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a  b  s  t  r  a  c  t

Crop  water  production  functions  (CWPFs)  are often  expressed  as  crop  yield  vs.  consumptive  water  use
or irrigation  water  applied.  CWPFs  are  helpful  for optimizing  management  of  limited  water  resources,
but  are  site-specific  and vary  from  year  to year,  especially  when  yield  is  expressed  as  a  function  of
irrigation  water  applied.  Designing  limited  irrigation  practices  requires  deriving  CWPFs  from  long-term
field  data  to  account  for variation  in  precipitation  and  other  climatic  variables  at  a  location.  However,
long-term  field  experimental  data  are  seldom  available.  We  developed  location-specific  (soil  and
climate)  long-term  averaged  CWPFs  for  corn  (Zea  mays  L.) using  the  Root  Zone  Water  Quality  Model
(RZWQM2)  and 20 years  (1992–2011)  of  historical  weather  data  from  three  counties  of  Colorado.  Mean
CWPFs  as  functions  of crop  evapotranspiration  (ET), ET due  to irrigation  (ETa–d),  irrigation  (I),  and  plant
water  supply  (PWS  = effective  rainfall  +  plant  available  water  in the soil  profile  at  planting  +  applied
irrigation)  were  developed  for  three  soil  types at each  location.  Normalization  of the  developed  CWPF

across  soils  and  climates  was  also  developed.  A Cobb–Douglas  type  response  function  was  used  to
explain  the  mean  yield  responses  to applied  irrigations  and  extend  the  CWPFs  for  drip,  sprinkler  and
surface  irrigation  methods,  respectively,  assuming  irrigation  application  efficiencies  of  95,  85  and  55%,
respectively.  The  CWPFs  developed  for corn,  and other  crops,  are  being  used  in an  optimizer  program
for  decision  support  in limited  irrigation  water  management  in Colorado.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

With increasing human population, the demand for fresh water
or both urban consumption and crop production is increas-
ng. Consequently, the water available for irrigation is declining

hile the demand for food is increasing. Providing crops with

he right amount of water at the right time to optimize water
roductivity of food crops holds the key to addressing this chal-

enge. Water is the most important natural resource limiting corn

∗ Corresponding author. +1 9704927331.
E-mail addresses: Saseendran.Anapalli@ars.usda.gov,

aseendransa@hotmail.com (S.A. Saseendran).

ttp://dx.doi.org/10.1016/j.agwat.2014.09.002
378-3774/© 2014 Elsevier B.V. All rights reserved.
production in the semiarid Great Plains of USA  (Halvorson et al.,
2004). With competing demands for water (agriculture vs. urban
needs), the practice of ‘limited irrigation’ is gaining attention in
irrigated agriculture (Payero et al., 2006). In the evolving sce-
nario, ‘limited irrigation’ is viewed as a system of managing water
supply to impose periods of predetermined ‘water stress’ that
can result in the most economic benefit for the water available
(Klocke et al., 2004; Fereres and Soriano, 2007; Geerts and Raes,
2009).

Many experiments have shown that when other factors are not

extremely limiting, the biomass produced and the water consumed
(CWPF, crop water production function) by a given plant species
are linearly related—this is often true of the grain yield as well (e.g.,
Briggs and Shantz, 1917; Stewart and Hagan, 1969, 1973; Hanks,

dx.doi.org/10.1016/j.agwat.2014.09.002
http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2014.09.002&domain=pdf
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Data for calibration and evaluation of the model for simulating
corn in the three counties of Colorado came from field experiments
6 S.A. Saseendran et al. / Agricultura

974, 1983). De Wit  (1958) developed the first analytical approach
o formalize the CWPF. Tanner and Sinclair (1983) presented a sys-
ematic analysis that provided a theoretical basis and confirmed
he linear relationship for a given species in a given environment.
teduto et al. (2007) provide an excellent review and synthesis
f the above studies and more recent developments on the crop
iomass-water productivity relation.

It has been observed that when only water is limiting, grain
ield response of most crops (CWPF) rises initially to a maxi-
um  then falls off with further application of water (Stewart

nd Hagan, 1973; Geerts and Raes, 2009). Hence, quantitative
ield response to water available to the crop (soil water, effec-
ive rainfall and applied irrigation water) is required to predict
ield when less than the maximum water requirement of the
lant is available. Further, as water stress tolerance of crops
aries considerably by soil and climate, specific CWPFs are pre-
equisites for planning and managing water needs and allocation
uring the crop growth period for analysis of economic outcomes
Martin et al., 1989; Geerts and Raes, 2009). For such appli-
ations, the CWPFs are normally used in computations of the
otential grain yield that can be produced per unit of water con-
umed.

The measured CWPFs of crop yield vs. ET or irrigation may  vary
nnually due to variation of weather factors (e.g., precipitation,
emperature, and solar radiation, especially with the extremely
igh precipitation variability in the Great Plains). Therefore, for
se in planning limited irrigation, we need CWPFs for yield vs.

rrigation water that are averaged and take into account the risks
ver longer-term weather conditions. Such long-term average
unctions for irrigation, based on measured experimental data at a
pecific location are very expensive to obtain, and hence not readily
vailable in the Great Plains. Comprehensive, process-oriented
gricultural systems models provide a systems approach and a
ast alternative method for extrapolating results from short-term
xperiments across long-term weather and soils (from one soil to
nother) (Hoogenboom et al., 1991; Ahuja et al., 2000; Saseendran
t al., 2008). Once calibrated and tested for simulation of crop
esponse for the climate and soil of the location, the models can
e combined with soil and long-term weather data collected at
he location to obtain the average CWPFs for crop yield vs. ET or
onsumptive water use for limited irrigation management. The
ctual irrigation water applied to meet the needed ET will vary
ith the irrigation method and its water application efficiency

n the field. The CWPFs representing grain yield responses to
rrigation can vary considerably from one soil to another soil
nd locations (Stewart and Hagan, 1973). Therefore, in order
o make use of the CWPF developed using experimental data
t one location across soils and climates in other locations (we
esignated this problem as ‘normalization’ of the CWPF) in the
egion, a scientifically sound procedure that makes use of the
vailable information at the locations of interest needs also to be
eveloped.

The objectives of this study were first to develop long-term
verage corn CWPFs for three different locations and three soil
ypes at each location in eastern Colorado, USA using the calibrated
nd validated Root Zone Water and Quality Model (RZWQM2). The
ocations were Greeley, Weld County; Akron, Washington County,
nd Rocky Ford, Otero County in Colorado in the Central Great
lains of USA. The three locations were selected as they are spa-
ially separated and had experimental data for model calibration.
he perfect efficiency model results were then extended to three
rrigation methods (drip, sprinkler and surface irrigation). A sim-
le normalization method was tested on the nine average model
WPFs to explore their transferability across locations using mini-

um location-specific parameters (Maximum yield and maximum

T).
r Management 157 (2015) 65–77

2. Materials and methods

2.1. RZWQM2 model

RZWQM2 is a process-oriented agricultural system model that
was developed to simulate the impacts of water, tillage, crop
residue, fertilizers, pesticides, and crop management practices on
crop production and water quality (Ahuja et al., 2000; Ma et al.,
2009). It contains the CSM-CERES-Maize v4.0 model for simula-
tion of corn (Ma  et al., 2005, 2006, 2009; Hoogenboom et al., 1991;
Jones et al., 2003; http://arsagsoftware.ars.usda.gov/agsoftware/).
Several studies tested the model on field research conducted in
the Great Plains and extended the results for managing dryland
and irrigated cropping systems (Ma  et al., 2003; Saseendran et al.,
2005, 2008, 2009). Recently, Saseendran et al. (2014) modified
the water stress factor for processes related to photosynthesis
(SURFAC) in RZWQM2-CERES using the daily potential root water
uptake (TRWUP) calculated by the approach of Nimah and Hanks
(1973) and accounted for stress due to additional heating of
canopy from unused energy of potential evaporation. The mod-
ified water stress factor in RZWQM2 was found to be superior
to other stress factors in simulations of grain yield, biomass and
LAI in various experiments across soils and climates. The modified
model was used for simulating yield responses to irrigation in this
study.

Model inputs include weather (driving variables), soil physical
and hydraulic parameters, crop and soil management information
and soil initial conditions. RZWQM2 is a daily time-step model and
the minimum weather variables needed for the simulations are
daily solar irradiance, maximum and minimum temperature, wind
speed, relative humidity (RH), and precipitation (as break point
rainfall or water equivalent in the case of snowfall) representing
the experimental location.

Soil physical properties required are: soil profile depth and hori-
zons (layers); soil texture, bulk density, and organic matter content.
Soil hydraulic properties required are: water retention curves and
saturated hydraulic conductivity of each soil horizon represented
in the form of the Brooks and Corey equations. Crop management
data necessary are: tillage dates and methods; planting date, den-
sity, depth, and row spacing; and dates and amounts of irrigation;
and amount and type of fertilizer applications. The model requires
soil water, N, and carbon content by soil layer at the start of the
simulation.

In the order of importance, experimental data needed for cal-
ibrating the model for simulating a crop cultivar are grain yield
and biomass at maturity; crop biomass and leaf area index (LAI)
at different growth stages; phenology dates, rooting depth and
distribution in the profile; and frequent soil water content mea-
surements. To simulate a specific corn hybrid, the CERES-maize 4.0
model requires six cultivar parameters (Jones et al., 2003).

Simulating cropping systems requires careful iterative cali-
bration of the soil water component, followed by the nitrogen
(N) component, and finally the plant growth component (CSM-
CERES-Maize 4.0 model). If the simulation of crop growth at a
calibration step is not satisfactory, the whole sequence of calibra-
tion is repeated to obtain more accurate simulations. In this study,
RZWQM2 was calibrated manually following the comprehensive
procedure laid out by Ma  et al. (2011).

2.2. Site characteristics and experiments used in calibration and
evaluation of RZWQM2
conducted near: (1) Greeley (40.45◦N, 104.64◦W,  1.43 km amsl),
Weld county, (2) Rocky Ford (38.04◦N, 103.70◦W,  1.27 km amsl),

http://arsagsoftware.ars.usda.gov/agsoftware/
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tero county and at Akron (40.15◦N, 103.14◦W,  1.38 km amsl),
ashington county.

.2.1. Greeley, Weld County, Colorado
Four years of data (2008–2011) were collected at the Limited

rrigation Research Farm (LIRF) near Greeley in the central Great
lains of Colorado, USA (Trout et al., 2010; Bausch et al., 2011)
o quantify field corn responses to limited irrigation. Experimen-
al details and irrigation treatments at LIRF are available in Trout
t al. (2010) and Ma  et al. (2012). Six drip irrigation treatments
ere designed to meet certain percentages of potential crop ET

ETc) requirements during the growing seasons: 100%F, 85%V, 70%F,
0%V, 55%V, and 40%V of ETc. V denotes that 20% of the estimated
eekly amounts of irrigation requirement for that treatment dur-

ng vegetative growth period were withheld and added to weekly
mounts during the reproductive growth period; this was not done
n the F treatments.

The site contains three types of soils, Nunn (Fine, smectitic,
esic Aridic Argiustolls), Olney (Fine-loamy, mixed, superactive,
esic Ustic Haplargids), and Otero (Coarse-loamy, mixed, super-

ctive, calcareous, mesic Aridic Ustorthents) with sandy loam
exture. Weather data were recorded on site with a standard
olorado Agricultural Meteorological Network weather station
ttp://ccc.atmos.colostate.edu/ coagmet/. Mean annual precipita-
ion (1992–2010) at the location was 27 cm out of which 20 cm
as received during the corn growing season from May  to October.
orn (‘Dekalb 52–59’) with 102-day relative maturity was planted

n a randomized complete block design with four replicates at an
verage rate of 81,000 seeds per hectare with 0.76 m row spac-
ng on 12 May, 11 May, 11 May, and 3 May  and harvested on

 November, 12 November, 19 October, and 25 October in 2008,
009, 2010, and 2011, respectively. Nitrogen applications were
ased on soil samples taken for soil fertility status. Fertilizer as
rea–ammonium–nitrate (UAN) was applied at planting and then
ith irrigation water during the growing seasons as needed to elim-

nate N stress in the experiments.

.2.2. Akron, Colorado
Both irrigated and rainfed corn field experiments conducted at

he Central Great Plains Research Station 6.4 km east of Akron, CO
as used. Mean annual precipitation at the site is about 420 mm of
hich 290 mm is received during the corn growing season from
ay  through September. Soil type at the location is a Rago silt

oam (fine montmorillonitic mesic Pachic Arguistoll). Details of
he irrigation treatments in the experiment including soil physical
nd hydraulic properties used in the simulations were described
n Ma  et al. (2003). The irrigation experiments used in the study

ere conducted during 1984, 1985, and 1986. Corn hybrid ‘Pio-
eer Brand 3732’ (101-day relative maturity) was  planted under

 line-source gradient irrigation system. In 1985, additional drip
rrigation treatments were conducted with four irrigation levels.
or the line-source irrigation experiment, three irrigation levels in
984 and four irrigation levels in 1985 and 1986 were applied, with
our replications.

There were 5, 11, and 10 irrigation events in 1984, 1985 and
986, respectively. Irrigation applications were withheld until just
efore tasseling (late July) and varied from 23 to 106 mm in
984, from 72 to 188 mm in 1985, and 46 to 299 mm in 1986.
eeding rate was uniform across the irrigation gradient at about
6,000 seeds ha−1. All experiments were fertilized prior to plant-

ng with ammonium nitrate at the rate of 168 kg N ha−1. Soil water

easurements were made at planting, harvest, and several inter-
ediate times with a neutron probe. Leaf area measurements were
ade periodically with a leaf area meter by destructive sampling

ne-meter lengths of row, and the same samples were used for
r Management 157 (2015) 65–77 67

above ground biomass measurements. Grain yield was measured
at harvest using plot combine.

The rainfed (dryland) corn experiments were part of a larger
ongoing crop rotation experiment conducted at the same loca-
tion since 1990. In these experiments, various tillage and crop
sequences were assessed for effects on productivity, soil quality,
and economic viability. Detailed descriptions of cultural practices,
plot area, and experimental design were reported by Bowman and
Halvorson (1997) and Anderson et al. (1999). The corn hybrid ‘Pio-
neer Brand 3732’ used in the irrigation studies was also used in the
rainfed crop rotation study from 1993 to 1997. These experiments
used a randomized complete block design with three replications.
Grain yield and biomass data were collected at harvest using plot
combines. Fertilizer N application rates were based on annual soil
tests and a corn yield goal of 4100 kg ha−1. Actual fertilizer applied
in different years ranged between 34 and 95 kg N ha−1. Soil water
measurements were made every two  weeks with a neutron probe at
two locations near the center of each experimental plot at depths of
0.45, 0.75, 1.05, 1.35, and 1.65 m.  Time-domain reflectometry (TDR)
was used to measure soil water in the 0.00–0.30 m depth. The neu-
tron probe and TDR were calibrated for the site soils and calibration
verified annually. The calibrated model and crop parameters deter-
mined for simulation of the experiment by Saseendran et al. (2014)
were used in this study for simulations of crop yield responses to
irrigations.

2.2.3. Rocky Ford, Colorado
A randomized complete block design with four replications

examining N-source rate under conventional tillage was conducted
from 2000 to 2003 on a silty clay soil (fine-silty, mixed, cal-
careous, mesic Ustic Torrithents) at the Arkansas Valley Research
Center near Rocky Ford, Colorado (Halvorson et al., 2005). The long-
term average precipitation for the growing period (April through
September) at the location is 227 mm (Halvorson et al., 2005). Corn
hybrids ‘Pioneer 33A14’ (113 day relative maturity) was  planted
on 27 April 2000, ‘DeKalb 642RR’ (114 day relative maturity) on 24
April 2001, and Garst 8559 Bt/RR (110 day relative maturity) on 23
April 2002 and 29 April 2003. Final plant populations were 67,000
in 2000, 97,000 in 2001, 90,000 in 2002, and 93,000 plants ha−1

in 2003. There were six N treatments (designated as N1, N2, N3,
N4, N5 and N6, where N1 is the minimum and N6 the maximum
rate) every year. N fertilization rates were 0, 56, 112, 168, 224,
and 280 kg ha−1 in 2000; no N applied in 2001; 28, 56, 84, 112,
and 140 kg ha−1 in 2002; and 0, 34, 67, 101, 134, and 168 in 2003.
The crop was  furrow irrigated and the total water applied to the
crops in 2000, 2001, 2002, and 2003 were 70.5, 55.5, 64.2, and
85.0 cm,  respectively. Detailed accounts of the experiments (irriga-
tion and N schedules) and data collection procedures are available
in Halvorson et al. (2005). Grain yield collected at harvest was used
for evaluating the model. Grain yields were determined by harvest-
ing ears from a 11.6 m2 or larger area of each plot in 2000 and 2001,
and using plot combine in 2002 and 2003. The cultivar parameters
calibrated for simulation of DeKalb 52–59′ in the LIRF experiments
at Greeley was  used as a starting point for calibration of the ‘DeKalb
642RR’, ‘Pioneer 33A14’, and ‘Garst 8559 Bt/RR’ hybrids at this site.
Highest N treatment in 2000 was used for calibration and rest of
the data used in validation of the model.

2.3. Development of CWPFs using long-term (20-yr) simulations
of the model

2.3.1. Long-term simulations

Using the RZWQM2 calibrated and validated for the three

locations and soils as described above, crop growth was modeled
from 1992 to 2011 (20 crop seasons) for silt loam, clay loam,
and sandy loam soils. Default texture-based soil parameters for

http://ccc.atmos.colostate.edu/~coagmet/
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8 S.A. Saseendran et al. / Agricultura

he three soils were used (Rawls et al., 1982). These soils were
ssumed to have uniform properties with depth. Weather data
ecorded from 1992–2011 at Greeley, Akron, and Rocky Ford by the
olorado Agricultural Meteorological Network http://ccc.atmos.
olostate.edu/ coagmet/) were used in the simulations. Alfalfa
eference crop evapotranspiration (ETr) was calculated based on
llen et al. (2005).

All long-term simulations were initialized with soil water con-
ent at field capacity in the top 30 cm and half of plant available
ater (field capacity − wilting point) in the layers below 30 cm on

 January for each year simulated. In earlier studies at Akron, CO,
e found that if we started the model a few months before plant-

ng (on January 1 of each year), the precipitation during this early
eriod tended to equilibrate the soil water and reproduce close to
he initial soil water at planting.

The simulated crop was  planted every year on 2 May  at the three
ocations and weekly irrigations continued until 10 September
very year. Irrigations were based on meeting crop evapotranspira-
ion (ET) demands of 0 (dryland or no irrigation), 10, 20, 30, 40, 50,
0, 70, 80, 90 and 100% accounting for precipitation at weekly inter-
als (Ma  et al., 2012). Evapotranspiration in the soil-residue-canopy
ystem is modeled using the ‘extended Shuttleworth–Wallace ET
odel’ (Farahani and Ahuja, 1996; Farahani and DeCoursey, 2000).

rrigations in the model simulations were applied with 100% effi-
iency by treating them as low intensity rainfall events (effective
rrigation, Ieff = applied irrigation, I). Effective irrigation represents
he amount of applied irrigation water entering into the soil, tak-
ng into account the runoff and canopy interception losses. Water
nteracts with fertilizer in dry matter accumulation, but this was
ot considered in the present study, as we assumed the nutrients
ere not limiting for all treatments.

.3.2. Development of four average crop water production
unctions (CWPFs)

For development of CWPFs, average and standard deviations of
orn growing season precipitation, grain yield, biomass, crop evap-
transpiration (ETc), alfalfa reference ET (ETr), amount of irrigation,
lant available water in the soil at planting (PAW), and runoff from
he 20 yearly simulations at different levels of irrigation (irrigations
t 0 to 100% ET demand at weekly intervals) were computed. Effec-
ive precipitation (Peff, cm), effective irrigation (Ieff, cm), and plant
ater supply to the crop (PWS, cm)  were calculated as:

eff = Irrigation (I) (1)

(runoff and deep percolation due to model irrigations were neg-
igible).

eff = precipitation − runoff − deep percolation (2)

(3)PWS  = Ieff + plant available soil water (PAW) at
lanting + Peff

Four CWPFs were developed by plotting 20-years’ average sim-
lated grain yields vs. 20-years’ averages of (1) PWS, (2) irrigation,
3) ET,  and (4) ET due to irrigation (ETa–d, ET at a particular irrigation
evel − ET at no irrigation).

.3.3. Development of CWPFs for drip, sprinkler, and surface
rrigation methods

As noted above, the CWPFs derived above from RZWQM2
imulations for yield vs. irrigation water applied were based on
imulated irrigation applications having 100% efficiency. For pro-
ection of simulated grain yields in response to the various amounts
f irrigation water applied at 100% efficiency (ε) by the model into

5% of full irrigation with drip, 85% of full irrigation under sprin-
ler, and 55% of full irrigation under surface irrigations (average ε
t full irrigation level for different irrigation methods were derived
rom Irmak et al., 2011). We  established functional relationships
r Management 157 (2015) 65–77

between the simulated crop yields and irrigation amounts which
allowed extrapolation of CWPFs for irrigation at 100% efficiency
to other methods of irrigation. Assuming Cobb–Douglas type of
yield-water response function (Eq. (4)), Martin et al. (1984) rec-
ommended the functional relationship (CWPF) as given in Eq. (5).

f (Ir) = m − (1 − Ir)n (4)

Y − Yd

Ym − Yd
= 1 − (1 − Ir)

1
ˇ (5)

where f is relative increase in yield as a function of relative irriga-
tion Ir, and m and n are parameters of the Cobb–Douglas’ response
function, Y is grain yield in response to a given irrigation I, Yd is dry-
land yield for the irrigated crop, Ym is the maximum irrigated crop
yield,Ir = I/Im, where Ir is relative irrigation and Im is the irrigation
required to obtain Ym; and

 ̌ = (ETm − ETd)
Im

(6)

where, ETm and ETd are evapotranspiration in response to Im and
no irrigation (dryland), respectively.

Irrigation required for achieving a given yield (simulated aver-
age over 20 years in response to various irrigation amounts by
different methods) can be obtained by rearranging Eq. (5) as:

I = Im

[
1 −

(
1 − Y − Yd

Ym − Yd

)ˇ
]

(7)

Eqs. (5) and (6) can be used to obtain Y at any given I, knowing
Ym, Yd, Im, ETm and ETd. The Ym, Yd, ETm, and ETd do not change with
the irrigation method for a given crop and location. Only the Im
changes. The Im for any specific irrigation method can be calculated
from the modeled maximum irrigation needed at 100% efficiency
(Imp ) and the ε of the specific method of irrigation of interest as a
fractional value:

Im = Imp

ε
(8)

3. Results and discussion

3.1. Model development, calibration and validation

3.1.1. Evaluation of RZWQM2 for simulation of corn at Greeley,
Akron and Rocky Ford

Saseendran et al. (2014) modified RZWQM2 for better crop
responses to water stresses and conducted detailed calibration and
validation of the soil water, N, and crop parameters of the RZWQM2
for simulation of the LIRF experiments from 2008 to 2011. The
results showed reasonable accuracy, simulated grain yields had
a 4-yr average RMSE of 626 kg ha−1 under all levels of irrigations
(Fig. 1). The detailed comparison of the simulated and measured
crop growth and yield results are not repeated in this paper. The
observed yield–ET relationship or production per unit of ET (CWPF)
differed among the years due to variability in weather, length of
growing season, and fertility. Yet, the four year simulations of grain
yield responses to ET (CWPF in terms of yield vs. ET)  as well as the
field estimated ET-grain yield responses were close to each other
(Fig. 2). These results provide reasonable confidence in the use of a
calibrated model for developing long-term average CWPFs for corn
at the location for irrigation management. The plant parameters
calibrated and evaluated in the above study by Saseendran et al.
(2014) were used in this study for developing long-term CWPFs

(Table 1).

Saseendran et al. (2008) conducted detailed calibration and
evaluation of the rainfed (1993 to 1997) and irrigated (1984–1986)
corn experiments at Akron, Colorado using the CSM-CERES-Maize

http://ccc.atmos.colostate.edu/~coagmet/
http://ccc.atmos.colostate.edu/~coagmet/
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Fig. 1. Measured and simulated grain yield from 2008 to 2011 in the LIRF experi-
ments at Greeley, CO. Error bars indicate one standard deviation in the measured
data. (Adapted from Saseendran et al., 2014 with permission).
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Fig. 3. Measured and simulated corn grain yields in (a) rainfed (1993–1996) and
irrigated (1984–1986) corn grain yields at Akron, Colorado, and (b) N source and
rate study conducted at Rocky Ford during 2000–2003 (N1 through N6 represent
the six N levels used in the experiments, N1 represent the minimum and N6 the
maximum rate each year). Pest damaged corn yields in 2001 at Rocky Ford were
not used in calculation of RMSE. Error bars indicate one standard deviation in the

T
C

ET)  in the LIRF experiments at Greeley, CO. M = measured grain yield with ET esti-
ated from soil water balance for a 1 m soil profile, S = simulated ET and grain yields.

rror bars indicate one standard deviation from the mean of measured grain yields.

.0 in DSSAT with reasonable accuracy levels for irrigation applica-
ions. Saseendran et al. (2014) fine tuned the cultivar parameters of

aseendran et al. (2008) for accurate simulation of the experiments
sing CSM-CERES-Maize 4.0 within RZWQM2 (Table 1, Fig. 3a). The
oil water and N routines of RZWQM2 are more detailed compared
o DSSAT, and the simulated water and N interactions with crop

able 1
orn cultivar parameters calibrated for simulations at Akron, Greeley and Rocky Ford Col

Parameter values calibrated for

Acronyms used and definitions of traits. ‘DeKalb 

at Greele

P1—Degree days (base temperature of 8 ◦C) from seedling emergence
to end of juvenile phase (thermal degree days)

260 

P2—Day length sensitivity coefficient [the extent (days) that
development is delayed for each hour increase in photoperiod
above the longest photoperiod (12.5 h) at which development
proceeds at maximum rate]

0.6 

P5—Degree days (base temperature of 8 ◦C) from silking to
physiological maturity (thermal degree days)

620 

G2—potential kernel number 1000 

G3—potential kernel growth rate (mg  (kernel d)−1) 6.9 

PHINT—Degree days required for a leaf tip to emerge (phyllochron
interval) (thermal degree days)

43.0 
measured data. Circled data points are pest damaged grain yields in 2001.

necessitated the fine tuning of the crop parameters (Ahuja et al.,
2000). Notwithstanding, the accuracy levels of all the soil and crop
variables simulated had comparable accuracy levels of Saseendran
et al. (2008), we  did not attempt further comparisons of simulated
and measured data here. In brief, the grain yield simulations were
with an RMSE of 495 kg ha−1 for the rainfed and 719 kg ha−1 for
irrigated experiments (Fig. 3). Accordingly, accuracy levels of sim-

ulations of the grain yields at this location also have reasonable
accuracy for applying the model for limited irrigation management.

orado.

52-59’
y

Pioneer Brand 3732
at Akron

‘Pioneer 33A14’, ‘DeKalb 642RR’ and
‘Garst 8559 Bt/RR’ at Rocky Ford

290 330

0.8 0.3

615 920

930 740
6.9 6.0

38.9 40.0
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The simulated long-term average for each of the four CWPFs
he mean of the long-term simulations. In addition to precipitation and applied
rrigation, stored soil water at planting also contribute to grain yields.

No field irrigation treatments were conducted for corn, nor were
ny available in the literature, in the Otero county of Colorado for
alibration of the model. So, instead, an N management study of
rrigated corn under conventional tillage conducted by Halvorson
t al. (2005) at the Arkansas Valley Research Center near Rocky Ford
n the Otero county from 2000 to 2003 was used, as presented in
he materials and methods section. In 2001, pest damage reduced
rain yields in the experiments (Halvorson et al., 2005). With the
xception of some over simulations (model over estimated grain
ield) in 2001, simulated grain yield agreed reasonably well with
he measured data giving confidence in using the model for irriga-
ion research at the location (Fig. 3b). Simulations of the four year
xperiment at various N levels (irrigation varied across the years
nly) were with an RMSE of 802 kg ha−1 against an average mea-
ured value of 1029 kg ha−1 (i.e., the simulations deviated by 7.35%
rom the average measured mean yield), that exclude the pest dam-
ged corn simulations in 2001. The CSM-CERES-Maize 4.0 used in
he study does not simulate pest or disease impacts on growth and
evelopment of the crop (Jones et al., 2003).

.1.2. Long-term averaged CWPFs at Greeley, Colorado
The CWPF (response function) of 20-yr averaged simulated grain

ields in response to different levels of ET-based weekly irrigation
ater applications (irrigations and precipitation received) during

he crop period is shown in Fig. 4, along with the measured CWPFs
grain yield responses to precipitation plus irrigations) from 2008 to
011 in the LIRF experiments at Greeley, CO. The average response
assed through the experiment data for the 4 years. As expected,
easured grain yields deviated from the simulated long-term aver-

ge grain yields because weather conditions other than water can
ary the yield from year to year. In addition, in the LIRF experi-
ents, corn was planted in a four year rotation with winter wheat,

ry beans, and sunflower, and thus, was planted in a different plot
ach year (Trout et al., 2010). Although considerable variation in
easured water retention curves across soil cores collected across

he LIRF plots were reported (Ma  et al., 2012), an average soil was
sed in the simulations (Ma  et al., 2012). Therefore, some devia-
ion in the measured grain yields from the simulated average could

lso be due to varying soil properties (hydraulic and fertility levels)
cross the plots from year to year that was not accounted for in the
imulations.
r Management 157 (2015) 65–77

The relationship of average simulated grain yield with ETa–d and
ET (CWPFs) for all locations were close to linear with R2 values
of 0.99 and 0.96, respectively (Fig. 5). However, slight reduction
in slope was  noticed near the highest ETa–d and ET values (corre-
sponding to the highest irrigations at 100% ET recharge). This slope
reduction has significance in that meeting slightly less than the
100% ET demand may  reduce the yield less than irrigation demand.
On the other hand, the relationships between yield with PWS  and
irrigation amounts were non-linear and cubic polynomials fitted
well to these data (R2 value of 0.99 for both; Fig. 5). Yields estimated
from the fitted linear yield vs. ETa–d relationships were comparable
to long-term average yields simulated by RZWQM2 (Table 2).

Numerous experiments in the literature have shown a linear
relationship between yield and crop evapotranspiration (ET) for
many irrigated crops (Klocke et al., 2004; Payero et al., 2006;
Tolk and Howell, 2008; Nielsen et al., 2010). Solomon (1985) had
reviewed and summarized the CWPFs for 37 crops at various loca-
tions in the world and reported the yield–ET relationships to be
mostly linear. He also reported that the yield–irrigation relation-
ships were always non-linear. The linearity of the grain yield–ET
function is based on the assumption that the yield/biomass ratio
is either constant, or decreases or increases linearly with plant
transpiration (T) or ET.  Tolk and Howell (2008) identified a change
in slope in the yield–ET relationship, with increased ET demand
beyond an upper limit, of sorghum grown in the Great Plains of
USA.

The average grain yield relationships shown in Figs. 4 and 5
intercept the yield axis at values between 1000 and 2000 kg ha−1.
This value corresponds to the dryland yield when irrigation is
zero but precipitation and stored soil water are available for plant
uptake. The magnitude of the intercept depended upon the amount
of precipitation during the season and PAW at beginning of the
season, as well as evapotranspiration demand of the atmosphere.

Dryland ET that was met  from stored soil water and precipita-
tion was  20 cm in the clay loam, 23 cm in the silt loam, and 21 cm in
the sandy loams soils. There was no dryland treatment in the LIRF
experiments for comparison. Simulated dryland grain yields for the
location were between 1500 and 2000 kg ha−1 for the three soils
(Table 2). Simulated grain yields in response to irrigations to meet
full ET requirements were 13251, 13274 and 13265 kg ha−1 for the
three soils at the location (Greeley). Table 2 also gives the grain
yields due to irrigation (Yi − Yd) predicted by the Cobb–Douglas
type response function given in Eq. (5) and using a Yield: ET due to
irrigation (ETa–d) linear relationships.

The extrapolation of model simulated CWPFs with 100% water
application efficiency to drip, sprinkler, and surface methods of irri-
gation is shown in Table 3. This Table gives irrigation amounts
needed to obtain the simulated yields at each level of ET-based
irrigation for each of the methods of irrigation, using Eq. (7). For
the three soils, the maximum gross irrigation amounts needed to
obtain the maximum simulated yield were about 50 cm under drip
(ε = 0.95), 56 cm under sprinkler (ε = 0.85), and 87 cm under sur-
face irrigation (ε = 0.55), methods. Surface and sprinkler irrigation
methods with less irrigation efficiencies than drip required more
irrigation water for a given ET recharge level. Maximum gross irri-
gation amount computed in silt loam soil was 49 cm under drip,
55 cm under sprinkler and 85 cm under surface irrigation methods.
Maximum gross irrigation amounts in sandy loam soil under the
three irrigation methods were 50, 56 and 86 cm, respectively.

3.2. CWPFs for Akron and Rocky Ford locations
for Akron and Rocky Ford are presented in Fig. 5b and c. Owing to
differences in climate variables, especially precipitation and tem-
perature, and differences in grain yield traits of the corn hybrids
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Table  2
Simulated percentage ET demand at which irrigations were applied and average seasonal amount of irrigation applied in response, and averages of evapotranspiration and
grain  yield (ε = 1.0), for corn in clay loam, silt loam and sandy loam soils at Greeley, Colorado. Grain yields due to irrigation (Yi − Yd) predicted by the Cobb–Douglas type
response function given in Eq. (5) and using a Yield: ET due to irrigation (ETa–d) linear relationships are also given. SD (standard deviation) was computed for the 20 yr
RZWQM2 simulated yield.

Irrigation schedule
(weekly %ET demand)

Irrigation
applied (cm)

ET (cm) Simulated grain yield Yield from Eq. (5) (kg ha−1) Yield from ETa–d using linear
interpolation (kg ha−1)

Average (kg ha−1) SD (kg ha−1)

Clay loam
0–30 (dryland) 0.0 19.8 1563 1029 1563 1563

40  11.0 30.9 4217 1271 4438 4662
50  18.2 37.9 6426 1248 6280 6638
60  25.0 44.3 8604 1211 7981 8438
70  31.4 50.3 10,576 1341 9552 10,103
80  38.1 56.4 12,235 1359 11,120 11,836
90  43.5 61.2 13,017 1504 12,331 13,159

100  48.3 63.9 13,251 1524 13,251 13,924

Silt  loam
0–30 0.0 23.2 2190 1434 2190 2190

40  10.0 32.7 4560 1489 4803 4852
50  17.0 39.6 6979 1402 6564 6800
60  23.8 46.0 9201 1379 8236 8615
70  30.1 52.0 11,258 1229 9756 10,307
80  36.7 57.5 12,642 1471 11,252 11,873
90  41.8 62.3 13,176 1507 12,347 13,215

100  47.0 65.2 13,274 1523 13,274 14,046

Sandy  loam
0–30 0.0 21.4 1919 1362 1919 1919

40  9.8 31.5 4618 1469 4498 4691
50  16.5 38.1 6902 1443 6209 6521
60  23.9 45.5 9406 1497 8075 8545
70  29.2 50.4 11,002 1177 9349 9916
80  39.4 59.8 12,590 1421 11,708 12,512
90  41.2 60.9 13,149 1426 12,095 12,813

100  47.3 64.1 13,265 1522 13,265 13,676

Table 3
Irrigation amounts derived for drip, sprinkler, and surface irrigation methods, using the irrigation-yield responses (CWPFs) simulated by RZWQM2 with 100% irrigation
efficiency (ε), in clay loam, silt loam and sandy loam soils at Greeley, Weld county, Co. Im is maximum irrigation needed for achieving maximum yield.

Irrigation schedule
(weekly %ET demand)

Average grain yields
simulated (kg ha−1)

Irrigation amounts (cm)

(ε = 100%) Drip (ε = 95%) Sprinkler (ε = 85%) Surface (ε = 55%)

Clay loam
0–30(dry land) 1563 0.0 0.0 0.0 0.0

40  4217 11.0 20.3 22.7 35.1
50  6426 18.2 25.4 28.4 43.9
60  8604 25.0 30.5 34.1 52.6
70  10,576 31.4 35.6 39.7 61.4
80  12,235 38.1 40.6 45.4 70.2
90  13,017 43.5 45.7 51.1 79.0

100  (maximum) 13,251 48.3 50.8 56.8 87.7

Silt  loam
0–30 2190 0.0 0.0 0.0 0.0

40  4560 10.0 19.8 22.1 34.1
50  6978 17.0 24.7 27.6 42.7
60  9200 23.8 29.7 33.1 51.2
70  11,257 30.1 34.6 38.7 59.8
80  12,641 36.7 39.5 44.2 68.3
90  13,176 41.8 44.5 49.7 76.8

100  13,273 47.0 49.4 55.2 85.4

Sandy  loam
0–30 1919 0.0 0.0 0.0 0.0

40  4618 9.8 19.9 22.3 34.4
50  6902 16.5 24.9 27.8 43.0
60  9406 23.9 29.9 33.4 51.6
70  11,001 29.2 34.9 39.0 60.2
80  12,590 39.4 39.8 44.5 68.8
90  13,149 41.2 44.8 50.1 77.4

100  13,265 47.3 49.8 55.7 86.0
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ig. 5. Simulated long-term average corn grain yield (Yi) response to ET due to irriga
ainfall  + plant available water in the soil profile at planting + applied irrigation) at G
0  yrs of simulated grain yields. Ya–d is yield due to irrigation. Linear equations rep

sed at Greeley, Akron and Rocky Ford locations, the simulated
rain yields in response to irrigations at 0 (dryland) to 100% ET
anged between 1425 and 13200, 2616 and 11799, and 2043
nd 16429 kg ha−1, respectively (Fig. 5a–c). Effective 20-yr average
rowing season Peff at Greeley, Akron and Rocky Ford were 15.0,
7.6 and 13.6 cm,  respectively; largely explains the differences in
ryland yield between the locations. Average irrigations applied at
he locations were 47.2, 52.2 and 57.2, respectively.

Similar to Greeley, the average grain yield vs. ETa–d and ET CWPFs
ere close to linear, and average grain yield vs. PWS  CWPFs were
on-linear (cubic polynomials were fitted) with R2 values > 0.99.
otwithstanding, the slope of the CWPFs differed between the loca-

ions (Fig. 5a–c). In Fig. 5a–c, the grain yield vs. irrigation CWPFs
epresent the irrigation water productivity (IWP = increase in yield
bove dryland yield per unit of irrigation water), and the grain yield
s. ET CWPFs represent the ET water productivity (WP  = increase in
ield per unit of ET)  (Tolk and Howell, 2008). The difference in slope
etween the two CWPF (WP  vs. IWP) lines with increase in irriga-
ion amounts indicates water losses to other than ET.  These water

osses can be due to runoff, deep percolation and change in soil

ater storage in the soil profile.
Percentage ET demand at which irrigations were applied and

verage seasonal (growing period) amount of irrigation applied in
Ta–d), irrigation (I), evapotranspiration (ET), and plant water supply (PWS  = effective
, Akron and Rocky Ford, Colorado. Error bars indicate one standard deviation in the
ing the yield vs. ET,  ETa–d and PWS are also shown.

response, and averages of ET and grain yield simulated for corn in
clay loam, silt loam and sandy loam soils at Akron and Rocky Ford,
Colorado are presented in Tables 4 and 5 (similar to Table 2). Grain
yields due to irrigation (Yi − Yd) predicted by the Cobb–Douglas
type response function given in Eq. (5) and using a Yield: ET due
to irrigation (ETa–d) linear relationships are also given. We  also
extrapolated these functions to different methods of irrigation, as in
Table 3 for the Greeley location. However, because of the similarity
of approach and values they are not shown here.

The CWPFs representing grain yield responses to irrigation
under a given method (drip, sprinkler, or surface) for the clay loam,
silt loam, and sandy loam soils (all the three soil texture types
were assumed to occur at all the three locations) across the three
locations (Greeley, Akron, and Rocky Ford) differed among each
other considerably (e.g., shown in Fig. 5a–c). Therefore, in order to
make use of the CWPF developed using experimental data at one
of the locations under a given irrigation method (e.g.,: drip irriga-
tion at LIRF, Greeley) across soils and climates in other locations
(we designated this problem as ‘normalization’ of the CWPF) in

the region (e.g., Akron or Rocky Ford), a scientifically sound proce-
dure that makes use of the available information at the locations
of interest needs to be developed. In this direction, the normaliza-
tion of CWPFs for corn across three locations (Greeley, Akron and
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Table  4
Percentage ET demand at which irrigations were applied and average seasonal amount of irrigation applied in response, and averages of evapotranspiration and grain yield
simulated for corn in clay loam, silt loam and sandy loam soils at Akron, Colorado. Grain yields due to irrigation (Yi − Yd) predicted by the Cobb–Douglas type response
function  given in Eq. (5) and using a Yield: ET due to irrigation (ETa–d) linear relationships are also given. SD (standard deviation) was computed for the 20 yr RZWQM2
simulated yield.

Irrigation schedule (weekly
%ET demand)

Actual irrigation
applied (cm)

ET (cm) Simulated grain yield Yield from Eq. (5)
(kg ha−1)

Yield from ETa–d

(kg ha−1)
Average (kg ha−1) SD (kg ha−1)

Clay loam
0–30 (dryland) 0.0 28.8 3380 1356 3380 3380

40  4.0 32.7 4222 1204 4378 4431
50  8.8 37.2 5321 1535 5568 5625
60  15.6 43.3 7264 1793 7181 7219
70  22.5 49.4 9011 1925 8745 8858
80  28.8 55.1 10,581 1666 10,103 10,368
90  35.2 60.2 11,725 1467 11,366 11,717

100(maximum) 40.9 64.0 12,262 1505 12,262 12,712

Silt  loam
0–30 0.0 33.9 4333 1793 4333 4333

40  4.5 38.5 5439 1529 5311 5389
50  9.7 43.3 6870 1907 6425 6497
60  16.8 49.7 8761 2059 7885 7971
70  23.6 55.7 10,406 1916 9204 9369
80  30.6 61.9 11,642 1519 10,501 10,793
90  37.5 67.5 12,281 1565 11,645 12,075

100  43.6 70.8 12,426 1544 12,426 12,843

Sandy  loam
0–30 0.0 33.0 4627 1944 4627 4627

40  3.6 36.7 5509 1477 5464 5548
50  8.1 40.7 6637 1749 6496 6534
60  14.4 46.5 8513 2149 7887 7963
70  20.5 52.3 10,154 2248 9180 9405
80  27.3 58.1 11,377 1939 10,519 10,818
90  33.6 63.1 12,197 1724 11,649 12,071

100  38.6 65.8 12,340 1618 12,340 12,738

Table 5
Percentage ET demand at which irrigations were applied and average seasonal amount of irrigation applied in response, and averages of evapotranspiration and grain yield
simulated for corn in clay loam, silt loam and sandy loam soils at Rocky Ford, Colorado. Grain yields due to irrigation (Yi − Yd) predicted by the Cobb–Douglas type response
function given in Eq. (5) and using a Yield: ET due to irrigation (ETa–d) linear relationships are also given. SD (standard deviation) was computed for the 21 yr RZWQM2
simulated yield.

Irrigation schedule (weekly
%ET demand)

Actual irrigation
applied (cm)

ET (cm) Simulated grain yield Yield from Eq. [5]
(kg ha−1)

Yield from ETa–d

(kg ha−1)
Average (kg ha−1) SD (kg ha−1)

Clay loam
0–30 (dryland) 0.0 22.6 2874 1373 2874 2874

40  11.3 34.0 6202 1792 5997 6235
50  18.5 40.9 8605 1922 7956 8273
60  25.8 47.7 11,022 2025 9873 10,251
70  33.2 54.6 13,160 1773 11,773 12,276
80  40.3 60.9 14,972 1530 13,539 14,136
90  47.2 67.1 16,299 1398 15,176 15,963

100(maximum) 54.4 71.8 16,649 1486 16,649 17,328

Silt  loam
0–30 0.0 26.3 3794 1996 3794 3794

40  10.6 37.3 7404 1884 6773 7021
50  17.3 43.8 9994 1688 8612 8932
60  24.2 50.4 12,144 1512 10,457 10,871
70  31.3 56.6 14,256 1287 12,293 12,725
80  38.3 63.0 15,816 1274 14,013 14,590
90  45.2 68.5 16,609 1477 15,604 16,231

100  50.7 71.7 16,688 1484 16,688 17,158

Sandy loam
0–30 0.0 24.6 3539 2030 3539 3539

40  10.0 35.5 6895 1850 6401 6824
50  16.8 42.1 9329 1711 8307 8814
60  23.6 48.6 11,766 1447 10,191 10,807
70  30.7 55.3 13,832 1173 12,111 12,823
80  37.4 61.4 15,658 1160 13,877 14,675
90  43.9 67.2 16,606 1461 15,491 16,409

100  49.3 70.0 16,685 1484 16,685 17,270
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ryland evapotranspiration (ETd), and (b) relationship between ETd and relative gra
rrigated grain yield) responses to ETd . Simulated data at all the three locations (Gree
tted  to the data.

ocky Ford) and soils (clay loam, silt loam and sandy loam) were
xplored.

.3. Estimation of ETd and Yd

The PAW in the soil at planting at a location significantly mod-
fies the shape of the crop yield responses to applied irrigations,
r CWPFs (Stewart and Hagan, 1969). The PAW in the crop root
one will vary among fields, locations, and years depending on
he crop prior grown, soil texture, length and precipitation of the
on-cropped period prior to planting, as well as any pre-plant irri-
ation. Therefore, we explored some relationships to account for
he effect of different initial water contents at planting, along with
he amount of effective rainfall (rainfall minus runoff minus deep
ercolation) after planting, on the average dryland ET (ETd) and corn
ield, in order to adjust the CWPFs for yield vs. irrigation.

For all three soil types and three locations of this study (pooled
ata from Tables 2, 4 and 5), relationships between simulated ETd
s. seasonal total precipitation, ETd vs. seasonal total Peff, and ETd
s. PWS1 (Peff + available soil water at planting) were explored for
egression relationships. The relationship between ETd and PWS1
as found to be linear with R2 = 0.83 (Fig. 6a). The data displayed

n Fig. 6a indicate about 81% of the initial soil water and effective
ainfall contributed to ETd. This relationship is useful for estimating
he effect of varying initial plant-available soil water in the root
one (1 m depth in RZWQM2 simulations), as well as of effective
ainfalls, on ETd.

Further, we explored various possible options available for
redicting dryland corn grain yield (Yd) from measured and read-

ly available data at the locations from relationships between
d and total crop season precipitation (P), relative Yd (dryland
ield/maximum fully irrigated yield, RelYd) and P and Peff, Yd and
WS1, Yd and dryland ET (ETd), and RelYd and ETd. The regres-
ion between RelYd vs. ETd showed strong enough relationships
R2 = 0.97) for prediction (Fig. 6b).

Thus, Fig. 6a and b allows us to estimate ETd and dryland yield
rom knowledge of initial soil water and effective precipitation.
hese relationships allow us to adjust the CWPFs of yield vs. irriga-
ion for the various initial soil water contents at planting and/or the
ffective seasonal rainfall. The estimated values of dryland yield and
ryland ETd also allow us to develop the CWPFs for irrigation from
nowledge of the long-term average fully irrigated maximum corn
ield and the corresponding maximum ET and maximum irrigation
n Eq. (5).
.4. Normalization of CWPFs between yield and ET or PWS

The relationships among the corn CWPFs from three different
ocations in Colorado (Greeley, Akron, and Rocky Ford) and three
d (i.e., RelYd = Yd/Ym , Yd is dryland grain yield and Ym is the average maximum fully
kron and Rocky Ford) have been used. Lines represent least squares linear functions

soil types (silt loam, clay loam, and sandy loam) were explored to
identify similarities in their shape and magnitude and minimum
parameters to represent them. The similarities could, thus, allow
us to develop reasonable CWPFs from minimum known data points
for counties and locations where adequate data are not available for
calibration/validation of the model to develop detailed long-term
average functions.

Fig. 7a shows the 20-year average corn yield vs. ET CWPFs for
three different soil types plotted together, for each of the three loca-
tions in Colorado. The relationships for each location are similar, but
they differed in magnitudes of grain yields among locations. The
relationships obtained were close to linear, as commonly reported
in the literature (e.g., Klocke et al., 2004; Nielsen et al., 2010).
The lower limit of ET in these graphs is the ET resulting from
PWS  (Ieff = 0), which could vary among the soil types and locations.
Unlike the yield–ET relationships, the yield–PWS  (the effective irri-
gation water applied in which initial plant available water in the
top 1 m of soil was  considered) across soils and locations differed
both in magnitudes of grain yields and ET (Fig. 7b).

Fig. 8a shows the average simulated grain yield–ET relationships
for the three locations plotted together for each soil type separately.
Again, the functions for the three locations are fairly similar for
each soil type, except that the longer duration corn variety grown
at Rocky Ford had higher yield and higher ET.  Fig. 8b shows the
same functions when grain yield is plotted as a function of ET nor-
malized with ETr on a daily basis. Instead of further coalescing as
expected from the theory of normalization for climate across loca-
tions (Tanner and Sinclair, 1983; Steduto et al., 2007) described
above, the functions actually separate. For a given yield, less nor-
malized ET is required for Rocky Ford and Akron locations than for
the Greeley location. This may  indicate that the corn variety and
the weather conditions at Rocky Ford, and to a lesser degree at
Akron, are such that the crop makes more efficient use of water
(water use efficiency is higher). Similar results were obtained for
grain yield–PWS  relationships (Fig. 9a and b).

Fig. 8c shows functions for relative grain yield (Yr) vs. relative ET
(ETR), that is the ET divided by the maximum actual ET for the crop
at each location. Interestingly, the functions coalesce together for
each soil type, as well as for all soil types together (Fig. 8d). Similar
coalescence was obtained for the biomass-ET relations (data not
shown) and for the relationship between yield and relative PWS.
Whereas the Yr vs. ET relationship was close to linear for the whole
range of ET,  the Yr vs. PWS  relationship was  close to linear at lower
PWS  initially and deviated from linearity gradually with higher PWS
values. These observed relationships are very useful in that they

allow us to estimate yield–ET functions for any location and soil
type from knowledge of one point on the relationship, such as the
multi-year average maximum yield and maximum ET or PWS under
fully irrigated conditions for a given location and variety. In Fig. 6,
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Fig. 7. (a) Simulated corn grain yield–ET relationships across three soil types at Akron, Greeley and Rocky Ford, and (b) yield–plant water supply (PWS; effective precipita-
tion  + applied irrigation + plant available water in the 1 m soil profile at planting) relations across three soil types at three locations.

Fig. 8. (a) Grain yield–ET relationships across the three locations by soil type, (b) yield–ET normalized with alfalfa reference crop evapotranspiration (ETr ) across locations
by  soil type, (c) relative yield (Yr)–relative ET (ETR = ET/ETmax, ETmax = maximum ET) relationships across the three locations by soil type, and (d) Y–ETR relationships between
the  three locations and three soil types. A liner equation was fitted to the Yr–ETR relationships pooled across the three locations and soils in (d).
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Fig. 9. (a) Corn grain yield–plant water supply (PWS) (effective precipitation + applied irrigation + plant available water in the 1 m soil profile at planting) relationships across
t nspiration (ETr ) across the three locations by soil type; (c) relative yield (Yr)–relative PWS
r nships across the three locations and the three soils. A liner cubic equation fitted to the
Y so shown.
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e developed relationships between dryland yield and ET with ini-
ial soil water and effective rainfall. These relationships can refine
he response functions at the dry end.

In Fig. 8d, we have fitted a linear relationship between pooled
elative yield vs. relative ET (Eq. (9)) with an R2 of 0.98, and in Fig. 9d,
e fitted a cubic polynomial relationship between pooled relative

ield vs. relative PWS  (Eq. (10)) with R2 of 0.99.

r = 1.32ETR − 0.263 (9)

r = −4.95PWS3 + 9.29PWS2 − 3.87PWS  + 0.53 (10)

.5. Transferability of the CWPF developed in the study across the
orld.

We  have irrigated corn production data collected in experiments
onducted at the Yuncheng Integrated Agricultural Experimental
tation (36.57◦N, 116.36◦E, 28 m amsl) in the North China Plain for
omparison with the CWPF depicted by the relative grain yield vs.
elative ET relationship (Eq. (9)) developed in the study (Fig. 10).

e also simulated the experiments using the RZWQM2 model. As
an be seen in Fig. 10, all of the simulated and all except one of
he measured data fell close to the CWPF represented by Eq. (9)

bove. Two outliers (below the generalized line) in the measured
ata, probably is caused by factors other than water and nutrients in
orn production at the location. The measured CWPFs in the exper-
ments conducted at Greeley, Colorado during 2008–2011 also fell
Fig. 10. Comparison of the relative grain yield (Yr)–relative ET (ETR) relationship
developed in Fig. 8 with measured and simulated corn water production data from
Greeley, Colorado and Yucheng, China.

reasonably close to the normalized CWPF developed using Eq. (9)
in Fig. 9.
4. Conclusions

Crop yield responses to water use or applied irrigation (CWPFs)
can provide essential information for planning limited irrigations
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nd allocations of the limited water resources for optimum crop
roduction. However, the annual precipitation and other weather
actors greatly vary the irrigation requirements from year to year
t a location. Therefore, for planning purposes, the CWPFs need to
e based on long-term yield responses to weather (including pre-
ipitation) and applied irrigations at a location. We  combined a
ynamic process-oriented cropping system simulation model with
hort-term limited irrigation trials and long-term weather data
o develop long-term average CWPFs for corn at Greeley, Weld
ounty; Akron, Washington County; and Rocky Ford, Otero County,
olorado. We  were able to normalize the CWPFs across the soils
nd the three locations through a linear relationship between rel-
tive grain yield (Y/Ymax), and relative ET (ET/ETmax) and relative
WS  (PWS/PWSmax). Linear relationships were also found to exist
etween dryland ET (ETd) and PWS, and relative dryland grain yield
Y/Ymax) and ETd. The estimated value of dryland yield and ETd also
llow us to develop the CWPFs for irrigation from knowledge of
he long-term average fully irrigated maximum corn yield and the
orresponding maximum ET and maximum irrigation. The method
eveloped can be adapted for development of similar CWPFs for
ther crops of interest in different soils and climates across the
orld. However, the RZWQM2 does not simulate salinity effects on

rop growth, so the conclusions of this paper many not represent
oils with salinity related issues.
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