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ABSTRACT

Kiniry, J.R., Blanchet, R., Williams, JR., Texier, V., Jones, C.A. and Cabelguenne, M., 1992. Sun-
flower simulation using the Epic and ALMANAC models. Field Crops Res., 30: 403-423.

Modeling of sunflower (Helianthus annuus L.) ischallenging because the crop species combines
high yield potential with great adaptability. This paper surveys recent modeling-rclated rescarch on
sunflower phenology, growth, and yield. Simul ationsofsunflower by two closely related models, EPIC
and ALMANAC, are described. Phenology was predicted with growing degree days with a 6°C base
temperature (GDD¢) summed from sowing to maturity, assuming anthcsis occurred when 0.62 of
the total GD D, had accumulated. Growth simulation involved leaf area index (LAI) devclopment,
light interception, and radiation-use efficiency (RUE). Inclusion of a vapor pressure deficit (VPD)
effect appeared to make RUE more general. A modified harvest index approach was used to simulate
sced yields. The EPIC and ALMANAC models gave reasonable yield simulationsover a wide range of
cnvironments and management options. The models should be valuable both for assessing the im-
pacts of different management schemes and for identifying subject arcas where additional basic re-
search is needed.

INTRODUCTION

Sunflower adaptability

The adaptability of sunflower, which makes it suitable for production over
a wide range of environments, also makes sunflower modeling difficult. Hy-
brid sunflower isa nontillering high-potential-yield crop which is unusually
flexible in adapting to itsenvironment. Maximum photosynthesis (Hesketh
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and Moss, 1963; Warren-Wilson, 1966; Andreeva et al., 1980) and RUE
(Kiniry et a., 1989) for sunflower approach those of a C; species. Under
well-watered conditions, the harvest index (H 1) can be 30to 40% (Englishet
a., 1979; Rawson and Turner, 1982; Connor et al., 1985; Guiducci, 1988).
Because of itshigh photosynthetic capacity and relatively high harvest index,
sunflower isa viable crop for high-yielding environments. It has been grown
successfully on the deep soils of the midwestern USA, the USSR, and central
Europe, where low to moderate humidity has reduced disease infestation
(Sackston, 1978; Acimovic, 1988). Its ability to withstand drought (Turner,
1986; Blanchet et al., 1990; Piquemal et al., 1990; Planchon, 1990) makes it
adesirable crop for subhumid areaswith shallow soils, such asthe cal careous
zones of the Mediterranean Basin and Middle East. In these areasit can yield
2to 3 tha~' and thus compete with durum wheat (Triticum aestivum L.),
barley (Hordeum vulgareL.), and sorghum (Sorghum bicolor (L.) Moench),
with or without irrigation.

Sunflower models

Sunflower models should adequately quantify the water balance and growth
responses to environment to predict yield over the wide range of conditions
in which the crop isgrown. However, most models for sunflower growth and
yield aresimple and simulate few processes. Yield has been regressed against
weather variables to predict yield in some areas (Castrignano et a., 1988;
Wendland and Glauber, 1989). A model developed in Australia (Pearson et
al., 1985) predicts plant dry weight at floral initiation and maturity based on
solar radiation, temperature, and nitrogen, assuming adequate soil moisture
throughout the season. Two models which include simulation of the water
balance were developed by Smith et a. (1978) and Sadrasand Hall (1989).
Theformer includes regression equations with temperature or solar radiation
to predict total plant dry matter and seed weight. The latter model simulates
development of leaf area, development of roots, and phenology in order to
investigate soil water availability in Argentina.

EPIC and ALMANAC models

The eric (Erosion Productivity Impact Calculator) model simulates the
water balance, nitrogen and phosphorus, plant growth, and harvestable yield
of several crops including sunflower (Williamset al., 1984, 1989; Sharpley
and Williams, 1990). TheaLMANAC (Agricultural Land Management Alter-
nativeswith Numerical Assessment Criteria) model is nearly identical to ErPIC,
but has more detailed simulation of crop growth. Researchers at Toulouse,
France have modified the EpiC model to simulate sunflower growth and de-
velopment more accurately than the standard version of the model.
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The objectivesin the present paper are to describe in general terms sun-
flower growth, development, and production of grain yield and to describe
thesimulation of these processes in the Epic and ALMANAC models. While the
discussion will focus mainly on applications of these two models, the basic
approach can be adapted to other modeling programs.

SUNFLOWER GROWTH AND DEVELOPMENT

Phenology

Accurate simulation of growth stage duration is critical for yield predic-
tions. Asdiscussed below, yield is most sensitive to stress near the anthesis
date. Growth duration isimportant in determining the amount of water used
and solar radiation intercepted by the leaf canopy. Phenological prediction is
necessary to differentiate among maturity types such as for investigations
concerning drought avoidance with early hybrids.

Thetwo environmental variables reportedly having the greatest impact on
the rate of sunflower development are temperature and photoperiod. It has
been reported that short dayscan accelerate sunflower development (Dyer et
al., 1959; Schuster and Boye, 1971; Doyle, 1975). While methods of simulat-
ing thisshort-day response have been described (Goyneet a., 1977; Goyne
and Hammer, 1982; Hammer et al., 1982 ), photoperiod appears to be incon-
sequential when predicting development over a wide range of locations. Data
from studies at several locations (Robinson et al., 1967; Goyne et al., 1989)
demonstrated that photoperiod can be ignored when modeling sunflower
development.

A growing degree day equation with a base temperatureof 6°C (GDDy) is
a reasonable compromise among the various techniques of simulating tem-
perature effects on development. Studiesreport sunflower base temperatures
of 6.6°C (Hammer et al., 1982), 7.2°C (Robinson, 1971) and 6.1°C (Un-
ger, 1986). The summed GDDg from sowing to maturity for various loca
tions include 1972 in Bushland, Texas, USA (Unger, 1986), 1411-1437 in
Minnesota, USA (Robinson, 1971), 1448 at New South Wales, Australia
(Andersonetal., 1978), 1514-1815, depending on cultivar, in Brazil (Sangoi
and daSilva, 1988), 1480in Emerald, Australia (Keefer et al., 1976), 1198-
1873 for different cultivarsin the USA (Robinsonet a., 1967), and 1570 for
early French hybridsand 1700 for late French hybrids (Merrien, 1986).

Thefractions of the total GDD¢ from sowing to maturity which had accu-
mulated at anthesis were similar for a wide range of locations. Fractions for
data from Brazil (Sangoi and da Silva, 1986), Australia (Keefer et al., 1976;
Anderson et al., 1978), Minnesota (Robinson, 1971), and Florida, USA
(Green et d., 1982) ranged from 0.63 to 0.66. Other values included 0.59 in
Kansas, USA (Hattendorf et a., 1988),0.58 in France (Merrien, 1986), 0.56
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TABLE 1

Maximum seasonal leaf area index values for sunflower from a wide range of locations. Underlined
values were selected as representative, intermediate values

Source Loc. (lat., long.) plants m~2 LAl

Anderson et al., Armdale, Australia 3.2 1.8

1978" (30.31°S,151.39°E)

Seiler, 1988® Bushland, TX, USA 1.8

(35.11°N, 102.05°W)

Whitfield et al., Tatura, Australia 4.4 2.5

1989" (36.26°S, 145.14°E)

Schmidt and da Guaiba, Brazil 2.5 2.6

Silva, 1986" (30.06°S, 51.19°W)

Pearson et al., Camden, Australia 5.0 2.7

1985" 15.0 2.4

Gimenez and Cordoba, Spain 5.6 3.2 for 66 to 91

Fereres, 1986" (37.53°N, 4.46°W) days to flower,
79 for 111
days to flower

Sadras et al., Buenos Aires, Argentina 2.0 3.2

1989" (34.35°S, 58.29°W) 5.1 4.0

Guiducci, 1988" Central Italy (42.57°N) 6.0 3.5

Connorand Australia - 3.5

Palta, 1985"

Blanchet et al., Toulouse, France 4.4109.4

1982" (43.36°N, 1.26°E)

Cox and Joliff, Oregon St. Hyslop Lab 5.0 5.0

1986"

Blanchet and Toulouse, France 8.0 54

Merrien, 1982" (43.36°N, 1.26°E)

Rawson and Canberra, Australia 5.0 5.6t0 10.1

Turner, 19822 (35.17°S, 149.08°E)

Mean of underlined values 4.3

"Irrigated or had received adequate rain so that no drought stress occurred.
SDryland.

in Bushland, Texas (Unger, 1986), and 0.55 in Brazil (Sangoi and da Silva,
1988). The overall mean value was 0.62.

Leaf area index

A survey of reported maximum LAI values for the season with well-watered
conditions from a wide range of environments indicated that a reasonable
value would be 4.3 (Table 1). Plant population seems to have little effect on
LAI for a wide range of population densities. A model developed by Sadras
and Hall (1989) predicted a maximum LAI at 6.25 plants m~2 with LAI
pregictions greater than 90% of potential at populations from 4 to 9 plants
m--.
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Drought stress can severely limit leaf growth (Boyer, 1970). Leaf expan-
sion is one of the most drought-sensitive growth processes. Models of plant
growth should predict reduced leaf growth when water deficits begin. Simi-
larly, nitrogen deficiency reduces leaf expansion and LAI and should be in-
cluded in models (Radin and Boyer, 1982; Blanchet et al., 1987a).

Photosynthesis and biomass production

Sunflower hasdl unusually high photosynthetic rate for aC, plant. Thisis
evidenced by CO, exchange rates similar to maize (Zea mays L.). Net pho-
tosynthesisof sunflower can be 90 to 140% of that of maizegrown in thefield
(Heskethand Moss, 1963; Warrren-Wilson, 1966; Blanchet et al., 1982) and
in growth chambers (Andreeva et al., 1980). The high photosynthetic rates
may be related to a high content of ribulose biphosphate carboxylasc in the
leaves (Ranty et al., 1988).

Sunflower also has relatively large values for RUE. Values can be as large
asthe largest RUE of maize (Blanchetet a., 1987a; Kiniry et a., 1989) (Ta-
ble 2). Sunflower RUE in Toulouse, France was 4.8 to 5.0 g MJ ' of inter-
cepted photosynthetically active radiation.

Thegreat within-speciesvariability in RUE for well-watered conditions has
recently been related to the vapor pressuredeficit (V PD) for some crop spe-
cies. Radiation-use efficiency of adequately watered sorghum in agreenhouse
decreased from 2.9 to 2.3 g MJ ~! with increased VPD (Hamdi et al., 1987).
This response is probably due to decreased leaf conductance. Leaf conduc-
tance of sunflower can decrease by 72% as V PD increasesfrom 1 kPa to 4 kPa
(Hernandezet al., 1989). Likewise, estimated mean V PD during the growing
season explained 50 to 76% of the variability in RUE of field-grown maize,

TABLE 2

Radiation-use efficiency (RUE) valuesfor sunflower data setswith no drought stress

Source Location RUE vIPD
(gMJ~ 1 (kPa)
Guiducci, 1988 Central Italy 1.9
Connor et al., 1985 Goulburn Valley, 1.3 1.8
Australia 1.8 1.7
Kiniryetal., 1989 Temple, TX, USA 2.2 1.1
Warren-Wilson, 1967 Australia 2.6
Whitfield et al., 1989 Tatura, Australia 2.7
Cox and Joliff, 1986 Oregon, USA 2.8 Il
3.2 1.3
Blanchet et al., 1987a Toulouse, France 4.8 0.9
5.0 1.0

"Estimated based on CO, exchange measurements.
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Fig. I. Radiation-use efficiency as a function of mean vapor pressure deficit in well-watered
conditions (see Table 2). An additional data point for northern Texas, USA (from D.F. Wan-
jura, 1984. Trans. ASAE, 17: 1734-1744) had V PD equal to 1.75 kPa and RUE cqual to 1.53,
similar to the expected value of 1.50.

sorghum, and potato (Solanum tuberosum L.) without drought stress (Stoc-
kleand Kiniry, 1990; Manrique et a., 1991).

A similar relationship between VPD and RUE can be shown with sun-
flower (Fig. 1), using data from diverse environments (Table 2). Ther? value
wassimilar to that reported for sorghum (Stockle and Kiniry, 1990) and the
slopeindicated greater sensitivity than maize, sorghum, or potato. The Goul-
burn Valey of Australia had the smallest mean RUE and Toulouse, France
had the largest. The Goulburn Valley mean was 31% of the Toulouse mean.
This difference is similar to the maximum difference in leaf conductance
(Hernandez et al., 1989), with a minimum value which was 28% of the
maximum.

Radiation-use efficiency of sunflower sometimes decreases after anthesis,
but the generality of this phenomenon remains to be tested. Connor et al.
(1985) reported decreased RUE after anthesis in the first year of their data,
but such a decrease was not evident in the second year (Fig. 2). Likewise,
Blanchet (pers. commun.) reported a 50% drop in RUE after anthesis. This
could be explained by the greater energy costs for synthesis of oil in seeds
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Fig. 2. Above-ground plant biomass and cumulative intercepted PAR (IPAR) for sunflower in
Australia (from Connor et al., 1985). Regression lines were fit to the data prior to anthesis.
Thus, the last four pointswere not used for either year.

relative to vegetative material (Penning de Vries et al., 1983). However,
analysis of the data of irrigated sunflower in Oregon, USA (Cox and Joliff,
1986) indicated no such decrease during thegrain filling period (Fig. 3).The
1981 data did show an apparent decrease in slope with the last harvest, but
thiswasvery latein grain filling. The 1980 results appeared to have the same
slope throughout the season.

Harvest index

In models that simulate total plant biomass growth, the simplest way of
predicting grain yield isto assume a stable harvest index (Hl1). Variability of
H1 across environmentsand cultivars becomes a major factor in the accuracy
of grain yield predictions.

Harvest index was reasonably stableamongseveral studiesand, on average,
was only dlightly altered by severe drought. The mean value with adequate
soil water was 0.29 (Table 3). Most of these values were between 0.29 and
0.33. Drought treatmentssufficiently severe to reduce grain yield to 30-58%
of well-watered yields had a mean HI of 0.30. The mean change in HI for
these studies, relative to the well-watered values, was —0.03.
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Fig. 3. Above-ground plant biomassand cumulativeintercepted PAR (I PAR) for sunflower in
Oregon (from Cox and Joliff, 1986). Anthesis occurred at approximately 320 MJ m~2 in both
years. All data points were used tofit the regression lines except the last point for 1981.

Drought acclimation

A possible source of error in models such asepic and ALMANAC is the ina-
bility to predict the effects of drought acclimation. In these models, all geno-
typesare assumed to respond similarly to drought and drought acclimation is
not included. In reality, osmotic adjustment can make plants|ess susceptible
after one or more drought cycles (Turner, 1986; Conroy et a., 1988). Os-
motic adjustment can preserve stomatal conductance, and photosystem ac-
tivity can be maintained despite stress (Planchon, 1990). Drought adapta-
tion can occur until about 35% of the total GDD for maturity has elapsed,
with the photosynthesis/transpiration ratio being increased by this adapta-
tion (Blanchet et a., 1990). Without drought acclimation, models may un-
derpredict growth and yield in environmentswith repeated drying cycles.

Water-use efficiency

Water-use efficiency (WUE) isa common expression of plant productiv-
ity. It may represent the ratio of total above-ground dry biomass or dry seed
weight to the seasonal evapotranspiration (ET). With this approach, differ-
ent cultural practices can be assessed to determine optimum use of limited
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TABLE 3

Harvest index values for sunflower

Source Location Mean harvest index

Well watered Drought stressed
Hattendorfet al., 1988 Kansas, USA 0.21
Sangoi and da Silva, 1988 Brazil 0.25
Fercreset al., 1986 Spain 0.24° -
Gimenez and Fereres, 1986 Spain 0.29 0.25%
Rollier, 1975 France 0.29 -
Guiducci, 1988 ltaly 0.29 0.37°
Rawson and Turner, 1982 Australia 0.30 0.26°
English et al., 1979 Australia 0.33 -
Connorct al., 1985 Australia 0.45 0.32¢
Mean 0.29 0.30

"Mean for dryland in the highest-yielding year.

®No irrigation after planting. Grain yield was 51% (Spain), 38% (Italy) and 30% (Australia) of the
well-irrigated yields.

"Total irrigation and rain was 257 mm prior to anthesis and 198 mm from anthesis to maturity. Grain
yield was 58% of the control.

irrigation water. While epic and ALMANAC do not predict biomass or yield
based on WUE, their simulation of the water balance and the biomass and
grain yield can be used to estimate the WUE.

Sunflower WUE for total above-ground biomass (WUE,) can vary by a
factor of two. Values in Australia ranged from 10.9 to 18.3 kg ha=' mm~!
(Connor et al., 1985). In Spain, values from trials with different planting
dates ranged from 14 to 25 kg ha=' mm~"' (Gimenoet al., 1989). The mean
value from a study in Kansas was 20.5 kg ha=' mm~', with all values differ-
ing less than 1 kg ha=' mm~" from the overall mean (Hattendorfetal., 1988).

Water-use efficiency for seed weight (WUE,) is more variable than WUE,
due to the greater variability in seed weight. The WUE, is the product of WUE,
and HI. In France, WUEs ranged from 5.8 to 10.2 kg ha='! mm~"' (Blanchet
et al., 1990). Values from 0.9 to 2.7 kg ha=! mm~' have been reported by
Unger (1978) in Texas. In Kansas, WUE, ranged from 3.6 to 4.7 kg ha~'
mm~"' (Hattendorf et al., 1988).

THEEPICANDALMANAC SUNFLOWERGROWTH MODELS

Description of the Epic and ALMANAC models

The erpic model was developed to determine the relationship between soil
erosion and soil productivity in the USA (Williamset al., 1984). epic is com-
posed of physically based components for simulating erosion, plant growth,
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and related processes. It aso includes economiccomponents for assessing the
cost of erosion and determining optimal management strategies. The physical
processes involved are simulated simultaneously and realistically using read-
ily-available inputs.

The model is generaly applicable, computationally efficient, and capable
of computing the effects of management decisions. Model components in-
clude weather simulation, hydrology, erosion-sedimentation, nutrient cy-
cling, crop growth, tillage, soil temperature, economics, and plant environ-
ment control. Several of these components have been described in the
literature (Jones et al., 1984; Williams et al., 1984, 1989).

The model is sensitive to crop characteristics, weather, soil fertility, and
other soil properties. The processes simulated include: interception of solar
radiation; conversion of intercepted light to biomass; division of biomassinto
roots, above-ground biomass, and economic yield; root growth; water use;
and nutrient uptake. Potential plant growth issimulated daily and can be re-
duced by stressinvolving water, nitrogen, phosphorus, temperature, or aera-
tion. Root growth can be reduced by soil strength, temperature, or aluminum
toxicity.

EPIC sSimulates several crops with ageneral crop growth model using unique
parameter values for each crop species. EPIC is capable of simulating crop
growth for annual and perennial plants. Annual crops grow from planting to
harvest date or until the accumulated growing degree daysequal the potential
growing degree days for the crop.

The EpiCc and ALMANAC models simulate potential plant biomass by pre-
dicting leaf areaindex (LAI) and using incoming solar radiation. Beer's law
(Monsi and Saeki, 1953), with an appropriate value for extinction coeffi-
cient, is used to predict the fraction of incoming solar radiation intercepted
at a given LAI. The sunflower extinction coefficient is assumed to be 0.90
(Monteith, 1969). Predicting potential plant growth requires an assumed
value of RUE for a crop species in the absence of drought, nutrient, and tem-
perature stress. Daily accounting for such stresses with nutrient models and
water balance models can then reduce predicted leaf and biomass growth.

The EpiC and ALMANAC models use a one dimensional rooting system with
root depth normally approaching the input maximum as flowering is ap-
proached. Cultivar differencesin potential rooting depth, which have been
related to drought tolerance (Fereres et al., 1983; Terbea and Vranceanu,
1988), can be simulated by entering different values for maximum rooting
depth. Root restrictive soil layers can beinput which prevent root penetration
and prevent further downward growth of roots.

The soil profile isdivided into layers for computation of water, nitrogen,
and root dynamics. Assoon asthe roots enter a layer, al the available water
and nitrogen in that layer are assumed to be available to the plant.

Both EPIC and ALMANAC use a HI approach with important modifications.
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Thevaluefor HI beginsat 0 at flowering, increasing to the maximum at phys-
iological maturity. Stress near the date of anthesis can reduce the HI. Seed
yield has been shown to be most sensitive to drought in the 40 days approxi-
mately centered around anthesis (Robelin, 1967). These models assume tem-
peratures below 6° C stop growth prior to maturity and reduce the HI.

The plant growth component of ALMANAC is identical to that in the epic
model, as described by Williamset al. (1989) with a few exceptions. In AL-
MANAC, RUE isassumed to be 4.6 g MJ~! for mean daily VPD less than 0.8
kPa. When VPD exceeds 0.8 kPa, RUE decreases 3.2 g MJ~! kPa~'. Vapor
pressure deficit is not alowed to decrease RUE below 1.8 g MJ~! asthiswas
the smallest RUE value in the high VPD conditions of Connor et al. (1985)
in Australia. Leaf area index is a function of population density. Values for
LAI are predicted with an exponential S-curve wherc a population of 2 plants
m~? has 63% of the potential LAI and 6 plants m~2 has 99%. Temperate
locations are assumed to have an LAI of 4.3 at hign plant populations based
on the valuesfrom several data sets described above. Model testing in Brazil,
asdiscussed below, assumed a maximum LAI of 2.9 as thiswas intermediate.
between the valuesreported for Brazil (Schmidt and daSilva, 1986) and Ar-
gentina (Sadraset al., 1989).

epic calibration and modification

The eric model was adapted and refined by several Institut National dela
Recherche Agronomique (INRA) scientists at Toulouse. The model changes
were based on much of theliterature discussed above, aswell as experimental
data obtained during several years near Toulouse in large weighing tysimeters
(Blanchet et al., 1987a,b, 1990). These model modifications have been de-
scribed by Quinones-Pedroza (1989) and Quinones-Pedroza et al. (1990):
They are briefly summarized below:

1. For latitudes from 43" to 46°N and with 1700 GDD, from sowing to
maturity, RUE was 4.0 g MJ~', dropping to 2.0 g MJ~' after 1000 GDDsy;, to
account for grain filling and oil synthesis. For higher latitudes, with 1500
GDDy required for maturity, RUE values were 4.5 prior to grain filling and
2.3 during grain filling.

2. Potential LAI, based on resultsin France (Blanchet and Merrien, 1982;
Blanchet et a., 1982), was assumed to be 7 for a plant population of 10 plants
m~?, and 5.5 at 6 plantsm—2,

3. The root system was assumed to be well developed in deep soils. Thus
there was no reduction in simulated root density with depth in the soil profile.

4. If water stress stopped plant growth for 7 days prior to accumulation of
35% of the total GDDy for the season, potential transpiration was decreased
by 50% and RUE was increased by 50% for the remainder of the season. If a
3- to 7-day drought occurred, transpiration was reduced and the RUE in-
crease was not as large. These attempts at quantifying drought acclimation
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were based on results of Turner (1986), Conroy et a. (1988), Blanchet et al.
(1990) and Piquemal et a. (1990). Thefunctions have been adjusted, based
on experimental datafrom Toulouse with awide range of environmental con-
ditions (Table 4). The results of thiscalibration indicated that the inclusion
of such drought adaptation greatly improved simulation accuracy (Qui-
nones-Pedrozaet al., 1990).

5. Simulated HI was allowed to vary from 0.18 to 0.45 depending on the
timing of stress. The normal HI was assumed to be 0.33 to 0.35, depending
on cultivar. Drought stress prior to the accumulation of 35% of the total GDD,
increased simulated HI by as much as 0.10. Early nitrogen stress, prior to bud
appearance, can reduce the number of florets initiated and the number of
seeds, resulting in reduced HI (Steer et al., 1984; Blanchet et al., 1987a).
Water stress during anthesis and grain filling decreased simulated HI by as
much as 0.15. Nitrogen stress prior to floral initiation, at 22% of the total
GDDsy, decreased HI by as much as 0.05.

These changes in the model improved the fit of the experimental data (Ta-
ble 4; Quinones-Pedroza et a., 1990) and improved the model sufficiently to
allow it to be used to diagnose when water stress occurred. Modeled and mea-
sured LA were compared to make such a determination.

Testing the calibrated and modified epic model
The calibrated model was tested with data from various experiments con-
ducted by the Centre Technique Interprofessionel des Oleagineaux Metropo-

TABLE 4

Accuracy of EPIC simulationsin Toulouse, France compared to the measured values for total dry
matter (TDM) and grainyield (Yield), with several refinements of the model®

Refinements introduced in the Correlation Root mean squared
EPIC model coefTicient for the error (gm~?)
measured vs.

simulated values

TDM Yield TDM Yield

Standard EPIC model 0.78 0.78 382 165
+drought adaptation +

reduced RUE after anthesis 0.66 0.62 201 72
+root syst. geometry+

reduced RUE after anthesis 0.84 0.92 199 73
+root syst. geometry+

drought adaptation 0.89 0.93 128 40

+ all refinements 0.90 0.93 82 24

"Experimental data from 16 lysimeters with different depthsand different irrigation treatments. The
measured seed weight ranged from 175 to 400 g m~2, The measured harvest index ranged from 0.29
t00.34.
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litains (CETIOM) in 1988 and 1989 (Table 5). Each year there were 4 or 5
treatments with different amounts and dates of irrigation, with three replica-
tions. Measurements included phenology, LAI on different dates, and seed
yield. The plant population was 6 to 7 plants m~2 with no diseases or notice-
able signs of nutrient deficiency. Three data setsin Table 5 had shallow soils
with underlying rock layers. While roots can penetrate the cracksin the rocks,
the decreased water-holding capacity along with thelimited rainfall can cause
plant water deficits in the spring and result in convenient conditions for
studying drought adaptation. Thefirst soil also had low water-holding capac-
ity due to a high content of pebbles. Only recently has sunflower been grown
on these drought-pronesoilsin France. Sunflowershave been found to be the
best adapted summer crop to these conditions, with maize frequently failing
to produce any appreciable yield.

The measured and simulated yields were very similar (Fig. 4). The mean
square error of prediction (Wallach and Goffinet, 1987) was 0.078, repre-
senting an absolute root mean squared error of 10% (0.28t ha-"').

Data set C-Medium (Table 5) caused problemsin the simulated results.
There was uncertainty asto the amount of water which could be taken up due
to the unknown percentageof rock in the soil. In addition, simulated ET may
have been too low for thisdata set. When the crop was allowed to removesoil
water below 1.6 MPa, the simulations were more realistic. Cox and Jollif
(1986) reported that sunflower can extract more soil water than soybeans.
Harvest index was set to a value between 0.33 t0 0.35, depending on cultivar.
With these adjustments, which are included in Fig. 4, the simulated model
results agreed more closely with the measured data.

TABLE 5

Main characteristicsof the French datascts uscd for validation of the refined EPIC model in Toulouse

Data set Location/Year Lat. Soil Potential ETP® Rainfall® Irrigation GDDy
name (°N) depth soil (mm) (mm) (mm}
(mm) avail.

water min. max.

(mm)
B-Shallow Beziers/ 1989 43 800 80 685 23 115 165 1700
B-Medium Baziege/1989° 43 900 135 715 68 0 105 1600
B-Deep Baziege/1988° 43 1600 240 630 227 0 105 1700
S. Shallow  Surgeres/1989¢ 46 400 148 575 102 0 280 1700
C-Medium Chateaudun/1988¢ 48 600 177 620 205 0 80 1520
C-shallow Chateaudun/1989¢ 48 500 95 670 140 0 120 1515

'Potential evapotranspiration from sowing to maturity estimated by EPIC.

*Total precipitation from sowing to maturity.

'The soil wasamesic, Udic Haplustalf soil of alluvial origin. Thesoil for thefirst data set had pcbbles.
9The soil wasshallow, developed on hard calcareous cracked rocks, with cracks in the rocks allowing
roots to penetrate to a depth of at least | m.
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Fig. 5. Measured and simulated water-use efficiency in France, plotted asfunction of the simu-
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maturity). Data sets consisted of B-Shallow (A), B-Medium (0), B-Deep (®), S-Shallow
(X), C-Medium (D), and C-Shallow (m) ( R. Blanchet, unpublished, 1990).

The responses of WUE to available water at bud appearance were similar
for simulated and measured data (Fig. 5). The experimental WUE was cal-
culated as the measured yield divided by the sum of soil water, rainfall, and
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irrigation. The simulated WUE was calculated as simulated yield divided by
simulated ET. Both are plotted against the simulated amounts of available
soil water at bud appearance (" star stage™, 22% of the total GDDg from sow-
ing to maturity). Thesimulation of soil water statusat this phenological stage
is generally quite good (Quinones-Pedroza, 1989). Water-use efficiency ap-
pears to be little influenced by irrigation under such conditions. There are
differences between the experimental and simulated results for data scts B-
Medium and C-Medium. The problem with data set C-Medium has been pre-
viously discussed, while data set B-Medium had low yields due to severe stress
during anthesis and grain filling. However, it appears that knowledge of the
soil water status at bud appearance could be a valuable indicator of approxi-
mate WUE and subsequent crop water requirement. Thiscould aid in irriga-
tion scheduling. High WUE and moderate water needs appear probable with
dry soil at bud appearance and low WUE and high water needs appear prob-
ableif the soil has adequate soil water at this stage.

In conclusion, this calibration and adaptation of EpiC using varied French
environments appeared reasonable and suggested interesting prospects for
prediction of yield for different soils, climates, and cultural practices, such as
irrigation scheduling. The model helped analyze growth processes and yield
production in 5 or 6 environments where the response of sunflower to avail-
able soil water wassometimes difficult to predict and interpret (Merrien and
Grandin, 1990).

Testing the ALMANAC model

Like EPIC, the ALMANAC model can be adapted for different geographic re-
gions by changing the weather data and parameters related to the crop and
the soil. Required inputs include the appropriate GDD, requirements for the
season and values for soil water-holding capacity at different depths. Below
are results from three locations with various planting dates, irrigation treat-
ments, and planting densities, to demonstrate the utility of the model's yield
simulations.

Location 1. Mandan, North Dakota, USA (Alessi et al., 1977), 46.50°N,
100.54° W, representing the major sunflower region in the USA.

Location 2. Bushland, Texas, USA (Unger, 1978), 35.11°N 102.05°W,
representing a sunflower-producing area with high evaporative demand.

Location 3. Guaiba, Brazil (Sangoi and daSilva, 1988), 30.15°S, 51.12"W,
representing a humid, tropical location. Available soil water at planting is
specified only in the publications for the first two locations. Fortunately,
drought stresswas not alimitation at the location in Brazil. Total GDDg from
sowing to maturity were 1360-1500 for North Dakota, 1800 for Texas, and
1740 for Brazil. Theinput HI was0.30 for North Dakota and Texas and 0.22
for Brazil.

The aLmaNAC model simulated sunflower yiclds recasonably well in North
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Dakota (Table 6). With the common plant population of 5 plants m~2, pre-
dictions were within 11% of measured yields for the May plantings. In 1973,
predicted yields for later plantings at this population were within 15% of mea-
sured yields. Greater errors occurred in 1974 for later plantings at 5 plants
m~?, The model simulates little or no response to plant population above 5

TABLE 6

Simulations of sunflower yield (t ha—') by ALMANAC at Mandan, North Dakota, USA at four pop-
ulations, three sowingdates, in two years?

Sowing date Population 1973 1974
(plants m—2)
Measured Simulated Measured Simulated
21-23 May 25 1.2 1.0 (0.79)® 1.9 1.6 (0.81)°
5.0 1.1 0.9 (0.89) 1.7 1.7 (0.97)
75 0.7 0.9 (1.34) 0.8 1.7 (1.95)
10.0 0.5 0.9 (2.00) 1.2 1.7 (1.41)
5-10June 25 1.3 1.3 (0.93) 1.9 1.4 (0.69)
50 1.1 1.1 (1.03) 1.7 1.3 (0.77)
75 0.8 1.1 (1.35) 1.5 1.4 (0.87)
10.0 0.7 1.1 (1.56) 1.1 1.3(1.13)
26-27 June 25 1.2 1.0 (0.87) 0.9 1.4 (1.55)
5.0 1.2 1.0 (0.85) 1.0 1.5 (1.46)
75 1.4 1.0 (0.69) 0.7 1.5 (1.91)
10.0 1.1 1.0 (0.89) 0.7 1.5 (1.96)

"Source: Alessietal., 1977.
"Simulated yield divided by measured yield. Calculations made before rounding of yiclds.

TABLE 7

Simulations of sunflower yield (t ha=') by ALMANAC at Bushland, TX, USA under different irri-
gation levels for three years?

Year Total irrigation Measured® Simulated®
(mm) yields yields

1975 236 3.3 3.3 (1.01)¢

66-79 2.7 2.6 (0.99)

0 1.6 2.4 (1.53)

1976 305 2.3 2.4 (1.03)

229 2.1 2.0 (0.95)

152 1.4 1.6 (1.13)

76 0.8 1.2 (1.51)

1977 278 3.0 2.6 (0.87)

187-192 2.7 2.1 (0.78)

101-104 2.2 2.0 (0.89)

0 1.7 1.7 (1.01)

“Source: Unger, 1978.

"Means for more than onc irrigation treatment in some cases.
'Simulated yield divided by measured yield. Calculations made before rounding of yields.
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TABLES8

Simulations of sunflower yield (t ha=') by ALMANAC in Guaiba, Brazil at three planting dates'

Planting date Measured yields Simulated yields
5 September 3.6 3.2(0.89)°

14 October 1.8 2.2(1.26)

12 December 1.0 1.5 (1.45)

"Sour ce: Sangoi and da Silva, 1988.
*Simulated yield divided by measured yield. Calculations made before rounding of yields.

plants m~2, Population isaccounted for only in LAI prediction. Asdiscussed
above, the model assumesthat 99 to 100% of the potential LAI can be reached
for populations of 6 plants m~2 or greater. Thus, the reduction in measured
yield as population increased from 5to 10 plants m~2 was not predicted by
the model.

The model adequately predicted the response of yield to reducing popula-
tion density from 5to 2.5 plants m~2 (Table6). In 1973, measured changes
inyield for 2.5 plants m~2 compared to 5 were similar to simulated changes.
In four of the six sowings, the changes in simulated yields in response to re-
duced population density were in the right direction and of reasonable
magnitude.

The ALMANAC model simulated yields reasonably well at Bushland, Texas
for al irrigation treatments except the most extreme stress treatmentsin the
first two years (Table 7). The simulated yields of the high irrigation treat-
ments in 1975 and 1976 were within 3% of the measured yields. Excluding
the most severe stress treatment of these years, simulated yields were within
13% of measured yieldsin all cases. The model overpredicted yield consider-
ably for the most severe drought treatment in the first two years. The rela-
tively stable HI approach of this model may have been responsible for this
overprediction. In 1977, yields were underpredicted for all but the driest
treatment.

In Brazil, ALMANAC predicted the highest yield within 11% of measured
and simulated theyield reduction with later sowings (Table8). However, the
model overestimated yield in the later sowings. Thus ALMANAC can be used
for predicting theyield of crops in high-humidity, warm locations if the sow-
ing is near the optimum, but it may not adequately predict the impact of de-
laysin sowing.

CONCLUSIONS
EPIC and ALMANAC provided reasonable sunflower yield predictionsover a

wide range of environments, soils, and management schemes. Adequate val-
ues of parameters can be estimated easily (Cabelguenne et al., 1988). For
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intensive use of these models for crop management decisions in a given area,
more carefully derived input environmental and crop parameters, such as de-
scribed in the French version of the model, may be desirable. Such parame-
ters relate to drought and temperature adaptation.

Potential areas for progress in sunflower modeling in the future include: N-
water interactions on LAI, growth, and seed production; drought adaptation;
and grain filling with translocation and remobilization from leaves, stems,
and roots. In addition, more accurate simulation of high plant population
may be valuable to some applications.

REFERENCES

Acimovic, M., 1988. Sunflower diseases mapping in Europe and some countries outside Europe
in the period 1984-1986. Helia, 11: 41-49.

Alessi, J., Power, J.F. and Zimmerman, D.C., 1977. Sunflower yield and water use as influenced
by planting date, population, and row spacing. Agron. J., 69: 465-469.

Anderson, W.K., Smith, R.C.G. and McWilliam, J.R., 1978. A systems approach to the adap-
tation of sunflower to new environments I. Phenology and development. Field Crops Res.,
I: 141-152.

Andreeva, T.F., Strogonova, L.E., Protasova, N.N., Murashov, I.N., Stepanenko, S.Yu., Maev-
skaya, S.N. and Nichiporovich, A.A., 1980. Photosynthesis and growth of corn and sun-
flower plants. Fiziol. Rast., 27: 105-112.

Blanchet, R. and Merrien, A., 1982. Influence of water supply on assimilation, yield compo-
nents and oil-protein production of sunflower. In: Proc. of the Workshop on Sunflower,
E.E.C. Plant Protein Programme, 23-24 November 1982, Athens, Greece. Plant Breeding
Inst., Bari, Italy, pp. 185-201.

Blanchet, R., Merrien, A., Gelfi, N., Cavalie, G., Courtiade, B. and Puech, J., 1982. Estimation
et evolution comparée de I’assimilation nette de couverts de mais (Zea maysL.), tournesol
(Helianthus annuus L.) et soja (Glycine max (L.) Merrill), au cours de leurs cycles de de-
veloppement. Agronomie, 2: 149-154.

Blanchet, R., Gelfi, N. and Puech, J., 1987a. Alimentation azotée surface foliaire et formation
du rendernent du tournesol. Agrochimica, 31: 233-243.

Blanchet, R., Thomas, T. and Gelfi, N., 1987b. Influence de ’'alimentation azotée sur le nornbre
d'akenes et le rendement du tournesol cv. Pharaon dans différentes situations hydriqucs.
Agric. Mediterranea, 118: 111-123.

Blanchet, R., Texier, V., Gelfi, N. and Viguier, P., 1990. Articulations des divers processus d’ad-
aptation a la sécheresse et cornportements globaux du tournesol. In: Le Tournesol et ’Eau.
CETIOM, Paris, pp. 45-55.

Boyer, J.S., 1970. Leaf enlargement and metabolic rates in corn, soybeans, and sunflower at
various leaf water potential. Plant Physiol., 46: 233-235.

Cabelguenne, M., Jones, C.A., Marty, J.R. and Quinones, H., 1988. Contribution a I’étude des
rotations culturales: tentative d’utilisation d'un modele. Agronomie, 8: 549-556.

Castrignano, A.M., Losavio, N., Mastrorilli, M. and Venezian Scarascia, M.E., 1988. Sunflower
crop growth in Southern Italy. In: Proc. X11 Int. Sunflower Conf., Novi Sad, Yugoslavia. Int.
Sunflower Assoc., Toowoomba, Australia, pp. 215-220.

Connor, D.J. and Palta, JA,, 1985. Photosynthesis and transpiration of sunflower crops. In:
Proc. of the XI Int. Sunflower Conf., 10-13 March, 1985, Mar Del Plata, Argentina. Int.
Sunflower Assoc., Toowoomba, Australia, pp. 33-38.



SUNFLOWER SIMULATION USING EPICAND ALMANAC MODELS 421

Connor, D.J,, Jones, T.R. and Palta, JA., 1985. Response of sunflower to strategies of irriga-
tion. 1. Growth, yield and the efficiency ofwater-use. Field Crops Res., 10: 15-36.

Conroy, JP., Virgona, JM., Smillie, R.M. and Barlow, E.\V., 1988. Influence of drought accli-
mation and CO, enrichment on osmotic adjustment and chlorophyl!l fluorescence of sun-
flower during drought. Plant Physiol., 86: 1108-1115.

Cox, W.J. and Jollif, G.D., 1986. Growth and yield of sunflower and soybean under soil water
deficit. Agron. J., 78: 226-230.

Doyle, A.D., 1975. Influence of temperature and daylength on phenology of sunflowers in the
field. Aust. J. Exp. Agric. Anim. Husb., 15: 88-92.

Dyer, H.J., Skok, J. and Scully, N.J., 1959. Photoperiod behaviour of sunflower. Bot. Gaz., 121:
50-55.

English, S.D., McWilliam, JR., Smith, R.C.G. and Davidson, J.L. 1979. Photosynthesis and
partitioning of dry matter in sunflower. Aust. J. Plant Physiol., 6: 149-164.

Fereres, E., Gimenez, C., Berengena, J., Fernandez, M.J. and Dominguez, J., 1983. Genetic
variability of sunflower cultivarsin response to drought. Helia, 6: 17-21.

Fereres, E., Gimenez, C. and Fernandez, J.M., 1986. Genetic variability in sunflower cultivars
under drought. I. Yield relationships. Aust. J. Agric. Res., 37: 573-582.

Gimenez, C. and Fereres, E, 1986. Genetic variability in sunflower cultivars under drought. I1.
Growth and water relations. Aust. J. Agric. Res., 37: 583-597.

Gimeno, V., Fernandez-Martinez, JM. and Fereres, E., 1989. Winter planting as a mcans of
drought escape in sunflower. Field Crops Res., 22: 307-316.

Goyne, P.J. and Hammer, G.L., 1982. Phenology of sunflower cultivars. 1. Controlled-environ-
ment studies of temperature and photoperiod effects. Aust. J. Agric. Res., 33: 251-261.
Goyne, P.J., Woodruff, D.R. and Churchett, J.D., 1977. Prediction of flowering in sunflowers.

Aust. J. Exp. Agric. Anim. Husb., 17: 475-481.

Goyne, P.J,, Schneiter, AA., Cleary, K.C., Creelman, R.A., Stegmeicr, W.D. and Wooding, F.J.,
1989. Sunflower genotype response to photoperiod and temperature in field environments.
Agron. J., 81: 826-831.

Green, Jr., V.E,, Robertson, JA., Simonc, G.W., Yang, S.-M., Seiler, G. and Gonung, W.G.,
1982. Oilseed sunflower research in Florida 1982. Univ. of Florida Agronomy Res. Rep. AG
83-03, Gainesville, FL.

Guiducci, M., 1988. Effect of water deficit on leaf area development and PAR absorption of a
sunflower summer crop. In: Proc. 12th International Sunflower Conf., Novi Sad, Yugo-
slavia. Int. Sunflower Assoc., Toowoomba, Australia, pp., 89-94.

Hamdi, Q.A., Harris, D. and Clark, JA., 1987. Saturation deficit, canopy formation and func-
tion in Sorghum bicolor (L.). J. Exp. Bot., 38: 1272-1283.

Hammer, G.L., Goyne, P.J. and Woodruff, D.R., 1982. Phenology of sunflower cultivars. 111

" Modelsfor prediction in field environments. Austr. J. Agric. Res., 33: 263-274.

Hattendorf, M.J,, Redelf, M.S.,, Amos, B., Stone, L.R. and Gwin, R.E. 1988. Comparative water
use characteristics of six row crops. Agron. J., 80: 80-85.

Hernandez, A.D.P., Cock, J.H. and El-Sharkaway, M.A., 1989. The response of leaf gas ex-
change and stomatal conductance to air humidity in shade-grown coffee, tea, and cacao plants
ascompared to sunflower. Rev. Bras. Fisiol. Vegetal., 1. 155-161.

Hesketh, J.D. and Moss, D.N., 1963. Variation in the response of photosynthesis to light. Crop
Sci., 3 107-110.

Jones, C.A., Sharpley, A.N. and Williams, JR., 1984. A simplified soil and plant phosphorus
model: 1. Documentation. Soil Sci. Soc. Am. J., 48: 800-805.

Keefer, G.D., McAllister, JE., Uridge, E.S. and Simpson, B.W., 1976. Time of planting effects
on development, yield and il quality of imgated sunflower. Aust. J. Exp. Agric. Anim. Husb.,
16: 417-422.

Kiniry, JR., Jones, CA., O'Toole, J.C., Blanchet, R., Cabelguenne, M. and Spanel, D.A., 1989.



422 JR. KINIRY ETAL.

Radiation-use efficiency in biomass accumulation prior to grain-filling for five grain-crop
species. Field Crops Res., 20: 51-64.

Manrique, L.A., Kiniry, J.R., Hodges, T. and Axness, D.S., 1991. Dry matter production and
radiation interception of potato. Crop Sci., 31: 1044-1049.

Merrien, A., 1986. Cahier technique physiologie tournesol. CETIOM, Paris, 46 pp.

Merrien, A nnd Grandin, L., 1990. Comportement hydrique du tournesol: synthese des essais
irrigation 1983-1988. In: Le Tournesol et I'Eau, CETIOM, Paris, pp. 75-90.

Monsi, M. and Saeki, T., 1953. Uber den Lichtfaktor in den Pflanzengesellschaften und scin
Bedeutung fur die Stoffproduktion. Jpn. J. Bot., 14: 22-52.

Monteith, J.L., 1969. Light interception and radiative exchange in crop stands. In: J.D. Eastin
(Editor), Physiological Aspects of Crop Yield. American Society of Agronomy, Madison,
W1, pp. 89-111.

Pearson, C.J., Steer, B.T. and Coaldrake, P.D., 1985. A preliminary model to predict growth
and oil yield of sunflower cv. Hysun 30. In: Proc. XI Int. Sunflower Conf., Mar Del Plata,
Argentina. Int, Sunflower Assoc., Toowoomba, Australia, pp. 177-182.

Penning de Vries, FW.T., Van Laar, H.H. and Chardon, M.C.M. 1983. Bioenergetics of growth
of seeds, fruits, and storage organs. In: Potential Productivity of Field Crops Under Differ-
ent Environments. IRRI, Los Baiios, Philippines, pp. 37-59.

Piquemal, M., Cavalie, G., Poeydomenge, O. and Botella-Brandibas, A. 1990. Activité méta-
bolique et translocations chez le tournesol soumis a un stress hydrique. In: Le Tournesol et
I’Eau. CETIOM, Paris, pp. 32-44.

Planchon, C., 1990. Adaptation du tournesol & la sécheresse: réponse de la photosynthtse au
deficit hydrique. In: Le Tournesol et ’Eau. CETIOM, Paris (in press).

Quinones-Pedroza, H.E., 1989. Simulation des contraines hydriques sur la croissance et Je
rcndement du tournesol et du mais. Thkse Institut National Polytechnique, Toulousc, 172
PP

Quinones-Pedroza, H., Texier, V., Cabelguenne, M. and Blanchet, R., 1990. Simulation du com-
portement hydrique du tournesol et de ses répercussions sur la croissance et la production.
In: Le Tournesol et I'Eau, CETIOM, Paris, pp. 56-74.

Radin, J.W. and Boyer, J.S., 1982. Control of leaf expansion by nitrogen nutrition in sunflower
plants. Plant Physiol., 69: 771-775.

Ranty, B., Martinez-Bustamante, E., Piquemal, M. and Cavalie, G., 1988. Caracteristiques de
la ribulose bisphosphate carboxylase/oxgenase (Rubisco) du tournesol. In: Proc. X11 Int.
Sunflower Conf., Novi Sad, Yugoslavia. Int. Sunflower Assoc., Toowoomba, Australia, pp.
104-1009.

Rawson, H.M. and Turner, N.C., 1982. Recovery from water stress in five sunflower (Helian-
thus annuus L.) cultivars. I. Effects of timing of water application on leaf area and seed
production. Aust. J. Plant Physiol., 9: 437-448.

Robelin, M., 1967. Action et arrikre-action de la secheresse sur la croissance et la production du
tournesol. Ann. Agron., 18: 579-599,

Robinson, R.G., 1971. Sunflower phenology, year, variety, and date of planting effects on day
and growing degree-day summations. Crop Sci., | 1: 635-638.

Robinson, R.G., Bernat, L.A., Geise, H.A., Johnson, F.K., Kinman, M.L., Mader, E.L., Oswalt,
R.M., Putt, E.D., Swallers, C.M. and Williams, J.H., 1967. Sunflower development at lati-
tudes ranging from 31 to 49 degrees. Crop Sci., 7: 134-136.

Roilier, M., 1975. Etude des besoins en eau du tournesol. CETIOM Info. Tech., 44: 29-44.

Sackston, W.E., 1978. Sunflower diseases mapping in Europe and adjacent Mediterranean
countries. Helia, 1: 21-3].

Sadras, V.0. and Hall, A.J., 1989. Patterns of water availability for sunflower crops in semi-arid
central Argentina. A simulation-based evaluation of their interactions with cropping strate-
gies and cultivar traits. Agric. Systems, 31: 221-238.



SUNFLOWER SIMULATION USING EPIC AND ALMANAC MODELS 423

Sadras, V.0O., Hall, AJ., Trapani, N. and Vilella, F., 1989. Dynamics of rooting and root-
length:leaf-area relationships as affected by plant population in sunflower crops. Field Crops
Res., 22: 45-57.

Sangoi, L. and da Silva, P.R.F., 1986. Comparagdo entre métodos de calculo de unidades tér-
micas e os dias do calendario na previsao de subperiodos de desenvolvimento do girassol.
Pesq. Agropec. Bras., Brasilia, 21: 901-908.

Sangoi, L. and da Silva, P.R.F., 1988. Distribui¢do ¢ acimulo dc matéria scca ¢cm duas culti-
vares de girassol em trés épocas de semeadura. Pesq. Agropec. Bras., Brasilia, 23: 489-502.

Schmidt, E. and da Silva, P.R.F., 1986. Effect of density and arrangement of plants of sunflower
I1. Agronomic characteristics and interception of solar radiation. Pesq. Agropec. Bras.. Bras-
ilia, 21: 853-863.

Schuster, W. and Boye, R., 1971. Der Einfluss von Temperatur und Tagesldnge auf verschie-
dene Sonnenblumensorten unter kontrollierten Klimabedingungen und im Freiland. Z
Pflanzenzucht., 65: 151-176.

Seiler, G.J., 1988. Agronomics of standard height and semidwarf hybrid sunflower under rain-
fall conditions. In: Challenges in Dryland Agriculture, a Global Perspective. Texas Agric.
Exp. Stn., pp. 318-320.

Sharpley, A.N. and Williams, J.R. (Editors), 1990. Epic-Erosion/Productivity Impact Calcu-
lator: 1. Model Documentation. U.S. Dept. of Agric. Tech. Bul. No., 1768 235 pp.

Smith, R.C.G., Anderson, W.K. and Harris, H.C., 1978. A systems approach to the adaptation
of sunflower to new environments. III. Yield predictions for continental Australia. Field
Crops Res., 1: 215-228.

Steer, B.T., Hocking, P.J., Kort, AA. and Roxburgh, C.M., 1984. Nitrogen nutrition of sun-
flower: yield components, the timing of their establishment and seed characteristics in re-
sponse to nitrogen supply. Field Crops Res., 9: 219-236.

Stockle, C.O. and Kiniry, J.R., 1990. Variability in crop radiation use efficiency associated with
vapor pressure deficit. Field Crops Res., 21: 171-181.

Terbea, M. and Vranceanu, A.V., 1988. Ecological studics on sunflower root system. Helia, 11:
29-33.

Turner, N.C., 1986. Crop water deficits: a decade of progress. Adv. Agron., 39: 1-51.

Unger, P., 1978. Effect of irrigation frequency and timing on sunflower growth and yicld. In:
Proc. 8th Int. Sunflower Conf., 23-27 July 1978, Minneapolis, MN. Int. Sunflower Assoc.,
Toowoomba, Australia, pp 117-129.

Unger, P., 1986. Sunflower development in the Texas high plains: Environmental effccts. Texas
Agric. Exp. Sta. MP 1598, 36 pp.

Wallach, D. and Goffinet, B., 1987. Mean squared error of prediction in models for studying
ecological and agronomic systems. Biometrics, 43: 561-573.

Warren-Wilson, J., 1966. High net assimilation rates of sunflower plants in arid climates. Ann.
Bot., 30: 745-751.

Warren-Wilson, J., 1967. Ecological data on dry matter production by plants and plant com-
munities, In: E.F. Bradley and O.T. Denmead (Editors), The Collection and Processing Field
Data. Wiley-Interscience, New York, pp. 77-123.

Wendland, B. and Glauber, J.W., 1989. Estimating U.S. Sunflower Yields (With the use of
North Dakota weather variables). Proc. Sunflower Research Workshop, 9-10 Jan. 1989.
National Sunflower Assoc., Fargo, ND, pp. 12-14.

Whitfield, D.M., Connor, D.J. and Hall, A.J., 1989. Carbon dioxide balance of sunflower (//e-
lianthus annuus) subjected to water stress during grain-filling. Field Crops Rcs., 20: 65-80.

Williams, J.R., Jones, C.A. and Dyke, P.T., 1984. A modeling approach to determining the
relationship between erosion and soil productivity. Trans. ASAE, 27: 129-144.

Williams, J.R., Jones, C.A., Kiniry, J.R. and Spanel, D.A., 1989. The EpriC crop growth model.
Trans. ASAE, 32: 497-511.



