −28.46 1251.6 9.4 0 40.9 −0.69 180.5 −49.99 1.8 −0.07 3.2 −78.45 0.0 −99.97 –

5. 88% irrigation, full 

rate N fertilization

13,654 −11.25 1407.9 9.4 427.4 42.1 2.02 328.7 −8.92 1.8 0.37 17.3 15.18 13.1 4.34 35.04

6. 88% irrigation, 50% N 

fertilization

14,045 −8.70 1285.6 9.4 214.4 42.3 2.73 337.7 −6.42 1.8 0.38 5.1 −66.35 2.7 −78.54 74.06

7. 88% irrigation, 40% N 

fertilization

14,090 −8.41 1263.6 9.4 170.4 42.0 1.91 332.1 −7.95 1.8 0.38 3.8 −74.96 1.6 −87.43 89.94

8. 88% irrigation, zero 

fertilization

10,541 −31.48 1252.5 9.4 0 41.8 1.61 178.9 −50.43 1.8 0.51 3.23 −78.5 0.0 −99.97 –

10. 75% irrigation, full 

rate N fertilization

11,834 −23.08 1427.5 9.3 427.4 42.8 3.87 294.5 −18.39 1.8 −0.15 19.5 29.82 13.5 7.71 27.68

11. 75% irrigation, 50% 

N fertilization

11,993 −22.04 1307.0 9.3 214.4 43.1 4.71 299.3 −17.04 1.8 −0.14 6.9 −54.21 2.8 −77.63 56.04

12. 75% irrigation, 40% 

N fertilization

12,132 −21.14 1280.8 9.3 170.4 43.2 4.82 302.2 −16.26 1.8 −0.15 4.7 −68.56 1.7 −86.71 72.17

13. 75% irrigation, zero 

fertilization

9866 −35.87 1252.5 9.3 0 43.0 4.49 179.2 −50.34 1.8 −0.19 3.2 −78.60 0.0 −99.97 –

14. 50% irrigation, full 

rate N fertilization

8005 −47.97 1471.9 9.3 427.4 43.7 6.03 217.4 −39.75 1.7 −1.16 24.4 62.23 15.2 20.76 8.79

15. 50% irrigation, 50% 

N fertilization

8056 −47.63 1350.8 9.3 214.4 44.3 7.57 220.9 −38.78 1.7 −1.21 11.3 −25.06 3.2 −74.72 19.14

16. 50% irrigation, 40% 

N fertilization

8128 −47.17 1325.2 9.3 170.4 44.4 7.78 222.8 −38.24 1.7 −1.21 8.6 −43.00 1.9 −84.93 25.23

17. 50% irrigation, zero 

fertilization

7660 −50.21 1253.7 9.3 0 44.9 8.91 179.8 −50.16 1.7 −1.12 3.2 −78.58 0.0 −99.97 –

2006

1. Full rate irrigation¶, 

full rate N fertilization#

11,626 – 1688.9 11.4 520.7 66.2 – 299.6 – 4.1 – 109.1 – 24.1 – 38.93

2. Full rate irrigation, 

50% N fertilization

11,898 2.34 1424.3 11.4 260.7 63.1 −4.66 295.9 −1.23 4.0 −0.60 12.9 −88.13 4.7 −80.34 76.35

3. Full rate irrigation, 

40% N fertilization

11,823 1.69 1389.7 11.4 207.9 59.2 −10.50 286.1 −4.48 4.0 −0.78 6.0 −94.46 2.8 −88.46 91.06

4. Full rate irrigation, 

zero fertilization

5618 −51.68 1374.7 11.4 0 45.4 −31.43 96.8 −67.67 4.0 −1.24 2.4 −97.76 0.0 −100.0 –

5. 88% irrigation, full 

rate N fertilization

10,068 −13.4 1731.2 11.4 520.7 66.6 0.67 267.6 −10.68 4.1 0.75 122.5 12.24 25.3 5.07 32.82

6. 88% irrigation, 50% N 

fertilization

10,263 −11.72 1457.4 11.4 260.7 65.2 −1.46 270.8 −9.61 4.1 0.14 20.4 −81.28 5.2 −78.64 66.79

7. 88% irrigation, 40% N 

fertilization

10,581 −8.99 1409.5 11.4 207.9 61.0 −7.81 264.0 −11.87 4.1 −0.02 8.5 −92.24 3.0 −87.40 80.49

8. 88% irrigation, zero 

fertilization

5725 −50.76 1379.5 11.4 0 47.8 −27.84 96.7 −67.73 4.0 −0.57 2.6 −97.62 0.0 −100.0 –

10. 75% irrigation, full 

rate N fertilization

8439 −27.41 1776.9 11.4 520.7 66.3 0.17 233.7 −21.97 4.1 1.36 135.7 24.38 27.0 11.89 26.40

11. 75% irrigation, 50% 

N fertilization

8720 −25.00 1504.6 11.4 260.7 65.9 −0.48 240.7 −19.64 4.1 0.78 30.5 −72.08 5.8 −75.76 55.41

(cont’d)
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kg ha−1 –––––––––––––––––––––––––––––––––––––––––kg ha−1––––––––––––––––––––––––––––––––––––––––– %

12. 75% irrigation, 40% 

N fertilization

8826 −24.08 1448.7 11.4 207.9 64.3 −2.80 237.7 −20.66 4.1 0.67 15.2 −86.09 3.4 −86.11 68.02

13. 75% irrigation, zero 

fertilization

5742 −50.61 1383.0 11.4 0 48.8 −26.32 96.3 −67.86 4.1 0.19 2.7 −97.55 0.0 −100.0 –

14. 50% irrigation, full 

rate N fertilization

6817 −41.36 1874.6 11.4 520.7 63.7 −3.83 185.0 −38.26 4.2 3.62 143.7 31.63 30.9 28.13 16.70

15. 50% irrigation, 50% 

N fertilization

6754 −41.91 1607.1 11.4 260.7 64.1 −3.20 183.1 −38.87 4.2 3.08 50.5 −53.68 6.8 −71.91 32.65

16. 50% irrigation, 40% 

N fertilization

6892 −40.72 1547.7 11.4 207.9 63.6 −3.97 185.1 −38.21 4.2 2.97 31.6 −71.07 4.1 −83.02 41.90

17. 50% irrigation, zero 

fertilization

5645 −51.45 1391.1 11.4 0 52.9 −20.08 98.0 −67.29 4.2 2.46 2.7 −97.56 0.0 −100.0 –

† Nitrogen use effi  ciency.

‡ Full rate of 2005-season irrigation = 48.55 cm.

§ Full rate of 2005-season fertigation = 427.4 kg ha−1. 

¶ Full rate of 2006-season irrigation = 51.48 cm.

# Full rate of 2006-season fertigation = 520.7 kg ha−1.

Table 3. Continued.


