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Study of dry matter
accumulation in maize hybrids
using nonlinear models

Abstract — The objective of this work was to study the growth curves of total
dry matter (TDM) accumulation of the P30F33 and GNZ2004 maize hybrids
using nonlinear models. The used models were: Brody, Gompertz, logistic,
Meloun I, Meloun II, Michaelis-Menten, modified Michaclis-Menten,
Mitscherlich, Richards, Schnute, von Bertalanffy, and Weibull. To estimate
the parameters, the least squares method and the Gauss-Newton convergence
algorithm were used. The adjusted coefficient of determination, the residual
standard deviation, and the Akaike information criterion were used as criteria
to evaluate the goodness of fit of the models. The Gauss-Newton method
did not converge for 8 out of the 12 models studied. The Gompertz, logistic,
von Bertalanffy, and Weibull models were considered appropriate for fitting
the dry matter accumulation of the evaluated maize hybrids. The estimated
TDM was 34,700 and 31,980 kg ha' for GNZ2004 and P30F33, respectively.
The maximum daily gain in TDM was 483 and 381 kg ha', respectively,
reached at 83 days after emergence, with TDM stabilization at 121 and 129
days after emergence. The logistic model is the best one to describe the TDM
accumulation of the GNZ2004 and P30F33 maize hybrids.

Index terms: Zea mays, modelling, plant growth, regression analysis.

Estudo do acumulo de matéria seca em hibridos
de milho por meio de modelos nao lineares

Resumo — O objetivo deste trabalho foi estudar as curvas de crescimento
de acumulo de matéria seca total (MST) dos hibridos de milho P30F33 e
GNZ2004, por meio de modelos ndo lineares. Os modelos utilizados foram:
Brody, Gompertz, logistico, Meloun I, Meloun II, Michaelis-Menten,
Michaelis-Menten modificado, Mitscherlich, Richards, Schnute, von
Bertalanffy e Weibull. Para estimar os pardmetros, foram utilizados o método
de minimos quadrados e o algoritmo de convergéncia de Gauss-Newton. O
coeficiente de determinagao ajustado, o desvio-padrao residual e o critério de
informagdo de Akaike foram utilizados como critérios para avaliar a qualidade
de ajuste dos modelos. O método de Gauss-Newton ndo convergiu para 8 dos
12 modelos estudados. Ja os modelos Gompertz, logistico, von Bertalanffy
e Weibull foram considerados adequados para ajustar o acimulo de matéria
seca dos hibridos de milho avaliados. A MST estimada foi 34.700 e 31.980
kg ha' para GNZ2004 ¢ P30F33, respectivamente. O ganho diario maximo
de MST foi 483 e 381 kg ha’', respectivamente, tendo sido atingido aos 83
dias apds emergéncia, com estabilizacdo da MST aos 121 e 129 dias apos
emergéncia. O modelo logistico ¢ o melhor para descrever a MST acumulada
dos hibridos de milho GNZ20004 e P30F33.

Termos para indexaciio: Zea mays, modelagem, crescimento de plantas,
analise de regressao.
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Introduction

Maize (Zea mays L.) is one of the most produced
grains worldwide (Duarte et al., 2021). In Brazil, it is
the second most produced (Milho, 2022), representing
a crop of great importance to agribusiness since it is
used as human and animal feed and as raw material
for industrial production (Souza et al., 2018). In this
scenario, it is essential to develop strategies to increase
grain yield by studying yield-related factors such as
the production, accumulation, and nutrient transport of
dry matter (Hou et al., 2020; Liu et al., 2020a, 2020b),
which is obtained after the plant’s moisture is removed
and contains fiber, protein, minerals, carbohydrates,
and nutrients (Embrapa Gado de Corte, 2016).

Several growth models have been used to analyze
crops in terms of development, nutrient accumulation,
dry matter production, and yield, assisting in their
management and improvement (Lacasa et al., 2021).
According to Fernandes et al. (2015), in studies of the
growth patterns of agricultural crops, linear models
are the most commonly used. However, Jane et al.
(2020) concluded that plant growth and associated
factors generally follow a sigmoidal curve, which is
in alignment with Vitti & Mira (2020), who found that
dry matter accumulation is well characterized by this
type of curve.

Therefore, due to their sigmoid functions,
nonlinear models may be more suitable for growth
evaluations, standing out for their parsimony and
practical interpretation of parameters, which facilitate
the understanding of the phenomenon under study
(Fernandes et al., 2017, 2019; Ribeiro et al., 2018).
In the literature, nonlinear growth curves have been
shown to provide biological information on plants,
such as growth rates and biomass accumulation
(Prado et al., 2013). In addition, some authors have
reported satisfactory results when using nonlinear
models to study dry matter accumulation (Lima et
al., 2019; Cunha et al., 2020). Woli et al. (2017) found
significant differences in dry matter accumulation
when comparing two popular hybrids of each of the
five era-decades from 1960 to 2000, showing how
these hybrids have changed morphologically over the
last 60 years (Elmore et al., 2019).

The objective of this work was to study the growth
curves of total dry matter (TDM) accumulation of the
P30F33 and GNZ2004 maize hybrids using nonlinear
models.
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Materials and Methods

The maize hybrids evaluated for TDM accumulation
were P30F33 and GNZ2004, with a high grain yield
and a high forage production, respectively, according
to the data of Borges (2006).

The experiment was conducted in a randomized
complete block design, with four replicates, in a
2x11 split-plot factorial arrangement, with the two
hybrids and 11 phenological stages, as plots and
sublots, respectively. The subplots consisted of four
rows of 5.0 m each spaced at 0.8 m, and the data were
collected from the two central rows. The total number
of experimental units was 88. More details on the
experimental area are found in Borges (2006).

For sample collection, plants in the 11 phenological
stages, based on the phenotypic aspects that reflect
the physiological processes that occur during plant
development (Vitti & Mira, 2020), were cut close to
the ground and transported to the laboratory as soon
as possible. Each whole plant was divided into stem,
leaves, straw, cobs, and grains, which were dried, at
70°C, until reaching a constant mass. To calculate
TDM, the dry matter of these five parts was summed
and expressed in kg ha''.

TDM accumulation data were described using
nonlinear models, whose equations are shown in
Table 1. Some models present an inflection point
represented by the B, parameter, others have a fixed
inflection point, while others do not, such as the
Brody and Michaelis-Menten models. Overall, the
B, parameter had no biological interpretation, being
considered an integration constant, but represented the
moment when half of the maximum accumulation was
reached by the Michaelis-Menten model.

The model parameters were estimated by the least
squares method. In case of a non-explicit solution
of normal equations, the iterative process was used
(Fernandes et al., 2017), specifically that of Gauss-
Newton. The initial values adopted in the execution of
the iterative process were chosen based on exploratory
data analysis.

After fitting the models, the assumptions of
normality of the residuals, homoscedasticity, and the
independence of residuals were checked using the tests
of Shapiro-Wilk, Breusch-Pagan, and Durbin-Watson,
respectively, at 5% probability.

The criteriaused to determine the best model were the
adjusted coefficient of determination (R?,4), the residual
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standard deviation (RSD), and the Akaike information
criterion (AIC) according to the following equations:

R:, :1_{(1—R2)(n—i)}
: (n-p)

RSD =+vMSE

AIC = -2InL(6)+2p

Table 1. Nonlinear equation adjusted to the total dry matter
accumulation data of the GNZ2004 and P30F33 maize
(Zea mays) hybrids.

Model Equation”
Brody y. =B, (1 —B,e ) ) e,
(,eBz(Bz Xi))
Gompertz y, = Ble e,
_ By
Logistic Yy, = m +&;
Melon I —B —B.elP™)
elon y; _Bl Bze +e
Melon II y, = [31 _ e(*ﬁz*ﬁ;?ﬁ) +e,
Ba Bs
+ P, X.
Michaelis-Menten y. = M +e
1 B Bs +X Ba 1
3 i
B,x,
Modified Michaelis-Menten L= Lt s B g
X; +B,
Mitscherich y, =B, (1 — eBsPa=Px)) ) +E,
Richards i 1 i
(1 + e(ﬁz*ﬁzxi) )B4
Schnut i 1 i
(1 +B, el )m
l _ eBs(Bz —X,) 3
von Bertalanffy y, =B, —3 +¢g
: ,eﬁsx‘ﬁA
Weibull y, = Bl _ Bze( ) +e,

(OThe variables used in the equations were: y;, the i-th observed value of dry
matter content (kg ha'); B;, the asymptotic value or maximum dry matter
content of maize, i.e., dry matter maximum weight; B, the point when the
dry matter accumulation growth curve reaches maximum acceleration; x;,
the day after emergence; and &;, the random error associated with the i-th
observation, assumed to have a normal distribution, constant variance,
and to be independent, i.e., & ~ N(0, 6?).

where R? is the square root of the correlation between
the predicted and the observed values; p is the number
of parameters of the model; i is equal to 1 or 0,
representing the presence or absence of an intercept
of the regression curve, respectively; MSE is the mean
square of the residuals; and InL(8) is the natural log
of the likelihood function of the estimated parameters.

The best model was considered the one with the
lowest RSD and AIC values and the highest R

The statistical analysis was carried using the
following packages of the R software, version 4.0.5 (R
Core Team, 2021): car, version 3.1-1; Imtest, version
0.9-39; nlme, version 3.1-152; nls, version 2.0-0; qpcR,
version 1.4-1; and rsq, version 2.5.

Results and Discussion

Twelve models were adjusted to the TDM
accumulation data of the two maize hybrids, totaling
24 equations. The Gauss-Newton method did not
converge for the Brody, Meloun I, Meloun I, Michaelis-
Menten, modified Michaelis-Menten, Mitscherlich,
Richards, and Schnute models. The Gompertz, logistic,
von Bertalanffy, and Weibull models were checked
for assumptions, meeting those of the normality of
residuals, homoscedasticity, and the independence of
residuals (p>0.05) (Table 2). Therefore, for these four
models, the obtained parameter estimates were reliable
(Table 3), meaning that the inferences made from them
were valid.

The B, estimates of the von Bertalanffy model
resulted in the highest maximum TDM accumulation
of the GNZ2004 and P30F33 hybrids. In addition, the
B estimates of the Gompertz, logistic, von Bertalanffy,

Table 2. P-values of the Shapiro-Wilk, Durbin-Watson, and
Breusch-Pagan tests used to check the assumptions of the
fitted nonlinear models for total dry matter accumulation of
the GNZ2004 and P30F33 maize (Zea mays) hybrids.

Hybrid Model Shapiro-  Durbin- Breusch-
Wilk Watson Pagan
Gompertz 0.728 0.764 0.642
GNZ2004 logistic 0.192 0.760 0.685
von Bertalanffy 0.817 0.456 0.400
Weibull 0.178 0.644 0.588
Gompertz 0.825 0.398 0.123
P30F33 logistic 0.665 0.298 0.133
von Bertalanffy 0.438 0.580 0.128
Weibull 0.803 0.576 0.283
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and Weibull models were significantly higher than
those reported in the literature for other maize hybrids,
overestimating the maximum TDM accumulation.
Azevedo et al. (2020), Klein et al. (2018), Menezes
et al. (2018), and Silva et al. (2018), for example,
found lower values of 13,840, 16,421.60, 19,666.56,
and 27,095 kg ha! TDM accumulation, respectively.
This difference could be attributed to the fact that
the hybrids studied here are early and have a shorter
height, which allow of a greater number of plants per
hectare, increasing their dry matter (Borges, 2006).
Vitti & Mira (2020) added that closer planting rows
increase TDM accumulation because of a better use of
light and of water and nutrients, as well as of a better
distribution of the plants in the area.

However, caution is necessary when using TDM
data as a function of days after emergence (DAE)
since the time of occurrence of physiological events in
plants may vary among different hybrids, mainly due
to genetic and environmental factors.

The results of the R%y, RSD, and AIC of the
Gompertz, logistic, von Bertalanffy, and Weibull
models, which showed a good fit, are presented in Table
3. The logistic model was considered the best one due
to its lower values of RSD and AIC and higher values
of R?,4. According to Soares et al. (2014), the logistic
model adequately described the growth curve of TDM
accumulation of the CSVW80007 and CSVW80147
maize hybrids, whereas the exponential model better
represented their growth cycle, which was shorter than
that of hybrids CSVW82028 and CSVWS82158. In the
literature, the logistic model was indicated as the most
appropriate for describing the development of other
crops such as coffee (Coffea arabica L.) by Fernandes
et al. (2017), sugarcane (Saccharum officinarum L.) by
Jane et al. (2020), green dwarf coconut (Cocos nucifera
L.) by Silva et al. (2021), and garlic (4/lium sativum L.)
by Macedo et al. (2017).

The graphs of the Gompertz, logistic, von
Bertalanffy, and Weibull models are presented in the

Table 3. Parameter estimates and respective results of the coefficient of determination (R%), residual standard deviation
(RSD), and the Akaike information criterion (AIC) of the fitted nonlinear models for dry matter accumulation of the P30F33

and GNZ2004 maize (Zea mays) hybrids.

Hybrid Model Parameter Estimate R2 RSD AIC
B 39,800
Gompertz B, 76.08 0.975 1,710.343 202.041
Bs 0.03
B 34,700
Logistic B, 82.84 0.980 1,487.181 198.874
Bs 0.06
GNZ2004 B 45,340
von Bertalanffy B> 72.74 0.969 1,874.035 204.060
Bs 0.02
By 33,570
Weibull B, 32,510 0.979 1,531.394 201.515
Bs 15.88
B4 3.51
B 38,260
Gompertz B, 77.35 0.979 1,332.624 196.462
Bs 0.02
B 31,980
Logistic B, 83.28 0.981 1,250.035 195.064
Bs 0.05
P30F33 B 44910
von Bertalanffy B, 74.75 0.976 1,279.040 197.761
Bs 0.02
B 31,890
. B 31,230 0.980 1,413.013 197.761
Weibull
Bs 12.70
Ba 2.79
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Figure 1. Graphs showing the growth curves of the Gompertz, logistic, von Bertalanffy, and Weibull models obtained for
total dry matter accumulation considering days after emergence (DAE) and the respective phenological stages (PS) of the
P30F33 and GNZ2004 maize (Zea mays) hybrids. The inflexion point (IP) and asymptotic deceleration point (ADP) were
also estimated for the logistic model.
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Figure 1, showing the sigmoidal shape of the TDM
accumulation of GNZ2004 and P30F33.

The absolute growth rate (AGR) was also determined
for the logistic model through the first derivative of the
model function. AGR allows of analyzing the average
growth in kg ha' of TDM, showing when TDM
reaches the maximum gain, i.e., the inflection point,
considered the moment of deceleration in dry matter
gain (Silva et al., 2021). The maximum daily TDM gain
of the GNZ2004 and P30F33 hybrids was 483 and 381
kg ha’', respectively, achieved at 83 DAE. In another
study, Martins et al. (2016) observed that, for hybrid
DKB390 PRO 2, daily dry matter gain increased up to
84 DAE, reaching 227 kg ha™'. For the BR106 hybrid,
Carvalho et al. (2014) found that the average daily dry
matter accumulation rate increased until 89 DAE.

For the logistic model, the asymptotic deceleration
point (ADP), defined as the day when mass
gain stabilizes and can be considered minimal,
can be estimated using the following equation:
ADP = (B;%B,x2.2924)/8; (Silva et al., 2021). For
the GNZ2004 and P30F33 hybrids, ADP occurred
at 121 and 129 DAE, respectively. Furthermore, the
accumulation of dry matter was practically null.
Studying hybrid DKB390 PRO 2, Martins et al. (2016)
reported that daily dry matter gain became zero
at 112 DAE because the plant slowed its dry matter
accumulation as a result of the senescence process.
For hybrid BR106, Carvalho et al. (2014) found a
dry matter gain up to 122 DAE. Fiorini et al. (2017)
concluded that hybrid DKB390 increased its dry
matter accumulation until 95 DAE, when it reached
physiological maturity, a phenomenon attributed to the
constant accumulation of photoassimilates throughout
the crop cycle. The highest dry matter production was
observed at the maturity stage due to the increase
in dry matter after flowering (Duarte et al., 2003).
Considering these findings, it can be inferred that the
hybrids evaluated in the present study took longer to
stabilize total dry matter.

Conclusions

1. The Gompertz, logistic, von Bertalanffy, and
Weibull models are suitable to describe the total dry
matter (TDM) accumulation of the GNZ2004 and
P30F33 maize (Zea mays) hybrids.

2. The logistic model is the best one to describe the
TDM of the studied hybrids.

Pesq. agropec. bras., Brasilia, v.58, ¢03077, 2023
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3. Both hybrids reach the inflection point
approximately on the same day, but TDM daily gain is
greater in GNZ2004.

4. Hybrid GNZ2004 stabilizes its TDM gain about a
week before P30F33.
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