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Abstract
Purpose Regression analysis to predict growth indices of plant is essential for understanding the relationship between the total
leaf area, production of fresh weight and dry matter, and expansion of the plant growth.
Methods An experiment was conducted to develop regression models for estimating leaf area, fresh weight, and dry weight from
measurements of plant height at the vegetative phase of hot pepper (Capsicum annuum Linnaeus) grown in biodegradable pots in
a greenhouse. Five models were evaluated and compared: linear regression model, two-order polynomial regression model (P.
order 2), three-order polynomial regression model (P. order 3), four-order polynomial regression model (P. order 4), and power
regression model. The models were compared using the coefficient of determination (R2), Pearson’s correlation coefficient (r),
root mean square error (RMSE), relative standard error (RSE), and mean absolute percentage error (MAPE).
Results Power regression involving plant height demonstrated the highest R-square among the other models with minimum error
estimate for the expected leaf area (R2 > 0.96, r > 0.98, RMSE < 1.2, RSE < 0.04, and MAPE < 11.8); however, P. order 2 had a
more accurate calculation of the fresh weight (R2 > 0.98, r > 0.99, RMSE < 0.26, RSE < 0.04, and MAPE < 16.07) and dry
weight (R2 > 0.97, r > 0.98, RMSE < 0.03, RSE < 0.02, and MAPE < 11.7) of the plant considering both the fit and degree of
adjustment, and the interpretation of the model.
Conclusions This study creates scope for further experimentation on various species of crops by changing management practices
under different environmental conditions to enhance knowledge and understanding of the growing patterns of plants.
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Introduction

This study aims to measure the performance of different regres-
sion models generated from plant height, leaf area, and the fresh
and dry weights of pepper plants grown in biodegradable pots in
a controlled greenhouse environment. Pepper is considered to be
one of the most popular vegetables in South Korea. It is con-
sumed both fresh and as an ingredient inmany traditional Korean
cuisines (Hahm et al. 2017; Sang et al. 2008; Park 1999). It not
only plays an important role in the year-round vegetable supply
but is also considered to be an important commercial-orientated
crop. The most famous fermented food product in Korea is kim-
chi which is made using various ingredients of which the most
important is red pepper.

It is essential to understand the growth state and morpholog-
ical characteristics of the pepper plant to better understand their
influence on the suitability of the plant for cultivation and over-
all yield. It is observed that plant varieties differ considerably in
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relative growth rate under identical or optimal conditions for
both cultivated crops and wild species (Poorter and Bongers
2006; Van Kleunen et al. 2010; Gao et al. 2012). Moreover,
Bonan (2008) reported microclimate factors also influence a
wide range of important ecological processes, such as plant
growth and soil nutrient cycling. Warm and high humid condi-
tions are suitable for pepper plant growth; however, the plant
requires dry weather at maturity stage. Pepper gives the best
green yield and a better seed set at 21 to 27 °C during the day
and 15 to 20 °C at night (Kahsay 2017). Lack of optimum
temperature during the critical growth stage of the pepper plant
causes substantial yield loss (Reddy and Kakani 2007).

The plant’s characteristics, such as the time of each
growth phase, plant height, fresh weight, dry weight, leaf
area, the number of leaves, size of leaf, and number of
branches, are used to describe the growth state (Salazar
et al. 2018). Comparing the differences in morphological
parameters, such as these among the same or various spe-
cies, using mathematical models supports research on pep-
per cultivation techniques and improvement of yield and
quality. In this study, regression models were developed to
predict the leaf area, fresh weight, and dry matter of plants
from measurements of plant height. The effectiveness of

these models at the vegetative phase is twofold. First, the
models provide an enhanced knowledge and understanding
of the growing pattern of pepper plants at the early stage.
Second, they are useful for monitoring pepper growth
using mathematical models to describe the relationships
between the leaf area, the production of fresh and dry mat-
ter, and the expansion of total plant height.

Regression modeling is a generic term for a group of
different statistical techniques using regression analysis.
The fundamental purpose of these techniques is to observe
the relationship between observed and predicted variables
(Boldina and Beninger 2016). The most common type of
regression analysis is linear regression, which is widely
used in many different contexts in diverse fields. For ex-
ample, in aquatic ecology, a number of papers used linear
regression to reveal the species-area relationship (Willis
et al. 1997; Peake and Quinn 1993). Schmid (2000) men-
tioned that there was a linear relationship between the pop-
ulation density and body size of benthic invertebrate spe-
cies. Some studies were conducted based on regression
analysis, such as the characterization of spatial patterning
(Beninger and Boldina 2014; Seuront 2010) and the use of
multiple fields, wherein allometric relations are prominent

(a) Germination stage (b) 2nd week plant 

(c) 6th week plant (d) 8th week plant 

Fig. 1 Images presenting the
different growing periods of
pepper plants in an experimental
greenhouse. a Germination stage.
b 2nd-week plant. c 6th-week
plant. d 8th-week plant

Fig. 2 Design and schematic
diagram of the greenhouse
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(Carey et al. 2013; Cranford et al. 2011; Hirst 2012).
Regression analysis has been used for dynamic energy
budget (DEB) modeling to show the relationship between
phytoplankton cell size and abiotic factors (Duarte et al.
2012; Finkel et al. 2010). Similarly, linear regression
models and polynomial regression models are also used
in different research fields (Legendre and Legendre
2012). Moreover, it should be noted that the polynomial
model is preferable because it can easily fit to the data;
however, it is often difficult to ascribe any real meaning
or rationale for higher-order polynomials, which is clearly
undesirable (Austin 2007). In the case of a model to fit
data, which is nonlinear in form, it is not possible to per-
form a polynomial regression. Therefore, power regression
between the dependent and independent variables is also
preferred in the current study (Glazier 2013; Kerkhoff and
Enquist 2009; Packard 2013).

Such regression equations for estimating leaf area, fresh
weight, and dry weight from plant height can reduce sampling
effort and cost and may increase precision where samples are
difficult to handle. Moreover, the non-destructive methods
based on regression models have been used in a number of
studies related to crop science because the measurement pro-
cesses are quicker and easier to be performed (Karimi et al.
2009; Astegiano et al. 2001; Guo and Sun 2001; Antunes et al.
2008; Birch et al. 1998; Cho et al. 2007; Fascella et al. 2013;
Bozhinova 2006; Ghoreishi et al. 2012).

The primary objective of the current studywas to examine the
relationship between the leaf area, production of fresh and dry
matter, and expansion of total plant height of pepper at the

vegetative stage. The study also evaluated the use of different
regression models to provide more precise estimates of those
parameters. Furthermore, it is also possible to understand the
mechanism of various morphological parameters in pepper
growth in a controlled greenhouse system. This study creates
scope for further experimentation on various species of crops
by changing management practices under different environmen-
tal conditions to enhance knowledge and understanding of the
growing patterns of plants. Some limitation in accuracy is inev-
itable, but using a large number of samples in the experiment
may minimize deviations. For more precise modeling in the fu-
ture, environmental factors, crop management practices, and oth-
er growth factors should be included in the models.

Materials and Methods

Experimental Site

The field experiment was conducted from 15 January to 15
April 2018 at Gyeongsang National University in a con-
trolled greenhouse equipped with an automatic control sys-
tem to record ambient parameters. The dimensions of the
greenhouse were 3 m (width) × 4 m (length) × 2.5 m
(height). The mean values of temperature and the concen-
tration of CO2 were 16.4 °C and 365.2 ppm, respectively,
with a range of 5.7–30.3 °C and 302–415 ppm, respective-
ly, inside the greenhouse during the experimental period.
Figure 1 shows the different growing periods of pepper
plants in an experimental greenhouse.

Table 1 Experimental values of PH, LA, FW, and DW (mean ± SD) for model preparation (n = 20)

Plant indicators Weeks

1 2 3 4 5 6 7 8

PH (mm) 71.8 ± 3.77 93.65 ± 2.78 113 ± 4.15 157 ± 3.48 190 ± 7.05 221.3 ± 5.88 251 ± 3.38 272.4 ± 3.88

LA (cm2) 2.55 ± 0.75 2.80 ± 0.37 4.55 ± 0.66 7.36 ± 0.64 9.11 ± 0.66 15.09 ± 0.65 16.64 ± 0.91 17.75 ± 0.65

FW (g) 0.14 ± 0.01 0.39 ± 0.04 0.68 ± 0.05 1.39 ± 0.08 1.99 ± 0.06 2.99 ± 0.09 3.50 ± 0.05 3.80 ± 0.07

DW (g) 0.02 ± 0.003 0.056 ± 0.01 0.085 ± 0.01 0.18 ± 0.02 0.25 ± 0.02 0.40 ± 0.05 0.49 ± 0.05 0.57 ± 0.03

PH, plant height; LA leaf area; FW, fresh weight; DW, dry weight

Table 2 Fitted models to estimate predicted values of leaf area as a function of plant height

Equation type Equation R2 r RMSE RSE MAPE

Power LA = 0.0023PH1.6009 0.961 0.981 1.152 0.038 11.27

P. order 4 LA = − 3E−08PH4 + 2E−05PH3 − 0.0038PH2 + 0.3538PH − 9.6996 0.972 0.939 169.19 828.3 835.29

P. order 3 LA = − 2E−06PH3 + 0.0014PH2 − 0.1609PH+ 7.9937 0.968 0.982 5.116 0.757 35.34

P. order 2 LA = 0.0001PH2 + 0.0333PH − 1.0935 0.962 0.981 2.112 0.129 16.19

Linear LA = 0.0821PH − 4.5841 0.954 0.977 1.262 0.046 16.31

R2 , coefficient of determination; r, Pearson’s correlation; RMSE, root mean square error; RSE, relative standard error;MAPE, mean absolute percentage
error
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Experimental Design

Pepper seeds were grown in two beds in an environmentally
controlled greenhouse. Plants from one bed were chosen to com-
prise a training set which, in turn, was used to estimate the
models (Fig. 2). The remaining plant bed was used as a valida-
tion set to measure the predictive ability of the fitted models. The
windows of the greenhouse were opened for fresh air daily from
10 am to 6 pm based on the inside temperature of greenhouse.
There were a total of 360 pepper plants in each of the beds of the
greenhouse. Moreover, in this stud,y the temperature, humidity,
and CO2 concentrations were also measured daily using sensors
(Lutron MCH-383SD, Electro Chemical Engineering,
Melbourne, Australia) at three different locations and three dis-
tinct heights in each greenhouse.

Crop Management Practices

Seedlings of Capsicum annuum Linnaeus, a variety of pep-
per widely used in South Korea, were carefully sowed in
same sized pots on 2 February 2018. In most or virtually all
cases, all crop management practices were provided to
each bed at the same time and at a fixed rate. Every seed
was sowed into a single biodegradable pot then moved to
the greenhouse. Fertilizer and irrigation applications were
based on crop growth stages and soil nutrients. Different
doses of fertilizer were applied at each growing stage.
Fertilizer (N-P-K) application rate was 1:1:1 after 25 days
of germination. The rate was 1:2:2 after 45 days one time

after germination during the experiment. The plant was
watered thoroughly, with close attention paid to the base
of the plant and the roots while applying the same quantity
for each plant. Water was provided to the plants for 5 min
per day (1.2 ℓ per day for 144 plants) by the sprinkler
irrigation system during this experimental period.

Data Collection and Analysis

The plants were periodically examined after the germination
stage to observe the changing pattern of morphological param-
eters. Twenty plants from each bed were collected randomly
after 15 days of germination and their plant height, leaf area,
fresh weight, and dry matter were measured over 8 weeks. The
plant height of each sample was measured using a metric ruler,
while the fresh and dry weights of the same plant were estimat-
ed using a digital balance (FX-300iWP, A&D Company Ltd,
Tokyo, Japan) and drying oven (Shelves for 5E-DHG6310: 2
Layers, Changsha Kaiyuan Instruments Co., Ltd, Changsha, P.
R., China). A number of papers were followed to select various
temperature ranges and times for measuring the dry weight of
the plants (Arshadullah and Zaid 2007; Cho et al. 2007; Karimi
et al. 2009). In the experiment, sampled plants were studied for
8 weeks, and the dry weights of the plants were measured
keeping the temperature at 80°C for 24 h. The leaf area was
measured with the aid of a leaf area meter (CI-202, CID Bio-
science, Camas, WA, USA) (Dalorima et al. 2018). The total
number of pepper plants was classified into training and vali-
dation sets. Data were recorded from the 160 plants that were

Table 3 Fitted models to estimate predicted values of fresh weight as a function of plant height

Equation type Equation R2 r RMSE RSE MAPE

Power FW= 6E−06PH2.4057 0.974 0.984 0.279 0.042 15.23

P. order 4 FW= − 5E−09PH4 + 3E−06PH3 − 0.0006PH2 + 0.0582PH − 2.049 0.993 0.995 0.804 0.355 43.72

P. order 3 FW= − 4E−07PH3 + 0.0002PH2 − 0.0208PH+ 0.6655 0.991 0.998 1.162 0.743 52.04

P. order 2 FW= 2E−05PH2 + 0.0106PH − 0.8039 0.988 0.994 0.249 0.034 15.04

Linear FW= 0.0191PH − 1.4142 0.983 0.992 0.172 0.016 24.08

R2 , coefficient of determination; r, Pearson’s correlation; RMSE, root mean square error; RSE, relative standard error;MAPE, mean absolute percentage
error

Table 4 Fitted models to estimate predicted values of dry weight as a function of plant height

Equation type Equation R2 r RMSE RSE MAPE

Power DW= 9E−07PH2.3883 0.978 0.984 0.037 0.034 13.16

P. order 4 DW= − 6E−10PH4 + 4E−07PH3 − 8E−05PH2 + 0.0085PH − 0.2894 0.974 0.986 0.167 0.714 58.47

P. order 3 DW= − 2E−08PH3 + 2E−05PH2 − 0.0019PH+ 0.0659 0.972 0.986 0.043 0.046 14.53

P. order 2 DW= 8E−06PH2 + 0.0001PH − 0.0281 0.972 0.986 0.034 0.029 11.38

Linear DW= 0.0028PH − 0.2156 0.951 0.975 0.044 0.049 35.73

R2 , coefficient of determination; r, Pearson’s correlation; RMSE, root mean square error; RSE, relative standard error;MAPE, mean absolute percentage
error
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used to comprise a training set which, in turn, was used to
estimate the model. Data from another 160 plants were then
used as a validation set to measure the predictive ability of a
fitted model calculating, in this set, the coefficient of determi-
nation (R2); Pearson’s correlation coefficient (r); root mean
square error (RMSE); relative standard error (RSE); and mean
absolute percentage error (MAPE). Moreover, exploratory data
analysis showed that the relationship between the dependent
variables (leaf area, and fresh and dry weights of the plant)
and predictor variables (plant height) did not always follow
linear trends. Therefore, multiple linear regression models, in-
cluding second-order, third-order, and fourth-order polynomial
models and the power regression model were used to estimate
the expected values. Prediction RMSE, R2, r, RSE, and MAPE
are summary statistics that allow for the comparison of those
models and estimate their goodness of fit. To demonstrate the
residual dispersion patterns on observed and expected values,
standardized residual (error) figures were plotted. Standard sta-
tistical methods were used for data evaluation, including anal-
ysis of variance to practice completely randomized designs
without the replication of samples with a significance level of
p < 0.05. All statistical calculations were performed with
Statistix10 (Analytical Software, Tallahassee, FL, USA), the
Statistical Package for the Social Sciences (IBM SPSS
Statistics 22.0.0.0, New York, NY, USA), and Origin Pro9.5.5
(OriginLab, Northampton, MA, USA).

Results and Discussion

Model Estimation

The evaluation of the plant height, leaf area, and fresh and dry
weights as a function of time in the experimental period is
presented in Table 1. Plant height, leaf area, and fresh and
dry weights were significantly changed (p < 0.05) within the
8 weeks. The variations of those experimental values among
the plants were very small; however, it was found that plant
heights showed the maximum differences, followed by leaf
area, then fresh weight and dry weight.

Summary statistics are provided for each of the variables
evaluated for model development (Tables 3, 4, and 5).
Experimental and predicted values were used in the regression
models. Those models were validated by means of the leave-
one-out cross-validation method (Perez et al. 2018), using five
comparison criteria, namely, the highest cross-validated R2

and r, and the least error of RMSE, RSE, and MAPE.
Several studies only used two of the five comparison criteria,
namely R2 and RMSE, to perform a model of the adjusted
versus reference line (Keramatloua et al. 2015; Fascella et al.
2013; Gao et al. 2012; Pompelli et al. 2012; Rouphael et al.
2010). Accurate models should reduce the RMSE by at least
2% (Clevers et al. 2008; Perez et al. 2018) and should show
adjusted R2 being above 0.7 (Yu et al. 2018).
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Table 5 Suggested models to
estimate predicted values of leaf
area, fresh weight, and dry weight
as a function of plant height

Relationship Regression model R2 r RMSE RSE MAPE

PH and LA LA= 0.0023PH1.6009 0.961 0.981 1.152 0.038 11.27

PH and FW FW= 2E−05PH2 + 0.0106PH − 0.8039 0.988 0.994 0.249 0.034 15.04

PH and DW DW= 8E−06PH2 + 0.0001PH − 0.0281 0.972 0.986 0.034 0.029 11.38

R2 , coefficient of determination; r, Pearson’s correlation; RMSE, root mean square error; RSE, relative standard
error; MAPE, mean absolute percentage error
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Five regression models showed the relationship between
plant height and leaf area of the pepper plant (Table 2). High
values of R2 and r were observed (R2 > 0.95 and r > 0.93),
which adjusted the models for both parameters. However, a
significant difference was observed among RMSE, RSE, and
MAPE for all equations. Among the regression models, the
lowest values of RMSE (1.15), RSE (0.038), and MAP
(11.27) were found for the power formula, followed by linear,
P. order 2, P. order 3, and P. order 4. From the results of
observed and predicted values on the estimators, it was found
that the power regression model was the best for estimating
the leaf area using plant height. Some studies (Blanco and
Folegatti 2005; Keramatloua et al. 2015; Fascella et al.
2013; Gao et al. 2012; Pompelli et al. 2012; Rouphael et al.
2010) frequently used the morphological parameters of the
leaf, such as length and width, when developing regression
estimators of leaf variables that are more difficult to measure.
Salazar et al. (2018) found a positive correlation between leaf
area and length and between leaf area and width, with corre-
lation coefficients over 0.93. The study also showed that poly-
nomial regressions involving both the length and width of

leaves provided very good models to estimate the expected
area (R2 = 0.98) and weight (R2 = 0.91) of leaves.

Evaluation criteria for the five models described above
were also estimated for both dependent variables of fresh
and dry weights (Tables 3 and 4). In both cases, the P. order
2 model, which is a second-order polynomial on plant height,
has a low MAPE compared with the other four models; how-
ever, RMSE, R2, r, and RSE were almost similar. R2 and r
values obtained in estimating the fresh weight using the plant
height data indicated that they were higher than 0.99 only for
P. order 3 and P. order 4; however, the same two models based
on RMSE, RSE, and MAPE values were not very accurate
due to the increased estimation error. After analyzing the esti-
mators of the fitted model, it was proposed that model P. order
2 was the best for fresh weight measurement. When dry
weight was estimated from plant height considering R2 and
r, three models (P. order 3, P. order 4, and power models) had a
higher R2 and r; however, these models were not as precise as
P. order 2 model because of the higher estimation error. Thus,
the result of the study suggests that the P. order 2 model is the
best fitted to estimate dry weight. The result was supported by
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the study of the pistachio plant (Karimi et al. 2009).Moreover,
Williams and Martinson (2003) and Cho et al. (2007) found a
good correlation between leaf weights by using only a single
variable of either leaf length or leaf width.

The standardized residual plots (measurement of the strength
of the difference between observed and expected values) are
depicted in Figs. 3, 4, and 5 for the three best models (Table 5)
for the estimation of the leaf area and fresh and dry weights of
the plant. It is extremely useful to understand the residual dis-
persion pattern on a standardized scale because it easily allows
detection of potential outliers (Qiana and Cuffney 2012). The
standardized residual plot obtained from analysis of the plant
data implied a significant relationship between observed and
predicted values. In this situation, the reference and regression
lines are too close to visually recognize differences among a set
of competing models. When modeling the leaf area, and con-
sidering the RMSE, RSE, and MAPE (smaller is better), two
models (power for leaf area estimation and P. order 2 for fresh
and dry weight estimation) have lower RMSE, RSE, and
MAPE. However, Figs. 3, 4, and 5, depicting that residual plots
had several higher values for some samples, suggest that the
error variance increased with plant height, whereas a distribu-
tion that revealed lower values indicated that error variance
decreased with plant height.

Validation of the Model

The primary purpose of model validation of the study is to
demonstrate that the five models are a reasonable representa-
tion of the actual system and that they focus on physiological
behavior of the plant with enough fidelity to satisfy analysis

objectives, and to confirm the accuracy of the model’s repre-
sentation of the experimental values. To validate the five re-
gression equations, data (heights and their leaf areas, fresh and
dry weights) of 160 plants that were not involved in the train-
ing set to develop the model (20 plants in each week) were
analyzed as a validation set. For independent data, the mea-
sured plant height varied from 66 to 272 mm with a mean of
167 mm at 8 weeks. The leaf area of the validation set ranged
from 1.98 to 17.74 cm2 and the mean of the data set was
9.12 cm2. Fresh weight and dry weight of this set varied from
0.125 to 3.88 g and from 0.013 to 0.61 g with a mean value of
1.83 g and 0.245 g, respectively (Table 6).

A regression model becomes over-fitted or more accurate
when the prediction errors (RMSE, RSE, and MAPE) of the
model are very low, instead of the relationship between
independent and dependent variables. Therefore, the
selection of the best model must be based not only on R2

and r values but also on the use of accuracy measurement
tools. Antunes et al. (2008) observed that models for Coffea
arabica and Coffea canephora, even when showing high R2

and high precision, produce underestimations of leaf area. A
similar result was also found in the current study, showing that
the P. order 4 model had a high R2 value; however, the pre-
diction error of this model was very high. Likewise, for the
training data set, used in this study, it was also found that the
power regression model was the best to predict leaf area be-
cause of its low RMSE, RSE and MAPE values on the vali-
dation data set, even when R2 values were very high for poly-
nomial regression models of different orders (Tables 2 and 7).

In the case of fresh weight and dry weight estimation, five
regression models were generated from the training data set to

Table 7 Summary of the five models to predict leaf area. RMSE, r, RSE, and MAPE are calculated on the validation set

Equation type Equation r RMSE RSE MAPE

Power LA = 0.0023PH1.6009 0.980 1.218 0.044 11.88

P. order 4 LA = − 3E−08PH4 + 2E−05PH3 − 0.0038PH2 + 0.3538PH − 9.6996 0.937 152.433 699.55 767.76

P. order 3 LA = − 2E−06PH3 + 0.0014PH2 − 0.1609PH + 7.9937 0.980 4.645 0.649 31.90

P. order 2 LA = 0.0001PH2 + 0.0333PH − 1.0935 0.980 2.252 0.152 16.95

Linear LA = 0.0821PH − 4.5841 0.976 1.268 0.048 16.06

r, Pearson’s correlation; RMSE, root mean square error; RSE, relative standard error; MAPE, mean absolute percentage error

Table 6 Experimental values of PH, LA, FW, and DW (mean ± SD) for validation of model (n = 20)

Plant indicators Weeks

1 2 3 4 5 6 7 8

PH (mm) 70.7 ± 3.15 91.1 ± 4.58 110 ± 4.80 152 ± 3.14 186 ± 3.15 217.7 ± 7.34 244.6 ± 7.22 264.1 ± 5.18

LA (cm2) 2.49 ± 0.33 2.71 ± 0.36 4.49 ± 0.33 7.29 ± 0.80 8.93 ± 0.57 14.94 ± 0.73 16.42 ± 0.86 17.24 ± 0.66

FW (g) 0.13 ± 0.01 0.38 ± 0.03 0.64 ± 0.04 1.36 ± 0.06 1.95 ± 0.07 2.94 ± 0.07 3.47 ± 0.06 3.75 ± 0.08

DW (g) 0.02 ± 0.003 0.05 ± 0.01 0.08 ± 0.01 0.171 ± 0.01 0.25 ± 0.01 0.39 ± 0.04 0.47 ± 0.05 0.53 ± 0.05
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determine the accuracy rate of thosemodels that were best fitted
for validation data set. The experimental data set for validation
established that polynomial order 2 model performed better
compared with the other four models to predict fresh and dry
weights of pepper plants because of its low RMSE, RSE, and
MAPE values (Tables 8 and 9). A similar result was also ob-
served during model development for the same crop parame-
ters. Table 8 shows that RMSE and RSE values were slightly
higher for P. order 2 than for the linear regression, but the
MAPEwas less, while also including consideration of the mod-
el performance. In our study, whether the response variable was
the fresh or dry weight of the plants, the values of all three
evaluation criteria (RMSE, RSE, and MAPE) used to measure
error were small for the P. order 2 regression model. The results
obtained in this study demonstrate that fresh and dry weights of
pepper plants can be estimated with minimum error using a
polynomial of order 2 regression involving plant height.
Standardized residuals were also analyzed by subtracting the
observed responses from the predicted responses to determine

the elements of variation unexplained by the three fitted models
(Table 10 and Figs. 6, 7, and 8). The residuals in Figs. 6, 7, and
8 suggested that the models were drifting slowly to higher
values as the investigation continued. It was also found that
the size of the residuals changed as a function of a predictor’s
settings in regression model.

The results of the study show that plant height is a good
variable to determine leaf area, fresh weight, and dry
weight of pepper plants using the regression models. It
was found that the area of pepper leaves is well-
correlated to the plant height, manifested in a high coeffi-
cient of determination (R2 = 0.96) and lower RMSE, RSE,
and MAP between actual and predicted values using of
power regression equation. However, the P. order 2 regres-
sion model had the highest coefficient of determination
(R2 = 0.987 for fresh weight and R2 = 0.962 for dry weight)
between predicted and actual values, and the lowest
RMSE, RSE, and MAPE among the other equations
(Table 10 and Figs. 9, 10, and 11).

Table 8 Summary of the five models to predict fresh weight. RMSE, r, RSE, and MAPE are calculated on the validation set

Equation type Equation r RMSE RSE MAPE

Power FW= 6E−06PH2.4057 0.984 0.270 0.040 16.52

P. order 4 FW= − 5E−09PH4 + 3E−06PH3 − 0.0006PH2 + 0.0582PH − 2.049 0.996 0.804 0.362 46.19

P. order 3 FW= − 4E−07PH3 + 0.0002PH2 − 0.0208PH + 0.6655 0.990 1.151 0.741 53.07

P. order 2 FW= 2E−05PH2 + 0.0106PH − 0.8039 0.994 0.269 0.040 16.07

Linear FW= 0.0191PH − 1.4142 0.991 0.187 0.019 27.53

r, Pearson’s correlation; RMSE, root mean square error; RSE, relative standard error; MAPE, mean absolute percentage error

Table 9 Summary of the five models to predict dry weight. RMSE, r, RSE, and MAPE are calculated on the validation set

Equation type Equation r RMSE RSE MAPE

Power DW= 9E−07PH2.3883 0.978 0.041 0.049 14.19

P. order 4 DW= − 6E−10PH4 + 4E−07PH3 − 8E−05PH2 + 0.0085PH − 0.2894 0.981 0.161 0.737 56.79

P. order 3 DW= − 2E−08PH3 + 2E−05PH2 − 0.0019PH+ 0.0659 0.981 0.045 0.056 14.25

P. order 2 DW= 8E−06PH2 + 0.0001PH − 0.0281 0.981 0.037 0.039 11.78

Linear DW= 0.0028PH − 0.2156 0.975 0.044 0.054 39.58

r, Pearson’s correlation; RMSE, root mean square error; RSE, relative standard error; MAPE, mean absolute percentage error

Table 10 Validated models to
estimate predicted values of leaf
area, fresh weight, and dry weight
as a function of plant height

Relationship Regression model r RMSE RSE MAPE

PH and LA LA = 0.0023PH1.6009 0.980 1.218 0.044 11.88

PH and FW FW= 2E−05PH2 + 0.0106PH − 0.8039 0.994 0.269 0.040 16.07

PH and DW DW= 8E−06PH2 + 0.0001PH − 0.0281 0.981 0.037 0.039 11.78

r, Pearson’s correlation; RMSE, root mean square error; RSE, relative standard error; MAPE, mean absolute
percentage error
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Conclusions

In this study, several regression models were presented and
discussed along with newer and less commonly applied tech-
niques to estimate leaf area, fresh weight, and dry weight using
the height of pepper plants (Capsicum annuum Linnaeus) in a
controlled greenhouse environment. While linear regression
models are widely used in forecast-related studies in agriculture
sectors, this technique may be inadequate to fully describe a
complex and potentially nonlinear system found in plant mor-
phology. In this study, five regression models were developed
from a training data set; however, two models were suggested to
predict leaf area and fresh and dry weights of the plant.
Evaluation of the suggested models using a validation data set
observed a strong positive relationship between predicted and
measured data. The results of the study showed that pepper leaf
area was estimated by a power regression model including the

product of plant height. On the other hand, using the same pre-
dictor, fresh weight and dry weight can be calculated using the
polynomial order 2 equation. Accuracy rates of these models
were tested through different statistical tools (R2 and r) and error
calculation techniques (RMSE, RSE, and MAPE), demonstrat-
ing that the accuracy levels of the two suggested models were
relatively high. Power regression involving plant height provided
extremely good estimates for the expected leaf area (R2 > 0.96,
r> 0.98, RMSE< 1.2, RSE < 0.04, and MAPE< 11.8); howev-
er, P. order 2 provided greater accuracy in calculating the fresh
weight (R2 > 0.98, r > 0.99, RMSE < 0.26, RSE < 0.04, and
MAPE< 16.07) and dry weight (R2 > 0.97, r > 0.98, RMSE<
0.03, RSE < 0.02, and MAPE< 11.7) of plants considering the
fit and degree of adjustment, and the interpretation of the model.
The variable with the highest explanatory capability was used to
develop a general equation to predict leaf area, fresh weight, and
dry weight. These equations provide a very simple, more accu-
rate, and time-saving tool to predict the growth of pepper plants.
Some limitations in accuracy are inevitable, but using a larger
number of samples in the experiment may minimize deviations.
For more precise modeling, environmental factors, cropmanage-
ment practices, and other growth factors should be included in
the models. The applicability of the suggested equations to other
species of plants and changing management conditions in differ-
ent environmental conditions should be tested. Furthermore, such
observations are vital in understating the relationships between
different treatments and the impacts on plant growth which, in
turn, are key in determining the direction of optimum yield of
crop.
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