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ABSTRACT: Pushed by the Brazilian biodiesel policy, sunflower (Helianthus annuus L.) production
is becoming increasingly regarded as an option to boost farmers’ income, particularly under
semi-arid conditions. Biodiesel related opportunities increase the demand for decision-making
information at different levels, which could be met by simulation models. This study aimed to
evaluate the performance of the crop model OILCROP-SUN to simulate sunflower development
and growth under Brazilian conditions and to explore sunflower water- and nitrogen-limited, wa-
terlimited and potential yield and yield variability over an array of sowing dates in the northern
region of the state of Minas Gerais, Brazil. For model calibration, an experiment was conducted
in which two sunflower genotypes (H358 and E122) were cultivated in a clayey soil. Growth com-
ponents (leaf area index, above ground biomass, grain yield) and development stages (crop phe-
nology) were measured. A database composed of 27 sunflower experiments from five Brazilian
regions was used for model evaluation. The spatial yield distribution of sunflower was mapped
using ordinary kriging in ArcGIS. The model simulated sunflower grain productivity satisfactorily
(Root Mean Square Error ~ 13 %). Simulated yields were relatively high (1,750 to 4,250 kg ha!)
and the sowing window was fairly wide (Oct to Feb) for northwestern locations, where sunflower
could be cultivated as a second crop (double cropping) at the end of the rainy season. The hybrid
H358 had higher yields for all simulated sowing dates, growth conditions and selected locations.
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Introduction

Launched in 2004, the biodiesel policy is a re-
cent attempt to combine renewable energy with rural
development in Brazil. This policy aims at boosting ru-
ral income through the engagement of family farmers
as biodiesel crop producers. Government research and
extension agencies together with the energy sector, i.e.
Petrobras (Brazilian energy company), are keen to imple-
ment projects able to foster biodiesel crop production.
Sunflower (Helianthus annuus L.) has been considered a
promising alternative for family farming systems, partic-
ularly in the semi-arid regions of the country. The north-
ern region of the state of Minas Gerais is of particular
interest due to its potential for sunflower cultivation,
diversity of climatic zones and farming systems (Leite
et al., 2013).

The interest in biodiesel crops has also created an
increasing demand for supportive knowledge for agri-
cultural decision-making at different levels, which tra-
ditional agronomic research through field experimenta-
tion (expensive and time consuming) often fails to meet
(Jones et al., 2003). Crop growth simulation models are
a useful tool to explore and simulate cropping systems
and to enhance understanding of their performance un-
der different growth conditions. Furthermore, the sys-
tem approach imbibed in such models can help to bet-
ter target empirical studies thus setting an agenda for
experimental research (Bouman et al., 1996; Ittersum et
al., 2003).

Although empirical research on the eco-physiolog-
ical aspects of sunflower growth has been documented
quite extensively (Goyne and Schneiter, 1988; Hall et al.,
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1989; Hall et al., 1995; Pereira et al., 1999; Robinson,
1971; Sadras et al., 1988; Sadras and Hall, 1993; Trapani
et al., 1992; Villalobos and Ritchie, 1992), the number of
modelling-oriented studies aiming to explore crop man-
agement strategies such as irrigation, sowing dates and
yield variability is as yet limited (Rinaldi et al., 2003;
Todorovic et al., 2009).

This study evaluated the performance of the crop
model OILCROP-SUN for the simulation of sunflower
phenology and growth components such as leaf area in-
dex, above ground biomass and grain yield under Brazil-
ian conditions and to explore sunflower yield, and its
variability, over an array of sowing dates in the northern
region of Minas Gerais, Brazil. Such analysis also aims to
create awareness of the suitability of crop growth simu-
lation models and to gain knowledge of crop manage-
ment strategies associated with single and double crop-
ping systems.

Materials and Methods

Model overview

OILCROP-SUN is a process-oriented crop mod-
el which simulates, with a daily time step, sunflower
development and growth (Villalobos et al., 1996). It is
a CERES-type model which belongs to the Decision
Support System for Agro-technology Transfer (DSSAT).
DSSAT provides a framework for cropping system anal-
ysis whereby different crop models can be built into a
platform with compatible input files, data structure and
modes of operation (IBSNAT, 1993; Jones et al., 2003).
In this study OILCROP-SUN v3.5 and DSSAT v4.5 were
used.
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Crop development is divided into three phases: (i)
sowing to emergence; (ii) emergence to first anthesis; and
(iii) first anthesis to physiological maturity. Cumulative
thermal time regulates the duration of each phase (Rob-
inson, 1971), while the photoperiod only interferes with
the flower bud initiation (e.g. Goyne and Schneiter, 1988).
For the calculation of the cumulative thermal time, a base
temperature of 4 °C is considered (Villalobos and Ritchie,
1992). In OILCROP-SUN, crop development is regulated
by three genotype-specific genetic coefficients (P1, P2 and
P5). P1 expresses the length of the juvenile phase in °C
day. P2 is a photoperiodic coefficient that identifies the
number of days by which development is delayed when
the crop is grown in a photoperiod shorter than the opti-
mum (15 h) and is expressed in days per hour of shorter
photoperiod (days h=!). P5 accounts for the duration of the
first anthesis to the physiological maturity stage expressed
in °C day. Leaf appearance, expansion and senescence are
used to estimate leaf area index (LAI) during the growing
period and are modelled as a function of temperature as
well (Villalobos et al., 1996).

Photosynthesis is modelled based on the concept
of radiation use efficiency (RUE), i.e. the rate of conver-
sion of intercepted radiation into new biomass, which
varies with crop development (Trapani et al., 1992). Bio-
mass accumulation over time is reduced by the most con-
straining factors, namely temperature, water or nitrogen,
and biomass is partitioned among the growing organs
by means of partitioning coefficients. Finally, sunflower
yield is computed by the product of grain number, grain
weight and plant population. Plant population is experi-
mentally defined, whereas grain number and weight are
controlled by three genotype-specific genetic coefficients
(G2, G3 and O1). G2 is the maximum number of grains
per capitulum. Grain weight varies with the length of
the grain filling phase (P5) and grain growth rate that is
controlled by the genetic coefficient G3 (potential kernel
growth rate) is expressed in mg day~!. Grain oil content
is represented by the genetic coefficient O1 that defines
the maximum kernel oil content (%).

Model calibration

A field experiment was conducted in Vicosa (20.76°
S, 42.86° W, 712 m altitude), in the southeast of the state
of Minas Gerais, Brazil. The experiment was sown on 25"
Nov 2011 in a clayey Ultisol (US soil taxonomy) under
rain nurtured conditions, covering an area of 400 m?. Two
treatments were applied corresponding to two genotypes,
Embrapa 122 (E122, conventional cultivar) and Helio 358
(H358, hybrid), currently being tested and cultivated for
biodiesel production in the north of Minas Gerais.

Each treatment was sown over an area of 200 m?
which was split into four replications of 50 m? (5 x 10 m)
each. The experiment was set in a randomized block de-
sign (four replications = four blocks) containing, in each
block, one replication of each genotype. Plant popula-
tion at sowing was 5 plants m~2, corresponding to a spac-
ing of 0.7 x 0.285 m. The supply of macro-nutrients was
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calculated based on soil analysis and expected yields and
was split into two applications of mineral fertiliser. The
first occurred at the sowing in which 16, 56 and 32 kg
ha-! of N (urea), P (triple superphosphate) and K (potas-
sium chloride) were applied. The second was performed
21 days after emergence when 120, 30 and 120 kg ha~!
of N, P and K were applied.

At physiological maturity, which was registered on
6" and 12% Mar 2012 for E122 and H358, respectively,
sunflower grain yield was estimated based on destruc-
tive sampling of 40 sunflower plants per genotype. Crop
phenology was registered every five days, following
the scale suggested by Schneiter and Miller (1981). LAI
and above-ground biomass were measured seven times
throughout the growing period from a sample of 20 sun-
flower plants per genotype to evaluate the capability of
the model to reproduce the observed values and patterns.
LAI was estimated based on the relationship between
leaf area and leaf weight (specific leaf area; in cm?) of
10 leaves in each plant randomly selected throughout
the stem. For quantifying above-ground dry biomass, the
entire aerial part, i.e. stem, petiole, leaves, bracts and ca-
pitulum, of the sampled plants in each period were oven
dried (65 + 5 °C) to constant weight.

In addition to experimental data, weather data and
soil profile information were used as inputs to calibrate
OILCROP-SUN for the genotypes studied. Maximum and
minimum air temperature, solar radiation and precipita-
tion are required to run DSSAT (Hoogenboom, 2000) and
were obtained from a conventional weather station located
about 2 km from the experimental area. Solar radiation val-
ues were estimated following the methodology presented
by Allen et al. (1998). Information about soil texture and
soil organic carbon throughout the soil profile of the ex-
perimental site was obtained from Rodrigues et al. (2013).

The calibration of OILCROP-SUN consisted of
the estimation of the six genotype-specific genetic coef-
ficients for E122 and H358, which was done manually
and following a step-by-step approach. The development
coefficients P1, P2 and P5 were calibrated by adjusting
the simulated first anthesis and physiological maturity
dates to the observed ones. Afterwards, the yield coef-
ficients G2, G3 and O1 were adjusted taking into con-
sideration literature reference values (Villalobos et al.,
1996; Rinaldi et al., 2003).

To evaluate the accuracy between model simu-
lations and observed experimental values during the
calibration process the percentage of absolute deviation
(PAD) was used. PAD is defined as the absolute devia-
tion between simulated and observed values. Similarly,
according to Hazell and Norton (1986), it is assumed that
a satisfactory calibration is achieved when PAD values <
15 %. PAD was estimated as follows:

(2| P _Oi’)
> O;

where: O, stands for observed values and P, for simu-
lated values.

PAD(%) =100 x (1)
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Climatological classification

Climatological classification is an important step
in improving the selected modelling approach through
the combination of knowledge of weather and soil ele-
ments with crop growth and phenological components.
Ultimately, it allows for a better understanding of the
plant-climate relationship (Thornthwaite, 1948) and its
consequences on simulation outcomes.

A climatological description of all locations ex-
plored in this study is presented in Table 1. For each
weather station daily mean temperature and rainfall
data from 2000 to 2009 were collected (INMET, 2012).
Using this information the climatological classification
of Thornthwaite (1948) was applied. This approach is
underpinned by the regional water balance in which dif-
ferences in soil characteristics were taken into account.
The soil water holding capacity (SWHC) is an important
component of the water balance and is defined based on

soil texture and rooting depth of sunflower. SWHC was
estimated according to the following equation:

SWHC (mm) = SWHCp x Zr 2)

in which SWHCy is the average value of SWHC, given
in mm of water per cm of clay, loamy or sandy soils
(Doorenbos and Kassmam, 1994); and Zr is the depth
(cm) of the rooting system. The calculated values of
SWHC used in this study were 100, 70 and 30 for clay;,
loamy and sandy soils, respectively.

Model evaluation

Data from field experiments conducted in the
states of Minas Gerais, Goids, Sdo Paulo, Parana and
Distrito Federal between 2004 - 2011 with the geno-
types E122 and H358 were used to test the performance
of the model to simulate sunflower yield and phenol-

Table 1 — Weather station coordinates, climate classification and experimental information (genotype and year) for the locations studied during

the calibration, evaluation and application phases.

Weather station coordinates

Climate classification: Thornthwaite

Location (state) Lat (°) Long (°) Alt (m) (1948)* Genotype (year)
Calibration

Vicosa (MG) 20.76 42.86 712 B4wB'34 H358; E122 (2011)
Validation

Londrina (PR) 2331 51.13 566 B2rB4a Eﬁéé ‘éggg ggggfggf’&)
Cravinhos (SP) 21.48 4755 617 BAwAa 513%2 (éggg) 2006)
Planaltina (DF) 16.00 4733 1033 Blw2Aa Eéf.é ‘éggg gggg %g??’)
Piracicaba (SP) 22.70 4763 546 B1rB'4a E122 (2006)

Jaiba (MG) 15.80 43.29 516 DwA' E122; H358 (2007)
Jaguaridna (SP) 22.70 47.63 546 B1rB'4a E122 (2008)

Patos de Minas (MG) 1851 46.43 940 AW2B'4a H358 (2008; 2009)

Leme do Prado (MG) 16.83 42.05 289 CldNa Efgg‘é%%

Rio Verde (GO) 17.80 50.91 774 Baw2Aa H358 (2008)

Uberaba (MG) 19.73 47.95 737 Ak H358 (2008)

Janaiba (MG) 15.80 43.29 516 DwA' H358 (2009)

Patrocinio (MG) 1851 46.43 940 Aw2B'4a’ H358 (2009)

Application

Aracuai (MG) 16.83 42.05 289 Cldha E122: H358 (1979 to 2009)
Arinos (MG) 15.91 46.10 519 Cowona E122: H358 (1979 to 2009)
Espinosa (MG) 1491 42.80 569 DdAZ E122: H358 (1979 to 2009)
Formoso (MG) 14.93 46.25 840 Blw2Aa E122: H358 (1979 to 2009)
[tamarandiba (MG) -17.85 -42.85 914 B2w2B'3a’ E122; H358 (1979 to 2009)
Joao Pinheiro -17.73 -46.17 760 B2w2A'a’ E122; H358 (1979 to 2009)
Janaiba (MG) 15.80 43.29 516 DwA' E122: H358 (1979 to 2009)
Januaria (MG) 15.45 44.00 473 Clwora E122: H358 (1979 to 2009)
Montes Claros (MG) -16.68 -43.84 652 C2w2A'a’ E122; H358 (1979 to 2009)
Pedra Azul (MG) -16.00 -41.28 649 Clw2Ad E122; H358 (1979 to 2009)
Paracatu (MG) 17.24 46.88 712 B4w2A E122: H358 (1979 to 2009)
Pirapora (MG) 17.35 4491 505 Clwora E122: H358 (1979 to 2009)
Salinas (MG) 16.15 42.28 471 DdAE E122: H358 (1979 to 2009)
Unai (MG) 16.36 46.88 460 Blw2Aa E122: H358 (1979 to 2009)

*For more information on the climate classification (acronyms), please see Figure 4.
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ogy. The source of sustenance for all experiments was
rainfall, although some benefited from supplementary
irrigation in cases of extreme drought. For each experi-
mental site, weather data was obtained from conven-
tional weather stations in the 5% Meteorological Dis-
trict of the National Institute of Meteorology (INMET,
Table 1). Due to lack of more detailed weather data, a
zone with 100 km radius around the weather station
was considered as a climatically homogeneous area. In
each experimental location, information on soil organic
carbon (Org. C.) and texture throughout the soil pro-
file were gathered from the literature (Jacomine et al.,
1979; IBGE, 1986).

A computer simulation experiment was created
with OILCROP-SUN, for each experiment. The evalua-
tion process consisted of model-runs with the previously
calibrated genetic coefficients under different experi-
mental and environmental conditions, i.e. model results
were compared with independent datasets. The model
evaluation (Jamieson et al., 1991; Loague and Green,
1991) was performed using two statistical indexes, name-
ly Root Mean Square Error (RMSE) and Modelling Effi-
ciency (ME), as described by Rinaldi et al. (2003):

n 2
RMSE = \/Zii(ﬁ‘—oi), 100 3
n 0
n 2 n 2
ME=[ 110, ~OF -1k -OF | (4)
SL(0; - OF

where: Pi stands for the predicted values, Oi for the
observed values and O for the observed mean values.
RMSE measures the difference between simulated and
observed data. Simulations are considered to be excel-
lent with RMSE < 10 %, good between 10-20 %, fair
between 20-30 %, and poor > 30 %. The lower limit
for both RMSE and ME is zero. The maximum value for
ME is 1. If ME is less than zero the simulated values are
worse than simply using the observed mean values. A
positive value for ME, on the other hand, indicates that
the model performs better than simply applying the ob-
served mean (Loague and Green, 1991).

Model application

OILCROP-SUN was used to simulate yields of the
two sunflower genotypes, E122 and H358, in 14 loca-
tions in the northern region of Minas Gerais (Figure
1). Weather data for the period 1979 - 2009 (31 years;
INMET, 2012) were used to study the inter-annual vari-
ability of sunflower yield under potential, water-limited
and water- and nitrogen-limited growth conditions for
all locations. Different growth conditions can be imple-
mented in OILCROP-SUN by turning 'off’ or ‘on’ the
soil-nitrogen and/or the soil-water subroutines in the
model. Simulations were performed on 32 sowing dates,
with a weekly time step, between the end of Aug and
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the end of Mar to explore optimal sowing periods for
sunflower across the region studied.

A different soil profile was used for each of the lo-
cations studied in northern Minas Gerais (Table 2). The
selection of soils was based on their geographical and
physical (texture) characteristics. Under this approach the
selected profile should be both close to a particular loca-
tion and share similar regional soil properties (Figure 2).

An application of 75 kg of N, 15 kg at sowing and
60 kg 30 days after sowing, was used as the standard fer-
tilizer management strategy exclusively for water- and
nitrogen-limiting simulations. Such nutrient manage-
ment is based on the most common farmers' practices
and information in the literature. Additional water sup-
ply through irrigation was not considered. For water-lim-
ited simulations, fertilizer inputs were not considered as
the soil-nitrogen sub-routine was switched 'off".

Januaria
e GJenatba

Paracatu Pirapora

.Joao Pirtheiro

Legend

0 100 200

A Belo Horizonte S Kilometers

\:l Northern region

Figure 1 — Locations in the northern region of the state of Minas
Gerais, Brazil used for crop model simulations.

Legend

Soil texture

\:| Sandy
- Loamy
Hl cay
Figure 2 — Soil texture across the northern region of the state of

Minas Gerais, Brazil. Source: Universidade Federal de Vicosa et
al. (2010).
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Table 2 — Selected soil profiles for each studied location.

Soil profile
Location coordinates X Texture
(state) Depth* ———— Org.C
Lat(°) Long (°) Sand  Silt Clay
m %

Aracuai (MG) -16.68 -41.50 020 44 17 39 1.30
050 33 14 53 0.62
1.00 30 17 53 0.58
Arinos (MG) ~ -15.91 -47.98 0.10 72 5 23 1.34

045 66 6 28 062

115 59 10 31 036

Espinosa (MG) -14.98 4223 028 67 6 27 068
052 59 5 36 049

094 46 7 47 038

Formoso (MG) -14.68 4683 020 64 5 31  0.70
050 51 8 41 036

_ 100 63 7 40 0.20
iﬁgﬁra“d'ba 1790 4241 025 34 10 56 1.6
045 31 7 62 078

075 28 7 65 051

Jodo Pinheiro -17.75 4636 030 74 4 22 142
053 74 3 23 049

110 77 1 22 021

Janatba (MG) -15.80 4329 020 67 10 23 0.34
060 66 9 25 013

090 69 9 22 027

Januéria (MG) -15.45 4431 015 78 10 12 121
060 74 7 19 015

098 79 6 15 039

(“{\'/I"é')tes Claros 1637 4408 016 45 1 54 207
042 37 1 62 124

074 33 1 66 066

Pedra Azul (MG)-16.03 4042 018 53 8 39 069
130 44 6 50 062

Paracatu MG) -17.24 -46.92 015 54 8 38 1.3
050 50 6 44 061

100 46 6 48 02

Pirapora (MG) -17.33 -44.80 010 50 34 16 152
038 59 28 13 054

075 63 23 14 015

Salinas (MG) -16.16 4220 020 61 10 29 095
120 48 8 44 054

Unai (MG) -16.21  -46.00 0.25 57 8 35 1.07
100 49 13 38 0.57

*Representative of the crop root system depth. Source: Jacomine et al.
(1979); Radambrasil (1986).

The spatial distribution of sunflower water- and
nitrogen-limited yield was assessed based on the average
simulations over 31 years (1979 - 2009) for all selected
locations in the northern region of Minas Gerais (Fig-
ure 1). Sunflower yield variability and the Thornthwaite
(1948) climatological classification were then mapped
using the ordinary 'kriging’ method in ArcGIS 10, as de-
scribed by Lu and Fan (2013); Pringle et al. (2004); and
Vieira and Gonzalez (2003).

Results and Discussion

Model calibration: genetic coefficients, crop devel-
opment and growth components

Genetic coefficient values for both H358 and E122
(Table 3) were within the reference range proposed by
Villalobos et al. (1996). The exception was the G3 co-
efficient (potential kernel growth rate during the filling
phase) for which the value obtained (6.5; Table 3) is
above the value suggested in the literature (1.2 - 2.4).
However, similarly high values of G3 were also found
by Rinaldi et al. (2003) and might be associated with the
relatively short cycle and high crop yields for modern
sunflower genotypes.

The calibration procedure resulted in satisfactory
(PAD < 15 %) agreement between the observed and sim-
ulated yields, date of first anthesis and physiological ma-
turity. However, the model performed poorly in simulat-
ing LAI and above ground biomass for both genotypes,
with PAD values higher than 15 % (Table 4). Simulated

Table 3 - Calibrated genetic coefficients for the sunflower genotypes
E122 and H358.

Treatments P1 p2 P5 G2 G3 01
E-122 260.0 1.30 715.0 1500 6.50 75
H-358 305.0 0.90 790.0 1700 6.50 75

Where P1 = Length of the juvenile phase (°C day) with base temperature
of 4 °C; P2 = Photoperiodic coefficient (day h-1); P5 = Duration of the first
flowering to the physiological maturity stage (°C day); G2 = Maximum number
of grains per capitulum; G3 = Potential kernel growth rate during the filling
phase (mg day-1); 01 = Maximum kernel oil content (%).

Table 4 — Observed (Vicosa — MG) and simulated values for crop
development (days after planting — DAP) and growth components
(leaf are index, total aboveground dry matter biomass — DM
and yield) of each genotype (E122 and H358) followed by the
percentage of absolute deviation (PAD) obtained for model
calibration.

Genotype Variable Observed Simulated PAD (%)

E122  First anthesis (DAP) 61 61 0
Physiological maturity (DAP) 98 98 0
Leaf area index® 2.6 1.5 42
ﬁf’g"é‘fwg;gﬂ';d biomass® 6600 4700 29
Yield (kg ha!) 3860 3940 2

H358  First anthesis (DAP) 67 67
Physiological maturity (DAP) 108 108 0
Leaf area index® 4.3 2.1 51
&Z"B‘fwgggf’l’)‘d biomass® 9400 6500 31
Yield (kg ha!) 5000 4890 2

2Average leaf area index during the growing season. Observed values
correspond to the average of seven experimental measurements. Simulated
values represent the average simulated LAl for the same dates when field
observations were measured. °Average above ground biomass during
the growing season. Observed values correspond to the average of five
experimental measurements. Simulated values represent the average
simulated above ground biomass for the dates when field observations were
measured.
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LAI and above ground biomass were always under-
estimated by OILCROP-SUN throughout the growing
season (Figure 3). This might indicate a model limita-
tion, as similar results were also found by Rinaldi et
al. (2003).

In the OILCROP-SUN model, leaf area dynamics
were indirectly adjusted in the calibration procedure of
the genetic coefficient P1, which defines the length of
the vegetative growth period. As there is no genetic coef-
ficient for leaf area, it basically responds (indirectly) to
the length of the vegetative phase defined by P1. Model
performance could be improved particularly with regard
to simulations of above ground biomass through the di-
rect calibration of the leaf area dynamics, i.e. specific
leaf area, LAI growth rate and assimilate partitioning. A
similar approach was successfully implemented in dif-
ferent crop growth simulation models (Boogaard et al.,
1998; Laar et al., 1997).

E122
6 - & Observed
5 O Simulated
-1 H 2 _
x | ——Adj. R°=0.91
2 44
8 4
T 3-
s
g 2-
14
0 ey
20 -
18] E122

16—- & Observed
O Simulated

1 ——Adj. R?=0.84

Above ground biomass (Mg DM ha™)

Days after planting

L L A ELE B B B S R B S
0 10 20 30 40 50 60 70 80 90 100

Consistent underestimation of LAI values was
also found with the CERES-MAIZE model (Lizaso et
al., 2003), which also belongs to the DSSAT framework.
A new leaf area model to simulate expansion, longev-
ity and senescence of maize (Zea mays L.) leaves was
implemented resulting in enhanced model simulations.
Such approach could be tested for OILCROP-SUN us-
ing whole-plant analysis to quantify sunflower leaf dy-
namics (e.g. Dosio et al., 2003). Although above ground
biomass is partially determined by LAI (Whitfield et al.,
1989), further modifications to the model radiation use,
efficiency and harvest index parameters maybe needed
to improve the quality of simulations for this growth
component (Rinaldi et al., 2003).

The hybrid H358 had a longer growth cycle (108
days) than the conventional cultivar E122, with 98 days
(Table 4). The longer cycle combined with greater LAI
contributes to achieve higher yield and above ground

H358

-4 @ Observed
{1 ® Simulated

41——Adj. R*=0.86

H358

¢ Observed
® Simulated

——Adj. R?=0.84

PO TN Y TNV NN NUN N YN NV N

LI
0 10 20 30 40 50 60 70 80 90 100 11
Days after planting

Figure 3 — Observed and simulated leaf area index (LAI) and above ground dry matter (DM) for both genotypes (E122 and H358) over the growing
cycle (days after planting — DAP) under water- and nitrogen-imited conditions, in Vicosa, in the state of Minas Gerais, Brazil. Dots represent the
averages (n = 20) and bars the standard deviations. The fitted curve is calculated from the observed experimental values.
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biomass production of H358. Moreover, the higher accu-
mulation of assimilates from emergence to first anthesis
makes a substantial contribution to sunflower grain fill-
ing at the end of the growing period (Hall et al., 1989).

Model evaluation: statistical evaluation of model
performance

The model had good performance (RMSE between
10-20 % and ME > 0) in simulating sunflower yields
for both genotypes according to the statistical indicators
selected (Table 5). Crop phenology, on the other hand,
was poorly simulated by the model. The negative values
for ME are an indication of the unreliability of the simu-
lated values of first anthesis and physiological maturity
(Table 5).

The poor quality (ME < 0) of the simulated sun-
flower phenology might have been affected by inher-
ited uncertainty associated with the observed experi-
mental values. Across the experiments used to evaluate
the model, crop development was observed by experi-
mentalists, thus creating potential imprecision as there
is often no consensus on how to identify, for instance,
whether sunflower plants have achieved physiological
maturity (Connor and Sadras, 1992). Grain yield estima-
tion, on the other hand, is less vulnerable to variation
in the measurement standards, and can thus reduce the
uncertainty associated with experimental observations.

Regional yield variability

Simulated sunflower yield ranges were remark-
ably sensitive to regional characteristics, which are as-
sociated with climate (Figure 4) and soil characteristics
(Table 2). Northwestern locations had higher yields for
most of the simulated sowing periods (Figure 5). The dif-
ferences among regions can reach nearly 1,850 kg ha~!
when sunflower is sown in Oct (Figure 5C) which is the
optimal date for most of the locations studied. For the
northeastern part of Minas Gerais, which is known for
the insufficient rainfall during most of the year (Figure
4), sowing dates are often the only strategy available for
farmers to maximize crop production by reducing the

Table 5 — Observed and simulated sunflower yields and development
stages (days after planting — DAP) followed by statistical indicators
obtained for model validation.

Observed Simulated Statistics
N Mean St.dev. Mean St.dev. RMSE ME
E122
First anthesis (DAP) 8 51 7 55 3 14.2 -0.3
mﬂﬁt@%@) 5 8 8 93 8 187 -39
Yield (kg ha-!) 11 1615 753 1638 675 142 0.9
H358
First anthesis (DAP) 16 57 7 63 4 13.7 -0.5
ﬁ%ﬁ'ﬁlﬁ%ﬁ% 9 93 13 105 10 195 -12
Yield (kg ha1) 15 2072 730 2209 707 12.0 0.9

risk of crop failures. In this region the negative effect
of the weather, associated with limited rainfall (up to 50
% lower than in northwestern locations), is further ex-
acerbated by the relatively large concentration of sandy
soils as compared with the northwestern part of the state
(Figure 2). This feature reduces soil water availability,
thus resulting in unfavourable crop growth conditions.

With the rainy season for most of the selected lo-
cations starting between the second half of Oct and the
first half of Nov, crop yield tends to reach its peak when
sowing during this period (Figure 5C, D). Sowing sun-
flower in Aug resulted in low yields across the whole
region, with less than 1,150 kg ha-! (Figure 5A). There
is an increase in crop yields when sunflower is sown
after Sept as a response to increased rainfall, reaching
up to 1,125 kg ha~! in the northern, and up to 1,600 kg
ha-! in the southern part of the region studied (Figure
5B). From sowing dates after the end of Nov a clear pat-
tern could be identified with sunflower yields decreasing
from the northwestern to the northeastern areas (Figure
5E-G). Planting dates after Feb resulted in uniform and
low sunflower yields across the whole region (Figure
5H). In this period, irrigation becomes the only strategy
that can increase sunflower yield by over 4,000 kg ha~!
(Figure 6). However, opportunities associated with water
management have to be assessed against implementa-
tion (irrigation) and production costs.

Genotype and crop management

Besides regional yield variability, there was also a
consistent difference between sunflower yields when the
two genotypes were compared under different growth
conditions (Figure 6). The hybrid performed better for
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Figure 4 — Thornthwaite (1948) climate classification of the northern
region of the state of Minas Gerais, Brazil.
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Figure 5 — Water- and nitrogen-limited sunflower average yield (31
years) in the northern region of the state of Minas Gerais, Brazil,
for different sowing dates: A — Aug 23; B - Sept 22; C — Oct 27;
D - Nov 24; E - Dec 22; F - Jan 26; G- Feb 23; and H — Mar 30,
for E122 and H358 genotypes.

most of the tested sowing periods, except for periods
with substantial water constraints, mainly at the end of
the rainfall season when both cultivars performed simi-
larly. When water and nitrogen are non-limiting (poten-
tial growth conditions) the hybrid genotype performed
better throughout the entire period of simulation (Figure
6). These findings agree with the literature which indi-
cates better performance of sunflower hybrid genotypes
in Minas Gerais and other Brazilian regions.

Sunflower yields respond to higher levels of fer-
tiliser (i.e. nitrogen) applications with an increase in
crop yield from 1,000 and 1,750 kg ha~!, under water-
and nitrogen-limited conditions, and to 2,250 and 3,000
kg ha-!, under water-limited conditions, for E122 and
H358, respectively (Figure 6). Maximum yields were ob-
tained under potential conditions with sunflower yields
achieving 4,250 kg ha~' for the hybrid genotype when
sown between Oct and Nov (Figure 6).

Irrigation could be a key factor in improving sun-
flower yields in the northeastern region of the state of
Minas Gerais. In fact, there are some locations, such as
Janatba and Januadria in the east with high radiation lev-
els that can perform better in terms of sunflower yield
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Figure 6 — Simulated sunflower average yields (31 years) under
water- and nitrogen-imited, water-limited, and potential conditions,
for different sowing dates, considering the data of the 14 locations
in northern region of the state of Minas Gerais, Brazil.

than those in the northwestern region, such as Unai and
Paracatu (Figure 7). This is because in the absence of
growth-limiting and reducing factors (biotic: weed, pest,
disease; and abiotic: pollution, toxicity), growth-defining
factors determine maximum production (Ittersum et al.,
2003). However, water is frequently a scarce and expen-
sive resource (Postel et al., 2001). Thus, the economic
feasibility of irrigated systems is often limited to high
value added crops such as vegetables and fruits. In a
current irrigation project in the North of Minas Gerais
state, traditional bulk crops such as maize, beans (Phase-
olus vulgaris L.), cassava (Manihot esculenta Crantz) and
rice (Oryza sativa), account for only 20 % of the irrigated
area, while vegetables and fruits, mainly banana (Musa
spp.), cover nearly 70 % of the total irrigated area.

Local and inter-annual yield variability

Although sunflower has been regarded as a prom-
ising crop in the light of the biodiesel policy; it is still
uncertain whether it will become a sustainable option
for farmers, especially in more dry regions.

Simulated sunflower yields for Pedra Azul, one of
the driest locations in the database (Figure 4), with just
short of 900 mm average annual rainfall, shows that the
opportunity to maximize yields is constrained to a short
sowing period, which extends from Oct 6" to 20", espe-
cially for the H358 genotype (Figure 8). The simulated
yields for this sowing period are 1,500 kg ha~' for H358
and 1,000 kg ha~' for E122. Although there is still a large
variability of yields over the years due to rainfall distri-
bution (from 600 to 3,400 kg ha~!; Figure 8), sunflower
yield tend to decrease in all other sowing periods. Poten-
tial conflicts could emerge as this optimum period also
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4500 - coincides with the sowing of current crops (e.g. maize
4000 and beans). Family farmers, who are targeted by the bio-
] diesel policy in the northern region of Minas Gerais, are
3500‘_ often resource constrained (i.e. land, labour and cash)
~ 3000 - (Leite et al., 2013). Thus, their engagement in the pro-
o 2500 duction of sunflower for the biodiesel industry could
2 ] lead to potential competition with current crops with
s 2000'_ further impacts on food and feed production (Florin et
& 1500 —O— Janalba al., 2012). Furthermore, the availability of quantitative
] —o Janudnia studies which systematically compare the economic and
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] —_e— Unai environmental sustainability of biodiesel crops against
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o+—- 1+ Unai has a humid climate (Figure 4) with a more
? ;g)_ (%‘ g g ZB ZE g g g § § E E g 2 favourable rainfal'l level and distribution (z.1,400 mm
LoD g o220 00 0 L =2 average annual rainfall) than Pedra Azul. This location
NS NeANS -o-a~ doaod is one of the most important agricultural regions in the
Sowing date state, where soybean (Glycine max L.) stands out as the

Figure 7 — Potential sunflower average yields (31 years) for Paracatu
and Unai, in the northwestern, and for Janatba and Januaria, in the
northeastern regions of the state of Minas Gerais, Brazil.
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one of major value. Despite some yield variation, the
opportunity to maximize sunflower grain yield in Unai
is clearly greater than in Pedra Azul, if a hybrid geno-
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Figure 8 — Water- and nitrogen-limited sunflower yields for the genotypes H358 and E122 in Pedra Azul (northeast) and Unai (northwest), in the
state of Minas Gerais, Brazil. Dots represent the averages (n = 31) and bars the standard deviations.
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type is cultivated. Optimal yields could be attained in a
sowing period between the beginning of Oct to the end
of Nov, that would reach 2,500 kg ha-! for the H358
genotype (Figure 8). Although the economic competi-
tiveness of sunflower with soybean is still question-
able, there seems to be room for the inclusion of sun-
flower in a rotation with current crops or in double
cropping systems. In the case of the latter, sunflower
could be cultivated as a second crop following early
planted soybean or maize. The success of such an ar-
rangement, however, relies on the combination of short
cycle cultivars which allow sunflower to be sown until
mid-February, when yields of about 1,300 kg ha-!can
be achieved with the hybrid genotype under water- and
nitrogen-limited conditions.

Short cycle sunflower genotypes such as E122
are often claimed to be the best option for double
cropping systems, being less likely to be affected by
the shrinking water availability towards the end of the
rainy season. However, the simulations for H358, had
higher yields, between 50 and 100 kg ha-!, in both lo-
cations in the late sowings, when rainfall decreases sig-
nificantly (Figure 8). This result does not rule out the
impact of the crop cycle, which can indeed be an effec-
tive strategy for crop production in short rain periods
(Bazza, 2001), but highlights that, for the simulated
growth conditions and genotypes, such an advantage
was not observed.

Conclusions

The OILCROP-SUN crop model was effective
in simulating sunflower yields for the northern region
of Minas Gerais. However, simulations of the leaf area
index, above ground biomass and crop phenology should
be interpreted with caution. Simulated sunflower yields
presented a spatial pattern across the northern region of
Minas Gerais, with higher yields attained in the north-
western area where the sowing window to reach optimal
crop yield is larger than in the northeast. The hybrid
genotype (H358) had higher yields for all simulated sow-
ing dates, locations and growth conditions than the con-
ventional cultivar (E122).
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