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1. Introduction

Crop simulation models are mathematical rep-
resentations of plant growth processes as influ-
enced by interactions among genotype, environ-
ment, and crop management. They have become 
an indispensable tool for supporting scientific re-
search, crop management, and policy analysis 
(Fischer et al., 2000; Hammer et al., 2002; Hansen, 

2002). Simulation models serve different pur-
poses, and the intended purpose influences the 
level of detail needed for mechanistic description 
of key processes, sensitivity to environment and 
management, data requirements, and model out-
puts. All cereal crop models must simulate plant 
growth and development, biomass partitioning 
among organs (leaves, stem, root, and reproduc-
tive structures), and yield formation. The accu-
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Abstract
A new maize (Zea mays L.) simulation model, Hybrid-Maize, was developed by combining the strengths of 
two modeling approaches: the growth and development functions in maize-specific models represented by CE-
RES-Maize, and the mechanistic formulation of photosynthesis and respiration in generic crop models such as 
INTERCOM and WOFOST. It features temperature-driven maize phenological development, vertical canopy 
integration of photosynthesis, organ-specific growth respiration, and temperature-sensitive maintenance respi-
ration. The inclusion of gross assimilation, growth respiration and maintenance respiration makes the Hybrid-
Maize model potentially more responsive to changes in environmental conditions than models such as CERES-
Maize. Hybrid-Maize also requires fewer genotype-specific parameters without sacrificing prediction accuracy. 
A linear relationship between growing degree-days (GDD) from emergence to silking and GDD from emer-
gence to physiological maturity was used for prediction of day of silking when the former is not available. The 
total GDD is readily available for most commercial maize hybrids. Preliminary field evaluations at two loca-
tions under high-yielding growth conditions indicated close agreement between simulated and measured val-
ues for leaf area, dry matter accumulation, final grain and stover yields, and harvest index (HI). Key areas for 
further model improvement include LAI prediction at high plant density, and biomass partitioning, carbohy-
drate translocation, and maintenance respiration in response to above-average temperature, especially during 
reproductive growth. The model has not been evaluated under conditions of water and/or nutrient stress, and 
efforts are currently in progress to develop and validate water and nitrogen balance components for the Hy-
brid-Maize model.
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racy of simulating the outcome of these processes 
across a wide range of environments depends on 
basic understanding of the key ecophysiological 
processes and incorporating this knowledge in 
the mathematical formulations that constitute the 
model. For example, accurate prediction of car-
bon (C) sequestration scenarios in a given crop-
ping system requires robust simulation of grain 
and stover yields, and the amount of assimilate 
partitioned belowground to root biomass and ex-
udation (Cassman et al., 2003).

Different approaches have been used for sim-
ulating maize (Zea mays L.) development and 
growth. Generic crop models describe the pro-
cesses of assimilation, respiration, development 
and growth without regard to crop species, and 
are then fine-tuned to simulate the phenological 
and physiological traits of specific crops such as 
maize, rice, or potatoes. Examples of generic crop 
models include SUCROS, WOFOST and INTER-
COM (van Ittersum et al., 2003), STICS (Brisson 
et al., 2003), and CropSyst (Stöckle et al., 2003). 
In contrast to generic models, other crop mod-
els have been developed to simulate growth and 
development of a specific crop species. The CE-
RES-Maize model and its implementation in DS-
SAT (Jones and Kiniry, 1986; Jones et al., 2003), 
and the Muchow–Sinclair–Bennett (MSB) model 
(Muchow et al., 1990) are examples of maize-spe-
cific models.

Maize-specific simulation models differ con-
siderably from generic models in both theoretical 
framework and treatment of key processes that 
drive growth and development. For example, IN-
TERCOM (Kropff and van Laar, 1993; Lindquist, 
2001) distinguishes only two phases—the vegeta-
tive phase from emergence to anthesis and the re-
productive phase from anthesis to maturity—and 
requires input of growing degree-days (GDD) for 
the duration of both phases. In contrast, CERES-
Maize distinguishes five development stages—
emergence to end of juvenile stage, the end of ju-
venile stage to tassel initiation, tassel initiation to 
silking, silking to effective grainfilling, and effec-
tive grainfilling to physiological maturity—and 
requires cultivar-specific input parameters for 
the GDD interval from emergence to the end of 
the juvenile phase, photoperiod sensitivity, and 
the duration of silking to maturity in GDD. Two 
additional cultivar-specific input parameters are 
required for kernel growth in CERES-Maize.

In generic models such as WOFOST (Van 
Diepen et al., 1989) and INTERCOM, growth of 
plant organs is driven primarily by the availabil-
ity of assimilates from simulation of canopy pho-
tosynthesis, and both growth and maintenance 
respiration are explicitly accounted for to deter-
mine dry matter production. In maize-specific 
models such as MSB and CERES-Maize, growth 
of organs is primarily driven by temperature, 
and dry matter production is computed directly 
from absorbed solar radiation by means of a 
fixed value for radiation use efficiency (RUE) that 
accounts for respiration costs implicitly. Use of a 
fixed RUE value as the driving force of dry mat-
ter accumulation in crop simulation models has 
been questioned because a fixed RUE value in-
corporates a number of physiological processes, 
each of which is sensitive to environmental con-
ditions and crop status (Goudriaan and van Laar, 
1994; Loomis and Amthor, 1999). Hence, RUE is a 
dynamic, integrative variable that is sensitive to 
temperature and light intensity, and models that 
rely on a fixed RUE value may be less sensitive to 
variation in climatic conditions and plant physi-
ological status. For example, Edmeades and Bo-
lanos (2001) speculated that the standard RUE 
value used in CERES-Maize might be too large 
for tropical regions where high temperatures 
may result in greater respiration and high peak 
radiation intensity is conducive to a reduction in 
photosynthesis from photo-oxidation.

Models such as CERES-Maize (Carberry et al., 
1989; Hodges et al., 1987; Kiniry et al., 1997; Liu et 
al., 1989; Nouna et al., 2000; Pang et al., 1997; Xie et 
al., 2001) or MSB (Muchow et al., 1990; Wilson et 
al., 1995) have been validated extensively against 
field observations in different environments dur-
ing the past 15 years. However, the maize yields 
reported in these validation studies are well be-
low maize yield potential, which is defined as the 
yield of a crop cultivar when grown in environ-
ments to which it is adapted, with nutrients and 
water non-limiting, and pests and diseases effec-
tively controlled (Evans, 1993). Therefore, most 
of these validations were based on field experi-
ments in which yields were limited by sub-opti-
mal water or nitrogen (N) supply, or other limit-
ing factors. In addition, most of these studies lack 
detailed measurements of leaf area index (LAI), 
phenology, crop biomass, or components of 
yield. These deficiencies preclude a comprehen-
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sive assessment of model performance. To ensure 
that models are robust in simulating yields across 
the full range of possible yields, it is important to 
evaluate model performance under high-yield 
conditions in which yields approach the yield 
potential ceiling, as well as in environments that 
produce lower yield levels under stress.

Recent efforts to improve CERES-Maize have 
focused on leaf area expansion and senescence 
(Lizaso et al., 2003a), light capture (Lizaso et al., 
2003b), and yield components (Ritchie and Al-
agarswamy, 2003). Although such improvements 
may lead to improved simulation of specific pro-
cesses for selected genotypes and environments, 
they also require additional cultivar-specific in-
put parameters related to leaf characteristics, 
change of the light extinction coefficient, or ker-
nel set. Widespread use of these more detailed 
models would likely be limited by the need for 
additional cultivar-specific input parameters. 
Moreover, the short lifespan of modern commer-
cial hybrids makes it difficult to utilize detailed 
models unless the number of cultivar-specific in-
put parameters is small or the parameters can be 
easily measured and are accessible to end-users.

The objective of our research was to develop 
a maize model that can simulate maize yield po-
tential and is sensitive to yield potential variation 
as influenced by solar radiation and temperature 
regime. The new model, called “Hybrid-Maize,” 
was developed by combining explicit functions 
for photosynthesis and respiration used in the as-
similate-driven generic crop models INTERCOM 
and WOFOST with revised CERES-Maize formu-
lations for phenological development and organ 
growth. The Hybrid-Maize model was then eval-
uated for its ability to simulate maize leaf area ex-
pansion, aboveground dry matter accumulation, 
grain and stover yields in field experiments in 
which crop management strived to create growth 
conditions with minimal possible stress from abi-
otic and biotic factors. For the purpose of com-
parison, the field experiments were also simu-
lated using CERES-Maize and INTERCOM.

2. Field experiments

2.1. Lincoln, Nebraska

A long-term field experiment was established 
in 1999 at Lincoln, Nebraska (latitude: 40.82N, 

longitude: 96.65W, elevation: 357 m a.s.l.) on a 
deep Kennebec silt loam (fine-silty, mixed, super-
active, mesic Cumulic Hapludoll) (Soil Survey 
Staff, 1999). The purpose of the experiment was 
to estimate yield potential of maize and soybean 
under near-optimal growth conditions, and to 
better understand the crop and soil management 
factors that determine yield potential.

The 3×3×2 factorial experiment was arranged 
in a split–split plot randomized complete block 
design with four replicates. Crop rotations (con-
tinuous maize, maize–soybean, soybean–maize) 
were main plot treatments, three levels of plant 
population density were sub-plot treatments 
(D1, D2, D3), and two levels of fertilizer-nutri-
ent management were sub–subplot treatments 
(M1: recommended fertilizer rates, M2: inten-
sive nutrient management). Sub–subplots were 
6.1 m×15.2 m in size with eight rows at 0.76 m 
row spacing. All data presented were obtained 
in three cropping seasons (1999–2001) from treat-
ments that provided the most favorable growth 
conditions for high yields: maize grown in rota-
tion with soybean at actual plant densities of 6.9–
7.7 plants m−2 (D1), 8.9–10.2 plants m−2 (D2), and 
11.0–11.3 plants m−2 (D3), and the M2 intensive 
nutrient management regime (Table 1).

The crops were irrigated and managed inten-
sively to ensure optimal water and nutrient con-
ditions and avoid stresses from weeds, insects 
and diseases. The field was deep-ripped in spring 
1999 and plowed each year in the fall to create a 
deep topsoil layer. Average initial soil test val-
ues in 0–20 cm depth were pH 5.3, 16 g C kg−1, 
67 mg kg−1 extractable P (Bray-1 method), and 
350 mg kg−1 1 M NH4-acetate extractable K. Lime 
was applied in 1999 and 2001 to maintain soil pH 
at about 6.2. Annual nutrient applications to each 
maize crop were 225–298 kg N ha−1, 45 kg P ha−1, 
and 85 kg K ha−1. The total N application amount 
was adjusted each year to account for residual 
soil nitrate following the University of Nebraska 
soil testing guidelines. All N was applied as am-
monium nitrate. A preplant application of 100–
105 kg N ha−1 was incorporated before planting 
and two to three sidedress doses were applied at 
V6, V10, and VT stages of maize. Field cultivation 
was performed at V6 stage to incorporate N fer-
tilizer and control weeds. Blanket doses of S, Fe, 
and Zn were applied in 1999 and 2000 and omit-



134     Ya n g e t a l .  i n  Fi e l d Cr o p s Re s e a r c h 87 (2004)

ted in 2001 because soil and plant tests indicated 
adequate supplies of these nutrients. In 1999 and 
2000, the experiment was irrigated with a surface 
drip tape placed beside the plants in each row to 
fully replenish daily crop evapotranspiration. In 
2001, a sub-surface drip irrigation was used with 
drip tapes placed in alternate rows at a 30 cm 
depth. Total amount of irrigation was 255 mm 
in 1999 and 2000, and 540 mm in 2001. Planting 
dates were 13 May 1999, 21 April 2000, and 26 
April 2001. In all 3 years, Bt maize hybrids were 
used, which minimized the need for insect con-
trol with pesticides (Table 1).

2.2. Manchester, Iowa

The Manchester, Iowa site (latitude: 42.47N, 
longitude: 91.45W, elevation: 302 m a.s.l.) is a 
farm owned by Francis Childs, winner of the Na-
tional Corn Growers Association yield contest in 
recent years (NCGA, 2003). The farm does not 
have access to irrigation. A description of the site 
and the cropping practices is provided by Mur-
rell and Childs (2000). In 2002, soil, crop, and 
daily weather data were collected from four con-
tiguous sampling plots located within a 12 m×150 
m strip of a high-yield field (“Visitor Plot”) man-
aged by Mr. Childs, following the same manage-
ment regime applied in his contest-winning field. 
The field in which our measurements were taken 
had been in continuous maize with a high-yield 
management system for more than 20 years, re-
sulting in a significant build-up of soil organic 
matter in the top 50 cm of soil. The soil is a deep, 
well-drained Kenyon loam (fine-loamy, mixed, 
superactive, mesic Typic Hapludoll) formed on 
uplands in loamy sediments and the underlying 
glacial till. Soil fertility status was high in the top 
50 cm of soil (pH 5.5, 30 g C kg−1, 105 mg kg−1 

Bray-1 P, 320 mg kg−1 1 M NH4-acetate extract-
able K in 0–30 cm depth; pH 5.8, 17 g C kg−1, 
16 mg kg−1 Bray-1 P, 140 mg kg−1 1 M NH4-ace-
tate extractable K in 30–50 cm depth).

Maize hybrid Pioneer® 33P67 was planted on 
8 May 2002 with a row spacing of 0.51 m and a 
final plant density of 8.4 plants m−2. A total of 
455 kg N ha−1 was applied, with 56 kg N ha−1 
applied in fall, 280 kg N ha−1 knifed in as anhy-
drous ammonia before planting, 7 kg N ha−1 ap-
plied as liquid starter fertilizer at planting, and 
112 kg N ha−1 N applied as urea–ammonium ni-
trate solution shortly after planting. Other nu-
trient applications included 7.5 kg P ha−1 and 
23 kg K ha−1 and various micronutrients (Zn, Fe, 
Mn, B, Mo) with starter fertilizers. Rainfall was 
well-distributed throughout the growing season 
such that crop moisture stress was avoided.

2.3. Measurements

Automatic weather stations located at both 
field sites provided daily climate data through-
out the growing season (Table 2). Plant measure-
ments included the date of major phenological 
events, aboveground biomass, biomass partition-
ing (stems, green leaves, dead leaves, reproduc-
tive biomass), and LAI at 5 (Manchester) or 7–15 
(Lincoln) growth stages. At each sampling time, 
five consecutive plants were clipped at the soil 
surface at random locations within each treat-
ment plot at Lincoln and in each of the sampling 
plots at Manchester.

At physiological maturity (R6 stage), a 6-plant 
sample was collected from a designated har-
vest area of 13.9 m2 (2 rows×9.12 m) within each 
plot to obtain final estimates of biomass par-
titioning (grain, cobs, stems+leaves) and har-
vest index (HI). The number of plants, ears, and 

Table 1. Maize hybrids, measured plant density, and actual dates of planting, emergence, silking, and 
physiological maturity at the Lincoln (Nebraska) and Manchester (Iowa) sites

Site                         Year          Pioneer® maize           Plants m–2        Date (DOY)
                                                      hybrid                      (D1, D2, D3)     Planting    Emergence        Silking      Maturity

Lincoln 	 1999 	 33A14 	 7.0, 8.9, 11.3 	 133 	 141 	 202 	 256
	 2000 	 33A14 	 6.9, 9.6, 11.0 	 112 	 120 	 188 	 233
	 2001 	 33P67 	 7.7, 10.2, 11.2 	 116 	 122 	 191 	 243

Manchester 	 2002 	 33P67 	 8.4 	 128 	 143 	 203 	 268
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barren stalks were counted within the entire har-
vest area, and ears were handpicked to deter-
mine grain yield when grain moisture fell be-
low 250 g kg−1. Kernels were separated from 
cobs, and plant samples were oven-dried to con-
stant weight at 70 °C. All yields are reported on 
an oven-dry basis. Stover (stems+leaves) and cob 
dry matter yields were calculated from the grain 
yield measured in the designated harvest areas 
and the HI and cob HI obtained from the 6-plant 
sample collected at the R6 stage.

3. Development of the Hybrid-Maize model

The purpose of the Hybrid-Maize model is to 
accurately predict yield of maize as determined 
by solar radiation, temperature, phenology, and 
canopy architecture, when grown under favor-
able conditions that minimize stress and allow 
yields to approach yield potential levels. The 
model includes formulations from CERES-Maize 
for phenological development and organ growth 
(Jones and Kiniry, 1986; Kiniry et al., 1997), and 
functions for photosynthesis and respiration 
as found in INTERCOM (Kropff and van Laar, 
1993) and Goudriaan and van Laar (1994) (Ta-
ble 3). The modified and new components in Hy-
brid-Maize that differ from CERES-Maize or IN-
TERCOM are discussed below. Default values of 
user-modifiable parameters in Hybrid-Maize are 
listed in Appendix A. Because the functions for 
crop growth and development in Hybrid-Maize 
were largely adapted from CERES-Maize, the 
base temperature of 8 °C in CERES-Maize was re-
tained in Hybrid-Maize for GDD-related internal 

parameters and variables. For user-input param-
eters related to GDD, a base temperature of 10 °C 
is used because most GDD-related crop param-
eters provided by seed companies are based on 
this temperature.

Hybrid-Maize is available as a Windows-
based PC software with full text and graphical 
display that allows export of simulation results. 
The software converts climate data from the 
High Plains Regional Climate Center (http://
www.hprcc.unl.edu) into the format required 
by the model. It also provides users access to 
all key model parameters for viewing or edit-
ing (Appendix A), as well as the possibility of 
restoring the original default values of those pa-
rameters. The model can be run in single-season 
mode as well as for long-term simulations using 
multi-year climate data at a given site. Model 
source code is available upon request from the 
senior author (hyang2@unl.edu).

3.1. Light interception and photosynthesis

In CERES-Maize, it is assumed that 50% of the 
total incident solar radiation (I) is photosyntheti-
cally active radiation (PAR). The amount of inter-
cepted PAR (PARi) by the plant canopy is com-
puted by the exponential function:

PARi = 0.5 I(1−e−kLAI)                       (1)

and net dry matter production is computed by 
means of RUE:

DM = PARi × RUE                       (2)

where I is the incoming total solar radiation 

Table 2. Total solar radiation, and average daily maximum (Tmax) and minimum (Tmin) temperature during the 
growing season at Lincoln (Nebraska) and Manchester (Iowa)

Site                     Year         Whole season                                   Emergence to silking                       Silking to maturity
                                             Days    Radiation     Tmax, Tmin        Days     Radiation     Tmax, Tmin       Days        Radiation  Tmax, Tmin 
                                                            (MJ m–2)          (°C)                            (MJ m–2)          (°C)                                 (MJ m–2)     (°C)  

Lincoln 	 1999 	 115 	 2249 	 28.7, 17.6 	 61 	 1174 	 27.4, 16.6 	 54 	 1075 	 30.1, 18.6
	 2000 	 113 	 2565 	 29.0, 16.7 	 68 	 1540 	 27.7, 14.3 	 45 	 1025 	 30.8, 20.0
	 2001	 121	 2574 	 28.6, 17.2 	 69 	 1451 	 26.5, 14.8 	 52 	 1123 	 31.4, 20.4
                      Long-term meana 	 2405 	 28.9, 17.1 		  1419 	 27.7, 15.8 		    986 	 30.4, 18.9

Manchester 	 2002 	 125 	 2552 	 27.6, 15.2 	 60 	 1341 	 27.3, 16.6 	 65 	 1211 	 27.4, 13.6

a 17-Year means (1986–2002) for the whole season, emergence to silking, and silking to maturity based on the mean dates of 
emergence, silking and maturity in the three cropping seasons in 1999, 2000, and 2001 at Lincoln.
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(MJ m−2 per day), k the light extinction coefficient 
( = 0.65 in the original version of CERES-Maize, 
based on Monteith (1969)), LAI the leaf area index 
(m2 leaf m−2 ground), and DM the total amount 
of crop dry matter produced (g m−2 ground per 
day). The value of RUE was set at 5 g MJ−1 PAR 
in the first version of CERES-Maize (Jones and 
Kiniry, 1986), but reduced to 4.33 g MJ−1 PAR in a 
later version (Kiniry et al., 1997). The 4.33 g MJ−1 
PAR value was used in the CERES-Maize simula-
tions reported here.

In Hybrid-Maize, PARi and gross assimilation 
are described according to formulations in IN-
TERCOM and WOFOST. The PARi and its cor-
responding CO2 assimilation are computed for 
each layer in the canopy. Total gross assimilation 
is then obtained by integration over all layers. Us-
ing L to represent the depth of canopy with L = 0 
at the top and L = LAI at the bottom of the can-
opy, the PARi at position L in the canopy equals 
the decrease of PAR at that depth. Differentiation 
of Equation (1) yields:

PARi,L = dPAR/dL = 0.5 Ik e–kL          (3)

where PARi,L is the PAR interception by the can-
opy layer at position L. The corresponding CO2 
assimilation by that layer follows a saturation 
function of the form:

AL = Am(1 − e−εPARi,L/Am)                  (4)

where AL is the CO2 assimilation by the canopy 
layer at L, Am the maximum gross CO2 assimila-
tion rate (g CH2O m−2 leaf h−1), and ε the initial 
light use efficiency (g CO2 MJ−1 PAR). The CO2 
assimilation by the whole canopy is obtained by 
integration of Equation (4) along L:

(5)

where A is the gross CO2 assimilation of the can-
opy (g CO2 m−2 ground h−1). Two numerical inte-
gration methods are available in the model. The 
default method, which was used in all the simu-
lations of this study is the three-point Gaussian 
method (Goudriaan, 1986). Alternatively, a user 
can choose the standard Simpson’s rule with a 
user-defined precision. A k value of 0.55 is used 
in Hybrid-Maize based on data from Lizaso et al. 
(2003b), Maddonni et al. (2001), and our measure-
ments made in the field experiment at Lincoln 

(J.L. Lindquist, unpublished data). The values of ε 
= 12.5 g CO2 MJ−1 PAR, Am = 7 g CO2 m−2 leaf h−1, 
and the relationship of Am with temperature were 
adapted from Kropff and van Laar (1993). Unlike 
INTERCOM, Hybrid-Maize computes the gross 
assimilation in a daily time step without differen-
tiating incident radiation into diffuse and direct 
components.

3.2. Maintenance and growth respiration

CERES-Maize uses RUE to convert PARi di-
rectly into dry matter production and, therefore, 
does not explicitly account for growth or main-
tenance respiration. Hybrid-Maize utilizes for-
mulations for maintenance and growth respi-
ration similar to those in INTERCOM, and the 
coefficients of growth respiration for leaf, stem, 
root and grain (Table 3) were adopted from Pen-
ning de Vries et al. (1989), as used by Kropff and 
van Laar (1993). Similar to INTERCOM and WO-
FOST, Hybrid-Maize assumes that the entire 
mass of each organ respires before silking, but 
only the “live” biomass thereafter. The fraction 
of “live” biomass after silking is set to be equal 
to the ratio of LAI at any point during grain fill-
ing to the maximum LAI, which occurs at silking 
(Kropff and van Laar, 1993). Maintenance respi-
ration of each organ is then estimated on a daily 
time step as a fraction of live biomass.

The coefficients for maintenance respiration 
(MRC) used in generic crop models such as IN-
TERCOM were derived nearly two decades ago, 
based on a combination of theoretical consider-
ations, experimental measurements, and model 
studies (Penning de Vries et al., 1989; van Ittersum 
et al., 2003). These coefficients may be too large 
for modern maize hybrids. Earl and Tollenaar 
(1998) showed that more recent maize hybrids 
had smaller respiration losses than older hybrids. 
Therefore, the MRC coefficients for maintenance 
respiration in Hybrid-Maize were obtained by 
calibrating model prediction of dry matter yields 
against the observed yields from the field exper-
iment conducted in 1999 at Lincoln (Table 3). No 
other experimental data were used for this cali-
bration. Smaller MRC coefficients than those 
used in generic crop models such as INTERCOM 
greatly improved the accuracy of predicting dry 
matter accumulation. Moreover, the mean of the 
MRC obtained from this calibration (0.007 g g−1 
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per day) was comparable to the whole-plant res-
piration value of 0.008 g g−1 per day at silking re-
ported by Kiniry et al. (1992).

3.3. Leaf growth and senescence

In CERES-Maize, temperature drives leaf area 
expansion, which in turn drives leaf biomass 
growth as follows:

LW = (PLA/267)1.25                    (6)

where LW is the total leaf biomass (g per plant), 
and PLA the total plant leaf area (cm2 per plant). 
According to Equation (6), the specific leaf area 
(SLA) will exceed 400 cm2 g−1 at PLA of 50 cm2 
per plant, and exceed 300 cm2 g−1 at PLA of 
165 cm2 per plant. However, in the field experi-
ments at Lincoln with maize grown under opti-
mal conditions, SLA never exceeded 300 cm2 g−1 
(J.L. Lindquist, unpublished data), which is also 
in agreement with the observations of Kropff 
et al. (1984). This suggests that CERES-Maize 
may under-predict leaf biomass growth during 
the early vegetative stage. Therefore, a limit of 
SLA≤400 cm2 g−1 was set in Hybrid-Maize when 
estimating leaf biomass growth from leaf area ex-
pansion, and SLA was computed at the end of 
each day as:

SLA = LW/PLA                      (7)

In CERES-Maize, leaf area expansion ceases at 
silking, which is the point of maximum LAI, and 
leaf senescence proceeds thereafter in two phases. 
The first phase, from start of silking to beginning 
of effective grain filling, lasts for 170 GDD and 
follows:

SLAN = PLAsilking × 0.05 (1 + sumDTT/170)  (8)

where SLAN denotes the total senescent leaf area 
(cm2 per plant), PLAsilking the total leaf area at 
silking (cm2 per plant), sumDTT the cumulative 
GDD from the start of silking. The second phase 
proceeds from the beginning of effective grain 
filling until maturity according to:

SLAN = PLAsilking (0.1 + .08 (sumDTT/P5)3)  (9)

where P5 is the GDD from silking to maturity. 

The SLAN estimated by Equations (8) and (9) is 
then compared with the total leaf senescence that 
would occur from low light intensity (i.e. lack 
of light in the bottom layers of the canopy) and 
low temperature, as estimated by specific formu-
lations for these effects, and the smaller of the 
two estimates is then taken as the actual leaf se-
nescence. The drawbacks of this approach are 
the abrupt decreases in LAI at the onset of silk-
ing and at the transition from linear senescence 
(Equation (8)) to rapidly accelerated leaf senes-
cence thereafter (Equation (9))—patterns that are 
not observed in the field.

In Hybrid-Maize, the two phases of leaf se-
nescence were combined into one function for 
leaf senescence for the whole period from start of 
silking to maturity:

SF = 0.7 (sumDTT/P5)4                (10)

in which SF denotes the senescent leaf area as a 
fraction of LAI at silking. The sumDTT is calcu-
lated as:

sumDTT = (sumDTT + DTT) ÷ (1 – LSR)   (11)

in which DTT denotes the daily effective tem-
perature, LSR the stress rate caused by low tem-
perature and competition for light (0 to 1, with 1 
for stress free and 0 for full stress, as in CERES-
Maize). In Equation (10), the exponent, or stay-
green coefficient, determines the speed of leaf se-
nescence while the coefficient 0.7 determines the 
final amount of senescent LAI as a fraction of 
maximum LAI at silking. Both parameters are re-
lated to the “stay-green” trait of maize hybrids 
as well as G×E interactions that influence leaf se-
nescence, especially with regard to plant N status 
and water relations (Fakorede and Mock, 1980; 
Rajcan and Tollenaar, 1999). Although commer-
cial seed companies typically provide scores for 
the stay-green trait, the scale differs among in-
dividual companies because the scores are not 
based on a standardized scale. While the cur-
rent version of Hybrid-Maize, as used in this 
study, treats the exponent and coefficient in 
Equation (10) as constants, it would be possible 
to treat them as dynamic variables responsive to 
N and water stress, or as hybrid-specific input 
parameters.
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3.4. Development stages and occurrence of silking

In CERES-Maize, aboveground phenological 
development is divided into five stages marked 
by six indicators: emergence, end of juvenile 
phase, tassel initiation, silking, start of effective 
grain filling, and physiological maturity. The du-
ration of the first stage (from emergence to end 
of juvenile phase) is determined by the input pa-
rameter P1, which is the GDD requirement for this 
growth period. The duration of the second stage 
(from end of juvenile phase to tassel initiation) is 
a function of the input parameter P2, or the pho-
toperiod sensitivity, and the latitude of the field 
site. The functions governing plant growth and 
development are the same in stage-1 and stage-2. 
The duration of stage-3 (from tassel initiation to 
silking) is a proportional function of the accumu-
lated GDD of the first two stages. The duration of 
stage-4 (from silking to the start of effective grain 
filling) is fixed at GDD = 170, and the duration of 
the fifth and final stage is determined by the in-
put parameter P5, which is the GDD from silking 
to maturity.

Occurrence of silking has a large influence 
on simulated grain yield through the effect on 
length of grain filling. In CERES-Maize, silking 
is determined by the input parameters P1 and 
P2. It is difficult, however, to estimate the value 
of P1 under field conditions (Edmeades and Bo-
lanos, 2001), and P1 is not readily available for 

most commercial hybrids grown in different en-
vironments. Moreover, it is not known if P1 is a 
constant for hybrids with similar maturity, or if 
it is sensitive to environmental conditions other 
than temperature. This uncertainty makes the se-
lection of an appropriate P1 difficult, which could 
result in inaccurate prediction of silking (Roman 
et al., 2000). Overall, CERES-Maize requires input 
of three hybrid-specific input parameters (P1, P2, 
and P5) to simulate aboveground phenological 
development.

In contrast, Hybrid-Maize requires only one 
hybrid-specific parameter to simulate aboveg-
round phenological development as defined by 
tassel initiation, silking, grain filling and physi-
ological maturity. Occurrence of silking is de-
termined in one of two ways: (1) by user input 
of GDD from emergence to silking (GDDsilking, 
base T = 10 °C), or (2) by user input of total GDD 
from emergence to maturity (GDDtotal, base T = 
10 °C). Many seed companies typically publish 
GDDsilking or GDDtotal values for their commer-
cial hybrids, which means that one or both pa-
rameters are generally available. In some cases, 
however, only one of these two parameters is 
available. In such cases, Hybrid-Maize estimates 
either GDDsilking or GDDtotal from the following 
relationship (Figure 1):

GDDsilking = 100 + 0.445 GDDtotal           (12)

Figure 1. Regression of GDD (base T = 10 °C) from emergence to silking (GDDsilking) on total GDD from emer-
gence to physiological maturity (GDDtotal) for 107 commercial maize hybrids. Values are based on Pioneer® Hi-
Bred International, Inc. Crop Notes 2001–2002. Many points have the same values and thus overlap.



140     Ya n g e t a l .  i n  Fi e l d Cr o p s Re s e a r c h 87 (2004)

This relationship was derived from published 
values of GDDsilking and GDDtotal for 107 com-
mercial maize hybrids that are widely used in the 
north-central USA (Pioneer Hi-Bred, 2001). How-
ever, in Hybrid-Maize, an additional offset of −50 
was applied to the intercept in Equation (12) to 
provide a more accurate prediction of silking un-
der optimal water conditions. This offset was in-
cluded because the data sets used to obtain the re-
lationship in Equation (12) came from thousands 
of field trials conducted under a wide range of 
growth conditions that included both irrigated 
and rainfed environments. Under such wide-
spread testing, some of the rainfed sites experi-
ence a water deficit, which delays silking (Saini 
and Westgate, 2000). Therefore, the GDDsilking 
under optimal irrigated conditions would likely 
be smaller than the average of values of the data 
sets obtained from widespread testing.

After establishing GDDsilking, the occurrence 
of tassel initiation in Hybrid-Maize is then deter-
mined by an iterative process from CERES-Maize 
that utilizes a proportional function relating the 
duration from tassel initiation to silking to the 
duration of the first two development stages.

3.5. Cob growth and grain filling

In CERES-Maize, cob growth is initiated at 
silking with initial biomass set to equal 17% of 
total stem biomass, and cob growth ceases at the 
end of stage-4 when effective grain filling begins. 
When calibrated against measurements in the 
Lincoln field study, however, the predicted cob 
biomass was double the measured values. There-
fore, in Hybrid-Maize, the daily dry matter allo-
cation to cob was reduced by 60% compared to 
CERES-Maize.

The daily grain-filling rate in CERES-Maize is 
the product of the potential grain-filling rate (G5) 
and the grain filling efficiency, which is driven 
by temperature but is independent of plant den-
sity. As a result, simulated weight of individual 
grains is constant across large differences in plant 
density. Typically, individual grain weight de-
creases in cereal crops as plant density increases, 
especially at high plant populations. Using 1999 
and 2000 data from the three plant density treat-
ments at Lincoln, the following empirical rela-
tionship was derived and used in Hybrid-Maize 
to reduce the rate of grain filling at increased 

plant densities:

F = 1.47 − 0.09D + 0.0036D2,    r2 = 0.78,   P < 0.01  (13)

where F denotes the factor for adjusting grain fill-
ing rate based on plant population (D, plant m−2). 
Because Equation (13) was derived for a range of 
6.9–11.3 plants m−2, the value of F was limited to 
≥0.89 and ≤1.0 in the model. While plant densi-
ties for irrigated maize typically fall within this 
range, the relationship in Equation (13) has not 
been validated at higher or lower densities and 
therefore the model should not be used outside 
this range.

3.6. Root biomass

In CERES-Maize, root growth is divided into 
the three stages from stage-1 to stage-3, and stops 
at end of stage-3. Each of these stages has a min-
imum dry matter partitioning fraction to roots: 
0.25, 0.1 and 0.08 for stage-1, stage-2 and stage-3, 
respectively. Any dry matter in excess of growth 
requirements for leaves and stems is partitioned 
to roots on a daily time step. In addition, half of 
the gross gain of dry matter allocation to roots is 
lost to respiration, and 0.5% of the total root bio-
mass is lost via root senescence—both on a daily 
time step.

In Hybrid-Maize, a continuous function de-
rived from the data for maize in Kropff and van 
Laar (1993), was used to determine the mini-
mum fraction of dry matter partitioning to roots 
(RFmin):

(14)

where GDD denotes the growing degree-day ac-
cumulation from emergence. If there is dry mat-
ter remaining after meeting the growth require-
ments for leaf and stem and RFmin, the dry matter 
fraction partitioned to roots is increased to an up-
per limit of 0.5 of daily net assimilation. More-
over, all the dry matter gain in root is treated 
as a net gain in plant dry matter because respi-
ration is already accounted for in the estimation 
of net assimilation. Allocation of dry matter to 
roots ceases when GDD reaches 115% of GDDsilk-

ing. Similar to CERES-maize, 0.5% of the root bio-
mass is lost to fine-root turnover or senescence 
on a daily basis.
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3.7. Model evaluation and sensitivity analysis

The performance of Hybrid-Maize was evalu-
ated for all 10 data sets listed in Table 1, includ-
ing nine year × plant density treatment combi-
nations at Lincoln and the 2002 growing season 
at Manchester. All simulations were initiated 
from emergence, and the actual GDDtotal of the 
four cropping seasons was used as an input pa-
rameter such that simulations terminated on the 
dates of observed physiological maturity (Table 
1). Measured plant densities were also used, and 
silking was predicted for each growing season 
by Equation (12) based on GDDtotal. Values of the 
other key parameters in Hybrid-Maize are given 
in Appendix A.

The 10 data sets were also simulated with CE-
RES-Maize (1995 version provided by J. Kiniry) 
and INTERCOM (Lindquist, 2001). For CERES-
Maize, each simulation was initiated from the 
date of sowing and the sowing depth was ad-
justed so that the predicted date of emergence 
matched the observed date. Parameters G2 and 
G5 were set the same as the values used in Hy-
brid-Maize (Appendix A). For each run, P5 was 
set so that the simulation ended on the date of 
observed maturity. For Lincoln 1999 and 2000 
and Manchester, P1 was set at 220, which is the 
mean P1 value for northern and southern Ne-
braska, Iowa, Illinois, and Indiana (Jones and Ki-
niry, 1986). For Lincoln 2001, P1 was set at 250 be-
cause the observed date of maturity could not be 
reached even when P5 was set at 999 (the high-
est value the CERES-Maize program accepts). For 
INTERCOM, all runs started from the date of ob-
served emergence. Development rates for vegeta-
tive and reproductive stages were input parame-
ters based on the inverse of actual GDD (base T 
= 10 °C) in each season from emergence to silk-
ing and from silking to maturity, respectively. 
Because INTERCOM does not simulate cob and 
grain growth separately, grain yield was esti-
mated to be 87% of the total ear biomass based 
on grain to ear mass ratio measured in the Lin-
coln experiment. For both CERES-Maize and IN-
TERCOM, simulations were performed with set-
tings for optimal water and nutrient supply.

The degree of agreement between simulated 
and measured values for LAI and dry matter ac-
cumulation were assessed in two ways. The first 
plots the absolute value of the difference between 

predicted and measured values for LAI and dry 
matter accumulation versus the day after emer-
gence when the measurements were made to ex-
amine whether the models have a particular bias 
during specific growth stages. The second quan-
tifies the deviations between predicted and mea-
sured values by estimating the modeling effi-
ciency (EF) and absolute modeling error (AE), as 
computed by (Smith et al., 1997):

(15)

where Oi denotes measured values, Ō  the mean 
of Oi, Pi the predicted values, and n the number 
of measurements. As EF is similar to r2 in regres-
sion analysis, EF = 1 indicates perfect agreement 
of model predictions with the direct measure-
ments of the parameter in question, and EF = 0 or 
a negative EF indicates that Ō  is a better predic-
tor than the model. Absolute error (AE) is an in-
dicator of the mean bias in the total difference be-
tween simulated values and measurements:

(16)

Hence, AE < 0 indicates under-prediction and 
AE > 0 indicates over-prediction. The AE corre-
sponding to the 95% confidence interval of the 
two-tailed t-test (AE95%) was computed by:

(17)

where t(n−2)95% denotes the two-tailed t at 95% in-
terval with d.f. = n − 2, and S.E. is the standard 
error of the mean. The AE becomes significant if 
>AE95%. Because fewer dry matter measurements 
were taken after silking when dry matter values 
and associated simulation errors are much larger 
than in the vegetative stage, the EF and AE val-
ues should be interpreted with caution.

The Hybrid-Maize model was also tested for 
the sensitivity of maize yield potential to selected 
parameters from Appendix A using 17 years of 
weather data (1986–2002) at Lincoln. The follow-
ing parameters were evaluated: the two hybrid-
specific coefficients related to kernel set and grain 
filling (G2 and G5), light extinction coefficient (k), 
translocation efficiency (TE) of carbohydrate for 
grain filling, initial light use efficiency (ε), MRC 
of leaf, stem, root and grain, and occurrence of 
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silking. Except for the occurrence of silking, the 
changes in each parameter were ±10%, ±20%, and 
±30% of the values listed in Appendix A. Silking 
occurrence was changed ±2, ±5, and ±10 days by 
invoking the option of using different values of 
the input parameter GDDsilking, while keeping 
GDDtotal constant at 1500, which is comparable to 
the maturity of the two hybrids used in the Lin-
coln study. Other common settings were: sow-
ing on 1 May, plant density = 10 plants m−2, and 
sowing depth = 3.5 cm.

4. Results

4.1. Simulation of maize growth dynamics with min-
imal stress

Climatic conditions in the 2000 and 2001 grow-
ing seasons at Lincoln differed substantially from 
those in 1999 (Table 2). The crop was sown later 
in 1999 than in 2000 and 2001 so that vegetative 
growth was reduced and grain filling occurred in 
late August and early September in 1999, when 
the minimum (night) temperature seldom ex-
ceeded 21 °C. In contrast, earlier planting in both 
2000 and 2001 and relatively hot and dry peri-
ods in July and August caused grain filling to oc-

cur with mean minimum air temperature exceed-
ing that of 1999 by 1.4–1.8 °C. Consequently, the 
grain filling periods in 2000 and 2001 were 9 and 
2 days shorter than in 1999, respectively. At Man-
chester, cumulative solar radiation during the en-
tire growing season was similar to that of 1999 
and 2000 at Lincoln, but crop maturity occurred 
later due to a much longer grain filling period (65 
days). The longer grain filling period at Manches-
ter was associated with a mean maximum tem-
perature that was 3–4 °C cooler than that at Lin-
coln, while mean minimum temperature was 
5–7 °C cooler during grain filling.

Simulated LAI by all three models was in 
close agreement with observed values for the 
first 30 or 40 days after emergence (Figure 2, Fig-
ure 3, and Figure 4). At later development stages, 
simulated LAI values were more accurate at low 
plant density than at high plant density, but all 
models tended to under-predict maximum LAI 
during mid-season (Figure 3), particularly when 
measured LAI was >6. LAI remained near max-
imum levels for about 40 days after silking, 
which indicates active canopy assimilation dur-
ing grain filling and lack of stress from inade-
quate water or N supply. Overall, predictions 
of LAI dynamics by Hybrid-Maize were closer 

Table 4. Modeling efficiency and absolute error of predicting the time course of LAI and aboveground dry matter 
accumulation (AG biomass)a

Model (site–year)                 Modeling efficiency (EF)                                            Absolute error (AE)b 
                                             LAI                         AG biomass                           LAI                         AG biomass (Mg ha–1)

Hybrid-Maize
Lincoln 1999 	 0.93 	 0.99 	 0.22 ns 	 0.27 ns
Lincoln 2000 	 0.88 	 0.97 	 –0.32 ns 	 0.50 ns
Lincoln 2001 	 0.90 	 0.98 	 –0.56 c  	 –0.27 ns
Manchester 2002 	 0.90 	 1.00 	 –0.42 ns 	 –0.09 ns

CERES-Maize
Lincoln 1999 	 0.90 	 0.95 	 0.08 ns 	 –0.38 ns
Lincoln 2000 	 0.69 	 0.97 	 –0.76c  	 –0.27 ns
Lincoln 2001 	 0.63 	 0.95 	 –1.16c  	 –0.87 ns
Manchester 2002 	 0.82 	 0.98 	 –0.67c  	 –0.99 ns

INTERCOM
Lincoln 1999 	 0.71 	 0.87 	 –0.67c 	 –1.26 ns
Lincoln 2000 	 0.90 	 0.95 	 –0.34 ns 	 –0.46 ns
Lincoln 2001 	 0.50 	 0.80 	 –1.52c  	 –2.92c
Manchester 2002 	 0.43 	 0.89 	 –1.54c 	 –2.41c

a Values for Lincoln 1999–2001 are based on observations from the three plant density treatments.
b ns indicates an AE value smaller than the 95% confidence interval in two-tailed t-test with d.f. = n – 2.
c Indicates an AE value corresponding to a 95% confidence interval in two-tailed t-test with d.f. = n – 2.



Hy b r i d-m a i z e—a s i m u l a t i o n m o d e l t h a t c o m b i n e s t w o m o d e l i n g a p p r o a c h e s      143

to measured values than LAI simulated by CE-
RES-Maize or INTERCOM (Table 4). Leaf senes-
cence simulated by CERES-Maize proceeded too 
quickly, which resulted in a much smaller LAI 
than observed throughout the grain filling pe-
riod. Both CERES-Maize and INTERCOM were 
less consistent in predicting LAI patterns in dif-
ferent years, which is captured by widely vary-
ing EF values across years. Substantial under-
prediction of LAI by these two models was also 
indicated by significant and large negative AE 
values in most site-years, particularly in 2001 at 
Lincoln. In contrast, Hybrid-Maize EF values for 
LAI were closer to one and the AE values were 
significant in only one out of four cases—an in-
dication of significant improvement in the pre-
diction of LAI changes during the growing sea-
son across plant densities and years.

All three models were capable of predicting 

early season aboveground dry matter, but they 
differed in their prediction of biomass after silk-
ing (Figure 4, Figure 5, and Figure 6). In general, 
Hybrid-Maize closely predicted total aboveg-
round dry matter after silking at both sites and 
at all plant densities, whereas both CERES-Maize 
and INTERCOM consistently under-predicted 
dry matter accumulation during the reproductive 
phase. Modeling efficiencies for total biomass by 
Hybrid-Maize ranged from 0.97 to 1.00 and the 
AE was not significant in any of site-years evalu-
ated (Table 4). The short periods of simulated de-
creases in dry matter accumulation after silking 
in Hybrid-Maize and CERES-Maize result from 
the periods of low light intensity or high temper-
atures when daily requirements for grain filling 
are not met by net assimilation and translocation 
of stem carbohydrate reserves makes up the dif-
ference (Kiniry et al., 1992).

Figure 2. Observed (symbols and error bars = mean and S.E.) LAI of maize and LAI predicted by Hybrid-Maize 
(fine line), CERES-Maize (medium line), and INTERCOM (thick line) for three plant density treatments (D1, D2, 
and D3) at Lincoln during 1999–2001. Actual plant densities are shown at upper left of each panel, and vertical 
bars along the x-axis indicate the date of silking.
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4.2. Prediction of grain yield, final stover biomass, 
and HI

Observed grain yields in the plant den-
sity treatments at Lincoln ranged from 12.5 to 
14.0 Mg ha−1 on an oven-dry basis (Table 5). 
Grain yields simulated by Hybrid-Maize were 
−5 to +12% of the measured yields across treat-
ments and years. The maximum grain yield 
measured in the highest-yielding replicate plot 
may serve as an estimate of the climatic-ge-
netic yield potential at the Lincoln site for the 
years in which the study was conducted. Maxi-
mum plot yields were 14.4 Mg ha−1 in 1999 (in a 
plot with 11.4 plants m−2), 14.0 Mg ha−1 in 2000 

(in a plot with 9.8 plants m−2), and 14.5 Mg ha−1 
in 2001 (in a plot with 11.2 plants m−2). These 
maximum measured yields are in close agree-
ment with the yield potential simulated by Hy-
brid-Maize of 14.3, 14.0, and 14.1 Mg ha−1 for 
these same treatment–year combinations (Ta-
ble 5). The model was also relatively robust in 
accounting for differences in grain yield associ-
ated with plant density in most years. The largest 
discrepancy between measured and simulated 
grain yield occurred at the highest plant density 
in 2000, when measured yield at 11.0 plants m−2 
(12.5 Mg ha−1) was smaller than that at a density 
of 9.6 plants m−2 (13.6 Mg ha−1). In that year, un-
usually high temperatures in the second half of 

Figure 3. Deviation of LAI calculated as predicted minus observed values for three plant densities (D1, D2, and 
D3) at Lincoln during the 1999–2001 cropping seasons.
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Figure 4. Observed (symbols and error bars = mean and S.E.) and simulated LAI and total aboveground bio-
mass of maize at Manchester, 2002. Simulated values are shown for Hybrid-Maize (thin line), CERES-Maize 
(medium line), and INTERCOM (thick line) models. The vertical bar along the x-axis indicates the date of silk-
ing. Plant population was 8.4 plant m−2.

Table 5. Measured (M) and simulated grain and stover yields, and HI by Hybrid-Maize (HM), CERES-Maize 
(CM), and INTERCOM (I) at Lincoln (1999–2001) and Manchester a

Site–year      Plants m–2    Grain dry matter (Mg ha–1)           Stover dry matter (Mg ha–1)          HI
                                             M                HM     CM        I          M                 HM     CM         I          M                  HM      CM         I

Lincoln 1999 	 7.0 	 12.8 (0.2) 	 12.6 	 10.6 	 9.8 	 11.3 (0.7) 	 10.8 	 8.4 	 7.1 	 0.53 (0.01) 	 0.55	  0.56 	 0.58
	 8.9 	 13.4 (0.2) 	 13.5 	 11.8 	 10.0 	 12.6 (0.5) 	 11.9 	 9.3 	 7.4 	 0.52 (0.01) 	 0.54 	 0.56 	 0.58
	 11.3 	 14.0 (0.1) 	 14.3 	 12.7 	 10.1 	 14.7 (0.9) 	 12.8 	 10.1 	 7.5 	 0.49 (0.02) 	 0.54 	 0.56 	 0.58

Lincoln 2000 	 6.9 	 12.5 (0.3) 	 12.0	  11.9 	 10.0 	 10.7 (0.5) 	 11.3 	 9.3 	 11.3 	 0.54 (0.01) 	 0.52 	 0.56 	 0.47
	 9.6 	 13.6 (0.3) 	 13.4 	 13.2 	 10.0 	 13.9 (0.7) 	 14.1 	 11.5 	 11.6 	 0.50 (0.01) 	 0.50 	 0.53 	 0.46
	 11.0 	 12.5 (0.3) 	 14.0 	 13.8 	 10.0 	 12.7 (0.8) 	 15.0 	 12.1 	 11.7 	 0.50 (0.02) 	 0.49 	 0.55 	 0.46

Lincoln 2001 	 7.7 	 13.4 (0.3) 	 12.7 	 12.2 	 9.0 	 12.9 (0.6) 	 13.4 	 10.0 	 8.5 	 0.51 (0.01) 	 0.49 	 0.55 	 0.51
	 10.2 	 13.8 (0.1) 	 13.8 	 13.5 	 9.1 	 14.2 (0.2) 	 14.8 	 11.3 	 8.9 	 0.49 (0.01) 	 0.49 	 0.54 	 0.50
	 11.2 	 13.6 (0.3) 	 14.1 	 13.9 	 9.3 	 13.3 (0.4) 	 15.2 	 11.7 	 8.9 	 0.51 (0.00) 	 0.49 	 0.54 	 0.51

Manchester 2002 	 8.4 	 13.5 (0.1) 	 14.7 	 13.7 	 12.1 	 10.7 (0.5) 	 11.8 	 10.7 	 7.9 	 0.53 (0.01) 	 0.55 	 0.56 	 0.61

Overall mean 		  13.3 	 13.5  	 12.7  	 9.9  	 12.7   	 13.1  	 10.4   	 9.1 	  0.51  	 0.52   	 0.55   	 0.53
		  (0.17)   	 (0.27)   	(0.34)   (0.27) 	 (0.45)   	 (0.51)  	(0.39)   (0.57)   	(0.006)    	 (0.008)   	(0.003)	 (0.018)
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grain filling caused a large decrease in the grain 
filling period. For example, the grain filling pe-
riod from silking to physiological maturity was 
45 days in 2000 compared to 54–52 in 1999 and 
2001 (Table 1), and it appears that Hybrid-Maize 
was not sensitive to the effects of these high tem-
peratures on grain yield at high plant density.

Predictions of stover yield and HI by Hybrid-
Maize were also in reasonable agreement with 
observed values for most year × plant density 
treatment combinations at Lincoln (Table 5). The 
greatest disagreement between predicted and 
measured values for stover biomass occurred at 
the highest plant population in 2000 and 2001 
when temperatures during the reproductive 
phase were well above the 17-year mean for the 
Lincoln site (Table 2). We suspect that increased 
respiration losses associated with above-average 
temperatures during grain filling and high plant 
density may have reduced biomass, and this in-
teraction is not fully accounted for by Hybrid-
Maize. At Manchester, measured grain and sto-
ver yields were similar to yields at Lincoln, and 

the yield potential and HI simulated by Hybrid-
Maize was in close agreement with measured 
values at this site (Table 5).

Yields and HI simulated by Hybrid-Maize 
were in closer agreement with measured values 
than simulations by CERES-Maize or INTER-
COM when evaluated across all sites, years, and 
density treatments (Table 5). The improvement 
in simulation accuracy was especially notable for 
stover yields, for which simulations by CERES-
Maize and INTERCOM averaged 18 and 28% less 
than measured yields.

4.3. Sensitivity analyses

Under growth conditions with minimal stress, 
total biomass yield simulated by Hybrid-Maize 
was most sensitive to changes in the initial light 
use efficiency (ε) (Figure 7a). Changes in the 
other plant traits had relatively little effect on to-
tal biomass yield. Grain yields were sensitive to 
changes in potential sink size (G2), potential grain 
filling rate (G5), and ε, all of which increased yield 

Figure 5. Observed (symbols and error bars = mean and S.E.) total aboveground biomass of maize and biomass 
predicted by Hybrid-Maize (fine line), CERES-Maize (medium line), and INTERCOM (thick line) models for 
three plant density treatments (D1, D2, and D3) at Lincoln during the 1999–2001 cropping seasons.
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Figure 6. Deviation of total aboveground biomass calculated as predicted minus observed values for three plant 
densities (D1, D2, and D3) at Lincoln during the 1999–2001 cropping seasons.

with increasing values (Figure 7b). Grain yields 
were also very sensitive to time of silking, which 
highlights the importance of accurate specifica-
tion or estimation of GDDsilking to obtain reliable 
estimates of grain yield from maize simulation 
models.

The predicted grain yield and aboveground 
biomass for each of the scenarios in the sensitiv-
ity simulations were remarkably stable across the 
17 years of climate data. For example, the stan-
dard error for the magnitude of difference in total 
biomass and grain yield simulated over 17 years 
for each of the modified scenarios in Figure 7 (n 
= 84) was less than 1% in all but three cases. This 
stability suggests that typical year-to-year varia-
tion in climate has relatively small effects on the 
sensitivity of the parameters tested.

5. Discussion

The need for a model that can provide robust 
simulation of maize yield potential in different 
environments with a minimum number of loca-

tion- or hybrid-specific input parameters was the 
motivation for developing Hybrid-Maize. Agron-
omists need such robust crop models to improve 
the efficiency of research that investigates inter-
actions among crop management options in fa-
vorable rainfed and irrigated environments, 
while crop producers and crop consultants need 
such models for use in computer-based deci-
sion-support tools to improve crop management 
decisions.

The Hybrid-Maize model builds on the 
strengths of existing models by combining the 
crop-specific attributes of CERES-Maize related to 
phenology and grain filling with explicit photo-
synthesis and respiration functions from generic 
crop models such as INTERCOM. Hybrid-Maize 
also includes additional modifications for several 
functions based on calibration with experimental 
data from a field study that produced maize with 
minimal possible stress conditions that are re-
quired to achieve yield potential. When validated 
against measured yields that approach yield po-
tential levels, Hybrid-Maize simulated seasonal 
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patterns of LAI and dry matter accumulation, fi-
nal yields of grain and stover, and HI more ac-
curately than the models from which it was de-
rived. In addition, Hybrid-Maize required fewer 
cultivar-specific parameters than CERES-Maize, 
and those parameters are readily available for 
most commercial varieties.

Accurate prediction of time to silking is cru-
cial for reliable prediction of grain yield, as doc-
umented in the sensitivity analysis. A unique fea-
ture of Hybrid-Maize is the ability to predict time 
of silking based on the GDDtotal for a given hy-
brid, which is likely to improve modeling ap-
plications that require forecasting rather than 
post-season analysis. In contrast, CERES-Maize 
requires two input parameters (P1 and P2) to pre-

dict silking, and both parameters are difficult to 
measure and are not available for most commer-
cial hybrids. For the four cropping seasons simu-
lated in this study, Hybrid-Maize predicted silk-
ing within −3 to +1 days from the actual day of 
silking while CERES-Maize consistently under-
predicted silking by −3 to −6 days.

As a new model, Hybrid-Maize has not been 
evaluated widely, and it remains to be seen how 
well it can predict maize yield potential across a 
greater range of environments than evaluated in 
our study. Despite the encouraging results from 
the validations reported here, some discrepan-
cies were apparent between model predictions 
of yield potential and measured yields under 
field conditions, particularly at high plant den-

Figure 7. Sensitivity analysis of the Hybrid-Maize model based on 17-year mean weather data (1986–2002) at 
Lincoln. Parameters tested were potential number of kernels per ear (G2), potential kernel filling rate (G5), light 
extinction coefficient (k), CH2O translocation efficiency (TE), initial light use efficiency (ε), mean maintenance 
respiration coefficient (MRC), and occurrence of silking (day of silking). Except for day of silking, the changes 
in parameter were ±10, ±20, and ±30% of the default values listed in Table 4. The changes for day of silking were 
±2, ±5, and ±10 days. Each point represents the mean relative change in simulated yields across the 17-year sim-
ulation compared to the simulated yields using the default values. Plant density was set 10 plants m−2 and total 
GDD from emergence to maturity was set at 1500, which is typical of hybrids used in the field studies.
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sity and high temperatures during grain filling. 
In most cases, the maximum LAI at high plant 
density was consistently under-predicted by all 
three models, which indicates that the descrip-
tion of leaf area expansion is still not sufficiently 
robust when plant densities exceed 9 plants m−2. 
Because a larger LAI implies greater C and N re-
quirements for growth, higher maintenance res-
piration costs, and a larger N storage capacity, 
under-prediction of LAI could potentially affect 
the accuracy of simulating C and N translocation 
and leaf senescence rates during grain filling.

Hybrid-Maize has not been tested in stress en-
vironments where crop growth is limited by wa-
ter stress, nutrient deficiencies, or both. In such 
stress environments, under-prediction of LAI 
would likely have a much larger impact on sim-
ulated yields than under the optimal growth con-
ditions of the field experiments used to validate 
simulations in our study. In Hybrid-Maize, can-
opy leaf area is simulated by a discontinuous 
set of equations as in the original CERES-Maize 
model: one for the period before tassel initia-
tion and another for the period thereafter to silk-
ing (Jones and Kiniry, 1986). This approach pro-
vides few opportunities to account for genotypic 
differences in leaf expansion and senescence or 
to simulate the interactive effects of stresses on 
these processes (Lizaso et al., 2003a), and such 
interactions were identified as constraints to ac-
curate prediction of maize growth under stress 
conditions (Carberry et al., 1989; Keating et al., 
1992). We therefore expect that the functions de-
scribing leaf expansion during rapid vegetative 
growth in Hybrid-Maize will need improvement 
if the model is to be used for simulation of maize 
growth in stress environments. While Lizaso et 
al. (2003a) have proposed a more detailed, culti-
var-specific leaf area model for maize, it requires 
three additional cultivar-specific input parame-
ters related to leaf growth and expansion.

All three models showed a lack of agreement 
between predicted and measured yields at high 
plant density in years with higher than normal 
temperatures during grain filling. The interac-
tive effects of plant density and temperature on 
gross assimilation and assimilate loss from main-
tenance respiration are apparently not well-ac-
counted for in these models. Addressing this 
deficiency will require experimental data on res-

piration costs of different organs at different de-
velopment stages under a representative range of 
temperatures and plant density (van Ittersum et 
al., 2003). Recent proposed revisions of CERES-
Maize have focused on genotype and plant den-
sity effects on prolificacy, barrenness, and kernel 
number (Ritchie and Alagarswamy, 2003). Al-
though these modifications improved the predic-
tion of grain yield and yield components, effects 
on predicted stover biomass and HI were not re-
ported, and obtaining the three additional hy-
brid-specific genetic coefficients would be a ma-
jor obstacle for use of such models.

Hybrid-Maize uses a default value of 
12.5 g CO2 MJ−1 PAR from Kropff and van Laar 
(1993) for the initial light use efficiency ε (Appen-
dix A). Although the sensitivity analysis identi-
fied ε as a sensitive parameter influencing dry 
matter production, the range of ε evaluated in 
Figure 7 (9–16 g CO2 MJ−1) was far greater than 
the narrow variation in ε found in C4 crops like 
maize (Ehleringer and Pearcy, 1983; Loomis and 
Amthor, 1999). Given this lack of variation, pros-
pects for further model improvement through 
more accurate measurement and specification of 
ε appear to be small.

Like CERES-Maize, Hybrid-Maize also simu-
lates root biomass yield and root turnover. This 
component of Hybrid-Maize has not been val-
idated against experimental data for partition-
ing of assimilates belowground, and we are not 
aware of validation studies of this component in 
CERES-Maize. In fact, such validation represents 
a substantial experimental effort because assimi-
late partitioned belowground contributes to root 
growth, root turnover, root respiration, and root 
exudation. Hence, a full accounting of below-
ground root carbon under field conditions is a 
difficult, and labor-intensive task.

Our longer term goals are to utilize Hybrid-
Maize for three purposes: (1) to better under-
stand maize yield potential per se and the effects 
of climate on yield potential, (2) to improve es-
timates of C inputs to soil from maize residues 
and roots to simulate the C sequestration poten-
tial of irrigated maize systems, and (3) to develop 
a decision-support software tool that includes 
simulation of maize yield potential to help pro-
ducers and crop consultants improve crop man-
agement decisions regarding hybrid selection, 
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date of planting, plant density, and N fertilizer 
management in high-yield production environ-
ments. While validation across a wider range of 
environments will be required to provide a more 
rigorous test of Hybrid-Maize, it appears to have 
some advantages over existing models in sim-
ulating maize yield potential under the favor-
able growth conditions of the field sites in this 
study. In addition, Hybrid-Maize gave more ac-
curate simulations of HI and final stover yield, 
which are critical parameters for simulating C in-
puts to soil from crop residues and subsequent C 
sequestration.
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