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a b s t r a c t
The objective of this paper was to adjust nonlinear regression models for the fruit production of two
vegetable species and to identify the plot size with the best explanatory power and model adjustment. The
logistic and von Bertalanffy models were used on variables of means fruit weight and means number of
fruits accumulated in multiple crops and with different plot sizes. The models presented similar estimates
for all parameters in all plot sizes, and they described the behavior of fruit production in Cucurbita pepo
and Capsicum annuum cultivated in plastic greenhouses. Plots of C. annuum consisting of seven plants and
plots of C. pepo consisting of four plants are recommended in order to provide results of a high enough
quality for model adjustment.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
There are certain characteristics associated with the cultivation
of vegetable crops that enable multiple harvests to be carried out
during the production cycle. The times that these harvests are carried out are usually deﬁned subjectively and vary according to the
species cultivated. Multiple harvests can be evaluated as repeated
measurements over time, as the same plants have their production measured during each new harvest. The terminology “repeated
measurements” is used for measurements observed for the same
variable in the same experimental unit on more than one occasion
(Diggle, 1988; Crowder and Hand, 1990).
Among the vegetable crop species that undergo multiple harvests, zucchini (Cucurbita pepo) and sweet pepper (Capsicum
annuum) have been cultivated and evaluated in a range of experiments. C. pepo stands out among other vegetable species as having
a high economic value and a large production in Brazil, and together
with C. annuum it is one of the crops that is most recommended for
cultivation in a protected environment, as a result of the high levels of productivity that can be achieved in these conditions—around
twice that obtained for normal ﬁeld cultivation.
One of the problems associated with repeated measurements
is the excess of variables with zero values. An interesting strategy to reduce this problem is to estimate ideal plot size so that
the majority of results have values higher than zero, subsequently
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reducing the variance. Researchers often solve this problem empirically using plot sizes that they ﬁnd practical, either relating to the
experimental area available or that they already have experience
using. Another strategy has been developed that includes accumulating the values for the variables measured in each plant. This
results in increases in the values observed for each plant, allowing regression analysis techniques to be applied to the estimated
values for each variable.
Of the regression models available, those classiﬁed as nonlinear
are useful for describing growth over time as they use biological interpretation parameters that make analyses easier. According
to Seber and Wild (1989), Smyth (2002), Bates and Watts (2007),
nonlinear models are generally adopted when it is suspected that
the relationship between the response variable and the predictors
follows a particular function. Draper and Smith (1981) conﬁrmed
that the type of nonlinear model adopted depends on the area of
research, the speciﬁc problem and the type of growth that needs
to be modeled. They also report that nonlinear growth models are
applied in a range of areas of knowledge, in describing the relationship between different variables.
The application of nonlinear growth models can be found in a
range of studies in the literature in various areas. In the agricultural sciences, the studies in this area evaluate the entire cycle of
a speciﬁed species or growth model according to the application
of different crop management techniques or comparison between
genotypes, as can be seen in Hernández et al. (2007), Barrera et al.
(2008), Tarara et al. (2009), Akpo et al. (2014) and Carson et al.
(2014). However, no studies have been published that describe
the nonlinear relationships between fruit production in vegetable
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Fig. 1. Box-plot of measured values per harvest for accumulated observed values for weight (a) and number (b) of fruits per each plant in uniformity trials of Capsicum
annuum (n = 700 plants per harvest) cultivated in the summer/autumn and winter/spring seasons.

species undergoing multiple harvesting progresses and the progression of the production cycle.
Therefore, the objective of this study was to adjust nonlinear
regression models in order to describe fruit production in two vegetable crop species undergoing multiple harvesting and identify the
plot size providing the best explanatory power and model adjustment.
2. Materials and methods
Data was taken from two uniformity trials without treatment of
C. annuum cv. Vidi during the summer/autumn and winter/spring
seasons of 2002, and two of C. pepo cv. Caserta, during the
autumn/winter and spring/summer seasons of 2001. The choices
of cultivars gave up because they are the most cultivated by farmers in southern Brazil and the multiple resistance characteristics
to disease, high vigor, precocity and high fruit production. These
were planted in greenhouses and the data was included in the
database at the Vegetable Experimentation Sector of the Department of Crop Science at the Federal University of Santa Maria, Brazil.
As the trials were conducted in greenhouses, it was possible to work
season in the preferred crop and non-crop preferred. The preferred
growing season for C. annuum is one where the temperatures are
between 19 and 21 ◦ C being not lower than 15 ◦ C and above 35 ◦ C

whereas for C. pepo optimal conditions for culture temperatures
are between 20 and 27◦ being not lower than 13 ◦ C and above 35 ◦ C
(Filgueira, 2003). These conditions are achieved in southern Brazil
in the winter–spring season to C. annuum and spring–summer for
C. pepo.
The C. annuum was cultivated in 10 rows containing 70 plants
each, while the C. pepo was cultivated in 8 rows containing 20
plants each. All cultural management was carried out following the
technical recommendations for each crop (Filgueira, 2003) and the
harvest time was characterized by the appearance of bluish coloration at the base of the fruit to C. annuum and for C. pepo, fruit
with an mean length about 16 cm with an mean cross-sectional
diameter of 8 cm. Five fruit harvests were carried out 65, 79, 95,
124 and 129 days after the transplant of the seedlings (DAT) in the
summer–autumn season and four harvests 47, 54, 61 and 68 DAT in
the winter–spring season for uniformity trials with C. annuum, and
12 harvests were carried out 35, 37, 40, 43, 47, 49, 54, 57, 59, 61,
66 and 68 DAT for the autumn–winter season and 30 harvests 29,
33, 35, 37, 39, 41, 43, 44, 47, 50, 53, 55, 57, 59, 60, 61, 62, 64, 66, 67,
68, 70, 73, 75, 76, 77, 80, 82, 83 and 85 DAT in the spring–summer
season for C. pepo.
For each harvest, variables of number and weight (in grams) of
the fruit harvested per plant were observed. Box-plot graphs were
drawn up for each of the harvests using the values measured per
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Fig. 2. Box-plot of measured values per harvest for accumulated observed values for weight (a) and number (b) of fruits per each plant in uniformity trials of Cucurbita pepo
(n = 160 plants per harvest) cultivated in the autumn/winter and spring/summer seasons.

harvest and accumulated per each plant, in order to identify the
variability of the database. Different plot sizes were then tested
using groups of plants along each row, in multiples of the total
number of plants per row, in order to make use of the whole experimental area. In this way, plots containing 1, 2, 4, 5 and 10 plants
were cultivated for uniformity trials of C. pepo and containing 1,
2, 5, 7, 10, 14 and 35 plants for uniformity trials of C. annuum,
maintaining the simulations a minimum of two plots in each row
and culture. These were used to estimate the means number and
weight of fruit harvested per plant, according to the groups of plants
within each of the multiple harvests and the accumulated total of
the means number and weight of fruit harvested per plant along
the production cycle of each culture.
The Levene test was performed on each of the variables (Levene,
1960) in order to identify the homogeneity of the variances
between the multiple harvests, and the Durbin–Watson test was
performed (Durbin and Watson, 1950, 1951) to identify the residue
autocorrelation, according criteria presented in Garson (2014). In
order to describe the behavior of the number and weight of fruit
accumulated per plant as a function of the evolution of the production cycle in the species evaluated, through adjustments to
nonlinear regression models and the following models were used:
(a) The logistic model (Seber and Wild, 1989; Nelder, 1961): Yi =
(ˇ1 /1 + e(ˇ2 −ˇ3 ti ) ) + i ; and (b) the von Bertalanffy model (von





3
Bertalanffy, 1957): Yi = ˇ1 1 − ˇ2 e(−ˇ3 ti ) + i ; where: Yi = the
accumulated means number or weight of fruit harvested per plant;
ti = time, in days, from the transplant of the seedlings to the observation of the variable; ˇ1 = parameter representing asymptotic
weight (in number or in grams of fruits); ˇ2 = parameter of scale;
ˇ3 = parameter associated with the rate of growth (in number or in
grams of fruits); i = random error.
To estimate the parameters of the models, the ordinary least
squares method was used with the Levenberg–Marquardt iterative process and a Gaussian-type error (Madsen et al., 2004). To
identify the quality of the adjustment and the explanatory power
for each of the regression models, the respective adjusted determination coefﬁcients (R2 aj ) and the standard error of adjustment



(SEA = Mean Square error) were estimated in analysis of variance
for each adjusted model. For all of the statistic analyses performed,
a probability of error of 5% was adopted, using Action software 2.7
version (Estatcamp, 2014).

3. Results
Different behavior was observed when plotting the weight and
number of fruits for each of the harvests, independent of vegetable species and season, and it was not possible to identify similar
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Fig. 3. Behaviour of means weight (in grams) and means number of fruits per plant with the evolution of the production cycle in days after harvesting Capsicum annuum
cultivated during different seasons.

behavior in variability along the evolution of the production cycle
for the two species (Figs. 1 and 2). It was expected that the ﬁrst and
last harvests would have the highest estimates for variance as these
would have a higher number of plants without fruit ready to be harvested, due to the plants either starting or ﬁnishing their production
cycle, leading to lower potential for the production of fruit. These
results demonstrate the importance of the association of individual measurements over space with the grouping of various plants
into plots within the same crop row, or over time, accumulating
individual measurements along the production cycle.
Working with accumulated totals of the weight and number of
fruits harvested per each plant it was possible to identify that as
the production cycle of the species progressed, the variability of the
data increased (Figs. 1 and 2). Accumulating the values observed for
each plant for each of the variables did not lead to a reduction in
the dispersion of the data.
The adjustments to nonlinear regression models consistently
presented the same estimates for the three parameters and for all

of the plot sizes evaluated, as the means of the observed values
for each plot size were used. It was observed that the von Bertaˆ 1 values and lower
lanffy model consistently presented higher ˇ
ˆ 3 values compared to the logistic model (Figs. 3 and 4). As these
ˇ
estimates represent, respectively, the asymptote of the weight and
number of fruits collected and the rate of growth, the logistical
model provided estimates that were closer to the results actually
observed in the uniformity trials, better describing the fruit production of the two species evaluated. When considering the standard
error of each estimate parameters, the logistic model also presented
lower values when compared with the von Bertalanffy model thus
generating conﬁdence intervals with lower amplitudes and higher
t-value associated with the parameter estimates.
For C. annuum, variances of weight and number of fruits over the
multiple harvests were homogenous when the plots contained 35
plants in the summer/autumn season and when they contained ﬁve
plants in the winter/spring season. For C. pepo, the variances over
multiple harvests were heterogeneous for all situations. However,
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Fig. 4. Behaviour of means weight (in grams) and means number of fruits per plant with the evolution of the production cycle in days after harvesting Cucurbita pepo
cultivated during different seasons.

it was possible to observe an increase in the p-value as the number
of plants in the plot increased.
Independent of species, season and the number of plants in
plots, statistical values between 1.83 and 1.91 were obtained using
the Durbin–Watson test, indicating independence of errors, according to Garson (2014). This independence conﬁrms that there no
a pattern of behavior between the errors and the estimated conﬁdence intervals and the parameters estimation method were
adequate. Therefore, it was decided that no data transformation
or ponderation procedures would be carried out on these for the
adjustment of the regression models proposed in the study.
In relation to the quality of the adjustments carried out, it was
identiﬁed that as the number of basic units in the plot increased,
there was an increase in R2 aj estimates and a reduction in the standard error of the adjustment, independent of species and the season

evaluated (Figs. 5 and 6). Therefore, this is further conﬁrmation
that the strategy of working with larger-sized plots was efﬁcient in
reducing the variability existing in the database. For C. annuum, the
logistic model presented statistics that expressed a slightly lower
quality of adjustment compared to the von Bertalanffy model in the
summer/autumn season, and the opposite behavior was observed
for the winter/spring season (Fig. 5). In relation to the number of
plants per plot, seven plants of C. annuum should be used, independent of season. At this plot size, R2 aj values were similar to or
higher than 0.70, and under the experimental conditions 10 plots
could be used per crop row with this plot size.
For C. pepo, for the means fruit weight variables observed in
the autumn–winter season, the adjusted logistic model presented
statistics that expressed a slightly higher quality of adjustment
compared to the von Bertalanffy model. In the other situations, the
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Fig. 5. Adjusted determination coefﬁcient (R2 aj) and standard error of adjustment (SEA) for the logistic (L) and von Bertalanffy (VB) models adjusted for means weight (MWF)
and means number (MNF) of fruits of Capsicum annuum for different plot sizes in basic units, cultivated in summer/autumn (SA) and winter/spring (WS) seasons.

von Bertalanffy model presented slightly more favourable results
(Fig. 6). The plots containing four plants presenting R2 aj values
over 0.90 in the spring–summer season and close to 0.70 in the
autumn–winter season, making this is the plot size recommended
in order to reduce the variability of the data. Under the experimental conditions, ﬁve plots could be used per crop row with this plot
size.
4. Discussion
The non-regular behavior of variability with the advance of the
production cycle of the cultures and not to reduce the dispersion
was observed. This was mainly due to the fact that the species studied presented plants without fruits ready to be harvested during
the whole production cycle. Even when fruit was not harvested
from a particular plant, the variability of the data was still high and
increasing, as in this speciﬁc case the accumulated value for harvest n was identical to that for harvest n − 1, while for plants with
their fruits harvested the accumulated value increased, increasing
the variability of the accumulated values for each harvest.
With a larger number of harvest there is an increased variance.
Thus Souza et al. (2002), Oliveira et al. (2005) and Lúcio et al. (2006)
recommend that to maintain homogeneous variances during the
production cycle of the crop should clearly deﬁne the ideal number of harvest to be taken and they must be planned and executed
individually considering each row as a block, that is a repetition for
experimentation. It is very likely that, in the case this crops, the production heterogeneity is mainly due to the heterogeneity between
rows and variation the cultural practices in each harvested.
This behavior of the variances was also observed in study by
Mello et al. (2004), Lúcio et al. (2004) and Lorentz et al. (2009)
with C. annuum, Carpes et al. (2008) and Lúcio et al. (2008) with C.
pepo and Storck et al. (2014) with Passiﬂora edulis. According this
authors, this occurrence recommends an increase in the number of
replicates, possibly increasing the plot size.
Therefore, increasing plot size by grouping plants together in the
crop row is recommended in order to reduce the number of plots
with zero values and to avoid increases in variability. The accumu-

lation of measurements over time enabled nonlinear models to be
adjusted in order to describe the evolution of fruit production.
Regarding the settings of the regression models, while observing
ˆ 1 and ˇ
ˆ 3 estimates between two crop seasons,
the behavior of the ˇ
it was veriﬁed that the values obtained during preferential seasons
(winter/spring for C. annuum and spring/summer for C. pepo) were
consistently higher than those obtained in non-preferential seasons
in Brazil (Figs. 3 and 4). This indicates that during preferential seasons, production and growth rates in fruit production are higher
compared to non-preferential seasons in Brazil. These results are
explained by the fact that during the preferential seasons there is
an increase in temperature and sunlight along the production cycle,
increasing the potential of the plants to produce fruit.
The heterogeneity of variances observed between crops and
the behavior of estimated parameters of the models is also due
to the fact that the fruit appeared on different days of one plant
to another, according to the formation of new shoots that emerged
during the development of plants, causing uneven growth between
fruit. Thus, the results obtained are due mainly to the early or late
ripening of some fruits, caused by changes in physiological conditions or adverse environmental conditions during the production
cycle of crops. In trials with C. annuum the internal temperature
of the greenhouse ranged between 15 and 26 ◦ C with sunshine
time between 0 and 11 h a day in winter/spring while in summer/autumn the temperature inside the greenhouse ranged from
18 to 46 ◦ C with sunshine time between 0 and 12 h. Already in trials with C. pepo the internal temperature of the greenhouse ranged
between 10 and 25 ◦ C with sunshine time between 0 and 11 h a day
in autumn/winter while in spring/summer the temperature inside
the greenhouse ranged between 21 and 49 ◦ C with sunshine time
between 0 and 12 h.
The results obtained for the adjustment of quality indicators
models can be explained by the reduction in the number of plots
with zero values for the variables, as the increase in the number
of plants in each plot reduces the variance between the plots for
each harvest. The increase in R2 aj values was more pronounced as
the number of plants in the plot increased, which was seven for
uniformity trials with C. annuum and four for in uniformity trials
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Fig. 6. Adjusted determination coefﬁcient (R2 aj) and standard error of adjustment (SEA) for the logistic (L) and von Bertalanffy (VB) models adjusted for means weight (MWF)
and means number (MNF) of fruits of Cucurbita pepo for different plot sizes in basic units, cultivated in autumn/winter (AW) and spring/summer (SS) seasons.

with C. pepo (Figs. 5 and 6). From these plot sizes, increases in R2 aj
and a reduction in estimates of standard errors of adjustment were
still observed, but these were less pronounced compared to those
observed previously.
The strategy to estimate optimum size plots for experiments
with C. pepo and C. annuum, in order to reduce the residual variance was also studied by Mello et al. (2004) and Lorentz and Lúcio
(2009). However, these authors proposed 8 plants plots sizes in
the summer–fall of four in winter–spring to C. pepo (Mello et al.,
2004) and 10 plants to C. annuum (Lorentz and Lúcio, 2009). Even
obtaining different sizes, when compared to those observed in this
study, the authors report that in experiments in which are held a
high number of harvests and accumulates greater volume of production, is more likely to be high heterogeneity observed between
harvests. Reported also that as you increase the plot size there is
a signiﬁcant increase in experimental precision. This behavior was
also identiﬁed in this study, conﬁrming the strategy to increase the
plot size for reducing overdispersion data from experiments with
multiple harvests. Therefore, the determination of the optimum
plot size in experiments should be seen in the set, by combining
number of replications and treatments, and the area available for
a pre-established precision. Smaller plots with a greater number
of repetitions in the same total area result in greater precision,
but with a greater number of studies (evaluations), whose capacity for executing operations should be well evaluated before the
experiment installation. According to Barbin (2003), this situations recommends an increase in the number of replicates, possibly
increasing the plot size. These are general considerations and are
not based on establishing the magnitude of the estimation error
with a given signiﬁcance level, thus failing to meet the assumptions. Therefore, the most appropriate procedure is to establish the
optimum plot size, an appropriate method and the number of replicates for this plot size, aiming at a pre-established estimation error
according to the methodology used.
In the logistic model adjusted for C. annuum increases in estimates of R2 aj , when increasing from 1 to 7 plants for plot, were 64%
(summer/autumn) and 111% (winter/spring) and reductions in estimates of the SEA 48% (summer/autumn) and 57% (winter/spring)

for the means fruit weight. As for the means number of fruits per
plant occurred R2 aj the increases of 56% (summer/autumn) and
103% (winter/spring) and reductions in SEA 47% (summer/autumn)
and 57% (winter/spring) (Fig. 5). Already for C. pepo the increases in
the estimates of the R2 aj , when increasing from 1 to 4 plants for plot,
were of 69% in the autumn/winter and of 21% in the spring/summer
with reductions in the estimates of SEA of 49% in the autumn/winter
and in the spring/summer, for the means weight of fruits, while for
the means number of fruits there were increments of the R2 aj of
72% in the autumn/winter and of 17% in the spring/summer, with
reductions in SEA of 42% in the autumn/winter and of 47% in the
spring/summer (Fig. 6).
5. Conclusions
Nonlinear regression model based on biological criteria that best
describes the behavior of fruit production is the logistical model,
using plots containing seven and four plants along the crop row for
C. annuum and C. pepo, respectively.
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