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Abstract: Chlorophyll content reflects plants’ photosynthetic capacity, growth stage, and nitrogen
status and is, therefore, of significant importance in precision agriculture. This study aims to develop
a spectral and color vegetation indices-based model to estimate the chlorophyll content in aquaponi-
cally grown lettuce. A completely open-source automated machine learning (AutoML) framework
(EvalML) was employed to develop the prediction models. The performance of AutoML along with
four other standard machine learning models (back-propagation neural network (BPNN), partial least
squares regression (PLSR), random forest (RF), and support vector machine (SVM) was compared.
The most sensitive spectral (SVIs) and color vegetation indices (CVIs) for chlorophyll content were
extracted and evaluated as reliable estimators of chlorophyll content. Using an ASD FieldSpec 4
Hi-Res spectroradiometer and a portable red, green, and blue (RGB) camera, 3600 hyperspectral
reflectance measurements and 800 RGB images were acquired from lettuce grown across a gradient
of nutrient levels. Ground measurements of leaf chlorophyll were acquired using an SPAD-502
m calibrated via laboratory chemical analyses. The results revealed a strong relationship between
chlorophyll content and SPAD-502 readings, with an R2 of 0.95 and a correlation coefficient (r) of
0.975. The developed AutoML models outperformed all traditional models, yielding the highest
values of the coefficient of determination in prediction (R2

p) for all vegetation indices (VIs). The
combination of SVIs and CVIs achieved the best prediction accuracy with the highest R2

p values
ranging from 0.89 to 0.98, respectively. This study demonstrated the feasibility of spectral and color
vegetation indices as estimators of chlorophyll content. Furthermore, the developed AutoML models
can be integrated into embedded devices to control nutrient cycles in aquaponics systems.

Keywords: aquaponics; AutoML; chlorophyll; hyperspectral reflectance; vegetation indices

1. Introduction

Aquaponics is a non-soil-based, innovative, intelligent, and sustainable agricultural
production system combining aquaculture and hydroponics in one system. In aquaponics,
plant nutrients are exclusively derived from fish excrement [1]. Briefly, fish excrete their
waste, which is instantly transformed into nutrients by nitrifying bacteria, and plants
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absorb such nutrients, as shown in Figure 1 [1]. Despite adhering to the established design
principles for aquaponics, plants frequently experience nutrient insufficiency. The restricted
nutrition in the aquaponics system affects the chlorophyll content of plant leaves and
canopies. Chlorophyll estimation provides comprehensive knowledge of plants’ nutrient
status and nitrogen content [2]. Chlorophyll is essential for precision agriculture as it is the
vital pigment in photosynthesis. Furthermore, it is a good indicator of mutations, stress,
and nutritional status [3]. Understanding the chlorophyll content of plants is crucial for
guiding plant cultivation management, such as determining the amount and timing of
fertilization [4].
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Chlorophyll is traditionally measured visually and in the laboratory (oven drying and
solvent extraction followed by spectrophotometric determination, respectively). Visual
methods of estimating chlorophyll content require much experience and may lead to suffer-
ing from misleading results among analysts [5]. The conventional laboratory procedures
for determining chlorophyll concentration are exceptionally precise. On the other hand, it
precludes tracking the dynamic changes in chlorophyll content in plant leaves during the
growing season. Moreover, these methods are destructive, time consuming, expensive, and
labor intensive [6–8]. Consequently, these methods are inappropriate in many cases such
as dynamic detection. The SPAD-502 m (soil plant analysis development) was developed
to estimate chlorophyll in a rapid, non-destructive, and real-time manner. In addition, it
enables us to track dynamic changes in chlorophyll content in plants [6]. Many scientific
contributions have established a strong positive relationship between chlorophyll content
in crops and SPAD-502 readings [8–13]. Recently, SPAD-502 m has been widely used for the
estimation of crop chlorophyll content such as lettuce [14,15], wheat [16,17], maize [18,19],
apple [20], sugarcane [21], and rice [22].

In recent years, spectral sensing and machine vision have emerged as viable options
for crop management and yield estimation [23,24]. Additionally, their potential to facilitate
high-throughput plant phenotyping endeavors has garnered significant interest [25]. Sig-
nificantly, narrowband hyperspectral assessment holds promise in providing a dependable,
expeditious, economically viable, and non-destructive method for evaluating the primary
photosynthetic pigments in foliage over a large area [26]. The spectral properties of plants
are a reliable indicator of leaf surface properties, internal structure, and biochemical prop-
erties. Several VIs have been extracted from spectral data using different mathematical
relationships (e.g., simple ratios, differences, standard differences, derivatives) to char-
acterize some vegetation features. Importantly, VIs, especially those extracted from the
visible to near-infrared (VNIR) and shortwave infrared (SWIR) regions of the electromag-
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netic spectrum, have demonstrated their worth in estimating plant biomass, physiological
properties, and biochemical components [6,27]. Furthermore, VIs are effective tools for
identifying spatial and seasonal variations in green vegetation, rendering them well suited
for implementation in precision agriculture and crop phenotyping [6].

Profiling high-throughput plant phenotyping (HTPP) based on imaging techniques
has become widely applied in the research community. Digital images (such as RGB images)
can evaluate the state of chlorophyll content in crops by measuring the intensity of reflection
in the red, green, and blue bands [18]. Zhang et al. reported that the three primary colors
(red, green, and blue) could be used to rapidly estimate chlorophyll in leaves of regenerated
crops [28]. Image-based features contain valuable information about plant morphological
and biochemical traits, which helps fill the gap between phenotype and genotype for plant
improvement [29]. Some algorithms have been developed to determine the relationship
between chlorophyll content and color features. Mahmoodi et al. photographed the leaves
of four commercial plants with a digital camera to determine chlorophyll content. The
results revealed that Kawashima index (IKAW) ((R − B)/(R + B)) is the most fit RGB model
for estimating chlorophyll content [30].

Apart from the applications of hyperspectral sensors and machine vision techniques,
to enhance the understanding of plant behavior, the tremendous development in big data
analysis combined with advances in computational power has opened innovative venues
for building new techniques for extracting information from plants [31]. Recently, machine
learning approaches have been applied, with the help of spectral and image data, as input
to develop estimation models for crop traits [32]. Applying machine learning algorithms
offers a quick, non-intrusive, and non-destructive approach to quantifying the biochemical
constituents of plants. To build a successful machine learning system, one must possess a
thorough grasp of mathematical principles and significant proficiency in choosing model
architectures [33]. The proficiency of the system relies on the optimal integration of several
components, including feature extraction, feature selection, and regression techniques [33].
Hence, finding the system that exhibits optimal performance necessitates a substantial
investment of time in trial-and-error experimentation as well as the expertise of a proficient
team to assess and evaluate various configurations and models manually. Furthermore,
it is imperative to regularly retrain the prediction model due to the substantial variations
that might occur among different crops, biochemical components, and geographies. Hence,
automatically generating a context-specific machine learning model, even by non-experts,
will be a significant difficulty.

Recently, automated machine learning (AutoML) systems have emerged to address
these issues by enabling computers to determine automatically the best-suited machine
learning path that matches a given task and dataset [33]. Lately, there has been explosive
growth in processing power and the accessibility of cloud computing resources. As a result,
AutoML has garnered substantial interest from industry and academia. AutoML is an
emerging area of research that aims to automate the development of ready-to-use end-to-
end ML models with little to no user ML knowledge [34]. AutoML offers a compelling
alternative to manual machine learning approaches by offering the potential to produce
efficient and comprehensive machine learning pipelines. These pipelines encompass
various stages, including data preparation (such as cleaning and preprocessing), feature
engineering (such as extraction, selection, and construction), model generation (including
selection and hyperparameter tuning), and model evaluation. Importantly, AutoML aims
to minimize the user effort and intervention required throughout these processes [35].
AutoML services have become standard offerings in many technology companies, for
example, Cloud ML by Google and SageMaker by Amazon.

The feasibility of AutoML has already been established. However, there remains an
unignorable domain gap between different agricultural systems. Specifically, the charac-
teristics of aquaponics plants are entirely distinct from those of other agricultural systems.
Therefore, the development of models specifically designed for aquaponics plant datasets
is imperative. Hence, this study uses SVIs and CVIs to develop and evaluate an AutoML-
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based model for chlorophyll quantification in aquaponically grown lettuce. Thereby, the
following objectives were guided in the present study. First, the SPAD-502 m was calibrated
via laboratory analysis to confirm its reliability. Then, an AutoML model leveraging the
capabilities of the completely open-source AutoML framework EvalML was developed.
Third, we focused on evaluating the reliability of spectral and CVIs, assessing them both
separately and in combination to determine their effectiveness as chlorophyll estimators.
Fourth, our research comprehensively evaluated the developed AutoML model’s per-
formance, contrasting it with traditional machine learning models. Lastly, we aimed to
identify the most effective combination of vegetation indices to achieve the highest possible
accuracy in prediction.

Furthermore, to the best of our knowledge, this paper represents the first study to
utilize an AutoML system with multispectral vegetation indices derived from an ASD
FieldSpec 4 Hi-Res spectroradiometer, alongside color indices obtained from a digital
camera, for the estimation of chlorophyll in aquaponically grown plants. Therefore, this
study provides new insights and a pathway towards automating and adopting sustainable
aquaponics systems as precision agriculture technology. The AutoML developed model
can be integrated into embedded devices to control nutrient cycles in aquaponics.

2. Materials and Methods
2.1. Design of Aquaponics System

An aquaponics system was designed and constructed according to the standard
construction standards set by Somerville, Cohen [36]. Since lettuce (romaine lettuce (var.
longifolia)) is the primary and most popular crop in aquaponics systems, it was used in
this study’s research experiments [37]. The two main units of the aquaponics system
are the 1 m3 fish tank and the plant growing unit. Common carp fish (Cyprinus carpio
L.) is one of the most popular species cultured in aquaponics systems and was therefore
selected [36]. The optimal water quality parameters for this species were provided in terms
of temperature (25–30 ◦C), total ammonia/nitrogen (<1 mg L−1), nitrite (<1 mg L−1), and
dissolved oxygen (>4 mg L−1) [36]. The nutrient film technique (NFT) was used for the
plant growing unit. Four polyvinyl chloride (PVC) pipes, each 11 cm in diameter and 4 m
long, were used as a planting unit to support the plants. Some holes were drilled in these
tubes with dimensions suitable for lettuce, and then plastic net cups were placed in these
holes, where the seedlings were transplanted. However, a clarifier was installed in the
system to purify the water’s large impurities. Additionally, a biological filter, supported
by bio-balls as a medium, was used to stimulate the growth of bacteria. Hence, the
water flows into the planting tubes, where the plants absorb and purify nutrients from
the water. Finally, the water returns to the aquariums by gravity to begin a new cycle,
etc. Notably, the fish tank was covered with a thin plastic net and not exposed to direct
sunlight, while the plant unit was fully exposed to direct sunlight [38]. Figure 1 shows
the schematic diagram of aquaponics system. All aquaponics parameters were monitored
and maintained at optimum levels for system equilibrium. A hydroponic (control) system
has been constructed and designed with Hoagland’s full-strength nutrient solution [39].
This system provided all of the optimal conditions for plant growth compared with plants
growing in the aquaponics system.

The proposed methodology followed in this study is illustrated in the diagram shown
in Figure 2. Since chlorophyll includes most plant nitrogen, different nitrogen concentra-
tions were used to prepare four different nutrition levels. The control system (A) received
a full-strength Hoagland solution. For the second system (B), 600 mg/L of NO3-N was
added to the aquaponics solution. In the third system (C), 300 mg/L of NO3-N was added
to the aquaponics solution, and the fourth system (D) is the aquaponics system (the sole
source of nutrients is fish waste). By measuring pH (6.9) and EC (0.1 dSm−1), the level of
nutrients was kept constant [1]. Systems A, B, and C were prepared using tub cultures, and
ten seedlings were placed in each system.
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2.2. Calibration of SPAD-502 Readings for Chlorophyll Assessment

Estimating chlorophyll using direct laboratory methods (solvent extraction and then
spectrophotometric estimation) is highly accurate. However, it has some limitations, such
as precluding tracking dynamic changes in the chlorophyll content of plants as well as the
lack of real-time detection. Therefore, the SPAD-502 m was used in this study to determine
chlorophyll as it is a non-destructive, user friendly, inexpensive, early detection, and instant
method in real time [40]. Several studies have revealed that SPAD-502 readings strongly
indicate the chlorophyll content in plant leaves [8–13]. Hence, it has been used in many
studies to estimate chlorophyll content in crops [14–22]. To evaluate the SPAD-502 device in
estimating chlorophyll content and to confirm the reliability of these measurements in real
time, a set of 85 plant leaves was first scanned using the SPAD-502 m. The leaves were then
picked, labeled, and transferred to the laboratory for chemical assessment of chlorophyll
content. Briefly, the sample (1 g) was ground, homogenized with 20 mL of concentrated
acetone, filtered, and adjusted to 50 mL of 80% acetone. Absorbance (A) readings were
recorded at 645 and 663 nm [9,10] using a DR 5000 UV spectrophotometer (HACH, London,
ON, Canada). Chlorophyll content was then calculated using the following equation [9]:

Total chlorophyll = (20.2 × A645) + (8.02 × A663) (1)

where A645 is the absorbance at 645 nm and A663 is the absorbance at 663 nm.
A simple correlation relationship between values resulting from SPAD-502 and those

determined from chemical assessment was built to validate the reliability of using SPAD-502
for the subsequent experiments. A total of 3600 SPAD-502 values were collected through
the growing season. All plants were measured six times during the growing season, and
three leaves were randomly selected from each plant. Five readings per leaf between the
midrib and the leaf margin and at the central point of a leaf were acquired. To reduce the
potential impact of light intensity on chloroplast mobility, SPAD-502 measurements were
conducted between 7:00 and 9:00 a.m.

2.3. Spectral Dataset Collection and Preprocessing

Using a full-range hyperspectral ASD FieldSpec 4 Hi-Res (Analytical Spectral Devices
Inc., Boulder, CO, USA) spectroradiometer, 3600 hyperspectral reflectance measurements
were acquired for lettuce under different nutrient levels. A fiber optic probe was used. The
range of the ASD device is between 350 and 2500 nm, with a resolution ranging between
3 nm below 1000 nm and 10 nm between 1000 and 2500 nm. A white barium sulfate plate
(Labsphere, Inc., North Sutton, NH, USA) was used to calibrate the device to avoid the
influence of any changes in atmospheric conditions prior to the measurement process.
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Simultaneously with spectral measurements, SPAD-502 Plus (Konica Minolta Sensing,
Osaka, Japan) was used to measure the chlorophyll content of leaves. The spectral data
obtained using ASD are in the form of an unprocessable file (.asd), and ViewSpecPro
6.02 software was used to convert the data into a Microsoft Excel values file (.csv) format.
The average spectral data (X-variable), as well as the corresponding SPAD-502 readings
(Y-variable), were stored in an Excel file to perform different preprocessing treatments, such
as standard normal variate (SNV), to reduce the data scattering in the near-infrared (NIR)
zone [41], and a Savitzky–Golay filter was used to smooth the spectral data [42]. Then, the
data were divided into training (70%) and testing (30%) sets using a random subsampling
technique to provide accurate analysis and prevent data bias.

2.4. Spectral Vegetation Indices (SVIs)

Spectral vegetation indices are derived from the establishment of a mathematical cor-
relation between two or more wavelengths. The spectral response to physical, chemical, or
biological properties differs across different plants. Consequently, these properties exhibit
distinct spectral indices compared to other plants due to their varying responsiveness
to different wavelengths [43]. The wavelengths associated with the plant’s nitrogen and
chlorophyll contents may overlap, indicating that multiple properties of the plant might
share the same wavelengths [43]. In this study, SVIs that are most sensitive to chlorophyll
content were derived, as shown in Table 1. The construction of vegetation indices combines
several sensitive bands of chlorophyll content to minimize the influence of the plant’s
environmental background (e.g., non-vegetated target soil, water body, etc.) as much
as possible.

Table 1. SVIs for estimating chlorophyll content in aquaponically grown lettuce.

No. VIs Formula Ref.

1 Normalized Difference Vegetation Index (NDVI) (R750 − R705)/(R750 + R705) [6]
2 Normalized Difference Vegetation Index-1 (NDVI1) (R750 − R680)/(R750 + R680) [6]
3 Normalized Difference Vegetation Index-3D (NDVI3D) (R780 − R715)/(R780 + R715) [6]
4 Vogelmann Red Edge Index2 (VREI 2) (R740/R720) [44]
5 Modified simple ratio of reflectance-1 (MSR1) (R750 − R445)/(R705 − R445) [6]
6 Structure insensitive pigment index (SIPI) (R800 − R445)/(R800 − R680) [2]
7 Modified Datt index (MDATT1) (R703 − R732)/(R703 − R722) [3]
8 Modified Chlorophyll Absorption Ratio Index (MCARI) [(R702 − R671) − 0.2 × (R702 − 549)] × (R702/R671)] [6]
9 Green Ratio Vegetation Index (GRVI) R872/R559 [21]
10 Photochemical Reflectance Index (PRI) (R531 − R570)/(R531 + R570) [6]
11 Visible Atmospherically Resistant Index (VARI) (R559 − R661/R559 + R661 − R488) [2]
12 Vogelmann Red Edge Index (VREI) (R740/R720) [45]
13 Simple Ratio Index (SR) (R810/R550) [6]
14 Red Edge Vegetation Stress Index (RVSI) (0.5(R722 + R763) − R733) [46]
15 Blue/Green pigment Index-1 (BGI1) (R450/R550) [6]
16 Lichtenthaler index 2 (Lic2) (R790 − R680)/(R790 + R680) [47]
17 Plant Senescence Reflectance Index (PSRI) ((R680 − R500)/R750) [6]
18 Normalized Pigment Chlorophyll Index (NPCI) (R642-R432)/(R642 + R432) [20]
19 Green chlorophyll index (CIgreen) (R780/R550) − 1 [48]

2.5. Color Vegetation Indices (CVIs)

A near portable digital camera (PowerShot SX720 HS, Canon Inc., Tokyo, Japan) was
used to acquire images from the experiment. A grand total of 800 raw digital images
were collected from all plants in conjunction with SPAD-502 readings. These images
contain a large amount of noise and non-vegetal objects; hence, they have been enhanced
and segmented to separate them from the background [49]. In this study, a robust deep
convolutional neural network architecture, SegNet, was used for the segmentation task
(Figure 3) [50]. Red, green, and blue features were extracted from the segmented image
dataset, and then the most sensitive vegetation indices for chlorophyll were derived [30].
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The feasibility of these indices was evaluated for modeling plant chlorophyll content and
compared with SVIs to adopt the best indices as reliable estimators of chlorophyll (Table 2).
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Table 2. The RGB vegetation indices are used to estimate the chlorophyll content.

No. RGB Index Formula Ref.

1 Normalized red index (rn) R/(R + G + B) [29]
2 Normalized green index (gn) G/(R + G + B) [29]
3 Normalized blue index (bn) B/(R + G + B) [29]
4 Green, red ratio index (GRRI) G/R [18]
5 Red, blue ratio index (RBRI) R/B [29]
6 Green, blue ratio index (GBRI) G/B [18]
7 Kawashima index (IKAW) (R − B)/(R + B) [30]
8 Normalized difference index (NDI) (rn − gn)/(rn + gn + 0.01) [29]
9 Woebbecke index (WI) (G − B)/(R − G) [18]
10 Green leaf index (GLI) (2G − R − B)/(2G + R + B) [18]

2.6. Design of AutoML Models

The concept of ‘AutoML’ pertains to automating machine learning activities, thereby
minimizing or eliminating the need for manual intervention [51]. AutoML has provided
individuals without technical or subject experience with the ability to utilize machine
learning techniques in addressing specific problems [52]. The primary objective of most
AutoML is to achieve complete automation of model selection, hyperparameter optimiza-
tion, and feature selection procedures [53]. Previously, several approaches and strategies
focused on specific aspects of the AutoML process. However, a range of fully automated
approaches have been developed in recent years [54–57]. The AutoML automated approach
encompasses sequential procedures to prepare the selected model for prediction:

Model Selection: The primary aim of model selection is to determine the ML models
that exhibit the highest level of accuracy when trained on a particular dataset [54]. AutoML
aims to identify the best-fitted model for a given dataset without any human intervention.
This is achieved by iteratively training multiple models on the same input data and picking
the model with the highest performance [55].

Hyperparameter optimization (HPO): HPO is a crucial process in machine learning
where the appropriate setting and adjustment of hyperparameters can significantly improve
the performance of a model. Furthermore, previous studies have demonstrated that careful
selection of hyperparameters significantly enhances models’ efficacy compared to default
model configurations [56].

Feature engineering: This is a crucial phase in the machine learning process that can
be effectively accomplished with AutoML. When conducted manually, this task can be
laborious and monotonous [55].
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Recently, there has been a proliferation of frameworks that aim to integrate the three
preceding steps of AutoML. Some examples of automated machine learning frameworks
are EvalML AutoKeras, AutoGluon, Auto-Weka, and Auto-PyTorch [57], among others.
EvalML is an open-source AutoML framework that facilitates the automated execution of
various tasks, such as feature selection, model selection, and hyperparameter optimization.
The EvalML routine employs a random forest classifier/regression for feature selection and
Bayesian optimization to optimize the hyperparameters of the pipeline. EvalML constructs
and optimizes machine learning pipelines based on a specified objective function parameter,
such as mean squared error (MSE), for time series prediction. It supports a range of
supervised machine learning problems, encompassing regression, classification, time series
regression, and time series classification. The problem presented in this work is to predict
the chlorophyll content of lettuce leaves grown in aquaponics systems. Therefore, EvalML
is employed to search for optimal models and optimize the acquired spectral data. It has
been proven that random searching for hyperparameters is more effective and accurate
than grid search for developing AutoML [58]. Therefore, this study used random search
to determine the model architecture, optimizer, and learning rate to obtain the highest
prediction accuracy. If the model’s accuracy is unsatisfactory, another architecture with
new hyperparameters is employed for retraining. A summary of the major components of
the AutoML pipeline is illustrated in Figure 4 [59].
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To develop a predictive model for the chlorophyll content of aquaponically grown
lettuce using AutoML, SPAD-502 readings were collected in conjunction with the acqui-
sition of the spectral and image datasets. Then, the SVIs and CVIs most closely related
to plant chlorophyll content were calculated. These indices were used as inputs to the
open-source AutoML framework (EvalML). The AutoML procedures were implemented
using Python on Google Collaboratory through its website. The datasets for SVIs and
CVIs were then loaded separately and combined. The data were cleaned using EvalML’s
DefaultDataChecks for validation, as EvalML accepts a Pandas data frame as input. The
data-checking process also includes a built-in function to validate the data by checking
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for errors and recommending preprocessing. This study suggested automated data pre-
processing using the lognormal transformation to apply the lognormal transformation to
the data as a normalization and preprocessing procedure. To divide the data into training
and testing sets, the AutoSplit function of EvalML was used, where the dataset was au-
tomatically divided into a 70% training dataset and a 30% testing dataset. The AutoML
search function of the EvalML framework was applied to allow the machine to identify the
best prediction models by passing the training data, the type of problem, and the number
of batches, which returned the top predictive models to model the data. Four predictive
models that were best for modeling all datasets for this study were given: extra trees (ETs),
LightGBM (LGBM), XGBoost (XGB), and random forest (RF). Table 3 shows the EvalML
framework’s automatically best selected hyperparameters. All the models contained an
imputer for replacing missing data.

Table 3. The EvalML framework’s automatically best selected hyperparameters.

Index Pipeline Name Hyperparameters

0 ET

{’categorical_impute_strategy’: most_frequent, ’numeric_
impute_strategy’: median, ’booleane_impute_strategy’:
most_frequent, ’categorical_fill_value’: None, ’numeric_
fill_value’: None, ’booleane_ fill_value’: None}, ‘Extra Trees
Regressor’: {’n_estimators’: 100, ‘max_features’: ‘auto’,
‘max_depth’: 6, ‘min_samples_split’: 2,
‘min_weight_fraction_leaf’: 0.0, ‘n_jobs’: −1}}

1 XGB

{’categorical_impute_strategy’: most_frequent, ’numeric_
impute_strategy’: median, ’booleane_impute_strategy’:
most_frequent, ’categorical_fill_value’: None, ’numeric_
fill_value’: None, ’booleane_ fill_value’: None}, ‘XGBoost
Regressor’: {’eta’: 0.1, ‘max_depth’: 6, ‘min_child_weight’: 1,
‘n_estimators’: 100, ‘n_jobs’: −1}}

2 LGBM

{’categorical_impute_strategy’: most_frequent, ’numeric_
impute_strategy’: median, ’booleane_impute_strategy’:
most_frequent, ’categorical_fill_value’: None, ’numeric_
fill_value’: None, ’booleane_ fill_value’: None}, ‘LightGBM
Regressor’: {boosting_type: gbdt, learning_rate: 0.1, n_estimators:
20, max_depth’: 0, ‘num_leaves’: 31, Win_child_samples’: 20,
‘n-jobs’: −1, ‘bagging_freq’: 0, ‘bagging_fraction’: 0.9}}

3 RF

{’categorical_impute_strategy’: most_frequent, ’numeric_
impute_strategy’: median, ’booleane_impute_strategy’:
most_frequent, ’categorical_fill_value’: None, ’numeric_
fill_value’: None, ’booleane_ fill_value’: None}, ‘Random Forest
Regressor’: {’n_estimators’: 482, ‘max_depth’: 25, ‘n_jobs’: −1}}

2.7. Performance Evaluation of the Regression Models

Evaluating the precision of predictive algorithms is the final stage, emphasizing the
prediction capabilities of the proposed models. Performance evaluation of the models
involves establishing a correlation between the measured and expected values and sub-
sequently calculating performance metrics. Two core metrics that highlight the model’s
predictive power are the coefficient of determination (R2) (Equation (2)) and root mean
square errors (RMSEs) (Equation (3)) for the calibration (R2

c , RMSEc) and prediction
(R2

p, RMSEp) datasets. The maximum R2 and minimum RMSE indicate the best model.
The best four machine learning algorithms—back-propagation neural network (BPNN),
partial least squares regression (PLSR), random forest (RF), and support vector machine
(SVM)—were used as a comparison benchmark and to evaluate the performance of the
AutoML system. The data split was 70% (2520 samples) for training and 30% (1080 samples)
for testing. The open-source program HSI-PP V1.2 was used to perform preprocessing,
waveband selection, and statistical analyses for BPNN, PLSR, RF, and SVM algorithms [60].
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To further investigate the performance of AutoML, the Regression Learner (Rleraner) ap-
plication built into MATLAB R2022b (The MathWorks, Inc., Natick, MA, USA) was used
to train all the traditional machine learning algorithms (29 algorithms) as a benchmark,
as well.

RMSE =

√√√√ 1
n

n

∑
j=1

(
yj − yp

)2 (2)

R2 = 1 −
∑n

j=1
(
yj − yp

)2

∑n
j=1

(
yj − ym

)2 (3)

where, yj, yp, ym are measured, predicted, and mean of measured chlorophyll content for
sample j, and n is the number of samples in the dataset.

In this study, the computed SVIs and CVIs values were taken to be the predictive
variable (X) and the SPAD-502 readings (chlorophyll content) to be the response variable
(Y). The predicted values of chlorophyll were computed with Equation (4) [61]:

Chlorophyll =
n

∑
i=1

βi Hi + C (4)

where βi is the fit model coefficient of the models, Hi is the spectrum of each pixel in the
spectral data, and C is constant.

3. Results and Discussion
3.1. Efficacy of SPAD-502 Values for Chlorophyl Content Estimation

The relationship between chlorophyll contents in plant leaves estimated by the lab-
oratory wet chemistry assessment method and those resulting from SPAD-502 values is
shown in Figure 5. High linear correlations were obtained between SPAD-502 readings
and chlorophyll content, with R2 = 0.95 and the correlation coefficient (r) = 0.975. Many
scientific contributions support this result. For instance, Mendoza-Tafolla et al. studied the
relationship between chlorophyll content and SPAD-502 values of romaine lettuce leaves,
indicating a strong relationship with R2 = 0.97 and r = 0.99 [9]. In addition, Jiang et al.
found a significant correlation between chlorophyll content readings and SPAD-502 values
for tomato leaves [10]. Uddling et al. evaluated the relationship between leaf chlorophyll
concentration and SPAD-502 m readings for birch and wheat plants and found a significant
correlation between them with an R2 of more than 0.90 [11]. Moreover, Wakiyama assessed
the relationship between SPAD-502 values and rice’s chlorophyll content, indicating a
strong correlation with R2 = 0.94 [12]. Xiong et al. also studied the relationship between
chlorophyll content and SPAD-502 readings for tomatoes and zizania, noting a strong
relationship with r of 0.90 and 0.97, respectively [13]. A strong positive relationship be-
tween SPAD-502 readings and chlorophyll content in wheat with R2 = 0.93 was reported
by Shah et al. [8]. SPAD-502 values have therefore been widely used for estimation of crop
chlorophyll content and for guidance of plant health status and topdressing [14–22]. Conse-
quently, this motivated its use in this study to estimate total chlorophyll in aquaponically
grown lettuce.

3.2. Spectral Vegetation Indices

The evaluation results of the AutoML and the comparative machine learning models
(BPNN, RF, PLSR, SVM, and Rlearner algorithm) are tabulated in Table 4. The most fitted
models have been shown in Figures 6–8, including the best-selected SVIs, coefficients of
determination (R2), and root mean square errors (RMSEs) for the calibration (R2

c , RMSEc)
and prediction (R2

p, RMSEp) datasets. A total of nineteen vegetation indices, which are
highly responsive to the chlorophyll content of plants, were chosen to create a reliable
model for predicting chlorophyll content. In general, the results showed that the AutoML
system performed better than traditional models for all vegetative indices. Of all vegetation
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indices, GRVI achieved the best prediction results and is, therefore, the best index for
modeling chlorophyll content. For GRVI, the AutoML achieved the highest predictive
accuracy with R2

p = 0.91, while RF, PLSR, BPNN, SVM, and Gaussian process regression
(RLearner) obtained R2

p of 0.89, 0.82, 0.82, 0.81, and 0.81, respectively, as shown in Table 4
and Figure 6a–c. These findings led us to conclude that the GRVI can be safely used as
an accurate estimator of the chlorophyll content of plant leaves. The superiority of the
GRVI can be attributed to its strong correlation with the nitrogen content of plants, a crucial
structural element of chlorophyll [62]. Additionally, compared to many other vegetation
indices, the GRVI has reportedly been more sensitive (red-based) to chlorophyll content [63].
These findings align with those of Maresma et al. who utilized the GRVI index to estimate
maize’s nitrogen content (as it is the main structural component of chlorophyll) which
outperformed all other vegetation indices [64].
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Table 4. The SVIs are used to estimate the chlorophyll content in aquaponically grown lettuce.

VIs
AutoML RF PLSR BPNN SVM RLearner

Model R2
p RMSEp R2

p RMSEp R2
p RMSEp R2

p RMSEp R2
p RMSEp R2

p RMSEp

NDVI XGB 0.89 6.20 0.78 8.00 0.79 7.44 0.84 6.83 0.77 7.94 0.83 7.10
NDVI1 ET 0.65 8.12 0.50 11.00 0.65 10.21 0.73 9.04 0.65 10.2 0.63 10.50

NDVI3D ET 0.83 6.72 0.73 8.90 0.78 8.14 0.83 7.20 0.77 8.22 0.79 8.20
VOG2 LGBM 0.83 6.95 0.71 9.30 0.77 8.36 0.82 7.42 0.09 16.4 0.82 8.50
MSR1 ET 0.86 7.09 0.68 9.70 0.73 8.95 0.78 8.16 0.73 8.98 0.73 8.80
SIPI ET 0.55 10.10 0.39 13.55 0.48 12.45 0.56 11.52 0.36 13.8 0.40 13.05

MDATT1 ET 0.75 8.07 0.59 11.00 0.69 9.6 0.74 8.74 0.65 10.1 0.66 9.50
MCARI LGBM 0.88 6.43 0.82 7.30 0.78 8.16 0.85 6.80 0.15 17.9 0.84 7.0

GRVI ET 0.91 5.50 0.89 5.81 0.82 7.40 0.82 7.40 0.81 8.81 0.81 8.81
PRI ET 0.18 18.20 0.31 17.19 0.14 15.77 0.19 15.54 0.01 17.1 0.20 15.05

VARI LGBM 0.51 10.21 0.42 13.60 0.56 11.43 0.60 10.88 0.56 11.4 0.55 10.56
VREI ET 0.87 6.15 0.77 8.24 0.78 8.16 0.83 7.12 0.77 8.25 0.78 8.18

SR ET 0.85 7.75 0.82 7.39 0.82 7.64 0.84 6.88 0.80 7.66 0.82 7.80
RVSI ET 0.49 12.50 0.72 14.72 0.52 12.02 0.54 11.75 0.32 17.9 0.55 8.72
BGI1 ET 0.10 20.3 0.39 20.41 0.20 17.45 0.20 17.45 0.17 18.6 0.15 19.23
Lic2 ET 0.65 10.21 0.55 11.00 0.65 10.17 0.73 9.04 0.65 10.1 0.66 10.23
PSRI ET 0.59 8.50 0.48 12.4 0.60 10.99 0.62 10.69 0.30 14.4 0.58 13.56
NPCI LGBM 0.28 19.5 0.13 18.37 0.14 16.01 0.14 16.01 0.01 17.1 0.30 14.50

CIgreen ET 0.90 6.15 0.85 6.77 0.82 7.42 0.87 6.23 0.81 7.47 0.83 6.80
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Regarding the CIgreen, it is also characterized by its close relationship with plant
chlorophyll [48]. It has been reported to be a very good estimator of the chlorophyll content
of leaves [48]. AutoML achieved a high level of predictive accuracy, with an R2

p of 0.90,
outperforming RF, PLSR, BPNN, SVM, and Gaussian process regression (RLearner), which
achieved R2

p values of 0.85, 0.82, 0.87, 0.81, and 0.83, respectively, as shown in Table 4 and
Figure 6d–f. These results are consistent with Clevers et al. (2017), who used the CIgreen
index to estimate leaf chlorophyll and achieved high predictive accuracy of R2

p ranging from
0.81 to 0.90 [48]. The advantage of GRVI and CIgreen over their counterparts as accurate
estimators of plant chlorophyll may be because the wavelengths (559–872 nm) used to
calculate these indices fall within the range of influence of nitrogen and chlorophyll [48].

NDVIs are also classified as reliable indices associated with chlorophyll content [21].
Moreover, NDVI measures an area’s greenness, indicating the leaves’ chlorophyll content.
However, it was outperformed by GRVI and CIgreen. The NDVI achieved good predictive
performance with an R2

p of 0.89, 0.84, 0.79, 0.78, 0.77, and 0.83 for AutoML, BPNN, PLSR,
RF, SVM, and Ensemble, respectively, as illustrated in Table 4 and shown in Figure 6g–i.
These results are consistent with Narmilan et al., who used NDVI and GNDVI as estimators
for chlorophyll content in Sugarcane, achieving good prediction accuracy with R2

p of 0.82
and 0.86 [21]. Hence, our study achieved higher prediction accuracy using AutoML, which
proves its superiority over traditional machine learning algorithms.

The MCARI index quantifies the extent of chlorophyll absorption and is responsive
to alterations in the structural composition of chlorophyll and fluctuations in the leaf area
index (LAI) [3]. Notably, MCARI values are not affected by the environmental lighting
conditions surrounding the plant [3]. MCARI index did well in estimating chlorophyll,
with an R2

p of 0.88, 0.85, 0.82, 0.78, and 0.84 for AutoML, BPNN, RF, PLSR, and Gaussian
process regression, respectively, as shown in Figure 7a–c. The outstanding predictive ability
of MCARI with AutoML in chlorophyll estimation is due to its sensitivity to chlorophyll
content and its ability to predict plant nitrogen content [65]. This result agrees with
Wu et al., who used the MCARI index to estimate the chlorophyll content in maize leaves,
achieving good regression accuracy with correlations R2

p of 0.88. They stated that the
MCARI index is more efficient than SR index because the latter considers the effect of the
leaf area index (LAI) [3].

The VREI results were also interesting, especially with AutoML achieving very good
predictive accuracy with an R2

p of 0.87. Moreover, it performed well with traditional
algorithms, obtaining R2

p of 0.83, 0.78, 0.77, 0.77, and 0.78 for BPNN, PLSR, RF, SVM, and
Ensemble, respectively, as illustrated in Table 4 and shown in Figure 7d–f. Our findings are
consistent with those of Velichkova and Krezhova, who estimated chlorophyll in pepper
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plants using VREI, achieving very good predictive accuracy [45]. The reliability of the VREI
as an estimator of chlorophyll is due to its sensitivity to the combined effects of foliage
chlorophyll concentration, canopy leaf area, and water content [45].

MSR1 performed well in estimating and predicting the chlorophyll content of plant
leaves, also achieving outstanding prediction accuracy using AutoML with an R2

p of 0.86,
superior to traditional methods, which obtained R2

p of 0.78, 0.73, 0.72, 0.68, and 0.73 for
BPNN, PLSR, SVM, RF, and Gaussian, respectively, as illustrated in Table 4 and shown
in Figure 7g–i. These results are in line with the study conducted by Haboudane et al.,
who used MSR to estimate chlorophyll, achieving good predictive quality with an R2

p of
0.80 [66]. Our study is also consistent with El-Hendawy et al. [46], who used MSR to
estimate chlorophyll in wheat, obtaining R2

p of 0.65 and 0.73. MSR is a good estimator
of chlorophyll because it is considered more linearly related to vegetation parameters.
In addition, MSR and SR are the most affected by chlorophyll variability, showing high
sensitivity even at high chlorophyll levels (up to 60 µg/cm2) [66].

All vegetation indices were combined into a single input dataset to further investigate
the performance of AutoML for predicting chlorophyll content using vegetation indices.
Hence, all calculated SVIs were transferred to one file to represent the predictive variables
(X-data), while the chlorophyll content estimated from the SPAD-502 device was used as
the Y variable. The combination of such indices had a stimulating effect on the prediction
efficiency of the AutoML system and the other machine learning models. In general, the
AutoML model (XGBoost Regressor) significantly outperformed the manual machine learn-
ing models by achieving very high prediction accuracy with a coefficient of determination
(R2

p) of 0.93. Manual machine learning models also achieved good prediction accuracy with
R2

p of 0.91, 0.89, 0.87, 0.85, and 0.83 for BPNN, RF, PLSR, SVM, and Ensemble, respectively,
as shown in Figure 8. These results are consistent with the study of Haboudane et al. (2004),
who combined a series of vegetation indices divided into three categories (NDVI, MSR,
and MCARI, TCARI) and the integrated forms (MCARI/OSAVI and TCARI/OSAVI)) to
estimate the chlorophyll content of winter wheat. Their study achieved high estimation
accuracy with an R2

p of 0.94 [67].

3.3. Color Vegetation Indices

The outcomes of assessing CVIs as estimators of chlorophyll are displayed in Table 5,
while the best-performed models are showcased in Figure 9. IKAW demonstrated superior
prediction performance using AutoML, confirming it as the most dependable index when
compared to other CVIs [28,30]. The IKAW index achieved good predictive accuracy with
an R2

p of 0.85, as shown in Table 5 and Figure 9a. The performance of the other models,
including RF, PLSR, BPNN, SVM, and RLearner, was comparatively inadequate when
compared to AutoML. These results agree with those reported by many scientific contribu-
tions that have proven that the IKAW ((R − B)/(R + B)) index is the most fitted function
of RGB space to estimate the chlorophyll content of leaves [28,30,68,69]. Mahmoodi et al.
used the IKAW index as an estimator of chlorophyll and demonstrated a strong correlation
between the index and leaf chlorophyll content, achieving good estimation accuracy with
a correlation coefficient of 0.87 [30]. Also, reasonable prediction accuracy (R2

p = 0.82) was
obtained for NDI under AutoML, as shown in Figure 9b. In this context, our results agree
with Manuel and Blanco, who used the NDI as an estimator for chlorophyll, achieving
good predictive quality with an R2

p of 0.9 [70]. GLI index came in third place in terms of
the quality of color vegetation indicators as estimators of chlorophyll, obtaining R2

p of 0.81
developed under AutoML modeling, as shown in Figure 9c and Table 5. This result aligns
with the findings of Saberioon et al., who employed the GLI index to assess the chloro-
phyll levels in rice plants. Their study demonstrated a reasonable correlation between GLI
and chlorophyll content with an R2

p of 0.64 [71]. The GLI’s reasonableness in estimating
chlorophyll content may be due to its association with the visible green band [71].
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Table 5. Evaluating color indices results.

VIs
AutoML RF PLSR BPNN SVM RLearner

Model R2
p RMSEp R2

p RMSEp R2
p RMSEp R2

p RMSEp R2
p RMSEp R2

p RMSEp

rn ET 0.65 8.0 0.41 13.0 0.20 18.0 0.55 9.0 0.31 12.81 0.25 13.81
gn ET 0.79 5.0 0.43 12.5 0.23 15.2 0.63 9.5 0.33 11.47 0.29 12.29
bn ET 0.59 10.0 0.39 12.9 0.19 13.6 0.51 11.5 0.27 15.9 0.23 16.4

GRRI XGB 0.49 6.20 0.42 9.05 0.33 12.8 0.44 7.83 0.35 13.94 0.20 17.10
RBRI LGBM 0.48 7.12 0.41 10.2 0.30 15.7 0.39 7.04 0.36 16.2 0.18 16.50
GBRI RF 0.45 5.50 0.35 8.5 0.18 17.01 0.44 8.01 0.18 18.1 0.15 19.50
IKAW XGB 0.85 2.05 0.35 11.85 0.32 13.29 0.49 10.56 0.13 19.08 0.19 17.88
NDI ET 0.82 3.50 0.39 8.56 0.30 10.35 0.23 17.06 0.18 20.08 0.15 21.78
WI ET 0.50 8.21 0.37 9.75 0.33 11.58 0.30 12.38 0.19 16.23 0.13 18.09
GLI ET 0.81 7.54 0.34 10.65 0.32 12.23 0.29 13.20 0.23 15.05 0.18 20.89
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Figure 9d–i displays the rn, gn, and bn indices. The findings demonstrate a strong
association between the gn index and the chlorophyll concentration. Conversely, the rn and
bn variables exhibited weak correlations with the chlorophyll concentration, suggesting
that the green band is more influential than the red and blue bands in influencing the
chlorophyll content in crops [28]. The AutoML and BPNN models achieved R2

p values
of 0.79 and 0.63, respectively, for the index ‘gn,’ as shown in Figure 9e,h. These results
agree with those outlined by Zhang et al., who used the rn, gn, and bn indices to estimate
chlorophyll in sorghum, achieving reasonable predictive quality with R2

p of 0.56, 0.64, and
0.48 for rn, gn, and bn, respectively [28]. The results revealed that for GRRI, RBRI, GBRI,
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and WI, their performance is insufficient, with R2
p ranging from 0.45 to 0.50 under AutoML

modeling, as shown in Table 5.
To further investigate the reliability of CVIs as estimators of plant chlorophyll content,

all CVIs were combined as one dataset, representing the independent variable, while chloro-
phyll content (SPAD-502 reading) defined the predictor variable. In general, combining
indices gave more promising results than using each index separately. The results displayed
in Figure 10 indicated that the developed AutoML (XGBoost Regressor) obtained the best
predictive results, with the highest values for R2

p (0.85), outperforming all other traditional
models. The BPNN model outperformed its counterparts by obtaining an R2

p of 0.78, and
the RF, PLSR, SVM, and RLearner model gave R2

p of 0.74, 0.73, 0.70, and 0.67, respectively. It
is noted from these results that combining color indices has enhanced predictive accuracy
compared to using indices individually. This is because most indices are linked to the
green band and are mutually reinforcing when combined as a single input. Furthermore,
studies have shown that CVIs associated with the green band significantly correlate with
nitrogen and chlorophyll content [72,73]. Additionally, this can be attributed to the fact
that the combination of different features and different bands provides an expanded and
complete description of the target process [74]. Moreover, it indicates that JPEG color
images captured by digital cameras with built-in enhancement functions are sensitive to
the green band [72].
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3.4. Fusion of SVIs and CVIs

This section evaluated the combination of SVIs and CVIs to predict chlorophyll content
in aquaponically grown lettuce. The results indicated that the linear combination of SVIs
and CVIs strongly correlated with chlorophyll content. Moreover, all regression models
gave the best predictive accuracy with highest R2

p values. The combination of the two types
of vegetation indices achieved very high prediction accuracy with an R2

p of 0.98 using the
developed AutoML (XGBoost Regressor). In addition, all traditional models obtained high
R2

p values, estimated at 0.96, 0.94, 0.93, 0.90, and 0.89 for BPNN, RF, PLSR, SVM, and RLearner
model, respectively, as shown in Figure 11. These results are consistent with the study by
Zhang et al., who demonstrated that the linear combination of CVIs (red, green, and blue)
and SVIs indicates the best predictive model for chlorophyll in sorghum crops [28]. As a
result of incorporating types of vegetation indices, they achieved high prediction accuracy
with R2

p = 0.90. The promised results of the combination may be because it has created a
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bridge between the genotype and phenotype of plants [28]. The promising results of the
fusion of the SVIs and CVIs can be attributed to the fact that the effective combination of
the sensors (a digital camera and a spectroradiometer) and the various features may lead to
the expansion of individual sensor capabilities and the provision of a robust and complete
description of an environment or targeted process rather than using an individual source
alone [74]. Color images focus more on phenotypic traits, while spectral data look at plant
physiology. The advantage of spectroscopic measurements over colored images lies in their
ability to detect disturbances such as nutrient stress, water stress, or disease before the
plant becomes symptomatic. In contrast, colored images cannot detect these disturbances
until the plant shows visible symptoms [75]. Hence, the combination gave a comprehensive
and reliable idea about the condition of the plant in general and chlorophyll in particular
due to the derivation of the associated indices.
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Upon careful evaluation of prior research that employed conventional machine learn-
ing techniques to model chlorophyll content, we deduce that AutoML systems exhibit
superiority. In the study of Shah et al. (2019), the authors used a random forest regression
algorithm with 45 spectral VIs to predict the wheat leaves’ chlorophyll content, obtaining a
high prediction accuracy with an R2

p of 0.89 [2]. Using fifteen vegetation indices, Narmilan
et al. used machine learning regression models along with SPAD-502 measurements to find
out how much chlorophyll was in sugarcane crops. It was discovered that RF performed
better than other models, with an R2

p = 0.92 [21]. They used the algorithms before and after
selecting the optimal wavebands, with the former training them on all 24 vegetation indices
across five spectral bands and the latter training them on 15 indices. In the same context,
Ta et al. estimated the content of the apple leaves from chlorophyll using several learning
algorithms: (1) univariate linear regression (ULR); (2) multivariate linear regression (MLR);
(3) SVMR; and (4) RF using the SVIs and the readings of SPAD-502 as the response variable.
Their results demonstrated that the random forest outperformed all proposed algorithms,
achieving the highest predictive accuracy with R2

p = 0.93 and RMSE = 0.95 [20]. An et al.
proposed a predictive framework to estimate chlorophyll content in rice using regression
models (GPR, RF, SVM, and GBR). All the algorithms performed well and the random forest
surpassed the best prediction performance with RMSE = 1.54 and R2

p = 0.92 [22]. Our study
is consistent with that conducted by Yi-Cheng Huang et al. compared to AutoML, VGG-16,
ResNet-50, and MobileNet v1 for defect detection on cylindrical metal surfaces, where it
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was proven that AutoML outperformed other models by obtaining an R2
p of 0.9983 [67].

Furthermore, our results are consistent with those achieved by Borja Espejo-Garcia et al.,
where AutoML was used to distinguish between plants and weeds, achieving an iden-
tification quality of 93.8% [33]. Zhang et al. used vegetation indices derived from RGB,
hyperspectral, and fluorescence images using the PLSR model, achieving good predictive
accuracy with an R2

p that ranged from 0.67 to 0.88 when using each type independently,
while the R2

p value increased to 0.90 when combined [28]. Since chlorophyll is essential for
precision agriculture as it is the vital pigment in photosynthesis. Furthermore, it is a good
indicator of mutations, salinity, drought stress, and nutritional status [3,76]. Understanding
the chlorophyll content of plants is crucial for guiding plant cultivation management. In
this context, therefore, this study is an important scientific contribution. The superiority
of AutoML systems over manual machine learning approaches depends on the automatic
ability of these systems to select the best models and their related hyperparameters (such as
the learning rate and optimizer) and features, as well as the parameters related to the model
architecture, such as the number of layers and operation of each layer [53]. This process
is repeated automatically using many algorithms to reach the best scenarios to model
the target task with the best experimental results without or with minimal programming
knowledge of the user [67]. In contrast, traditional machine learning models, which rely on
manually selecting models and hyperparameters based on the user’s point of view and
software experience, may often be flawed, leading to low model accuracy.

4. Conclusions

This study investigated the feasibility of developing an automated machine learning
(AutoML) pipeline specifically to develop chlorophyll estimation models in aquaponically
grown lettuce using SVIs and CVIs. The AutoML and regression models (BPNN, PLSR, RF,
and SVM) were validated using 3600 hyperspectral measurements and 800 RGB images.
SVIs and CVIs were derived from spectral image datasets. The chlorophyll content was
measured using an SPAD-502 m calibrated by laboratory analysis. The results revealed a
strong positive relationship between chlorophyll content and SPAD-502 readings, with an
R2 of 0.95. Furthermore, the AutoML system generated four optimal models (extra trees,
LightGBM, XGBoost, and random forest) selected for chlorophyll modeling. The results
demonstrated that the developed AutoML models outperform all traditional models by
obtaining the highest values of R2

p for all vegetation indices. GRVI achieved the highest
predictive accuracy (R2

p of 0.91), outperforming other spectral indices. Similarly, IKAW
outperformed other color indices by obtaining an R2

p of 0.85. The combination of spectral
and color vegetation indices achieved the best predictive accuracy and the highest R2

p
values, which reached 0.98 with the developed AutoML model (XGBoost), outperforming
all traditional models. Due to the flexibility of the proposed methodology, it can also be
used with minor modifications to estimate chlorophyll content in not only greenhouse crops
but also field crops such as wheat, corn, and barley. Furthermore, our future endeavors
will focus on designing fully automated aquaponics systems, where the developed model
will be integrated and evaluated for its practical viability, thus bridging the gap between
theoretical research and real-world application.

Author Contributions: Conceptualization, M.F.T. and H.M.; methodology, M.F.T. and A.I.E.; software,
A.I.E. and M.F.T.; validation, Y.W., Z.Q., T.H. and Z.N.; formal analysis, Z.N. and T.H.; investigation,
Z.Q.; resources, H.M.; data curation, M.F.T. and L.W.; writing—original draft preparation, M.F.T. and
G.E.; writing—review and editing, M.F.T., G.E., M.S.M., T.H. and H.M.; visualization, M.S.M. and
L.W.; supervision, H.M.; project administration, H.M.; funding acquisition, H.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was partially supported by the National Key Research and Development
Program (2022YFD2002302), National Natural Science Foundation of China (Grant No. 32071905),
Major Science and Technology Project of Xinjiang Uygur autonomous region (2022A02005-5).

Data Availability Statement: Data are contained within the article.



Plants 2024, 13, 392 19 of 22

Acknowledgments: The support to author G.E. from the Distinguished Scientist Fellowship Program
(DSFP), King Saud University, Saudi Arabia, is greatly appreciated. Thanks also to Heba Ahmed
El-Beltagy for her support and encouragement.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Yang, T.; Kim, H. Characterizing nutrient composition and concentration in tomato-, basil-, and lettuce-based aquaponic and

hydroponic systems. Water 2020, 12, 1259. [CrossRef]
2. Shah, S.H.; Angel, Y.; Houborg, R.; Ali, S.; McCabe, M.F. A random forest machine learning approach for the retrieval of leaf

chlorophyll content in wheat. Remote Sens. 2019, 11, 920. [CrossRef]
3. Wu, C.; Niu, Z.; Tang, Q.; Huang, W. Estimating chlorophyll content from hyperspectral vegetation indices: Modeling and

validation. Agric. For. Meteorol. 2008, 148, 1230–1241. [CrossRef]
4. Pan, W.; Cheng, X.; Du, R.; Zhu, X.; Guo, W. Detection of chlorophyll content based on optical properties of maize leaves.

Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2024, 309, 123843. [CrossRef]
5. Aballa, A.; Cen, H.; Wan, L.; Mehmood, K.; He, Y. Nutrient Status Diagnosis of Infield Oilseed Rape via Deep Learning-enabled

Dynamic Model. IEEE Trans. Ind. Inform. 2020, 17, 4379–4389. [CrossRef]
6. El-Hendawy, S.; Elsayed, S.; Al-Suhaibani, N.; Alotaibi, M.; Tahir, M.U.; Mubushar, M.; Attia, A.; Hassan, W.M. Use of

Hyperspectral Reflectance Sensing for Assessing Growth and Chlorophyll Content of Spring Wheat Grown under Simulated
Saline Field Conditions. Plants 2021, 10, 101. [CrossRef]

7. Garriga, M.; Retamales, J.B.; Romero-Bravo, S.; Caligari, P.D.; Lobos, G.A. Chlorophyll, anthocyanin, and gas exchange changes
assessed by spectroradiometry in Fragaria chiloensis under salt stress. J. Integr. Plant Biol. 2014, 56, 505–515. [CrossRef]

8. Shah, S.H.; Houborg, R.; McCabe, M.F. Response of Chlorophyll, Carotenoid and SPAD-502 Measurement to Salinity and Nutrient
Stress in Wheat (Triticum aestivum L.). Agronomy 2017, 7, 61. [CrossRef]

9. Mendoza-Tafolla, R.O.; Juarez-Lopez, P.; Ontiveros-Capurata, R.E.; Sandoval-Villa, M.; Alia-Tejacal, I.; Alejo-Santiago, G.
Estimating nitrogen and chlorophyll status of romaine lettuce using SPAD and at LEAF readings. Not. Bot. Horti Agrobot.
Cluj-Napoca 2019, 47, 751–756. [CrossRef]

10. Jiang, C.; Johkan, M.; Hohjo, M.; Tsukagoshi, S.; Maruo, T. A correlation analysis on chlorophyll content and SPAD value in
tomato leaves. HortResearch 2017, 71, 37–42.

11. Uddling, J.; Gelang-Alfredsson, J.; Piikki, K.; Pleijel, H. Evaluating the relationship between leaf chlorophyll concentration and
SPAD-502 chlorophyll meter readings. Photosynth. Res. 2007, 91, 37–46. [CrossRef]

12. Wakiyama, Y. The relationship between SPAD values and leaf blade chlorophyll content throughout the rice development cycle.
Jpn. Agric. Res. Q. 2016, 50, 329–334. [CrossRef]

13. Xiong, D.; Chen, J.; Yu, T.; Gao, W.; Ling, X.; Li, Y.; Peng, s.; Huang, J. SPAD-based leaf nitrogen estimation is impacted by
environmental factors and crop leaf characteristics. Sci. Rep. 2015, 5, 13389. [CrossRef]

14. Eshkabilov, S.; Lee, A.; Sun, X.; Lee, C.W.; Simsek, H. Hyperspectral imaging techniques for rapid detection of nutrient content of
hydroponically grown lettuce cultivars. Comput. Electron. Agric. 2021, 181, 105968. [CrossRef]

15. Cotrozzi, L.; Couture, J.J. Hyperspectral assessment of plant responses to multi-stress environments: Prospects for managing
protected agrosystems. Plants People Planet 2020, 2, 244–258. [CrossRef]

16. Sharabian, V.R.; Noguchi, N.; Ishi, K. Significant wavelengths for prediction of winter wheat growth status and grain yield using
multivariate analysis. Eng. Agric. Environ. Food 2014, 7, 14–21. [CrossRef]

17. Yao, Z.; Lei, Y.; He, D. Early Visual Detection of Wheat Stripe Rust Using Visible/Near-Infrared Hyperspectral Imaging. Sensors
2019, 19, 952. [CrossRef] [PubMed]

18. Guo, Y.; Yin, G.; Sun, H.; Wang, H.; Chen, S.; Senthilnath, J.; Fu, Y. Scaling effects on chlorophyll content estimations with RGB
camera mounted on a UAV platform using machine-learning methods. Sensors 2020, 20, 5130. [CrossRef] [PubMed]

19. Zhang, L.; Han, W.; Niu, Y.; Chavez, J.L.; Shao, G.; Zhang, H. Evaluating the sensitivity of water stressed maize chlorophyll and
structure based on UAV derived vegetation indices. Comput. Electron. Agric. 2021, 185, 106174. [CrossRef]

20. Ta, N.; Chang, Q.; Zhang, Y. Estimation of apple tree leaf chlorophyll content based on machine learning methods. Remote Sens.
2021, 13, 3902. [CrossRef]

21. Narmilan, A.; Gonzalez, F.; Salgadoe, A.S.A.; Kumarasiri, U.M.; Weerasinghe, H.S.; Kulasekara, B.R. Predicting canopy chlorophyll
content in sugarcane crops using machine learning algorithms and spectral vegetation indices derived from UAV multispectral
imagery. Remote Sens. 2022, 14, 1140. [CrossRef]

22. An, G.; Xing, M.; He, B.; Liao, C.; Huang, X.; Shang, J.; Kang, H. Using machine learning for estimating rice chlorophyll content
from in situ hyperspectral data. Remote Sens. 2020, 12, 3104. [CrossRef]

23. Elmetwalli, A.H.; Mazrou, Y.S.; Tyler, A.N.; Hunter, P.D.; Elsherbiny, O.; Yaseen, Z.M.; Elsayed, S. Assessing the efficiency of
remote sensing and machine learning algorithms to quantify wheat characteristics in the Nile Delta Region of Egypt. Agriculture
2022, 12, 332. [CrossRef]

https://doi.org/10.3390/w12051259
https://doi.org/10.3390/rs11080920
https://doi.org/10.1016/j.agrformet.2008.03.005
https://doi.org/10.1016/j.saa.2024.123843
https://doi.org/10.1109/TII.2020.3009736
https://doi.org/10.3390/plants10010101
https://doi.org/10.1111/jipb.12193
https://doi.org/10.3390/agronomy7030061
https://doi.org/10.15835/nbha47311525
https://doi.org/10.1007/s11120-006-9077-5
https://doi.org/10.6090/jarq.50.329
https://doi.org/10.1038/srep13389
https://doi.org/10.1016/j.compag.2020.105968
https://doi.org/10.1002/ppp3.10080
https://doi.org/10.1016/j.eaef.2013.12.003
https://doi.org/10.3390/s19040952
https://www.ncbi.nlm.nih.gov/pubmed/30813434
https://doi.org/10.3390/s20185130
https://www.ncbi.nlm.nih.gov/pubmed/32916808
https://doi.org/10.1016/j.compag.2021.106174
https://doi.org/10.3390/rs13193902
https://doi.org/10.3390/rs14051140
https://doi.org/10.3390/rs12183104
https://doi.org/10.3390/agriculture12030332


Plants 2024, 13, 392 20 of 22

24. Zhao, N.; Zhou, L.; Huang, T.; Taha, M.F.; He, Y.; Qiu, Z. Development of an automatic pest monitoring system using a deep
learning model of DPeNet. Measurement 2022, 203, 111970. [CrossRef]

25. Gonzalez-Dugo, V.; Hernandez, P.; Solis, I.; Zarco-Tejada, P.J. Using high-resolution hyperspectral and thermal airborne imagery
to assess physiological condition in the context of wheat phenotyping. Remote Sens. 2015, 7, 13586–13605. [CrossRef]

26. Elsayed, S.; El-Hendawy, S.; Khadr, M.; Elsherbiny, O.; Al-Suhaibani, N.; Dewir, Y.H.; Darwish, W. Integration of spectral
reflectance indices and adaptive neuro-fuzzy inference system for assessing the growth performance and yield of potato under
different drip irrigation regimes. Chemosensors 2021, 9, 55. [CrossRef]

27. Zhou, L.; Wang, X.; Zhang, C.; Zhao, N.; Taha, M.F.; He, Y.; Qiu, Z. Powdery food identification using NIR spectroscopy and
extensible deep learning model. Food Bioprocess Technol. 2022, 15, 2354–23622. [CrossRef]

28. Zhang, H.; Ge, Y.; Xie, X.; Atefi, A.; Wijewardane, N.K.; Thapa, S. High throughput analysis of leaf chlorophyll content in sorghum
using RGB, hyperspectral, and fluorescence imaging and sensor fusion. Plant Methods 2022, 18, 60. [CrossRef] [PubMed]

29. Elsherbiny, O.; Zhou, L.; Feng, L.; Qiu, Z. Integration of visible and thermal imagery with an artificial neural network approach
for robust forecasting of canopy water content in rice. Remote Sens. 2021, 13, 1785. [CrossRef]

30. Mahmoodi, M.; Khazaei, J.; Vahdati, K.; Mohamadi, N.; Javanmardi, Z. Chlorophyll content estimation using image processing
technique. World Appl. Sci. 2013, 13, 1–8.

31. Liang, N.; Sun, S.; Yu, J.; Taha, M.F.; He, Y.; Qiu, Z. Novel segmentation method and measurement system for various grains with
complex touching. Comput. Electron. Agric. 2022, 202, 107351. [CrossRef]

32. Wang, J.; Chen, Y.; Chen, F.; Shi, T.; Wu, G. Wavelet-based coupling of leaf and canopy reflectance spectra to improve the
estimation accuracy of foliar nitrogen concentration. Agric. For. Meteorol. 2018, 248, 306–315. [CrossRef]

33. Espejo- Garcia, B.; Malounas, I.; Vali, E.; Fountas, S. Testing the Suitability of Automated Machine Learning for Weeds Identifica-
tion. Ai 2021, 2, 34–47. [CrossRef]

34. Niu, Z.; Yang, H.; Zhou, L.; Taha, M.F.; He, Y.; Qiu, Z. Deep learning-based ranging error mitigation method for UWB localization
system in greenhouse. Comput. Electron. Agric. 2023, 205, 107573. [CrossRef]

35. Koh, J.C.; Spangenberg, G.; Kant, S. Automated machine learning for high-throughput image-based plant phenotyping. Remote
Sens. 2021, 13, 858. [CrossRef]

36. Somerville, C.; Cohen, M.; Pantanella, E.; Stankus, A.; Lovatelli, A. Small-Scale Aquaponic Food Production: Integrated Fish and Plant
Farming; FAO Fisheries and Aquaculture Technical Paper; FAO: Rome, Italy, 2014; p. I.

37. Palm, H.W.; Knaus, U.; Appelbaum, S.; Strauch, S.M.; Kotzen, B. Coupled aquaponics systems. In Aquaponics Food Production
Systems, 1st ed.; Goddek, S., Joyce, A., Kotzen, B., Burnell, G.M., Eds.; Springer Nature: New York, NY, USA, 2020; Volume 1,
pp. 163–199.

38. Taha, M.F.; ElManawy, A.I.; Alshallash, K.S.; ElMasry, G.; Alharbi, K.; Zhou, L.; Liang, N.; Qiu, Z. Using Machine Learning for
Nutrient Content Detection of Aquaponics-Grown Plants Based on Spectral Data. Sustainability 2022, 14, 12318. [CrossRef]

39. Van-Delden, S.H.; Nazarideljou, M.J.; Marcelis, L.F. Nutrient solutions for Arabidopsis thaliana: A study on nutrient solution
composition in hydroponics systems. Plant Methods 2020, 16, 1–14. [CrossRef]

40. Lu, F.; Bu, Z.; Lu, S. Estimating chlorophyll content of leafy green vegetables from adaxial and abaxial reflectance. Sensors 2019,
19, 4059. [CrossRef]

41. Gutiérrez-Rodríguez, B.J.; Argüello-Tovar, J.O.; García-Navarrete, O.L. Use of VIS-NIR-SWIR spectroscopy for the prediction of
water status in soybean plants in the Colombian Piedmont Plains. Dyna 2019, 86, 125–130. [CrossRef]

42. Wei, X.; Johnson, M.A.; Langston Jr, D.B.; Mehl, H.L.; Li, S. Identifying optimal wavelengths as disease signatures using
hyperspectral sensor and machine learning. Remote Sens. 2021, 13, 2833. [CrossRef]

43. Elsayed, S.; El-Hendawy, S.; Dewir, Y.H.; Schmidhalter, U.; Ibrahim, H.H.; Ibrahim, M.M.; Elsherbiny, O.; Farouk, M. Estimating
the leaf water status and grain yield of wheat under different irrigation regimes using optimized two-and three-band hyperspectral
indices and multivariate regression models. Water 2021, 13, 2666. [CrossRef]

44. Tayade, R.; Yoon, J.; Lay, L.; Khan, A.L.; Yoon, Y.; Kim, Y. Utilization of Spectral Indices for High-Throughput Phenotyping. Plants
2022, 11, 1712. [CrossRef]

45. Velichkova, K.; Krezhova, D. Comparative Analysis of Hyperspectral Vegetation Indices For Remote Estimation Of Leaf
Chlorophyll Content And Plant Status. Radiat. Apl. 2018, 3, 202–208.

46. El-Hendawy, S.; Dewir, Y.H.; Elsayed, S.; Schmidhalter, U.; Al-Gaadi, K.; Tola, E.; Hassan, W.M. Combining Hyperspectral
Reflectance Indices and Multivariate Analysis to Estimate Different Units of Chlorophyll Content of Spring Wheat under Salinity
Conditions. Plants 2022, 11, 456. [CrossRef]

47. Lichtenthaler, H.K.; Lang, M.; Sowinska, M.; Heisel, F.; Miehé, J.A. Detection of Vegetation Stress Via a New High-Resolution
Fluorescence Imaging System. J. Plant Physiol. 1996, 148, 599–612. [CrossRef]

48. Clevers, J.G.; Kooistra, L.; Van den Brande, M.M. Using Sentinel-2 data for retrieving LAI and leaf and canopy chlorophyll content
of a potato crop. Remote Sens. 2017, 9, 405. [CrossRef]

49. Liang, N.; Sun, S.; Zhou, L.; Zhao, N.; Taha, M.F.; He, Y.; Qiu, Z. High-throughput instance segmentation and shape restoration of
overlapping vegetable seeds based on sim2real method. Measurement 2023, 207, 112414. [CrossRef]

https://doi.org/10.1016/j.measurement.2022.111970
https://doi.org/10.3390/rs71013586
https://doi.org/10.3390/chemosensors9030055
https://doi.org/10.1007/s11947-022-02866-5
https://doi.org/10.1186/s13007-022-00892-0
https://www.ncbi.nlm.nih.gov/pubmed/35505350
https://doi.org/10.3390/rs13091785
https://doi.org/10.1016/j.compag.2022.107351
https://doi.org/10.1016/j.agrformet.2017.10.017
https://doi.org/10.3390/ai2010004
https://doi.org/10.1016/j.compag.2022.107573
https://doi.org/10.3390/rs13050858
https://doi.org/10.3390/su141912318
https://doi.org/10.1186/s13007-020-00606-4
https://doi.org/10.3390/s19194059
https://doi.org/10.15446/dyna.v86n210.78703
https://doi.org/10.3390/rs13142833
https://doi.org/10.3390/w13192666
https://doi.org/10.3390/plants11131712
https://doi.org/10.3390/plants11030456
https://doi.org/10.1016/S0176-1617(96)80081-2
https://doi.org/10.3390/rs9050405
https://doi.org/10.1016/j.measurement.2022.112414


Plants 2024, 13, 392 21 of 22

50. Badrinarayanan, V.; Kendall, A.; Cipolla, R. Segnet. A deep convolutional encoder-decoder architecture for image segmentation.
IEEE Trans. Pattern Anal. Mach. Intell. 2017, 39, 2481–2495. [CrossRef] [PubMed]

51. Hu, Y.J.; Huang, S.W. Challenges of automated machine learning on causal impact analytics for policy evaluation. In Proceedings
of the 2nd International Conference on Telecommunication and Networks (TEL-NET), Noida, India, 10–11 August 2017.

52. Feurer, M.; Eggensperger, K.; Falkner, S.; Lindauer, M.; Hutter, F. Practical automated machine learning for the automl challenge.
In Proceedings of the International Workshop on Automatic Machine Learning at ICML, Hanover, Germany, 13 July 2018;
pp. 1189–1232.

53. Mohr, F.; Wever, M.; Hüllermeier, E. Automated machine learning via hierarchical planning. Mach. Learn. 2018, 107, 1495–1515.
[CrossRef]

54. Zhou, L.; Xiao, Q.; Taha, M.F.; Xu, C.; Zhang, C. Phenotypic Analysis of Diseased Plant Leaves Using Supervised and Weakly
Supervised Deep Learning. Plant Phenomics 2023, 5, 0022. [CrossRef] [PubMed]

55. Alsharef, A.; Aggarwal, K.; Sonia; Kumar, M.; Mishra, A. Review of ML and AutoML solutions to forecast time-series data. Arch.
Comput. Methods Eng. 2022, 29, 5297–5311. [CrossRef]

56. Mantovani, R.G.; Horváth, T.; Cerri, R.; Vanschoren, J.; De Carvalho, A.C. Hyper-parameter tuning of a decision tree induction
algorithm. In Proceedings of the 5th Brazilian Conference on Intelligent Systems (BRACIS), Recife, Brazil, 9–12 October 2016;
pp. 37–42.

57. Alsharef, A.; Sonia; Kumar, K.; Alsharef, A.; Iwendi, C. Time Series Data Modeling Using Advanced Machine Learning and
AutoML. Sustainability 2022, 14, 15292. [CrossRef]

58. Balaji, A.; Allen, A. Benchmarking automatic machine learning frameworks. arXiv 2018, arXiv:1808. 0649.
59. Koh, E.J.; Amini, E.; Gaur, S.; Maquieira, M.B.; Heck, C.J.; McLachlan, G.J.; Beaton, N. An Automated Machine learning (AutoML)

approach to regression models in minerals processing with case studies of developing industrial comminution and flotation
models. Miner. Eng. 2022, 189, 107886. [CrossRef]

60. ElManawy, A.I.; Sun, D.; Abdalla, A.; Zhu, Y.; Cen, H. HSI-PP: A flexible open-source software for hyperspectral imaging-based
plant phenotyping. Comput. Electron. Agric. 2022, 200, 107248. [CrossRef]

61. Rangkuti, M.Y.; Saputro, A.H.; Imawan, C. Prediction of soluble solid contents mapping on Averrhoa carambola using hyperspec-
tral imaging. In Proceedings of the International Conference on Sustainable Information Engineering and Technology (SIET),
Malang, Indonesia, 24–25 November 2017; pp. 414–419.

62. Bausch, W.C.; Duke, H.R. Remote sensing of plant nitrogen status in corn. Trans. ASAE 1996, 39, 1869–1875. [CrossRef]
63. de Carvalho Gasparotto, A.; Nanni, M.R.; da Silva Junior, C.A.; Cesar, E.; Romagnoli, F.; da Silva, A.A.; Guirado, G.C. Using

GNIR and RNIR extracted by digital images to detect different levels of nitrogen in corn. J. Agron. 2015, 14, 62. [CrossRef]
64. Maresma, Á.; Ariza, M.; Martínez, E.; Lloveras, J.; Martínez-Casasnovas, J.A. Analysis of vegetation indices to determine nitrogen

application and yield prediction in maize (Zea mays L.) from a standard UAV service. Remote Sens. 2016, 8, 973. [CrossRef]
65. Silva, L.; Conceição, L.A.; Lidon, F.C.; Maçãs, B. Remote Monitoring of Crop Nitrogen Nutrition to Adjust Crop Models: A

Review. Agriculture 2023, 13, 835. [CrossRef]
66. Haboudane, D.; Miller, J.R.; Pattey, E.; Zarco-Tejada, P.J.; Strachan, I.B. Hyperspectral vegetation indices and novel algorithms for

predicting green LAI of crop canopies: Modeling and validation in the context of precision agriculture. Remote Sens. Environ.
2004, 90, 337–352. [CrossRef]

67. Huang, Y.C.; Hung, K.C.; Lin, J.C. Automated Machine Learning System for Defect Detection on Cylindrical Metal Surfaces.
Sensors 2022, 22, 9783. [CrossRef]

68. Yadav, S.P.; Ibaraki, Y.; Dutta Gupta, S. Estimation of the chlorophyll content of micropropagated potato plants using RGB based
image analysis. Plant Cell 2010, 100, 183–188. [CrossRef]

69. Sánchez-Sastre, L.F.; Alte da Veiga, N.M.; Ruiz-Potosme, N.M.; Carrión-Prieto, P.; Marcos-Robles, J.L.; Navas-Gracia, L.M.; Martín-
Ramos, P. Assessment of RGB vegetation indices to estimate chlorophyll content in sugar beet leaves in the final cultivation stage.
AgriEngineering 2020, 2, 128–149. [CrossRef]

70. Manuel, A.; Blanco, A.C. Transformation of the Normalized Difference Chlorophyll Index to Retrieve Chlorophyll-A Concentra-
tions in Manila Bay. Remote Sens. Spat. Inf. Sci. 2023, 48, 217–221. [CrossRef]

71. Saberioon, M.M.; Amin, M.S.M.; Anuar, A.R.; Gholizadeh, A.; Wayayok, A.; Khairunniza-Bejo, S. Assessment of rice leaf
chlorophyll content using visible bands at different growth stages at both the leaf and canopy scale. Int. J. Appl. Earth Obs. Geoinf.
2014, 32, 35–45. [CrossRef]

72. Xue, L.; Cao, W.; Luo, W.; Dai, T.; Zhu, Y. Monitoring leaf nitrogen status in rice with canopy spectral reflectance. Agron. J. 2004,
96, 135–142. [CrossRef]

73. Li, Y.; Chen, D.; Walker, C.N.; Angus, J.F. Estimating the nitrogen status of crops using a digital camera. Field Crops Res. 2010, 118,
221–227. [CrossRef]

74. Fan, S.; Li, C.; Huang, W.; Chen, L. Data Fusion of Two Hyperspectral Imaging Systems with Complementary Spectral Sensing
Ranges for Blueberry Bruising Detection. Sensors 2018, 18, 4463. [CrossRef] [PubMed]

https://doi.org/10.1109/TPAMI.2016.2644615
https://www.ncbi.nlm.nih.gov/pubmed/28060704
https://doi.org/10.1007/s10994-018-5735-z
https://doi.org/10.34133/plantphenomics.0022
https://www.ncbi.nlm.nih.gov/pubmed/37040509
https://doi.org/10.1007/s11831-022-09765-0
https://doi.org/10.3390/su142215292
https://doi.org/10.1016/j.mineng.2022.107886
https://doi.org/10.1016/j.compag.2022.107248
https://doi.org/10.13031/2013.27665
https://doi.org/10.3923/ja.2015.62.71
https://doi.org/10.3390/rs8120973
https://doi.org/10.3390/agriculture13040835
https://doi.org/10.1016/j.rse.2003.12.013
https://doi.org/10.3390/s22249783
https://doi.org/10.1007/s11240-009-9635-6
https://doi.org/10.3390/agriengineering2010009
https://doi.org/10.5194/isprs-archives-XLVIII-4-W6-2022-217-2023
https://doi.org/10.1016/j.jag.2014.03.018
https://doi.org/10.2134/agronj2004.1350
https://doi.org/10.1016/j.fcr.2010.05.011
https://doi.org/10.3390/s18124463
https://www.ncbi.nlm.nih.gov/pubmed/30562957


Plants 2024, 13, 392 22 of 22

75. Owomugisha, G.; Melchert, F.; Mwebaze, E.; Quinn, J.A.; Biehl, M. Machine learning for diagnosis of disease in plants using
spectral data. In Proceedings of the International Conference on Artificial Intelligence (ICAI), The Steering Committee of the
World Congress in Computer Science, Computer, Stockholm, Sweden, 13–19 July 2018; pp. 9–15.

76. Makhtoum, S.; Sabouri, H.; Gholizadeh, A.; Ahangar, L.; Katouzi, M.; Mastinu, A. Genomics and Physiology of Chlorophyll
Fluorescence Parameters in Hordeum vulgare L. under Drought and Salt Stresses. Plants 2023, 12, 3515. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants12193515
https://www.ncbi.nlm.nih.gov/pubmed/37836255

	Introduction 
	Materials and Methods 
	Design of Aquaponics System 
	Calibration of SPAD-502 Readings for Chlorophyll Assessment 
	Spectral Dataset Collection and Preprocessing 
	Spectral Vegetation Indices (SVIs) 
	Color Vegetation Indices (CVIs) 
	Design of AutoML Models 
	Performance Evaluation of the Regression Models 

	Results and Discussion 
	Efficacy of SPAD-502 Values for Chlorophyl Content Estimation 
	Spectral Vegetation Indices 
	Color Vegetation Indices 
	Fusion of SVIs and CVIs 

	Conclusions 
	References

