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Performance of the AquaCrop
model for the wheat crop

in the subtropical zone

in Southern Brazil

Abstract — The objective of this work was to calibrate and validate the
AquaCrop model for the wheat (Triticum aestivum) crop in the Campos Gerais
region, in Southern Brazil. Five cultivars were evaluated in the harvests from
2007 to 2017. The input data for AquaCrop — related to climate, crop, soil, and
soil management —, collected in the field, were obtained from the database of
Fundacdo ABC and from the literature. From 35 to 43% of total harvests were
selected for calibration, and the remaining, for validation. Calibration was
performed for the parameters most sensitive to crop potential yield penalty.
The simulated yields were compared with those observed in the field through
simple linear regression analysis, root mean square error (RMSE), Pearson’s
correlation coefficient (r), the index of agreement (d), and the performance
index (c). Calibration showed good results (RMSE < 609.78 kg ha'; r > 0.72;
d > 0.80) for all assessed cultivars and locations, but validation did not have
the same performance (c < 0.46). The attempted adjustment, considering the
range of calibrated parameters in the harvests, indicated “very good” and
“excellent” performances (Supera and Quartzo, respectively) for the cultivars
in Castro and “tolerable” to “excellent” in Ponta Grossa.

Index terms: Triticum aestivum, crop yield, mathematical modeling.

Desempenho do modelo AquaCrop para a cultura
do trigo na zona subtropical no Sul do Brasil

Resumo — O objetivo deste trabalho foi calibrar e validar o modelo AquaCrop
para a cultura de trigo (Triticum aestivum) na regido dos Campos Gerais, no
Sul do Brasil. Foram avaliadas cinco cultivares nas safras de 2007 a 2017. Os
dados de entrada no AquaCrop — referentes a clima, cultura, solo e manejo do
solo —, coletados em campo, foram obtidos do banco de dados da Fundagédo
ABC e da literatura. De 35 a 43% do total das safras foram selecionadas para
calibragdo, e as demais, para valida¢do. A calibrac¢do foi realizada para os
parametros mais sensiveis a penalizagdo da produtividade potencial da cultura.
As produtividades simuladas foram comparadas as observadas em campo por
meio de andlises de regressdo linear simples, raiz quadrada do erro médio
(RMSE), coeficiente de correlagdo de Pearson (1), indice de concordancia (d) e
indice de desempenho (c). A calibrag@o apresentou bons resultados (RMSE <
609,78 kg ha'; r>0,72; d > 0,80) para todas as cultivares e locais avaliados, mas
a validagdo ndo teve o mesmo desempenho (¢ < 0,46). O ajuste por tentativa,
tendo-se considerado a faixa de pardmetros calibrados nas colheitas, indicou
desempenhos “muito bom” e “excelente” (Supera e Quartzo, respectivamente)
para as cultivares em Castro, e “ruim” a “excelente” em Ponta Grossa.

Termos para indexacdo: Triticum aestivum, produtividade da cultura,
modelagem matematica.
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Introduction

Wheat (Triticum aestivum L.) is widely cultivated
worldwide (FAO, 2018a). In Brazil, the use of wheat
cultivars with a high potential productivity, combined
with the country’s soil and climatic conditions,
promotes high yields and crop expansion (Silva et al.,
2014). In the state of Parand, the winter crop is the most
important, reaching about 1.081 million hectares of
planted area in the 2015/2016 harvest, with a production
of 3.3 million tons (Oliveira Neto & Santos, 2017). The
Campos Gerais region stands out in the state due to
its agricultural potential, which is above the national
average (Shimandeiro et al., 2008).

Campos Gerais is located in the Southeastern and
Southern regions of Brazil. It presents a territory band
of 11,761.41 km? with a northwest convexity (Melo
et al., 2014). The predominant climate is Cfa and Cfb
according to the climate map for the country based
on Kdppen’s classification (Alvares et al., 2013). The
region is characterized by agriculture focused mainly
on grain production in the no-tillage system (Melo
et al., 2014).

Understanding the soil-plant-atmosphere system
through modeling has been increasingly important
for researchers (Jin et al., 2014). However, the highest
difficulty in carrying out simulations consists in the
collection or availability of input data, which are
generally difficult and costly to obtain. Searching for
solutions to these limitations, the Food and Agriculture
Organization (FAO) developed the AquaCrop model
(Raes et al., 2018D).

AquaCrop is a simulation model that describes
the interaction between soil and plants, presenting
good results, with a high accuracy. It requires few
input parameters, which are explicit and intuitive
(Foster et al., 2017), obtained easily and at a low cost.
In addition, the model is able to simulate accurately
biomass production and crop yield under different
water content and fertility conditions (Jin et al., 2014).

To increase the reliability and reduce the
uncertainties of a model, the used parameters must
be subjected to a calibration process (He et al., 2017),
which consists in adjusting the input parameter value
so that the simulated results in the software are similar
to those observed in the field. The next step is the
validation process, considering the quality of the output
data (Xiangxiang et al., 2013), which indicates if the
calibration was adequate under the studied conditions.
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The AquaCrop model has been calibrated and
validated for several crops and locations, and its
accuracy has been widely confirmed (Darko et al.,
2016; Montoya et al., 2016; Oiganiji et al., 2016; Pareek
et al., 2017; Silva et al., 2018). However, there are no
researches that prove its efficiency in simulating wheat
yield under Brazilian conditions. Despite this, due to its
high precision, simplicity and robustness (Raes et al.,
2018a), it is believed that AquaCrop can accurately
simulate wheat yield in the Campos Gerais region.

The objective of this work was to calibrate and
validate the AquaCrop model, developed by FAO,
for the wheat crop in the Campos Gerais region, in
Southern Brazil.

Materials and Methods

The study was carried out using climate and wheat
crop data obtained in the municipalities of Castro and
Ponta Grossa, located in the Campos Gerais region, in
the state of Parana, in the subtropical zone of Southern
Brazil, from 2007 to 2017. The analyzed cultivars
were: Quartzo, Supera, TBIO Sinuelo, TBIO Tibagi,
and TBIO Toruk, cultivated under field conditions,
with fertilization and phytosanitary control performed
by Fundag¢ao ABC (Castro, PR, Brazil), as required for
wheat crops.

According to Kdppen’s climate classification for
Brazil (Alvares et al., 2013), Castro is classified as
Cfa, a humid subtropical, oceanic climate without dry
season and with a hot summer; and Ponta Grossa is
classified as Cfb, a humid subtropical, oceanic climate
without dry season and with a temperate summer.
The pluvial precipitation (mm) and medium daily air
temperature (°C) of the analyzed locations are shown
in Figure 1.

The used model was AquaCrop, version 6.0 (FAO,
2018b). The climate, crop, and management data were
obtained from the database of Fundacdo ABC (Castro,
PR, Brazil), which follows the recommendations for
sensors of American Society of Agricultural and
Biological Engineers (St. Joseph, MI, USA).

The climatic data inserted in AquaCrop, obtained
from the agrometeorological stations installed in the
respective study locations, were: pluvial precipitation
(mm per day); maximum, minimum, and medium daily
air temperature (°C); incident solar radiation (MJ m?
per day); relative humidity (%); and wind speed (m s™).
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The soil fertility level was considered as non-limiting
to crop development, and canopy cover was made up of
75% organic plant materials. The management adopted
in the experimental areas did not affect surface runoff,
and there was no presence of weeds.

Wheat phenological stages were considered achieved
when the cultivars reached the following Zadoks
decimal codes (Zadoks et al., 1974): 09, emergence,
with leaf just at coleoptile tip; 54, maximum coverage,
with half of the inflorescences emerged; 60, flowering,
beginning of anthesis; 60 to 68, flowering duration; 71,
senescence, with kernel watery ripe; and 91, maturity,
with kernel hard.

Soil data from Ponta Grossa were collected in the
field and analyzed according to Teixeira et al. (2017)
(Table 1), while data from Castro were obtained
from an experiment carried out in the same area by
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Figure 1. Pluvial precipitation and medium daily air
temperature of the experimental locations (municipalities),
in the state of Parana, Southern Brazil: A, Castro; and B,
Ponta Grossa.

Piekarski et al. (2017). The initial soil water content
was considered equal to the total available soil water in
the root zone, which consists in the difference between
the water content at field capacity and permanent
wilting point, selected in AquaCrop.

The calibration of AquaCrop was performed for
the most sensitive parameters identified in Castro
and Ponta Grossa, which were: maximum canopy
cover (CCx, %), dependent on environment and/or
management, calibrated in Castro and Ponta Grossa;
canopy decline coefficient (CDC, percentage per
day), conservative and calibrated only in Castro; crop
coefficient when the canopy is complete but prior
to senescence (Kcrr,, unitless), also conservative
and calibrated both in Castro and Ponta Grossa;
normalized water productivity (WP*) for reference
evapotranspiration and CO, (g m?), conservative
and calibrated in Castro and Ponta Grossa; reference
harvest index (HI, %), cultivar specific and also
calibrated in Castro and Ponta Grossa; and minimum
growing degrees required for full biomass production
(°C per day), conservative and calibrated only in
Ponta Grossa. Of the total harvests, 35 to 43% were
randomly selected for calibration in the evaluated
municipalities (Table 2). The parameters that did
not receive calibration were defined according to
the recommendation of Raes et al. (2018a) for wheat
crops.

For each simulation, the initial canopy cover at
90% emergence was automatically determined by
AquaCrop, based on the number of plants per hectare
inserted in the software, which followed the protocols
of Fundagdo ABC. The minimum and maximum
effectiverooting depths were 0.1 and 0.3 m, respectively.
The canopy growth coefficient (percentage per day)
was automatically adjusted in AquaCrop, established
on the date of maximum canopy expansion, which
was indirectly determined based on the phenological
cycle. As the cycle considered in the present study was
in days after planting, the value of 8.0% per day was
adopted for the CDC.

After the calibration of the most sensitive AquaCrop
parameters, validation was carried out with harvests
that were not used in calibration (Table 2). However,
the used soil and soil management data were the same
for both processes, and the parameter values obtained
in calibration were also used for the validation analyzes
for each cultivar and location.
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Table 1. Soil physical-hydraulic attributes of the experimental locations inserted in the AquaCrop model for calibration and
validation.

Location Soil layer (m) Soil texture Soil water content (m* m?)® K
(Brazilian municipality) Orur O 0o, (mm per day)
Castro 0.00-0.10 Clay 0.36 0.50 0.63 418.32
Castro 0.10-0.25 Clay 0.33 0.47 0.60 368.23
Castro 0.25-0.40 Clay 0.32 0.45 0.62 325.74
Ponta Grossa 0.00-0.10 Clay 0.23 0.41 0.59 469.41
Ponta Grossa 0.10-0.25 Clay 0.25 0.38 0.53 89.48
Ponta Grossa 0.25-0.40 Clay 0.23 0.41 0.62 433.84

MBpywp, volumetric water content at wilting point; Ogc, volumetric water content at field capacity; and 6s,, volumetric water content at saturation.
@Saturated hydraulic conductivity.

Table 2. Experiments, harvests, early and later planting and harvesting dates, lower and higher grain yields, and finality
(calibration or validation) of the wheat (Triticum aestivum) cultivars evaluated with the AquaCrop model, in the municipalities
of Castro and Ponta Grossa, in the state of Parana, Southern Brazil, from 2007 to 2017.

Location Cultivar Harvest Planting date Harvesting date Grain yield Finality
(kgha')
06/15 (early) 10/24 (early) 4,186 (lower) o
Supera 6 07/12 (later) 11/26 (later) 5,187 (higher) Calibration
Castro ................................................................................................................................................
06/05 (early) 11/11 (early) 3,903 (lower) .
Quartzo 8 07/16 (later) 12/03 (later) 4,818 (higher) Calibration
06/04 (carly) 10/09 (early) 3,886 (lower) "
Supera 3 07/17 (later) 11/14 (later) 5,299 (higher) Calibration
05/25 (early) 10/16 (early) 3,604 (lower) o
Quartzo 10 07/17 (later) 1120 (later) 4,909 (higher) Calibration
I 06/11 (early) 10/27 (early) 4,001 (lower) oo
Ponta Grossa TBIO Tibagi 3 07/17 (later) 11/14 (later) 4,686 (higher) Calibration
. 05/25 (early) 10/16 (early) 4,006 (lower) o
TBIO Sinuelo 7 07/10 (later) 11/28 (later) 5,432 (higher) Calibration
05/12 (early) 10/05 (early) 3,354 (lower) o
TBIO Toruk 3 06/03 (later) 10/16 (later) 5,542 (higher) Calibration
05/31 (early) 10/24 (early) 2,043 (lower) S
Supera 10 07/17 (later) 11/26 (later) 5,880 (higher) Validation
Castro ................................................................................................................................................
05/31 (early) 10/30 (early) 3,104 (lower) S
Quartzo 15 07/16 (later) 12/01 (later) 6,206 (higher) Validation
06/06 (early) 10/22 (early) 2,293 (lower) .
Supera 8 07/10 (later) 11/11 (later) 5,968 (higher) Validation
05/12 (early) 10/05 (early) 1,631 (lower) o
Quartzo 19 07/22 (later) 11/26 (later) 6,360 (higher) Validation
I 06/04 (early) 10/09 (early) 3,367 (lower) A
Ponta Grossa TBIO Tibagi 5 07/10 (later) 11/08 (later) 6,010 (higher) Validation
. 05/12 (early) 10/05 (early) 2,891 (lower) S
TBIO Sinuelo 13 07/22 (later) 11/18 (later) 6,100 (higher) Validation
06/03 (early) 10/16 (early) 3,506 (lower) L
TBIO Toruk 4 07/22 (later) 11/18 (later) 4,492 (higher) Validation
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Yields (kg ha') were simulated by the calibration
and validation processes in AquaCrop and compared
with the real yields observed in the field (kg ha'),
using a simple linear regression analysis. The absolute
and relative errors, root mean square error (RMSE)
1995),
correlation coefficient (r), and index of agreement (d)

(Jacovides & Kontoyiannis, Pearson’s
(Willmott, 1982) were also used to compare simulated
to real data. For the validation process, performance
was calculated with the ¢ index, proposed by Camargo
& Sentelhas (1997), and was classified as: “excellent”,
¢ > 0.85; “very good”, 0.75 < ¢ < 0.85; “good”, 0.65
< ¢ < 0.75; “medium”, 0.60 < ¢ < 0.65; “tolerable”,
0.50 < ¢ <0.60; “bad”, 0.40 < ¢ < 0.50; and “terrible”,

¢ <0.40.

Results and Discussion

The values obtained in the calibration process for
the most sensitive AquaCrop parameters in Castro and
Ponta Grossa are shown in Table 3. The regression
analysis between real and simulated yields presented
excellent results in calibration (Figure 2) according to
Akoglu (2018), with Pearson’s correlation coefficient
ranging from 0.72 to 0.92, the d index from 0.80 to 0.94,
and RMSE from 150.40 to 609.78 kg ha! (Table 4).
Kumar et al. (2014) found better adjustments for wheat
with AquaCrop at different levels of soil salinity in
Delhi (r = 0.99 and d = 0.99). Good adjustments were
also reported by Toumi et al. (2016) in Morocco (r =
0.99 and RMSE = 30 kg ha™), considering HI, = 46%
and WP* =16 g m2.

Table 3. Values of the parameters used in the calibration process by the AquaCrop model for wheat (Triticum aestivum)
cultivars, in the municipalities of Castro and Ponta Grossa, in the state of Parana, Southern Brazil.

Parameter Cultivar
Supera Quartzo TBIO Sinuelo TBIO Tibagi TBIO Toruk
Castro
930 89©
0/\(1) _ — —
CC () (80 to 92) (86 to 93)®
. 1.37 1.3
(2) _ — _
Ko (unitless) (105 to 1.4)7 (125 to 1.35)7
18© 17©
-2)(3) _ — —
WP (g m™) (16 to 20)? (17 to 19)?
620 560
0/\(4) _ _ _
HI, (%) (46 to 70)™ (48 to 65)®
7.60 7.7
0, (5) _ _ _
CDC (% per day) (7.2 to 8.4)7 (7.1t0 8.3)
Ponta Grossa
e, (%) 90© 89© 90© 90 89©
= (0 (83 to 89) (76 to 92)® (82 to 90)™ (90 to 92) (82 to 89)?
Kor, (unitless)® 1.3© 1.250© 1.250 1.250 1.35©
™ (1.0to 1.35) (0.95 to 1.3) (0.95 to 1.4)? (1.2 t0 1.35) (1.05 to 1.4)?
18© 176 170 179 190
2\3)
WP (g m?) (16 to 19)? (14 to 19)? (15 to 19)? (16 to 19)? (15 to 19)?
HL (%)® 560 550 56 580 576
o L7 (45 to 49) (35 to 64)® (44 to 58)™ (51 to 63) (46 to 57)®
Minimum growing degree 13.80 16© 14.90 15.50 15.20

required for biomass
production (°C per day)®©

(13.9t0 15)7

(12.1 to 16)

(14.6 to 15.2)®

(14.7 to 15.5)?

(15.1t0 15.2)7

(OMaximum canopy cover. ®Crop coefficient when the canopy is complete but prior to senescence. ®Normalized water productivity for reference
evapotranspiration and CO,. ®Reference harvest index. ©®Canopy decline coefficient. ©'Calibrated parameter considering all harvests used in the
validation process (Table 2). "Range of parameters used to prove the best model adjustment (Table 2).
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Both the absolute and relative errors obtained in the
calibration of the wheat cultivars with AquaCrop, in all
analyzed locations, were small (Table 4). The largest
RMSE was observed in Ponta Grossa for the TBIO
Toruk cultivar; however, this error was still considered
small compared with the real yield of the assessed
variable.

The HI, was 62% for cultivar Supera and 56% for
Quartzo in Castro. In Ponta Grossa, the values of this
index ranged from 55 to 58% for the different cultivars.
According to Raes et al. (2018a), the recommended
HI, for the wheat crop should range from 45 to 50%;
however, in the present study, the obtained values were
higher. It should be noted that HI, is a cultivar-specific
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Figure 2. Linear regression analysis obtained from the association of simulated vs. observed yield in the calibration process
by the AquaCrop model for wheat (Triticum aestivum) cultivars evaluated in the municipalities of Castro (A) and Ponta

Grossa (B) in the state of Parana, Southern Brazil.
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parameter (Raes et al., 2018a), and its value may
vary under different cultivation conditions or water
regimes. Bouazzama et al. (2017) and Toumi et al.
(2016) found HI, = 46% in Morocco, Andarzian et al.
(2011) HI, = 40% in Iran, and Pareek et al. (2017) HI,
= 34% in India. Trombetta et al. (2016) calibrated HI,
= 43% for winter wheat in Rocchetta Sant’Antonio and
Sant’Agata di Puglia, both in Italy. Raes et al. (2018b)
pointed out that this index increases gradually from
flowering onwards until reaching its reference value
at physiological maturity, and that a short grain-filling
stage due to early canopy senescence may cause an
inadequate photosynthesis and a reduction in HI,.

The values obtained for WP* ranged from 17 to
19 g m? in all locations, and the lowest value was
higher than that observed by Trombetta et al. (2016)
in Italy and by Zhang et al. (2013) in China (WP* =
15 g m?). Moreover, the WP* values in the present
study were in the range of 15 to 20 g m? recommended
by FAO for C3 cycle crops (Raes et al., 2018b). Toumi
et al. (2016) and Bouazzama et al. (2017) found WP*
values of 16.0 and 15.3 g m?, respectively, for winter
wheat in Morocco.

The Kerr, values ranged from 1.25 to 1.37 for all
cultivars and locations. Other authors obtained lower
Korr « values for the wheat crop, as Toumi et al. (2016)

Table 4. Absolute error (AE), relative error (RE), root mean square error (RMSE), Pearson’s correlation coefficient (r), and
d and c indexes obtained from the association of simulated vs. observed yield in the calibration and validation processes by
the AquaCrop model for wheat (7riticum aestivum) cultivars evaluated in the municipalities of Castro and Ponta Grossa, in

the state of Parana, Southern Brazil®.

Location Cultivar AE RE RMSE r d c Performance
(kg ha') (%) (kg ha') unitless
Calibration process
Castro Supera 233.41 4.68 329.78 0.85 0.87 - -
Quartzo 178.18 4.03 188.67 0.82 0.88 - -
Supera 180.76 3.67 241.14 0.91 0.94 - -
Quartzo 256.51 6.41 330.26 0.92 0.88 - -
Ponta Grossa TBIO Toruk 562.63 11.39 609.78 0.90 0.90 - -
TBIO Tibagi 148.32 3.33 150.40 0.90 0.93 - —
TBIO Sinuelo 377.18 7.86 484.85 0.72 0.80 - -
Validation process
Supera 1,737.95 31.40 2,159.21 0.40 0.34 0.13 Terrible
Castro Quartzo 1,209.25 32.85 1,327.72 0.11 0.36 0.04 Terrible
Supera 1,133.59 24.94 1,266.52 0.69 0.67 0.46 Bad
Quartzo 1,547.37 48.88 1,784.33 0.07 0.31 0.02 Terrible
Ponta Grossa TBIO Toruk 2,563.40 138.85 2,680.50 0.06 0.18 0.01 Terrible
TBIO Tibagi 1,031.64 23.63 1,090.81 0.04 0.47 0.02 Terrible
TBIO Sinuelo 1,641.61 60.56 1,814.87 0.05 0.35 0.02 Terrible
Verification of calibration range
Supera 137.88 4.05 426.52 0.94 0.95 0.89 Excellent
Castro Quartzo 158.26 3.68 378.07 0.87 0.92 0.80 Very good
Supera 36.62 0.69 93.45 1.00 1.00 1.00 Excellent
Quartzo 95.10 4.48 336.67 0.96 0.98 0.93 Excellent
TBIO Toruk 675.17 42.61 1219.86 0.81 0.69 0.56 Tolerable
Ponta Grossa
TBIO Tibagi 4.75 0.10 5.76 1.00 1.00 1.00 Excellent
TBIO Sinuelo 217.06 10.48 588.43 0.87 0.88 0.77 Very good
Castro All cultivars 150.11 3.83 398.16 0.91 0.95 0.86 Excellent
Ponta Grossa All cultivars 156.04 8.12 508.64 0.90 0.94 0.85 Very good

(—, not evaluated in the calibration process.
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(Kerr = 1.07) for winter wheat in the semiarid region of
the Tensift basin, in central Morocco. In the literature,
there are also reports of Korg, = 1.13 (Bouazzama

A Supera
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Figure 3. Linear regression analysis obtained from the
association between observed vs. simulated yield in the
validation process by the AquaCrop model for wheat
(Triticum aestivum) cultivars, considering fixed calibration
parameters. A, better analysis (“bad”) for the Supera
cultivar (r = 0.69; d = 0.67; ¢ = 0.46); and B, worst analysis
(“terrible”) for the TBIO Toruk cultivar (r = 0.06; d = 0.18;
¢ = 0.01), in Ponta Grossa, in the state of Parana, Southern
Brazil.
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et al., 2017) and Korg, = 1.10 (Trombetta et al., 2016;
Pareek et al., 2017).

The CC, ranged from 89 to 93% for all cultivars
and locations, and the highest value was observed for
the Supera cultivar in Castro. The obtained values
are within the limits of 80 to 99% recommended by
Raes et al. (2018a). In the literature, the CC, values due
to calibration were also high and variable for winter
wheat: 98.7% in different water conditions in Morocco
(Bouazzama et al., 2017); 98% in China (Xiangxiang
et al., 2013); 95% in Pantnagar, India (Pareek et al.,
2017); 90 and 79% in Rocchetta Sant’Antonio and
Sant’Agata di Puglia, respectively, in Italy (Trombetta
et al., 2016); and 90% in China (Zhang et al., 2013).

The CDC, which was only evaluated in Castro,
was 7.6 and 7.7% per day for the Supera and Quartzo
cultivars, respectively. Xiangxiang et al. (2013) found
8.4% per day for this parameter. However, Kumar
et al. (2014) observed CDC variations between 11.0
and 12.9% per day when evaluating the response of
AquaCrop to parameter adjustments at different soil
salinity levels in Delhi, India. Andarzian et al. (2011)
obtained good results in the simulation for wheat with
CDC adjusted to 6.2% per day in Iran, under conditions
of maximum and minimum temperatures higher than
those of the Campos Gerais region.

The wvalidation analyzes for each cultivar and
location were performed using the same parameter
values obtained in calibration (Table 3), as well as
protocol data on harvests from Fundacdo ABC that
were not used in the calibration process.

In AquaCrop, the results for calibration were
considered good (RMSE < 609.78 kg ha'; r > 0.72;
d > 0.80) for all cultivars and locations; however, the
performance of the validation process was “terrible”
to “bad” (RMSE < 2,680.50 kg ha'; r < 0.69; d <
0.67; ¢ < 0.46 (Table 4). Figure 3 shows the best and
worst associations between real and estimated yields,
obtained in validation when considering the same
fixed parameters used in calibration (Table 3).

Due to sensitivity, small changes in the evaluated
input parameters (CCx, CDC, Ko, WP*, HI,, and
minimum growing degrees required for full biomass
production) considerably modified the simulated yield
in AquaCrop. Therefore, using only one value for each
parameter analyzed in the model to estimate crop
yield under different conditions of wheat crop growth
and development was not satisfactory and accurate
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for different conditions, including different times to
reach the established phenological stages, different
population of plants, different cultivars throughout the
years, possible problems with pests and/or diseases,
and climatic conditions (drought periods).

Since even small modifications in input parameters
caused large changes in the simulated yield in
AquaCrop, scenarios were used to test the reliability of
a calibrated parameter range for the harvests (Table 3).
It should be highlighted that the same harvests
evaluated in the validation process were used in the
parameter range analysis (Table 2).

The analysis of the calibrated parameter range
of the harvests showed “very good” and “excellent”
performances (for the Quartzo and Supera cultivars,
respectively) in Castro and “tolerable” to “excellent”
ones in Ponta Grossa (Table 4 and Figure 4). The results
indicated that the functional relationships between the
most sensitive parameters (CCx, CDC, Kcrgpx, WP¥,
Hlo, and minimum growing degrees required for full
biomass production), not considered or specified in
the AquaCrop options, can significantly improve the
model’s performance (5.76 kg ha'! < RMSE < 1,219.86
kg ha'; 0.81 <r<1.0;0.69 <d < 1.0; 0.56 < c < 1.0).

Some cultivars presented absolute and relative
errors in validation that were larger than those found
in calibration (Table 4 and Figure 4). The AquaCrop
model indicated temperature stress in two harvests of
the Quartzo cultivar in Castro due to 18 and 25 days of
temperature below 5°C in each crop before flowering.
According to Raes et al. (2018a), 5°C is the minimum
air temperature below which pollination starts to fail
(cold stress) in the wheat crop. Therefore, the period in
which the temperature was below 5°C in the harvests
resulted in the observed errors (Table 4).

The Quartzo cultivar in Ponta Grossa presented
harvests with high water restriction at the beginning of
the cycle. Only 8 mm of rainfall were registered in the
first 35 days after planting, also reflecting the obtained
statistical errors (Table 4).

The TBIO Sinuelo and TBIO Toruk cultivars also
showed water deficit along the growing cycles. This
limitation occurred in periods that preceded flowering,
more regularly for the TBIO Toruk cultivar, resulting
in the largest errors obtained in the software (Figure 4
and Table 4).

In Castro, the observed performances were
“excellent” for Supera and “very good” for Quartzo

(Figure 4 A), indicating that the range of parameters
was suitable for the cultivars in the region. The d
index in Castro was similar to that found by Kumar
et al. (2014) in India (d = 0.96) for final grain yield.
Andarzian et al. (2011), studying irrigated wheat
in Iran, also reported good results in the validation
process (d = 0.97).

According to Camargo & Sentelhas (1997), the ¢
index resulted in a “tolerable” performance for the
TBIO Toruk cultivar in Ponta Grossa, probably due to
the small number of experiments used in calibration
(Figure 4 B and Table 2). Therefore, it was not
possible to adequately adjust the obtained parameters
in the sensitivity and linear regression analyzes
for this cultivar, impairing data interpretation. For
the other cultivars, the performance of the model
was satisfactory, varying between “very good” and
“excellent”.

Considering the statistical adjustments by the c
index, the best results were obtained for the Supera
and TBIO Tibagi cultivars in Ponta Grossa (Table 4),
with r and the d and ¢ indexes equal to 1.00 (Figure 4
A, B, and C). Similar results were reported by Toumi
et al. (2016) (r = 0.99 and RMSE = 100 kg ha).

The values obtained for the TBIO Sinuelo cultivar in
Ponta Grossa were the closest to those found by Kale
(2016) (RMSE = 330 kg ha'; d index = 0.83), which
validated AquaCrop for the wheat crop considering
the parameters suggested by Raes et al. (2009). Igbal
et al. (2014) also observed similar values (RSME =
580 kg ha!; d index = 0.92) in China.

The results of the simulated and real yield analyses
used to determine the calibration range of AquaCrop,
considering all analyzed cultivars (Table 4 and Figure 4
C), were similar to those of the analysis performed for
each cultivar (Figure 4 A and B). In Castro, cultivars
achieved an “excellent” performance and, in Ponta
Grossa, a “very good” one.

The obtained results, considering the calibrated
parameter range, are very promising for future studies
in the region involving the planning and simulation
of agricultural scenarios. These results are also an
indicative that the functional relationships between the
most sensitive parameters, not considered or specified
in the AquaCrop options, can significantly improve the
performance of the model.
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Figure 4. Linear regression analysis obtained from the association of simulated vs. observed yield in the validation process
by the AquaCrop model, considering calibration ranges for: A, each cultivar evaluated in Castro; B, each cultivar evaluated
in Ponta Grossa; and C, all cultivars evaluated in the municipalities of Castro and Ponta Grossa, located in the state of
Parana, Southern Brazil.
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Conclusions

1. Calibration by the AquaCrop model shows good
results for all wheat (Triticum aestivum) cultivars and
locations analyzed in the Campos Gerais region in
Southern Brazil.

2. The attempted adjustment indicates different
performances for the evaluated cultivars: “very
good” for Quartzo and “excellent” for Supera in the
municipality of Castro; and “tolerable” for TBIO Toruk,
“very good” for TBIO Sinuelo, and “excellent” for
Supera, Quartzo and TBIO Tibagi in the municipality
of Ponta Grossa, in the Campos Gerais region.
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