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Abstract

Crop productivity evaluation with models simulations can help in the prediction of harvests and in the understanding of
the interactions resulting from the soil-plant-atmosphere continuum. The aim of this study was to calibrate and validate
the AquaCrop model for maize crop in the edaphoclimatic conditions of Campos Gerais region, Paraná State, Brazil.
The analyses were carried out for maize crop with model input data (climate, crop, soil and soil management) obtained
from the ABC Foundation Experimental Station in Castro, Ponta Grossa and Socavão. The climate in the region is
humid subtropical, with rainfall evenly distributed. The relief varies from flat to gently undulating. The period analyzed
in the calibration and validation process comprised 2011 to 2016 and 2012 to 2016 harvests, respectively. The data used
in the calibration of AquaCrop was different from those used in the validation process. Observed and simulated yields
were evaluated by simple linear regression analyses, absolute and relative errors, correlation coefficient (r), con-
cordance (d) and performance (c) indexes. The calibration of AquaCrop was satisfactory in the locations studied for
maize crop, obtaining absolute errors varying from 6 to 121 kg ha� 1. The highest calibration errors occurred in Castro.
However, the errors were not enough to reduce the performance in the validation process for this localitie. The model
validation resulted in “excellent” performance in all locations evaluated. The AquaCrop can be used to predict the maize
yield with acceptable accuracy in the Campos Gerais Region, Paraná State, Brazil.
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Calibração e Validação do Modelo AquaCrop para Estimar a Produtividade
de Milho nos Campos Gerais, Estado do Paraná, Brasil

Resumo
A avaliação da produtividade das culturas com modelos de simulação pode ajudar na previsão de safras e no entendi-
mento das interações resultantes do sistema solo-planta-atmosfera. Teve-se por objetivo no presente estudo calibrar e
validar o modelo AquaCrop para a cultura do milho nas condições edafoclimáticas da região de Campos Gerais, Paraná,
Brasil. As análises foram realizadas para a cultura do milho com dados de entrada do modelo (clima, cultura, solo e
manejo do solo) obtidos na Estação Experimental da Fundação ABC, em Castro, Ponta Grossa e Socavão. O clima na
região é subtropical úmido, com chuvas distribuídas uniformemente. O relevo varia de plano a suavemente ondulado. O
período analisado no processo de calibração e validação compreendeu as safras de 2011 a 2016, e 2012 a 2016, respec-
tivamente. Os dados utilizados na calibração do AquaCrop foram diferentes dos utilizados no processo de validação. Os
rendimentos observados e simulados foram analisados em análises de regressão linear simples, erros absolutos e relati-
vos, coeficiente de correlação (r) e índices concordância (d) e desempenho (c). A calibração do AquaCrop foi satisfa-
tória nos locais estudados para a cultura do milho, obtendo erros absolutos variando de 6 a 121 kg ha� 1. Os maiores
erros de calibração ocorreram em Castro. Porém, os erros não foram suficientes para reduzir a performance no processo
de validação para essa localidade. A validação do modelo resultou em desempenho “excelente” em todas as localidades
avaliadas. O AquaCrop pode ser usado para prever a produção de milho com acurácia aceitável na região de Campos
Gerais, Paraná, Brasil.

Palavras-chave: produção agrícola, modelos de simulação, modelagem, Zea mays.
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1. Introduction
The Campos Gerais, Paraná State, is an important

agricultural region that presents yields higher than the
national grain production average (IBGE, 2017). Mainly
for maize crop, the region is a pioneer in the adoption of
new technologies that allow increasing yields even more
(Schimandeiro et al. 2008, IBGE, 2017).

Crop yield estimation depends on several factors.
Surveys have been managed in the Campos Gerais region
to understand the influence of environmental variations on
crop yields and water relations, as well as to suggest agri-
cultural management alternatives to increase crop produc-
tion (Araujo et al. 2009, Araujo et al. 2011, Souza et al.
2013, Souza et al. 2014, Pierri et al. 2016).

The use of models that simulate crop growth is an
excellent strategy. Technological advances in software
allow conducting tests and experiments, availing data
already collected, wrapping few people, low cost, speed,
creation and guessing of ideal scenarios to assist in deci-
sion making for public and private sectors (Jones et al.
2017).

Seeking to simplify productivity simulation, the
Food and Agriculture Organization of the United Nations
(FAO) developed the AquaCrop, a dynamic crop model
that simulates the attainable yield of herbaceous crops as a
function of water consumption (Steduto et al. 2012).
AquaCrop differs from other crop simulation models by
balancing accuracy, simplicity and robustness. AquaCrop
is a crop simulation model that requires a relatively small
number of parameters and input data, being mostly-intui-
tive parameters (Foster et al. 2017).

The use of crop growth models under conditions dif-
ferent that where they were developed is limited. Tests and
adaptation are necessary, as yield variability depends lar-
gely on weather conditions, which can be particularly
altered by climate change (Lecerf et al. 2019), different
scenarios and genetic characteristics of the crop used
(Picheny et al. 2017, Yin et al. 2018). In general, mathe-
matical crop models require careful calibration and vali-
dation to assess their robustness in different environments
(He et al. 2017).

The contributions of the AquaCrop have already
been verified in research on agricultural management for
several crops and countries, but studies evaluating the
model performance for Brazilian soil and climate condi-
tions are still scarce. Given the above, the objective of the
present study was to calibrate and validate the AquaCrop
model for maize crop under Campos Gerais edaphocli-
matic conditions, Paraná State.

2. Material and Methods
The present study was carried out for three locations

in the Campos Gerais region, Paraná State, in Castro
(24,85° S; 49,93° W; 1001 m), Ponta Grossa (25,01° S;

50,15° W; 1000 m) and Socavão, Castro district (24,68° S;
49,75° W; 1026 m). According to Koppen's climate classi-
fication, the region is classified as Cfb (humid subtropical,
oceanic climate without dry season with temperate sum-
mer) (Alvares et al. 2013). Rainfall in the localities is
evenly distributed, with rainy season concentrated mainly
in February and June and dry season in August (Fig. 1).
The annual averages of climate variables are show in
Table 1. The relief varies from flat to gently undulating.
The management practice in the areas is no-tillage with
residual vegetation covered from the previous harvest,
with crop rotation in winter (wheat and black oats) and
summer (soybean and maize).

The simulations were carried out with AquaCrop,
Version 5.0, developed by Food and Agriculture Organi-
zation of the United Nations � FAO (FAO, 2016). One
particular feature that distinguishes AquaCrop model from
other crop models is the use of canopy cover instead of
leaf area index (Raes et al. 2018a). The input data inserted
in the AquaCrop, required in the calibration and validation
process, consist of information by climate, crop, soil attri-
butes and soil management (Raes et al. 2018b). The data
required was:
a) Climate: The maximum and minimum daily air tem-

perature (°C), precipitation (P; mm day−1), relative
humidity (UR; %), and wind speed (u2; km h−1) were
provided from ABC Foundation historical data (Jan-
uary/ 2011 to April/2016), measured at the automatic
agrometeorological stations installed in the analyzed
locations, from HygroClipS3 temperature and relative
humidity sensors model (Rotronic AG, Bassersdorf,
Zurich, Switzerland), wind speed and direction model
3002 at 2.0 m height (Young, Traverse, MI, USA) and
tipping bucket rain gauge with 0.245mm resolution,
Model ECRN-100 (Decagon, Hopkins, MN, USA).
The reference evapotranspiration (ETo; mm day−1)
was estimated with the Penman-Monteith method
(Allen et al. 1998), from spreadsheet developed for

Figure 1 - Average annual pluviometric precipitation in the localities
evaluated.
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this purpose. The values of average atmospheric CO2
concentrations (ppm) was provide by the AquaCrop,
based on data obtained from the Mauna Loa observa-
tory, Hawaii (Raes et al. 2018b); The climate data
inserted in the AquaCrop model to estimate maize
production in each localitie are show in Fig. 2.

b) Crop: Sowing and harvest dates, duration of growing
cycle (day; emergence, flowering, senescence and
maturity) and plant population (plants ha� 1) was
obtained from the ABC Foundation, from historical
data of experiments conducted in experimental sta-
tions, in 2011/12 to 2015/16 harvests. The following
parameters was calibrated in the model: canopy
decline coefficient (CDC); water productivity normal-
ized for ETo e CO2 (WP*); reference harvest index
(HIo); and crop coefficient (KcTr,x). The value used for
maximum canopy cover was 90% in all simulations.
The other parameters required in the model, such as
soil water depletion threshold for canopy expansion,
maximum and minimum effective rooting depth,
among others, was obtained from Raes et al. (2018d).
According to the model options, it was considered
that the crop was sensitive to water stress. Salinity
was not considered;

c) Soil management: The soil fertility was considered near
optimal (90%) and since the areas were in no-tillage
practice, the soil cover by mulches was fixed in 100%
of unincorporated plant residues. Phytosanitary con-
trol and fertilization in the experiments throughout the
crop development was performed as required by
maize. Irrigation was not considered;

d) Hydraulic properties: Three soil layers (0-0.10 m; 0.10-
0.25 m and 0.25-0.40 m depth) were considered for
the physical-water attributes. Required data were tex-
ture, volumetric water content at permanent wilting

point (θPMP; m3 m−3), field capacity (θCC; m3 m−3)
and saturation (θSAT; m3 m−3), and saturated hydraulic
conductivity (KSAT; mm day−1) (Table 2).
A total of 26 experiments were used in the Aqua-

Crop calibration process (11 in Castro, 9 in Ponta Grossa
and 6 in Socavão) to obtain the simulated yields. In each
experiment was entered the conservative and non-con-
servative parameter values specified for maize, simulated
in growing degree-days (GDD) mode, presented in the
AquaCrop Reference Manual (Raes et al. 2018d). The
growing degree-days mode was chose since crop develop-
ment is related to temperature. The lower and upper
threshold air temperatures values were 10 and 32 °C,
respectively. With these values AquaCrop internally con-
verts to GDD mode according to the crop phenological
cycle. The parameters were modified and calibrated until
the absolute and relative errors of the observed versus
simulated yield were minimal, and the “d” index of each
experiment were high.

It was used 32 maize experiments for AquaCrop
validation process (14 in Castro, 11 in Ponta Grossa and 7
in Socavão), with harvests different from those used in the
calibration. It was used the same climate and management
data provided by ABC Foundation, and soil surveyed by
Souza et al. (2017) (Table 2). Firstly, the crop data were
modified, such as planting date (days), plant population
(plants ha−1), reference harvest index (%) and duration of
phenological cycle, being this last dependent on plant and
cultivation conditions. Afterwards, the calibrated para-
meters were inserted in the model and the validation pro-
cess was performed.

In calibration and validation, the simulated yields in
AquaCrop (Ys, kg ha� 1) were compared with the observed
yields (Yr, kg ha� 1) in simple linear regression analyses.
For comparison, it was calculated the mean absolute

Table 1 - Annual averages of climate maximum and minimum daily air temperature, precipitation, relative humidity, wind speed and evapotranspiration
in the localities evaluated.

Localitie Year Maximum Temp.
(°C)

Minimum Temp.
(°C)

Precipitation
(mm)

Relative Humidity
(%)

Wind speed
(m s� 1)

Evapotranspiration
(mm)

Castro 2011 22.3 12.0 4.6 88.4 2.1 2.2

2012 23.5 12.7 4.4 88.2 2.1 2.3

2013 23.0 12.2 4.0 86.3 2.2 2.3

2014 24.1 13.6 5.3 90.5 2.1 2.4

Socavão 2011 23.5 11.8 16.8 3.8 84.8 2.0

2012 23.4 12.4 17.1 5.2 88.0 2.3

2013 22.3 11.9 16.4 4.5 88.2 2.7

Ponta
Grossa

2012 24.8 13.7 18.5 4.7 79.9 3.1

2013 24.1 13.0 17.8 4.7 80.5 2.9

2014 25.0 14.0 18.7 4.5 80.7 2.9

2015 25.3 14.4 18.8 5.6 91.9 1.7

2016 27.9 17.2 21.5 6.2 89.5 1.6
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Figure 2 - Climate data inserted in the AquaCrop model to estimate maize production in: a) Castro, b) Ponta Grossa, c) Socavão.

Table 2 - Physical-water attributes of the ABC Foundation experimental areas, inserted in AquaCrop, for model parameters calibration and validation.

Localitie Layer (m) Texture Soil water content (m3 m−3) Ksat
(4)
(mm day−1)

θPWP
(1) θFC

(2) θSat
(3)

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 0.20 0.39 0.51 743.27

Ponta Grossa 0.10� 0.25 Clay 0.20 0.35 0.50 732.57

Ponta Grossa 0.25� 0.40 Clay 0.25 0.36 0.54 636.30

Socavão 0.00� 0.10 Clay 0.28 0.43 0.57 335.96

Socavão 0.10� 0.25 Clay 0.27 0.41 0.59 351.07

Socavão 0.25� 0.40 Clay 0.24 0.40 0.59 355.54
1Volumetric water content at wilting point.
2Volumetric water content at field capacity.
3Volumetric water content at saturation.
4Saturated hydraulic conductivity.
Adapted from Souza et al. (2017).
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(MAE) (Eq. (1)) and relative (MRE) (Eq. (2)) errors, Pear-
son correlation coefficient (r) (Eq. (3)), “d” (Willmott)
(Eq. (4)) and “c” indexes (Camargo & Sentelhas)
(Eq. (5)), which measure model agreement and perfor-
mance, respectively (Souza, 2018):

MAE=

Pn

i= 1
jYri − YSi j

n
ð1Þ

MRE=

Pn

i= 1
jYri −YSi j

Pn

i= 1
YSi

·100 ð2Þ

r=

Pn

i= 1
(Yri −Yr)·(YSi −YS)
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i= 1
(Yri −Yr)2·

Pn

i= 1
(YSi − YS )2

s ð3Þ

d= 1−

Pn

i= 1
(YSi −Yri)2

Pn

i= 1
jYSi − Yrj þ jYri −YrjÞ

2
� ð4Þ

c= d:r ð5Þ

where MAE � mean absolute error (kg ha� 1);
MRE � mean relative error (%); RMSE � root mean
square error (kg ha� 1); Yri � real yields observed in the
field at each i-experiment (kg ha� 1); Yr � real average
yields from all cultivars observed in the field (kg ha� 1);
Ysi � estimated yield observed in the model at each i-
experiment (kg ha� 1); Ys � observed average yields from
all cultivars estimated in the model (kg ha� 1); n � number
of harvests in the localities (unitless); d � “d” index
(dimensionless); r � Pearson correlation coefficient
(dimensionless); c � “c” index (dimensionless).

The interpretation criteria of “c” performance, was
classified by “excellent” (“c” > 0.85); “very good”
(0.75 < “c” ≤ 0.85); “good” (0.65 < “c” ≤ 0.75); “medi-
um” (0.60 < “c” ≤ 0.65); “tolerable” (0.50 < “c” ≤ 0.60);
“bad” (0.40 < “c” ≤ 0.50); and, “terrible” (“c” ≤ 0.40).

3. Results and Discussion

3.1. Calibration of AquaCrop parameters
Water intakes in the model were computed by rain-

fall. During the simulations, both calibration and valida-
tion, the soil water content in the model was considered
equal to the total available water (TAW), the amount of
water a soil can hold between field capacity (FC) and per-

manent wilting point (PWP) in the root zone (Raes et al.
2018b).

The calibration analyses were performed using
values recommended in the AquaCrop Reference Manual
(Raes et al. 2018d). The analyses allowed the most sensi-
tive parameters identification, which deserved more atten-
tion in the calibration, as follows: canopy decline
coefficient (CDC); crop coefficient when canopy is com-
plete but prior to senescence (KcTR,x); normalized water
productivity for ETo and CO2 (WP*); and reference har-
vest index (HIo).

The sensitivity of WP*, KcTR,x, CDC e HIo para-
meters is related to be part of two main equations that
integrate AquaCrop: dry above-ground biomass (B;
Eq. (6)) and grain yield (Y; Eq. (7)).

B=WP·
Xn

i= 1
Tri ð6Þ

Y =B:HI ð7Þ

where B � dry above-ground biomass (kg ha−1); WP �
Water productivity parameter (kg m−2); Tri � crop tran-
spiration at each i-period range (mm); n � period con-
sidered (unit); Y � crop productivity (kg ha� 1); HI � crop
harvest index (dimensionless) (Raes et al. 2018a).

As part of one of the main equations that compose
AquaCrop, the calibration of WP parameter is highly
recommended for the environmental conditions under
study. WP* is normalized to evapotranspiration (ETo) and
atmospheric CO2 concentration. May vary moderately in
responses to fertility regime and remain constant under
water deficit conditions, except under severe water stres-
ses (Steduto et al. 2012). Raes et al. (2018d) recommend
that WP* = 33.7 must be adopted for maize crop. In the
present study the value observed in the calibration process
was close (Table 3).

The crop transpiration (Tr) depends on the fraction
of land area covered by the canopy when there is insuffi-
cient stress to limit stomatal opening, being calculated
from the ETo and crop transpiration coefficient (KcTR,x).
Thus, indirectly, the KcTR,x parameter is considered in
Eq. (6) (Raes et al. 2018c). KcTR,x is proportional to
canopy cover (CC) and its value is adjusted over the crop
cycle (Raes et al. 2018a). The calibrated KcTR,x value in
the present study was the same as suggested by Raes et al.
(2018d) for maize crop (Table 3).

The reference harvest index (HIo) is indicated in the
AquaCrop Reference Manual as a conservative parameter
for wide crop extension. However, it can be considered
cultivar specific (through plant breeding and biotechnol-
ogy) (Raes et al. 2018d). Thus, it would not be necessary
the adjustment of this parameter, and its values (according
to the interval recommended in the Manual) could be used
for maize crop anywhere in the world. The values indi-
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cated in the Reference Manual were obtained from high
yield cultivars, without any restriction in development.
However, it is known that some cultivars may have HI
consistently either slightly higher or lower than the com-
mon cultivars (Steduto et al. 2012), coupled the fact that it
is extremely sensitive to changes in the program, which
led to the decision of perform the finest adjustment of this
parameter in the present study (Table 3). In this study the
HIo values were adjusted by using a trial and error
approach in order to reduce to the barest minimum the
numerical differences between the simulated and mea-
sured data.

The canopy decline coefficient (CDC) is a parameter
that depends on the cultivar and field conditions in which
the plant is inserted. It is used to describe the declining
phase due to leaf senescence as the crop approaches
maturity. It can also be triggered when water stress
becomes severe through early canopy senescence (Raes
et al. 2018a). In the present study, the evaluated cultivars
presented different times to reach physiological maturity,
which justified the limits of values attributed to CDC
parameter in calibration process (Table 3). The interval
between senescence beginning and physiological maturity
was different for cultivars, so the program accounted the
influence of CDC on final yield with different intensities.

During the calibration it was observed limiting
aspects in the process. It was not possible to calibrate the
parameters for the same maize cultivar. The use of differ-
ent cultivars in the calibration process caused difficulties,
such as the different degree-day requirements at each cul-
tivar phenological stage. Each cultivar behaves differently
development when inserted in a particular environment. In
the literature (Abendipour et al. 2012, Akumaga et al.
2017, Battisti et al. 2017, Ran et al. 2018) there are studies
that analyzed much more parameters in the calibration
process (duration of phenological stages, canopy growth
coefficient, among other parameters considered con-
servative) than those considered in the present study. The
use of more than one cultivar limited the investigation of
more parameters at the same time in the calibration pro-
cess. However, it is believed that they were limitations and
not restrictions, considering the edaphoclimatic conditions
of the environment studied. Thus, it is noteworthy that the

results obtained refer to an appropriate calibration process
for maize crop (Table 3) in Campos Gerais Region, Paraná
State, since the determination coefficients were satisfac-
tory.

The main aspects observed in the calibrated para-
meters for maize crop were:
• WP* varied according to the range recommended in the

AquaCrop Reference Manual for C4 crops cycle (30
to 35 g m� 2; Raes et al. 2018a) (Table 3). The values
found were close to those indicated by Raes et al.
(2018d), which recommend 33.7 g m� 2 for maize
development. As the WP* parameter may vary in
response to fertility levels and severe water regime,
some authors have observed different values: Abe-
dinpour et al. (2012) obtained 34 g m� 2 for WP*
under different water regimes in India; and Ran et al.
(2018) assessing maize under full and deficit irriga-
tion for seed production in China, proposed
WP* = 20.9 g m� 2;

• There was no variation in the KcTR,x parameter (Table 3),
remaining the same value proposed in the AquaCrop
Manual (Raes et al. 2018d). Ngetich et al. (2012)
considering three planting dates in two localities, sub-
humid and semiarid regions of central highlands of
Kenya, also used KcTR,x = 1.05 for maize. Other stu-
dies have also obtained simulated yields very similar
to those observed in the field by assigning KcTR,x =
1.03 for maize crop; Heng et al. (2009) in the local-
ities of Bushland (Texas), Gainesville, (Florida) and
Zaragoza (Spain); Hsiao et al. (2009) under different
irrigation levels in California; Abendipour et al.
(2012) in India; and Akumaga et al. (2017) under dif-
ferent nitrogen levels in Nigeria.

• The canopy decline coefficient (CDC) basically depends
on the cultivar behavior in the environment. In ana-
lyses, the CDC values (Table 3) varied when com-
pared to values obtained in the literature. Heng et al.
(2009), Hsiao et al. (2009), Abendipour et al. (2012)
and Akumaga et al. (2017) found CDC = 1.06%
day−1 for maize, in different regions from the one
used in the present study;

• The reference harvest index (HIo) may vary between ge-
notypes, also depending on the environment in which
crops are inserted. The HIo values had large variation
among the cultivars used (23%; Table 3), probably due
to the differences between genotypes, plant population
and variation on climatic conditions. Ngetich et al.
(2012) obtained HIo = 48%, as did Hsiao et al. (2009)
for the cultivars Dekalb XL22, Dekalb XL25A,
Dekalb 535 and Dekalb 591. Akumaga et al. (2017)
considered HIo = 40% and Abendipour et al. (2012) a
range of values from 22.3 to 34.4%.
Overall, the absolute and relative errors obtained in

the maize crop calibration analyses were small (Table 4).
The highest value occurred in Castro (MAE = 121 kg ha� 1

Table 3 - Final parameters calibrated for maize crop, in Campos Gerais
Region, Paraná State.

Symbol Description Values

WP* Water productivity normalized for ETo and CO2
(g m−2)

32 to 33

KcTR,x Crop coefficient when canopy is complete but
prior to senescence

1.05

CDC Canopy decline coefficient (% day−1; GDD) 0.427 to
0.489

HIo Reference harvest index (%) 30 to 53
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and MRE = 1.17%; genotype P2530; 2015/2016 harvest)
and the lowest in Ponta Grossa (MAE = 6 kg ha� 1 and
MRE = 0.05%; genotype P30R50H; 2012/2013 harvest).

The mean absolute and relative errors found for Castro
(MAE = 70.09 kg ha� 1 and MRE = 0.63%), Ponta Grossa
(MAE = 75.44 kg ha� 1 and MRE = 0.69%) and Socavão

Table 4 - Mean absolute (MAE) and relative (MRE) errors obtained in the calibration and validation between observed (Yr) and simulated (Ys) yields for
maize crop, in AquaCrop model, for experiments installed in Castro, Ponta Grossa and Socavão.

Calibration Validation

Cultivar Harvest Yr Ys |MAE| MRE Cultivar Harvest Yr Ys |MAE| MRE

kg ha−1 % kg ha−1 % kg ha−1 kg ha−1 kg ha−1 %

Castro

P32R22H 2011/12 12453 12550 97 0.77 30R50YH 2014/15 14418 14530 112 0.77

P30R50YH 2013/14 13554 13440 114 0.85 AG8041PRO 2014/15 14293 14383 90 0.63

AG8041PRO 2013/14 13078 13088 10 0.08 30F53YH 2014/15 14439 14482 43 0.30

P30F53YH 2013/14 14681 14659 22 0.15 Velox TL 2014/15 14111 14247 136 0.95

Celeron TL 2013/14 12987 12896 91 0.71 WXA 504 Waxy 2014/15 12495 12474 21 0.17

DKB240PRO 2015/16 14348 14366 18 0.13 DKB 240PRO 2014/15 14663 14741 78 0.53

P30R50YH 2015/16 12734 12819 85 0.66 30R50YH 2014/15 10940 10948 8 0,07

P1630H 2015/16 9815 9859 44 0.45 AG8041PRO 2014/15 10902 10774 128 1.19

P2530 2015/16 10188 10309 121 1.17 P32R22H 2014/15 10746 10715 31 0.29

DKB240PRO 2015/16 9497 9400 97 1.03 30F53YH 2014/15 12340 12208 132 1.08

P30R50YH 2015/16 7758 7830 72 0.92 Velox TL 2014/15 9962 9850 112 1.14

All harvests — 11918 11929 70.09 0.63 AS 1656PRO2 2014/15 10884 10812 72 0.67

— — — — — — WXA 504 Waxy 2014/15 10899 10768 131 1.22

— — — — — — DKB 240PRO 2014/15 9309 9663 354 3.66

— — — — — — All harvests — 12172 12185 103.43 0.90

Ponta Grossa

P30R50H 2012/13 12239 12233 6 0.05 30R50YH 2015/16 11902 11738 164 1.40

P32R22H 2013/14 10233 10117 116 1.15 AG8041PRO 2015/16 12681 12750 69 0.54

P32R22H 2013/14 10262 10192 70 0.69 P32R22H 2015/16 10520 10517 3 0.03

P30F53YH 2014/15 11369 11336 33 0.29 30F53YH 2015/16 11306 11303 3 0.03

AG8041PRO 2015/16 11099 11217 118 1.05 Velox TL 2015/16 11663 11781 118 1.00

Velox TL 2015/16 10017 10060 43 0.43 AS 1656PRO2 2015/16 13401 13470 69 0.51

AS 1656PRO2 2015/16 11347 11465 118 1.03 WXA 504 Waxy 2015/16 11010 11073 63 0.57

WXA 504 Waxy 2015/16 10417 10530 113 1.07 DKB 240PRO 2015/16 12273 12144 129 1.06

DKB 240PRO 2015/16 12577 12639 62 0.49 30R50YH 2015/16 11878 11885 7 0.06

All harvests — 11062 11088 75.44 0.69 P32R22H 2015/16 9352 9391 39 0.42

— — — — — — 30F53YH 2015/16 11383 11471 88 0.77

— — — — — — All harvests — 11579 11593 68.36 0.58

Socavão

P30R50H 2011/12 13513 13584 71 0.52 P30R50YH 2012/13 10659 11837 1178 9.95

AG8041YG 2011/12 11981 11924 57 0.48 AG8041PRO 2012/13 13341 13395 54 0.40

P32R22H 2011/12 13713 13741 28 0.20 P30R50YH 2013/14 13110 13239 129 0.97

P1630H 2012/13 12045 12021 24 0.20 AG8041PRO 2013/14 13661 13686 25 0.18

30F53YH 2012/13 13155 13218 63 0.48 P2530H 2013/14 13674 13507 167 1.24

Celeron TL 2012/13 11606 11538 68 0.59 30F53YH 2013/14 13970 13820 150 1.09

All harvests — 12669 12671 51.83 0.41 Celeron TL 2013/14 13002 13171 169 1.28

— — — — — — — — 13060 13236 267.43 2.16

All localities — 11795 11809 67.73 0.60 — — 12162 12212 127.25 1.07
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(MAE = 51.83 kg ha� 1 and MRE = 0.41%) were small and
very close. On average, considering all harvests, small
absolute (MAE = 67.73 kg ha� 1) and relative
(MRE = 0.60%) errors were obtained, resulting in an
excellent calibration for maize crop in Campos Gerais.
The average MAE values obtained for maize in Campos
Gerais were better than those verified by Abendipour et al.
(2012) and Akumaga et al. (2017) for India (170 kg ha� 1)
and Nigeria (164 kg ha� 1), respectively.

The coefficients of determination and “d” index
obtained in Castro, Ponta Grossa and Socavão had excel-
lent results (R2 = 1.0; d = 1.0), indicating a perfect asso-
ciation between estimated and observed yield values
(Fig. 3). The R2 values and “d” index considering yields
observed in the field and estimated in the program, for all
localities, also showed excellent results in the association
and calibration (Fig. 3d). Similar results were verified for
by Abendipour et al. (2012) and Akumaga et al. (2017).

3.2. Validation of AquaCrop parameters
With the parameters calibrated for maize crop

(Table 3), the validation analyses of the AquaCrop
model (Table 4) were performed. After adjusting the

parameters, it was observed that the calibration pro-
vided excellent validation responses, except for the
P30R50YH genotype in Socavão city (MAE = 1178 kg
ha−1; MRE = 9.95 kg ha−1; 2012/2013 harvest). The
yield observed in this harvest (Yr = 10659 kg ha−1)
was 18.38% below the average of the other harvests
used to validate maize (13059.6 kg ha−1) in Socavão.
The main problem may be related to the high water
content in the soil before planting. In 17 days preceding
the planting of this experiment, precipitation was
approximately 265mm. Piekarski et al. (2017) also ver-
ified in analyses for maize crop, in Campos Gerais, that
Aquacrop presented high difficult to simulate yields far
from the average. Even adopting the calibration para-
meters that result in lower simulated productivity in
AquaCrop, it was note that the productivity observed in
the field was even lower. It is believed that in this har-
vest occurred problems with pests, diseases or weeds,
which caused a decrease in productivity. However, in
general, the analyses performed in the present study for
Castro and Ponta Grossa showed MAE and MRE vali-
dation results very similar to those obtained in calibra-
tion (Table 4).

Figure 3 - Linear regression analyses and respective coefficient of determination (R2) and “d” index, obtained in the calibration, between observed and
simulated yield for maize crop in the AquaCrop model, in: a) Castro, b) Ponta Grossa, c) Socavão, d) Castro, Ponta Grossa and Socavão together.
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The best model performance in Ponta Grossa was
due to the better adjustment of the model parameters. Also
in this localitie, a higher volume of average precipitation
was observed (Table 1), providing more available water
for plants, which may have contributed even more to
obtain the lowest absolute and relative errors observed in
the localitie.

The worst performance observed in Socavão was
due to the low number of harvest available for the calibra-
tion process. Thus, it was not possible to properly adjust
the parameter values, which reflected in larger errors in the
validation. Removing 2012/2013 harvest (genotype
P30R50YH), Socavão also presented validation results
(MAE = 115.67 kg ha−1 and MRE = 0.86%) very close to
those verified in calibration (MAE = 51.83 kg ha−1 and
MRE = 0.41%). On average, considering all harvests and
localities analyzed, there was an MAE = 127.25 kg ha−1

and MRE = 1.07% between the real and estimated yields
(Table 4) in relation to MRE = 0.60% verified in calibra-
tion. In the literature, the average MAE values found were
110 kg ha−1 for maize in India (Abendipour et al. 2012)
and ranging from 108 to 419 kg ha−1 in Nigeria (Akumaga
et al. 2017).

Validation analyses performed in Castro (R2 = 1.0),
Ponta Grossa (R2 = 0.99) and Socavão (R2 = 0.99) cities
had a coefficient of determination close to the unit,
between observed and simulated productivities (Fig. 4).
The results indicate consistency in the calibrated para-
meters used on validation analyses, resulting in reliable
data to simulate maize yield in the region. Regression ana-
lyses involving all localities also obtained excellent results
(R2 = 0.98).

The “d” indexes obtained in the analyses also had
results similar to those verified for coefficients of determi-
nation (R2), with values very close to the unit (perfect
agreement) in all analyses. The results are promising,
since the yields (simulated and observed) presented great
association and close to the 1:1 line in dispersion diagram
(Fig. 4), indicating that the calibration of the AquaCrop
model for maize crop was very satisfactory in Campos
Gerais edaphoclimatic conditions, State of Paraná, Brazil.

The AquaCrop model obtained “excellent” perfor-
mance to estimate productivities in Castro (c = 1.0), Ponta
Grossa (c = 0.99) and Socavão (c = 0.92). The results of
all harvests analyzed together also resulted in “excellent”
performance (r = 0.98, d = 0.99 and c = 0.97). The “c”

Figure 4 - Linear regression analyses and respective coefficient of determination (R2), “d” and “c” indexes, obtained between observed and simulated
maize productivity in the AquaCrop model validation, in: a) Castro; b) Ponta Grossa; c) Socavão; and d) Castro, Ponta Grossa and Socavão together.
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index is a very strict penalty coefficient in model valida-
tion analyses, and even so the results obtained were very
favorable. Hsiao et al. (2009) also found good correlation
between observed and simulated yields, obtaining r = 0.99
for maize in California. On the other hand, Akumaga et al.
(2017) obtained index of agreement in validation lower
than the one found in the present study (d values ranging
from 0.63 to 0.88) for maize in Nigeria. Ngetich et al.
(2012) also obtained “d” = 0.99 for two locations eval-
uated in Kenya.

4. Conclusions
The calibration of AquaCrop model to estimate

maize productivity in Campos Gerais Region, Paraná
State, Brazil, resulted in small absolute errors (6 to
121 kg ha� 1).

The best performance of the AquaCrop model in
Ponta Grossa was due to the better adjustment of the
model parameters, associated with the higher average pre-
cipitation was observed in the localitie.

The worst performance observed in Socavão was
due to the low number of harvest available for the calibra-
tion process, which reflected in larger errors in the valida-
tion.

Good associations between yields observed in the
field and simulated in the model, in the validation process,
showed that the AquaCrop calibration for maize crop
under Campos Gerais edaphoclimatic conditions was very
satisfactory, presenting “excellent” performance in yield
estimates for all locations evaluated.

The AquaCrop model can be used to predict maize
yield with acceptable accuracy in the Campos Gerais
Region, Paraná State, Brazil, being an interesting and
inexpensive alternative tool in crop decision making for
the region, such as irrigation management and different
planting dates. The main caution that should be taken
when using AquaCrop is to adjust the model parameters
for the conditions in which the crop is inserted, since the
use of discrepant values may cause under or over yield
estimation.
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