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Estimated dry biomass for summer crops
in the subtropical zone in Southern Brazil

Biomasa seca estimada para cultivos de verano
en la zona subtropical del sur de Brasil
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ABSTRACT

The objective of this study was to calibrate and validate models to estimate dry biomass of maize and soybean crops in the Campos
Gerais region, located in the subtropical zone in southern Brazil, with incident solar radiation (Rs), growing degree days (GDD),
days after planting (DAP) and precipitation (P) as variables. The experiments were carried out in the 2006/2007 and 2007/2008
harvests in Castro and Ponta Grossa cities, in four phenological stages, to obtain dry biomass. The climate data came from the ABC
Foundation agrometeorological stations, installed close to the experimental areas. The parameters adjustment was performed by the
Least Squares Method and using a spreadsheet Solver. The soybean harvests with the highest DAP, Rs, and P until physiological
maturation were not the ones that obtained the highest final dry biomass productivity, except for the GDD variable. As sowing was
performed later, the soybean crop cycle decreased. With the exception of the models’ performance for the precipitation variable
(between “Terrible” and “Excellent”) for soybean and maize crops, the other variables presented promising performances between
“Bad” and “Excellent”, with a predominance of “Excellent”.
Keywords: agricultural production, growth models, performance.

RESUMEN

El objetivo de este estudio fue calibrary validar modelos para estimar la biomasa seca de cultivos de maiz y soja en la region de
Campos Gerais, ubicada en la zona subtropical del sur de Brasil, con las variables radiacion solar incidente (Rs), grados dias
como acumulado (GDA), dias después de la siembra (DAP) y precipitacion (P). Los experimentos se realizaron en las cosechas
2006/2007 y 2007/2008, en los municipios de Castro y Ponta Grossa, en cuatro etapas fenoldgicas, para obtener biomasa seca.
Los datos climdticos son de las estaciones agrometeorologicas de la Fundacion ABC, instaladas cerca de las dreas experimentales.
Los pardmetros se ajustaron mediante el método de minimos cuadrados y la herramienta Solver de una hoja electronica de cdlculo
electronica. Los cultivos de soja que presentaron mayor DAP, Rs 'y P hasta alcanzar la etapa de maduracion fisiologica no fueron
los que obtuvieron mayor productividad final de biomasa seca, a excepcion de la variable GDA. Como la siembra se llevo a cabo
tardiamente, el ciclo de la soja disminuyo. Con excepcion del desemperio de los modelos de precipitacion (entre “Terrible” y
“Excelente”) para soja y maiz, las otras variables mostraron comportamientos prometedores entre “Malo” y “Excelente”, con
predominio de “Excelente”.
Palabras clave: produccion agricola, modelos de crecimiento, desempeiio.

Introduction grain production in the summer, mainly maize
and soybean crops.
The dry biomass of crops is an important source Maize and soybean crops produce large

of renewable energy, mainly thermal and electrical. ~ amounts of residual biomass, which can be used
The Campos Gerais region, in Parand State, stands ~ both for a no-tillage system and energy production
out for its high agricultural production, such as  through direct straw combustion (Xu et al., 2020).
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Even though there are doubts about removing
soil cover for energy generation (Moebius-Clune
et al., 2008), the partial removal of biomass has
irrelevant effects concerning the maintenance
of organic matter content and soil conservation.

The maximum crop potential productive is
reached if some factors follow the crop requirements.
In addition to the nutrients and pests management,
aspects such as temperature, precipitation, and solar
radiation, must meet the crop requirements. Incident
solar radiation (Rs) is the main energy source of in
the environment, fundamental for the photosynthesis
and plant development, and is vital in several areas
(Chukwujindu, 2017). Understanding the relationships
between solar radiation, temperature, and water
in the soil are essential to obtain great quality and
crop productivity (Palencia et al., 2013).

Agricultural planning is the best option to
achieve the genetic potential of crops for maximum
biomass production. The use of mathematical models
and functions is an excellent alternative to estimate
plant production, enabling the assessment of plant
growth dynamics and final plant growth. Therefore,
it is essential to study agricultural systems using
models and data that characterize how a given
system behaves in specific circumstances. The
models allow the use of computational tools that
help to identify the best options and the associated
risks (Jones et al., 2017).

Given the context presented, the objective of this
study was to calibrate and validate recommended
models to estimate dry biomass of maize and soybean
crops in the Campos Gerais region, located in the
subtropical zone in southern Brazil, with incident
solar radiation (Rs), growing degree days (GDD),
days after planting (DAP) and precipitation (P) as
variables.

Material and Methods

The study area is located in the Campos Gerais
region, Parand State, in two localities: i) Ponta
Grossa, with an Oxisol, sandy clay texture, gently
undulating relief and humid subtropical climate
(Cfb); and ii) Castro, with an Oxisol, clay texture,
9.6% slope and humid subtropical climate (Cfb)
(Alvares et al., 2013). Ponta Grossa and Castro
have an average temperature of 17.5 °C and 16.9 °C
and precipitation of 1495 mm year-! and 1553 mm
year~!, respectively.

The dry biomass and climatic data for soybean
and maize crops were provided from experiments
carried out in experimental stations from ABC
Foundation Agricultural Research and Development,
at 2006/2007 and 2007/2008 harvests. For each
crop, four experimental areas were installed.

The cultivars used, sowing dates, and locations
of each harvest are shown in Table 1. In the
experimental areas, four samples of whole plants
were collected for aerial biomass determination in
the following phenological growth stages: four fully
expanded leaf (V4), eight fully expanded leaf (V8),
full flowering (FF), and physiological maturity (PM).
For all crops, plants were collected approximately
0.01 m from the soil surface.

At the last stage, the plants were collected
and divided into grains and aerial biomass. After
separation, the plants were weighed in the field to
quantify the fresh biomass. All the collected and
weighed material was sent to the laboratory for
drying in an oven at 70 °C until constant weight,
for dry biomass quantification, for the first two
phenological stages (V4 and V8). For the final two
stages (FF and PM), due to the volume of material
collected, a sample of whole plants weighed fresh

Table 1. Cultivars, localitie, harvest and sowing date of maize
and soybean crops, in Campos Gerais, Southern Brazil.

Crop Cultivar Localitie Harvest Sowing date
P 30F53 Castro 2006/2007 September 28, 2006
Maize P 30F53 Castro 2007/2008a October 4, 2007
P 30F53 Castro 2007/2008b October 10, 2007
P 30F53 Ponta Grossa 2007/2008 October 3, 2007
CD 206 Castro 2006/2007 November 15, 2006
Sovbean CD 206 Ponta Grossa 2006/2007 November 27, 2006
Y CD 206 Castro 2007/2008 November 7, 2007
CD 206 Ponta Grossa 2007/2008 October 17, 2007
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was separated and sent to the laboratory for drying.
The dry biomass per hectare was calculated with
the collection area’s total fresh biomass data and
the sample moisture values.

The parameters of Streibig (1988), Gompertz
and Philos (1825), Ratkowsky (1983), Brody (1945),
Bertalanffy (1957), and Garcia y Garcia (2002)
models were adjusted by the Least Squares Method
and using a spreadsheet Solver. The calibration
was performed with three harvests from different
locations and years. Subsequently, each model was
validated with harvests not used in the calibration.
The models consider the input variables: days after
planting (DAP), accumulated growing degree days
(GDD), accumulated incident solar radiation (Rs),
and accumulated precipitation (P).

Non-linear logistic model, proposed by Streibig

(1988):
y(X) =7
1+(Xi) M
C

Non-linear model, proposed by Gompertz and
Philos (1825):

y(x;)= a-exp[—b-exp(—c-xi)] )

Non-linear model, proposed by Ratkowsky
(1983):
a

ARG

©)

Non-linear model, proposed by Brody (1945).

y(xi)=a-[1-b-e] @

Non-linear model, proposed by Bertalanffy
(1957):

y(x)=a-[1-b-e ] )

Sigmoidal model, proposed by Garcia y Garcia
(2002):

y(xi)=a-{%-[sen(3'7“+n-%)+1”b 6)

Where: y(x;) — total dry biomass as a function
of variable x (kg ha-!); x; —an independent variable

value, evaluated at each i-days after planting (DAP;
day), accumulated degree days until each i-day
(GDDy; °C), incident solar radiation accumulated until
the each i-day (Rs;; MJ m~2 day~!) and accumulated
precipitation up to each i-day (P;; mm day-!); “a,”
“b” and “c” — parameters of the equation (a: kg ha!;
b: dimensionless; c¢: Eq. (1) and Eq. (6) have the
same unit as the independent variable, and Eq. (2)
to Eq. (5) have the inverse of the same unit as the
independent variable).

The accumulated degree days were calculated
with the sum of:

DD, @

i=

ADD, =

Where: ADD; — accumulated degree days at
each i-day (°C); DD; — degree days at each i-day.

The degree days were calculated using the
method proposed by Arnold (1959), which considers
only the lower basal temperature (T,,.,) when
calculating the degree-days:

(Tmax+Tmin)
DD, =\ T i)

- Tbasal ®

Where: DD; — degree days at each i-day (°C);
Tmax; — maximum temperature recorded at each
i-day (°C); Tmin; — minimum temperature recorded
at each i-day (°C); T, ., — lower basal temperature
of the crop (°C).

The minimum temperatures required for the
development of maize and soybean crops were
considered to be 10 °C (Sanchez et al., 2014) and
13 °C (INMET, 2009), respectively.

The associations between observed (in the
field; kg ha-1) and estimated (with models; kg ha-1)
biomass values were verified in simple linear
regression analyzes. For comparison, absolute
(AE) and relative (RE) errors, Pearson correlation
coefficient (r), indexes of agreement “d” and
performance “c” were calculated (Souza, 2018). The
“c” index values (c =r . d) indicate the following
performance of the tested model: “Excellent” (“c”
> 0,85); “Very good” (0,76 < “c” < 0,85); “Good”
(0,66 < “c” <£0,75); “Medium” (0,61 < “c” < 0,65);
“Tolerable” (0,51 < “c” < 0,60); “Bad” (0,41 < “c”
<0,50); and, “Terrible” (“c” < 0,40).

Results and Discussion

For soybean crops, the harvest that had the
most porlonged period of days after planting,
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incident solar radiation, and precipitation to reach
the physiological maturation stage were not the
ones that obtained the highest final dry biomass
productivity (Table 2). The same did not occur with
the accumulated degree days (GDA).

At the V4 phenological stage, the highest
biomass productivity occurred in the “Ponta Grossa
2006/2007” harvest for soybean, and the harvest
presented: fewer days after planting to change the
stage (29 days); lower accumulated incident solar
radiation (608.40 MJ m~2 day-!); less accumulated
precipitation (96.20 mm); and, the second-lowest
accumulated degree days (292.75 °C). At the V8
soybean stage, there were the same characteristics
observed at the V4. Except for the accumulated
degree days (GDD), the exact characteristics of
the variables were observed in the full flowering
stage (FF), in which the “Ponta Grossa 2006/2007”
harvest showed the lowest variable value. At this
same stage and harvest, the value of dry biomass
was the second-lowest concerning other crops.
In the physiological maturation stage (PM), the
highest values of all variables observed in the
soybean harvest (Ponta Grossa 2007/2008) occurred
and, consequently, the highest productivity of dry
biomass. In the “Ponta Grossa 2006/2007” soybean
harvest, the second-highest dry biomass yield was
obtained, and the physiological maturation stage
(PM) occurred in a shorter period. The same stage
and harvest showed the second-highest value of
accumulated degree days (1294.30 °C) between
harvests.

Except for “Castro 2007/2008” harvest,
the accumulated degree days (GDD) to reach
physiological maturation were higher than those
found in the literature. Wazilewski et al. (2011)
observed 1130 °C of accumulated degree days to
reach the physiological maturation stage in a research
carried out with soybeans in Cascavel city, Parana
State. Souza et al. (2010) observed a complete
phenological cycle with 1200 °C of accumulated
degree days evaluating an early soybean cultivar
in northeastern Para State.

At the V8 stage (Table 2) in the “Castro
2006/2007 and 2007/2008” soybean harvests,
the days after planting were the same, and the
accumulated incident solar radiation in the period
was similar. However, the accumulated degree days
were higher in the “Castro 2006/2007"” harvest than
the precipitation, which was higher in the “Castro
2007/2008” harvest. The “Castro 2006/2007”

considering the dry biomass productivity at the
V8 stage harvest presented 311.27 kg ha-! more
than the “Castro 2007/2008” harvest (Table 2).
The result indicated that higher temperatures in
certain phenological stages are more influential in
the plants’ biomass accumulation than the incident
solar radiation.

The “Castro 2007/2008a” and “Ponta Grossa
2007/2008” maize harvests were the ones that
had the longest time to reach physiological
maturation, being 174 and 175 days after planting,
respectively. Even with a difference of only one
day, it was observed that the accumulated degree
days, accumulated incident solar radiation, and
accumulated precipitation were relatively higher in
the “Ponta Grossa 2007/2008” harvest. The final
dry biomass yield between harvests was also higher,
with both surpassing the others (Table 2). At the
full flowering stage, the “Castro 2007/2008b”” and
“Ponta Grossa 2007/2008” harvests presented the
same days after planting (85 days). However, in the
“Ponta Grossa 2007/2008” harvest, there was an
increase of 78.6 °C of accumulated degree days,
accumulated incident solar radiation of 169.6 MJ
m~2day!, and a precipitation decrease of 88.7 mm
compared to “Castro 2007/2008b” harvest. The
“Castro 2007/2008b” harvest presented a reduction
of 1164.74 kg ha-! in biomass productivity concerning
the “Ponta Grossa 2007/2008 harvest, showing the
influence of variables on dry biomass productivity.

Even adjusted, the “a” parameters values were
similar to dry biomass yield in the final stage of
each crop season (Table 3). Each model parameters
values were close between harvests, except for
“a” parameter in the Brody model. The results
obtained are consistent since most of the studied
functions are exponential models, in which the “a”
parameter represents the maximum value obtained
by variable (mass, size, volume, among others) in
the considered cycle.

For some variables, the “b” parameter values
were close in all soybean crops (Table 3). In the
Streibig model, “b” parameters varied between
—6.32 and —4.79 for days after planting (DAP),
accumulated degree days (GDD), and accumulated
incident solar radiation (Rs). For the accumulated
precipitation (P), there was a higher variation of “b”
(-9.06 to —3.50). The same occurred in Gompertz
and Philos, Brody, Bertalanffy, and Garcia y Garcia
models, in which the accumulated precipitation
(P) in the “Castro 2007/2008” soybean harvest
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Table 2. Real dry biomass, days after planting, degree days after planting and accumulated
incident solar radiation and precipitation at the end of each soybean and maize
crops phenological stage, for different harvests, in Campos Gerais, Southern Brazil.
Phenological stage
Variable Harvest
V4 A% FF PM
Soybean
C-2006/2007M 382.69 1432.33 3897.71 7959.83
. _ P-2006/2007® 930.13 1642.96 4805.79 8661.25
Real dry biomass (kg ha-!)
C-2007/2008M 347.21 1121.06 5410.13 7366.71
P-2007/2008 373.31 715.44 6172.17 12771.25
C-2006/2007M 37.00 51.00 68.00 134.00
D fter plantine (d P-2006/2007® 29.00 43.00 56.00 127.00
ays after planting (day) C-20072008 3600  51.00 82.00 149.00
P-2007/2008 41.00 56.00 85.00 161.00
C-2006/2007M 337.95 468.05 618.80 1225.20
Degree days after planting (°C) P-2006/2007® 292.75 431.50 563.00 1294.30
gree Gays afier planting C-20072008) 26635 37475 60775 110430
P-2007/2008 330.05 473.35 735.45 1358.85
C-2006/2007M 790.90 1056.00 1419.50 2765.90
. 2
Accumulated incident solar radiation (MJ m~2 day-!) P-2006/2007 608.40 881.10 1174.30 261340
C-2007/2008M 722.30 1059.40 1610.40 2717.00
P-2007/2008® 812.50 1141.30 1830.90 3262.30
C-2006/2007M 163.00 246.30 345.10 627.80
Accumulated precipitation (mm) P-2006/2007® 96.20 131.80 201.20 490.80
C-2007/2008M 280.10 328.00 441.40 668.70
P-2007/2008? 160.40 263.40 428.60 735.20
Maize
C-2006/2007M 534.40 1019.79 4860.52 3072.22
. C-2007/2008a)) 11092 4332.07 9917.79 17629.99
Real dry biomass (kg ha-1)
C-2007/2008b(1) 279.02  3423.98 9034.99 14259.64
P-2007/2008? 1176.99  3307.44 10199.73  20677.49
C-2006/2007M 39.00 68.00 85.00 146.00
. 1
Days after planting (day) C-2007/2008a) 46.00 77.00 97.00 174.00
C-2007/2008b™ 35.00 64.00 85.00 160.00
P-2007/2008@ 48.00 61.00 85.00 175.00
C-2006/2007M 374.10 671.95 878.75 1612.40
. 1
Degree days after planting (°C) C-2007/2008a) 481.75 801.55 1028.85 1834.95
C-2007/2008b™H) 377.55 674.80 899.70 1696.05
P-2007/2008? 549.80 698.80 978.30 2011.25
C-2006/2007M 708.60 1343.80 1697.70 2946.60
. 1
Accumulated incident solar radiation (MJ m~2 day~!) C-2007/2008a 740.70 1437.20 1848.50 314050
C-2007/2008b™1 535.70 1142.10 1588.70 2949.50
P-2007/2008® 886.60 1242.20 1758.30 3515.20
C-2006/2007M 124.40 263.40 289.40 663.00
Accumulated precipitation (mm) C-2007/2008a) 172.10 388.20 473.90 749.50
C-2007/2008b(1 163.80 361.20 467.90 707.50
P-2007/2008® 184.80 185.60 379.20 760.40

() Harvests in Castro; @ Harvests in Ponta Grossa.
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Table 3. Averages of the calibrated parameters in the harvests: “Castro 2006/2007”, “Castro 2007/2008a” and

“Ponta Grossa 2007/2008, for six models to estimate dry biomass productivity at the end of each soybean

and maize crops stage, Campos Gerais region, with the input variables: days after planting (DAP); accumulated

degree days (GDD); accumulated incident solar radiation (Rs); and, accumulated precipitation (P).

Model Parameter() DAP-(days) GDD-(°C) Rs (MJ m~2 day-!) P (mm)
Soybean
a 10028.1 10054.3 10178 10494.8
Streibig b -5.50 542 -5.08 432
c 70.25 644.21 1494.96 335.23
r 1.0 1.0 1.0 1.0
a 10025.7 10058.1 10178.3 10410.2
. b 25.07 23.54 19.77 14.61
Gompertz & Philos c 0.05 0.01 0.00 0.01
r 1.0 1.0 1.0 1.0
a 9815.93 9818.6 9830.7 9873.1
b 1141.59 908.51 662.19 442,67
Ratkowsky c 0.10 0.01 0.00 0.02
r 1.0 1.0 1.0 1.0
a 16785.6 20935.6 25726.8 136053
b 1.40 137 1.38 1.23
Brody c 0.01 0.00 0.00 0.00
r 0.99 0.99 0.99 0.99
a 10220.9 10290.1 10562.1 10650.9
Bertalanffy b 4.63 447 2.64 478
c 0.05 0.00 0.00 0.01
r 1.0 1.0 1.0 0.99
a 14049.4 13690.9 12563 114023
Garcia y Garcia b 2.56 252 238 2.04
c 114.39 1052.26 2398.15 533.64
r 1.0 1.0 1.0 1.0
Maize
a 14471.6 14535.5 14781.4 15885.9
. b 228.16 ~18.39 21.15 —48.44
Streibig c 83.13 893.54 1661.94 388.98
r 0.98 0.98 0.98 0.96
a 14375.4 14436.9 14630.7 14161.4
. b 53.01 49.47 47.46 253.64
Gompertz & Philos c 0.05 0.00 0.00 0.02
r 0.95 0.96 0.95 0.93
a 14116.8 14074.9 14110.3 14134
Ratkowsky b 460.54 364.37 281.11 581.25
c 0.18 0.01 0.00 0.02
r 0.92 0.95 0.95 0.93
a 20525.4 20563.2 33797.6 235938
Brody b 22 2.06 176 1.88
c 0.02 0.00 0.00 0.00
r 0.93 0.93 0.93 091
a 14639.7 14717.9 15121.3 15190
Bertalanfry b 8.43 6.77 5.64 3.97
c 0.05 0.00 0.00 0.01
r 0.95 0.95 0.95 0.92
a 20379.2 19811.2 18640.4 26669.1
Gareta v Garci b 3.60 3.06 3.33 3.52
arcia y Larcla c 134.22 1474.64 2661.9 577.58
r 1.0 1.0 1.0 0.96

(1) Parameters of the equation — “a”: kg ha-!; “b”: dimensionless;

[TX N

0,

C

Streibig and Garcfa y Garcia models have the same unit

as the independent variable, and the others models have the inverse of the same unit as the independent variable. r — Pearson
correlation coefficient (dimensionless).
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showed higher values in the first collection stage.
The “b” parameter values are linked to the shape
of the model curves.

The “c” parameters of the Streibig and Garcia
y Garcia models changed between the variables but
were close between the soybean harvests (Table 3).
The scale of each variable influences the “c”
parameter.The Gompertz and Philos, Ratkowsky,
Brody, and Bertalanffy models resulted in very
minimal “c” parameters values, usually below 0.1.

The Pearson correlation coefficient showed
excellent results in all calibrated models, with
significant variation (Table 3). Silva et al. (2014)
tested Streibig model obtained excellent adjustments
(r 2 0.99) between dry weed biomass and the
accumulated degree days (GDD). Understanding
the production of dry biomass is essential to infer
about the physiological processes of plant growth.

The tested soybean cultivar has as characteristic
129 days of the average total cycle. The shortest
duration of the total cycle occurred in the “Ponta
Grossa 2006/2007” harvest (127 days). However, it
was the second among the four crops studied that
had the highest dry biomass values at the end of the
cycle. The result showed that the plants responded
to other factors that are not necessarily related to
the time that the crop remained in the field. As
observed in the four analyzed harvests, the soybean
crop cycle decreased as sowing was done later, as
reported by Dallacort et al. (2006) and Kumagai
and Takahashi (2020).

Several studies consider that logistic models
are the ones that best adjust to the growth and
dry matter accumulation by plants (Maia et al.,
2009). Many are used to evaluate plant growth and
development among the adjusted models, using time
as a variable. However, there is little information
in the literature about the use of models with the
variables as accumulated degree days (GDD),
accumulated incident solar radiation (Rs), and
accumulated precipitation (P).

The models’ adjustment with the accumulated
degree days (GDD) variable was adequate due to
the thermal requirement being achieved in all the
studied harvests. Grein et al. (2015) described for
soybean, with 14 °C of basal temperature, that the
phenological cycle is completed with 1075 °C GDD.
The “Castro 2007/2008” harvest had the lowest
accumulated degree days (GDD; 1104.30 °C),
showing that the total accumulation of temperature
in the cycle was not a limiting factor. However,

the temperature influenced the crop cycle in the
phenological stages.

As the rainfall variable is not well defined over
the crop cycle and the experiment was not irrigated,
the lack or excess of rain in a given season may be the
cause that most influenced the models’ adjustment.
During the cycle of all evaluated soybean harvests,
there was no water deficiency for long periods. The
maximum interval without precipitation was 10 days
in the “Castro 2006/2007” harvest; between 550
and 800 mm of water during the soybean cycle are
necessary to obtain appropriate yields (EMBRAPA,
2013). In Table 2, it was observed that the “Ponta
Grossa 2006/2007” harvest (490.80 mm) was the
only one with accumulated precipitation less than
the recommended during the crop cycle. The highest
accumulated precipitation occurred in the “Ponta
Grossa 2007/2008” harvest (735.2 mm). Under
irrigated conditions, Gomes et al. (2014) proposed
amodel able to predict soybean yield satisfactorily,
showing that crops without water deficit resulted in
less variability in productivity. Silva et al. (2018)
calibrating and validating models to estimate soybean
growth had limited productivity due to water stress.

The adjusted parameters for all models in the
“Castro 2006/2007” maize harvest differed from
the others (Table 3). The dry biomass between
the full flowering and physiological maturation
stages declined instead of increasing (Table 2). The
unidentified problem may have occurred due to
some variation or experimental error between the
dry matter collection and determination. Therefore,
significant adjustments for the “Castro 2006/2007”
harvest would not be possible since the tested models
consider that the plants’ dry biomass only tends to
increase and not to decrease.

As well as when adjusting the models’ parameters
for soybeans, the “a” parameters values of most models
were close to the final dry biomass of maize crop
(Table 3). In sigmoidal models, the “a” parameters
indicate the maximum point reached by the dependent
variable. In the Brody and Garcia y Garcia models,
there was a high variation between the lowest and
highest values. In the Brody model, the lowest and
highest values were 3365.5 and 657640.5 kg ha-1,
and in the Garcia y Garcia model, the lowest and
highest values were 10000.0 and 50000.0 kg ha-1,
respectively. In both models, the values occurred in
the accumulated precipitation variable. The result
indicated that high parameter variations make the
models less efficient since the productivity estimate
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tends to become inaccurate. If precipitation is not
well distributed throughout the crop cycle, long dry
days may occur, causing a reduction in productivity.
In addition, there was a requirement to condition
parameters for some models and variables, restricting
the maximum limits, since, in the unrestricted
calibration process, the “a” parameters values became
very high and inconsistent. The maximum limits
imposed as a restriction were values slightly higher
than the accumulated dry biomass in the final stage
of each maize harvest.

The “b” parameter of the Streibig model
remained the values close, except for the “Castro
2006/2007” maize harvest (Table 3). In the Gompertz
model, the same occurred, but the parameter varied
in the adjustment of the accumulated precipitation
variable, with the lowest value being 19.16 and
the highest 673.06. In the Ratkowsky model, the
“b” values were higher than the others, presenting
higher amplitude, with the lowest and highest value
being 100.0 and 1543.7, respectively. There was
also observed a restriction between the lowest and
highest value of “b.” However, the highest values
still stood out in the “Castro 2006/2007" harvest.

In the Streibig and Garcia y Garcia models, the
“c” parameters values changed between variables
but were close between harvests. The scale of each
variable is influenced by “c” values, and in the
models Gompertz and Philos, Ratkowsky, Brody
and Bertalanffy were very small, all below 0.1.

Campos et al. (2012) obtained a great fit
between the days after planting (DAP) variable and
total dry biomass accumulation in three types of
weed (r > 0.98). Except for the “Castro 2006/2007”
maize harvest, the Pearson correlation coefficient
obtained in the associations was narrow (Table 3).
The lowest value was observed with the Ratkowsky
model for maize crop, for the days after planting
variable (DAP; r = 0.62). The decay of dry biomass
in the final crop stage made it difficult to obtain
suitable adjustments.

The maize cultivars with an early growth cycle,
such as the one used in the present experiment,
have an average cycle between 120 and 130
days. The smallest cycle occurred in the “Castro
2006/2007” harvest (146 days; Table 2), according
to the technical characteristics of the cultivar. For
each maize phenological stage, caloric units are
required for their development. As a result, high
temperatures can accelerate the plant cycle due to
the daily accumulation degree (Maldaner et al.,

2014). The results of the models’ adjustment to the
daily accumulated degree (GDD) for maize crops,
were not satisfactory for the “Castro 2006/2007
harvest. For early cycle cultivars, it takes between
831 and 890 accumulated degree days to achieve
pollination. In Table 2, it was observed in the full
flowering stage that the lowest value of accumulated
degree days was 878.75 °C, not being a factor that
limited pollination.

The maize dry biomass production is directly
related to solar radiation, converting it into
chemical energy in photosynthesis. This process
has importance in the plant physiological processes.
In years with lower solar incidence and lower
temperatures, there is a reduction in crop productivity
(Maldaner et al., 2014).

For the maize crop to complete the cycle,
between 500 and 800 mm of rain are needed
(EMBRAPA, 2004). At the end of the crop cycle,
the accumulated precipitation values were within
this range (Table 2). During the cycle of all evaluated
maize harvest, there was no water deficiency for
extended time periods. The maximum interval
without precipitation occurrence was 9 days in the
“Castro 2006/2007” harvest.

The validation analysis was performed with
the ranges of the parameters’ values obtained in
the calibration for each model and variable.For this
purpose, harvests not used in the calibration process
were considered. Even with suitable adjustments in
the calibration, it was possible to verify that some
harvest showed high absolute and relative errors.
Table 4 shows the errors, coefficients, indexes, and
performance obtained with the tested models in the
associations between the observed and estimated
dry biomass for the four soybean and maize
phenological stages in the “Castro 2007/2008”
and “Castro 2007/2008b” harvests, respectively.

For soybean, except for the models’ performance
for precipitation variable (Table 4), which was
between “Terrible” and “Very good,” the other
variables showed promising performance between
“Good” and “Excellent,” with a predominance of
“Excellent.” In the individual adjustment, it was
observed in the Brody and Bertalanffy models that
the dry biomass values at the beginning of the crop
cycle were negative for all tested variables (Figure 1).
Therefore, the use of the Brody and Bertalanffy
models was restricted to an specific interval.

Among all the models and variables analyzed
for maize crop (Table 4), the Brody model obtained
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Table 4. Absolute (AE) and relative (RE) errors, Pearson correlation coefficient (r),
“d” and “c” indexes, and performance between the observed and estimated dry biomass with the analyzed
models, for soybean (Castro 2007/2008 harvest) and maize (2007/2008 harvests) crops phenological stages.

Pa Variable (kgAh]::r‘) RE (%) ( dimensrionless) “d” “c” Performance
Soybean crop (Castro 2007/2008 harvest)
Streibig 1142.6 24.6 1.00 0.95 0.95 “Excellent”
Gompertz and Philos 1170.8 252 1.00 0.95 0.95 “Excellent”
Ratkowsky DAP 1035.1 22.8 1.00 0.96 0.96 “Excellent”
Brody 2039.3 36.4 0.97 0.88 0.86 “Excellent”
Bertalanffy 1292.0 27.6 1.00 0.95 0.95 “Excellent”
Garcia y Garcia 907.3 20.4 0.96 0.95 091 “Excellent”
Streibig 1055.5 29.4 0.96 0.96 0.93 “Excellent”
Gompertz & Philos 1049.2 29.3 0.96 0.96 0.93 “Excellent”
Ratkowsky GDD 1236.2 353 0.94 0.95 0.89 “Excellent”
Brody 1619.0 35.0 0.97 0.91 0.88 “Excellent”
Bertalanffy 1193.3 34.4 0.97 0.96 0.93 “Excellent”
Garcia y Garcia 2049.7 449 0.91 0.85 0.78 “Very good”
Streibig 865.1 19.8 0.99 0.97 0.96 “Excellent”
Gompertz & Philos 1007.5 22.3 0.99 0.96 0.95 “Excellent”
Ratkowsky Rs 849.5 19.3 0.99 0.96 0.96 “Excellent”
Brody ) 3993.2 529 0.97 0.73 0.71 “Good”
Bertalanffy 1001.8 22.5 0.99 0.96 0.95 “Excellent”
Garcia y Garcia 1357.6 27.7 0.99 0.92 0.91 “Excellent”
Streibig 3024.0 459 0.99 0.78 0.77 “Very good”
Gompertz & Philos 3490.3 49.5 0.99 0.73 0.72 “Good”
Ratkowsky p 2863.5 44.6 0.99 0.81 0.78 “Very good”
Brody 59810.4 94.4 0.97 0.11 0.10 “Terrible”
Bertalanffy 4820.6 57.5 0.96 0.61 0.59 “Tolerable”
Garcia y Garcia 3025.5 459 0.88 0.73 0.64 “Medium”
Maize crop (Castro 2007/2008b harvest)

Streibig 1075.6 18.0 0.98 0.98 0.95 “Excellent”
Gompertz & Philos 839.3 14.2 0.99 0.99 0.98 “Excellent”
Ratkowsky DAP 5846.6 46.7 0.70 0.60 0.42 “Bad”
Brody 2933.7 38.4 0.97 0.94 0.92 “Excellent”
Bertalanffy 3025.1 80.8 0.97 0.90 0.87 “Excellent”
Garcia y Garcia 1511.9 27.9 0.97 0.97 0.94 “Excellent”
Streibig 1301.1 233 0.98 0.97 0.95 “Excellent”
Gompertz & Philos 857.5 14.6 0.99 0.99 0.98 “Excellent”
Ratkowsky GDD 776.0 12.8 0.99 0.99 0.98 “Excellent”
Brody 2802.0 33.8 0.97 0.95 0.92 “Excellent”
Bertalanffy 1270.7 23.0 1.00 0.98 0.98 “Excellent”
Garcfa y Garcia 1936.5 32.1 0.96 0.96 0.92 “Excellent”
Streibig 2285.5 48.4 0.93 0.93 0.87 “Excellent”
Gompertz & Philos 1551.8 29.9 0.97 0.96 0.93 “Excellent”
Ratkowsky Rs 1054.1 18.5 0.98 0.98 0.96 “Excellent”
Brody ) 7071.9 69.7 0.98 0.81 0.79 “Very good”
Bertalanffy 4732.3 228.5 0.95 0.80 0.76 “Very good”
Garcia y Garcia 2539.2 45.8 0.93 0.94 0.87 “Excellent”
Streibig 2937.8 36.5 0.92 0.91322 0.84 “Very good”
Gompertz & Philos 808.9 11.1 0.99 0.99016 0.98 “Excellent”
Ratkowsky P 996.1 13.0 0.98 0.98455 0.97 “Excellent”
Brody 123690.9 94.8 0.91 0.08558 0.08 “Terrible”
Bertalanffy 2793.3 29.7 0.89 0.89515 0.80 “Very good”
Garcfa y Garcia 4301.5 39.3 0.89 0.82104 0.73 “Good”
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Figure 1 - Dry biomass productivity (kg ha-1) for soybean (1) and maize (2), observed in the field (“Castro 2007/2008” soybean
harvest; “Castro 2007/2008b maize harvest) and estimated with six tested models, using the “a”, “b” and “c” average parameters,
obtained in the calibration process in the Campos Gerais region, Southern Brazil, for the input variables: a) Days after planting,
b) Accumulated degree days, ¢) Accumulated incident solar radiation, d) Accumulated precipitation.

a “Terrible” performance for the precipitation
variable, and the Ratkowsky model obtained a
“Bad” performance for the days after planting
variable. The other models performed between
“Good” and “Very good.” As occurred for
soybean crop, in the individual adjustment of the

models, it was also observed in the Brody and
Bertalanffy models that the dry biomass values
at the beginning of the crop cycle were negative
for all the variables analyzed (Figure 1). The use
of the Brody and Bertalanffy models should be
restricted to an specific interval.
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Conclusions

Except for the accumulated growing degree
days (GDD) variable, the soybean harvests that
had the highest days after planting (DAP), incident
solar radiation (Rs), and precipitation (P) to reach
the physiological maturation stage were not the
ones that obtained the highest final dry biomass
productivity. The soybean crop cycle decreased as
sowing was performed at later dates in Campos
Gerais. The association of dry biomass accumulation
of the crops and variables tested was satisfactory
in the calibration.

With the exception of the models’ performance
for precipitation variable (between “Terrible” and
“Excellent”) for soybean and maize, the other
variables showed promising performances between
“Bad” and “Excellent,” with a predominance of
“Excellent.”

The occurrence of negative values of estimated
dry biomass at the beginning of the harvests with
Brody and Bertalanffy models indicated a restriction
on their use. Even with suitable adjustments in the
calibration for soybean and maize, the validation
indicated high absolute and relative errors in the
harvests.
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