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A B S T R A C T   

The increasing carbon dioxide (CO2) levels in the air pose a direct threat to all living organisms 
and the environment. Leveraging the ability of plants to absorb CO2 is one of the most effective 
methods for countering these rising CO2 levels. The present study aimes to develop a combo 
photosynthetic and chlorophyll-a sensor based on Non-Dispersive Infrared (NDIR) spectroscopy 
and an optical method. This sensor enables simultaneous, intensive measurement of net photo-
synthesis and chlorophyll-a content and yields accurate information. Comparative analysis of the 
efficacy of the sensors to that of a commercial instrument demonstrated that the measurement 
values obtained from the developed photosynthetic and chlorophyll-a sensors were not signifi-
cantly different from those acquired with the commercial instrument (portable photosynthesis 
system LI-6400) and chlorophyll metre (SPAD-502), with a 95 % confidence level. Furthermore, 
the developed photosynthetic sensor could be used as a new correlation unit for chlorophyll-a 
content and net photosynthesis. Therefore, the sensor can be used to propose effective planta-
tion processes to reduce atmospheric CO2 levels and in smart farming systems to control the 
quality of yields.   

1. Introduction 

Climate change has emerged as a major global threat, with forests playing a major role in regulating and alleviating its impacts by 
lowering the levels of atmospheric CO2 [1–4]. Forests, the world’s largest carbon sinks, aid in mitigating climate change via carbon 
sequestration. Hence, to implement effective policy measures and management planning, the assessment of carbon stocks in forests is 
pivotal [5]. Approximately 30 % of the Earth’s surface area is covered by forests, harbouring 19 % of the global biomass and carbon 
pool [6,7]. Forests play a significant role in the global carbon balance by acting as both carbon stocks and sources, thus influencing 
atmospheric CO2 levels. Forests store carbon in trees and soil through photosynthesis; therefore, CO2 stocks in tree biomass resulting 
from photosynthesis play a major role in effectively sequestering atmospheric CO2 levels, a key factor in climate change. Carbon stocks 
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in trees and soils can be categorised into five carbon pools: aboveground biomass, belowground biomass, deadwood, litter, and soil 
organic matter [8]. However, the potential carbon stock in natural forests may vary depending on various factors, including the type of 
forest, plant composition, density, climate, and other environmental factors. Rich natural forests typically feature dense populations of 
large trees and, hence, high levels of biomass and carbon stocks. Furthermore, carbon stocks in tree biomass in forestry are mainly 
dependent on the biomass type, which varies depending on the plant species, age, growth stage, environment, and the silvicultural 
practices adopted. Generally, different plantation operations result in varying tree densities within an area. Consequently, forests, 
which consist primarily of trees of the same age, exhibit a higher tree density and, as a result, accumulate more biomass and carbon [9]. 

The net photosynthetic value of each plant species varies depending on internal, external, and environmental factors. Internal 
factors, including plant species and chlorophyll content, directly influence the net photosynthesis value. Plants can be categorised into 
three groups based on carbon fixation: C3, C4, and crassulacean acid metabolism (CAM). C3, C4, and CAM plants utilise the Calvin 
cycle to produce sugar from CO2. Each pathway used to fix CO2 has benefits and limitations, allowing plants to adapt and survive in 
different habitats [10]. For example, the C4 and CAM plants can survive effectively in hot and dry regions, whereas C3 plants thrive 
best in cool climates. In hot and dry environments, C4 plants exhibit higher rates of CO2 assimilation than those of C3 plants. Moreover, 
they perform optimally under high light intensities [11], owing to their increased energy requirements. Therefore, being productive in 
places with high temperatures and a low water supply is ideal for crop plants. 

Another internal factor that directly influences plants is chlorophyll, a vital internal factor that affects plants and their ability to 
capture, transfer, and convert light energy. Chlorophyll is essential for plant growth and development [12,13]. Therefore, to enhance 
photosynthetic activity, it is crucial to maintain a high concentration of chlorophyll in leaves [14,15]. However, the ability of plants to 
absorb light for food production depends on their total photosynthetic pigment content [16]. In addition, chlorophyll can influence 
plant physiology, and the chlorophyll content of a leaf can indicate the physiological state, stress, and nutritional status of the plant 
[17–20]. Notably, a decrease in the chlorophyll content of leaves leads to a reduction in the primary production and photosynthetic 
activities of plants [21], indicating that the chlorophyll content in leaves plays a vital role in plant productivity [22]. 

External factors, including light, carbon dioxide, temperature, relative humidity, and airflow [23], can directly influence the rate of 
photosynthesis as they affect the rates of chemical reactions in the photosynthetic pathway [24]. Therefore, environmental factors can 
significantly impact plant growth and development; alterations in these factors may result in severe damage or even the death of the 
plant, ultimately affecting the quality of the produce. For example, when the temperature in the environment exceeds 35 ◦C, various 
stages of plant development, such as seed germination, seedling growth, vegetative growth, flowering, and seed maturity, may be 
negatively impacted [25,26]. Consequently, plantation planning aimed at reducing CO2 levels in the atmosphere relies heavily on 
highly accurate tools capable of measuring the rate of photosynthesis, which fluctuates according to the amount of CO2 absorbed by 
each plant for photosynthesis. 

In addition to CO2, which is vital for photosynthesis, chlorophyll is an essential component. Chlorophyll, a green pigment present in 
plants, algae, and cyanobacteria, performs an essential function during the initial stage of photosynthetic energy transduction by 
absorbing sunlight. Chlorophyll is involved in harvesting light and converting it into an electrochemical potential across the photo-
synthetic membrane. This results in reactions that convert atmospheric CO2 to carbohydrates, thereby preserving the energy of short- 
lived photons into longer-lasting products. Initially, chlorophyll molecules are energised, creating excited states that last for several 
nanoseconds (10− 9 s). Subsequently, they contribute to the membrane potential, stabilising for several seconds. High-energy products, 
such as adenosine triphosphate (ATP) and reduced nicotinamide adenine dinucleotide phosphate (NADPH), which have lifetimes of 
several minutes or even hours, are then generated. Ultimately, this process results in the production of storage substances such as 
starch and sugar. However, various photosynthetic organisms may exhibit different photopigment compositions and photosynthetic 
mechanisms, owing to their adaptations to their specific physical environments [27]. The chlorophyll content (Chl) present in leaves 
serves as a sensitive indicator of the external environmental stress [28], photosynthetic capacity [29,30],vigour, and metabolic activity 
[31] of the plant. Overall, both CO2 and chlorophyll content have major impacts on plant photosynthesis. In addition, chlorophyll 
content directly affects photosynthesis and reflects the growth status of crops and their exchange of materials and energy with the 
surrounding exterior environment [32–34]. Therefore, limited light availability significantly affects chlorophyll pigment content and 
photosynthesis [35]. 

In a previous study, an alternative photosynthetic sensor with comparable performance to commercial tools without any significant 
difference [36], was successfully developed, enabling the simultaneous measurement of the correlation between net photosynthesis 
and chlorophyll content. This simultaneous measurement can reduce measurement errors and provide more precise readings. This 
developed sensor can also offer a new unit in real-time and record additional parameters such as light intensity, temperature, and 
relative humidity. The combo chloro-photosynthetic sensor serves as a valuable tool for the in-depth study of plants, as they can 
rapidly and accurately measure parameters related to plant growth. Furthermore, the aim of developing this combo 
chloro-photosynthetic sensor is to establish a cost-effective and user-friendly alternative device, rendering it more accessible to 
interested parties, including educational institutions, government agencies, private organisations, and farmers. In addition, this sensor 
can facilitate the proposal of a plantation process tailored to a given environment and climate, as the same plant species may undergo 
different rates of photosynthesis when in different environments and climates. Notably, a sensor system can regulate the functioning of 
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smart farming systems. The primary objective of smart farming technologies is to improve productivity by minimising costs and waste 
generation, reducing the impact on crops and livestock, and improving overall quality [37]. Smart farming operations use a variety of 
sensors to gather data, allowing for a more comprehensive understanding of the operational environment, which encompasses the 
dynamic conditions of crops, soil, weather, other environmental factors, and the operation itself. This increase in data can lead to 
enhanced accuracy and accelerated decision-making processes [38–40]. Therefore, planting in an optimal environment and climate for 
the plant species can enhance yield quality and contribute to the effective reduction of atmospheric CO2. 

The present study extends upon basic research on a portable photosynthetic sensor [36], a tool used to measure net photosynthesis. 
While net photosynthesis alone is sufficient to indicate plant growth rate, it may not capture all aspects of growth in a statistically 
significant manner. Therefore, incorporating chlorophyll content as an additional parameter enhances the accuracy of predicting plant 
growth correlated with photosynthesis. This study assessed the efficiency of our developed device, coupled with a photosynthetic and 
chlorophyll-a sensor, compared to that of another commercial tool. Consequently, the simultaneous of measurement net photosyn-
thesis and chlorophyll content simultaneously enabled the calculation of their correlation as a new unit. 

2. Materials and methods 

2.1. Photosynthetic sensor 

The photosynthetic sensor [36] was developed and compared to the commercial device. 
Generally, plant growth or changes depend on both internal and external factors. Internal factors include characteristics of the 

leaves such as their construction, surface area, stomata, weight-to-area ratio, Nitrogen, and chlorophyll levels. External factors, or 
environmental factors, that affect plant growth include light, temperature, water, humidity, and nutrition [41–43]. During the design 
stage, sensors were carefully selected and installed to measure external or environmental factors. These sensors detect CO2 concen-
tration, light intensity, temperature, and relative humidity, which directly influence the photosynthesis process. The data from these 
sensors were used to calculate the net photosynthesis in the general unit, which can be compared and utilised in other research 
endeavours. 

2.2. Systematic design of the chlorophyll sensor 

The combo chloro-photosynthesis device was developed by integrating a chlorophyll-a sensor to measure and predict plant growth 
more accurately. The rationale behind developing a chlorophyll-a sensor is the higher concentration of chlorophyll-a than that of 
chlorophyll-b in plants. In general, for every gram of leaves, there are approximately 1.21 mg of chlorophyll-a and 0.43 mg of 
chlorophyll-b [44]. Accordingly, chlorophyll-a constitutes approximately three-quarters of the pigment content in plants [45], playing 
a crucial role in converting solar energy into chemical energy. The workings and components of the commercial tool explained the 
theory behind the design as follows. The absorption spectrum of chlorophyll is distinctive, as it absorbs photosynthetically active 
radiation (PAR) during photosynthesis. However, chlorophyll molecules absorb blue and red wavelengths more effectively than green 
molecules. As a result, green light is reflected from or transmitted through the leaves, making them appear green. This is depicted by a 
peak near 550 nm in the leaf transmittance (or reflectance) spectrum. In addition, chlorophyll is less effective at absorbing wavelengths 

Fig. 1. The light source and receiver of the chlorophyll sensor.  
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above 700 nm. Hence, as the wavelength approaches 700 nm, the graph experiences a rapid change from low to high transmittance, as 
observed in the leaf transmittance spectrum. This sudden change in a leaf transmittance spectrum is called the ‘red edge’, where 
wavelengths above approximately 700 mm—or ‘near-infrared (NIR)—do not get absorbed by the leaves for photosynthesis [46]. The 
commercial tool incorporates two light-emitting diodes (LEDs), one centred at 653 nm and the other at 931 nm, as the light source. 
Once light passes through the leaf sample, the paired detectors measure the light intensity to examine the transmittance of the leaf. 

The relative chlorophyll content was determined by examining the light transmittance ratio at 931 nm to that at 653 nm, as 653 nm 
is within the PAR range and can be absorbed by chlorophyll for photosynthesis. However, 931 nm is an NIR wavelength, indicating that 
chlorophyll cannot absorb it. Therefore, this reading serves as a reference for investigating the mechanical differences between the 
leaves. ‘Chlorophyll Content Index’ (CCI) refers to the ratio of light transmittance between two wavelengths 931 nm and 653 nm 
(Fig. 1) [47]. The wavelength of infrared radiation can measure leaf thickness, while red light, or laser, measures leaf ‘greenness’. 

Additionally, during the design process of the prototype combo chlorophotosynthesis device, general units of measurement were 
used. This ensured that the tool could measure and display standardised values consistently, facilitating comparisons with other 
research findings in the study. 

2.3. Chlorophyll content calculation 

The ratio of leaf light transmittance between wavelengths 653 nm and 931 nm, as used in the equation below [46], can be used to 
calculate the chlorophyll content: 

Chlorophyll content=

(
IR×0.122
LS×0.101 + 0.1246

)

0.009
(1)  

where IR and LS are transmissions at 653 and 931 nm, respectively. 

2.4. Developing the combo chloro-photosynthetic sensor 

Fig. 2 shows the configuration of the combo chloro-photosynthetic sensor. A microcontroller was connected to each sensor to detect 
the chlorophyll content, residual CO2 concentration, and ambient parameters. To detect the CO2 concentration, an air pump and flow 
metre transport the residual CO2 from the leaf chamber through a tube to the carbon dioxide sensor at a flow rate ranging from 0.3 to 
1.0 L/min [48]. The chlorophyll sensor required two light sources with different wavelengths: infrared light and a laser with 653 and 
931 nm wavelengths to measure chlorophyll content. It is also necessary to use a receiver as the light source to measure light 
transmission through the medium. The light source and receiver were placed opposite each other, as shown in Fig. 1. The net 
photosynthetic and chlorophyll contents were compiled using ambient CO2 and the ratio of leaf light transmittance data under the 
operating command of the microcontroller. 

Fig. 2. Components of the advanced photosynthetic sensor.  
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2.5. Operation of the combo chloro-photosynthetic sensor 

Fig. 3 illustrates the mechanism of the combo chloro-photosynthetic sensor. Each sensor began taking measurements at the 
beginning of the operation. During the data acquisition stage, once the smart sensor node received a measurement command, mea-
surements of the five parameters – CO2 concentration, temperature, relative humidity, light intensity, and chlorophyll content – were 
also collected from the sensors. Subsequently, two response variables were utilised to determine the net photosynthesis of the plants. 
Data from the receiver were then used to calculate the chlorophyll content using a microcontroller that could adjust and compute the 
data. Finally, these parameters were printed out in real-time, including net photosynthesis and chlorophyll content. This process was 

Fig. 3. The advanced photosynthetic sensor process flowchart.  

Fig. 4. Advanced photosynthetic sensor.  
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repeated every 2 s. 

2.6. Function of the combo chloro-photosynthetic sensor 

The prototype of the combo chloro-photosynthetic sensor, shown in Fig. 4, was operated by attaching the leaf chamber to a leaf. An 
air pump was then utilised to circulate CO2 from the chamber to the CO2 sensor for measurement. Simultaneously, other sensors, 
namely the temperature sensor, relative humidity sensor, light intensity sensor, and chlorophyll sensor, were utilised to gather data on 
the environmental factors and the chlorophyll content. The CO2 concentration and temperature results were then used to calculate net 
photosynthesis in μmolCO2/m2/s [23,36]. In addition, data from the light source and receiver were calculated to determine the 
chlorophyll content using Equation (1). Once completed, the overall results were displayed in real-time on the LCD panel. 

2.7. Evaluation of the combo chloro-photosynthetic sensor 

Given the high precision and accuracy of the photosynthetic sensor [36] only a chlorophyll sensor was tested and compared with a 
commercial tool (Minolta SPAD-502, Konica Minolta). The chlorophyll metre measured the transfer of light at red and infrared 
wavelengths of 650 and 940 nm, respectively, in plant leaves. This non-destructive evaluation produces a numerical output indicating 
the level of chlorophyll concentration and leaf greenness [15]. In addition, the chlorophyll content values obtained from the chlo-
rophyll sensor and commercial tool on the same plants with leaves of different shades were stored and analysed to evaluate their 
efficiency and accuracy. 

2.8. Statistical analysis 

The chlorophyll content values obtained from both the developed chlorophyll sensor and the commercial tool, which collected data 
from identical leaf samples, were statistically analysed to evaluate the efficiency and accuracy of the chlorophyll sensor compared to 
the commercial tool. This analysis was performed using SPSS software (SPSS In., Chicago, IL, USA). An independent-sample t-test was 
conducted to compare the average chlorophyll content obtained from the chlorophyll sensor and those from the commercial tool. The 
significance was set at 0.05. 

3. Results 

3.1. Overview and functionality of the combo chloro-photosynthetic sensor 

The combo chloro-photosynthetic sensor consisted of a CO2 sensor, temperature sensor, relative humidity sensor, light intensity 
sensor, and an LED light source for the chlorophyll sensor. These primary sensors take measurements, calculate and process the values 
through the microcontroller, and display the measurements in real-time on an LCD. 

Fig. 5. Leaf chamber and other sensors.  
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The combo chloro-photosynthetic sensor was operated by attaching the leaf chamber to the plant leaf to measure its CO2 con-
centration. The air pump within the sensor draws CO2 from the leaf chamber through the CO2 sensor to measure the leaf CO2 con-
centration. At the same time, other sensors, which consist of the temperature, relative humidity, light intensity, and chlorophyll 
sensors, were also installed near the leaf chamber (Fig. 5) for measurements. These values were then calculated and displayed on an 
LCD screen. These measurements consisted of net photosynthesis (in μmolCO2/m2/s), chlorophyll content (in SPAD), temperature (in 
◦C), relative humidity (%RH), and light intensity (in LUX). In addition, the relationship between net photosynthesis and chlorophyll 
content was also shown in mmolCO2/molChl.s. 

3.2. Performance of the chlorophyll sensor 

The mean chlorophyll contents of several plant species and various leaf shades were measured using the prototype and the 
commercial tool Minolta SPAD-502 to test the performance. The results are summarised in Fig. 6 and Table 1. The chlorophyll content 
of Epipremnum aureus Engl., Philodendron sp., Schefflera actinophylla (Endl.) Harms, Ixora chinesis Lamk., Citrus aurantifolia (Christm.) 
Swingles with three different leaf shades, as measured by the prototype, differed from the commercial tool by averages of 0.48 %, 0.51 
%, 0.23 %, 0.32 %, and 0.61 %. This result indicates that the readings obtained from the prototype differed from those of the com-
mercial tool by less than 1 %. Furthermore, the statistical analysis, as shown in Table 1, revealed significance levels greater than 0.05. 
Therefore, the mean chlorophyll content obtained from the prototype was not significantly different from that obtained using the 
commercial tool. 

Table 1 presents the data and statistics obtained from the chlorophyll sensor and a commercial tool (Minolta SPAD-502; Konica 
Minolta) using an independent-sample t-test. This study focused on the chlorophyll content of three leaves under different shades from 
each plant species. The independent-sample t-test revealed a P-value of 0.82, 0.82, 0.07, 0.05, 0.10, 0.63, 0.30, 0.08, 0.36, 0.31, 0.23, 
0.91, 0.57, 0.99 and 0.31 for the three leaves with different shades from each plant species. Given that all P-values exceeded 0.05 (95 % 
confidence level), the effectiveness and accuracy of the chlorophyll sensor developed in this study were not significantly different 
compared to those of the commercial tool. 

Fig. 7 shows that the chlorophyll content obtained from the sensor did not differ from that obtained from the commercial tool. 
Similarly, the relationships between chlorophyll concentration (g/m2) and SPAD values from the Minolta SPAD-502 were curvilinear 
for all three species. The slope of the relationship between the chlorophyll concentration and SPAD increased with increasing SPAD, 
and the data fit well with exponential functions with the two parameters [49]. 

These data confirm a direct correlation between both CCI and SPAD and chlorophyll content. By developing a regression model that 
correlates foliar chlorophyll content with SPAD chlorophyll content [50], the relationship was established between chlorophyll 
content obtained using a conventional method (mg/cm2), and a chlorophyll metre (SPAD CCI). The graph reveals a significant cor-
relation (r2 = 0.9029) between the chlorophyll content obtained from the conventional method and that measured using the chlo-
rophyll metre, indicating that SPAD-502 is an effective tool for non-destructively estimating total foliar chlorophyll content. Moreover, 
this tool can be used on plants of different ages, growing conditions, and genotypes [50,51]. 

Fig. 6. The mean chlorophyll contents obtained from the advanced photosynthetic sensor (prototype) in comparison to the commercial tool 
(Minolta SPAD-502) in different plant samples. 
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Table 1 
The chlorophyll contents and other statistical data obtained from the chlorophyll sensor and the commercial tool (Minolta SPAD-502, Konica 
Minolta).  

Plants Commercial Chlorophyll Sensor Significant (P-value) 

SPAD unit (±SD) 

Epipremnum aureus Engl. (1) 41.38 41.45 (±0.59) 0.82 

Epipremnum aureus Engl. (2) 44.12 44.06 (±0.36) 0.82 

Epipremnum aureus Engl. (3) 55.02 55.64 (±0.41) 0.07 

Philodendron sp. (1) 50.72 50.95 (±0.15) 0.05 

Philodendron sp. (2) 56.27 56.77 (±0.88) 0.10 

Philodendron sp. (3) 61.45 61.34 (±0.80) 0.63 

Schefflera actinophylla (Endl.) (1) 36.82 37.03 (±0.08) 0.30 

Schefflera actinophylla (Endl.) (2) 58.72 59.19 (±0.10) 0.08 

Schefflera actinophylla (Endl.) (3) 59.93 59.63 (±0.60) 0.36 

Ixora chinesis Lamk. (1) 33.88 33.51 (±0.49) 0.31 

Ixora chinesis Lamk. (2) 50.02 50.30 (±0.08) 0.23 

Ixora chinesis Lamk. (3) 62.23 62.18 (±0.91) 0.91 

(continued on next page) 
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3.3. Correlation of net photosynthesis and chlorophyll content as a new unit of measurement 

In this study, a correlation was observed between net photosynthesis and chlorophyll content, which is expected as plants naturally 
maximise their ability to absorb light for photosynthesis by adapting their chlorophyll content as a survival mechanism. This adap-
tation positively impacts growth and long-term survival [52]. Conversely, as the chlorophyll content decreases, the photosynthetic rate 
of the plants also decreases. Decreased chlorophyll content limits the ability of leaf tissues to absorb light for photosynthesis [53]. 
Additionally, stress-induced damage to chloroplasts results in redox imbalance and decreased photosynthetic efficiency, which may 
eventually result in cell death [54]. 

In the present study, calculations of the relational values between net photosynthesis and chlorophyll content, through the 
simultaneous measurement and conversion of data using Equation (2), enabled more precise predictions regarding plant growth. The 
results of this process are summarised in Table 2. The relational values of net photosynthesis and chlorophyll content were calculated 
as follows: 

Table 1 (continued ) 

Plants Commercial Chlorophyll Sensor Significant (P-value) 

SPAD unit (±SD) 

Citrus aurantifolia (Christm.) Swingle. (1) 52.45 52.40 (±0.15) 0.57 

Citrus aurantifolia (Christm.) Swingle. (2) 59.67 59.67 (±0.85) 0.99 

Citrus aurantifolia (Christm.) Swingle. (3) 69.38 69.07 (±0.66) 0.31  

Fig. 7. Correlation between chlorophyll sensor and commercial tool.  

Table 2 
Converting the correlation between net photosynthesis and chlorophyll content to a new unit.  

Plants Photosynthesis (μmolCO2/ 
m2/s) 

Chlorophyll Content (SPAD 
unit) 

Chlorophyll Content 
(μmolChl./m2) 

Pn/Chl. (mmolCO2/ 
molChl.s) 

Tradescantia spathacea Swartz. 4.83 39.90 264.32 18.27 
Citrus aurantifolia (Christm.) 

Swingle. 
9.99 45.60 325.60 30.68 

Aglaonema modestum Schott. 9.67 45.70 326.71 29.60 
Excoecaria cochinchinensis Lour. 4.84 57.60 466.32 10.38 
Dracaena loureirin Gagnep. 6.91 58.05 471.90 14.64 
Bougainvillea spp. 15.00 58.20 473.77 31.66  
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Relational values of Pn and Chl.=
Pn

[Chl.]
(2)  

where Pn is the net photosynthesis in μmolCO2/m2/s and [Chl.] is chlorophyll content μmolChl./m2. This equation can convert 
chlorophyll content (SPAD unit) to chlorophyll content (μmolChl./m2) as follows: 

Total Chl.=0.055
(
SPAD2)+ 6.05(SPAD) − 64.64 (3)  

where total chlorophyll is total chlorophyll in μmolChl./m2 and SPAD is the chlorophyll content in the SPAD unit [55]. 
Table 2 presents the net photosynthesis and chlorophyll contents measured from six plant species: Tradescantia spathacea Swartz., 

Citrus aurantifolia (Christm.) Swingle., Aglaonema modestum Schott., Excoecaria cochinchinensis Lour., Dracaena loureiri Gagnep., and 
the Bougainvillea spp. The net photosynthetic values of the plants were 4.83, 9.99, 9.67, 4.84, 6.91, and 15.00 μmol/m2/s, and their 
chlorophyll contents (SPAD) were 39.90, 45.60, 45.70, 57.60, 58.06, and 58.20 respectively. The chlorophyll contents obtained from 
the chlorophyll sensor were then mathematically converted to μmol/m2 to enable the calculation of the correlation between the two 
variables. A linear equation of the relationship between the leaf chlorophyll content (μmol/m2) and the SPAD reading of orange trees 
grown using a hydroponic system was established, enabling the conversion of chlorophyll content from SPAD to μmol/m2 possible [54] 
using Equation (3). The chlorophyll contents (in μmol/m2) of the six plant species were 264.32, 325.60, 326.71, 466.32, 471.90, and 
473.77 μmol/m2, respectively. Mathematical Equation (2) was then used to determine the correlation between net photosynthesis and 
chlorophyll content. The correlations between the two variables of the six plant species were 18.27, 30.68, 29.60, 10.38, 14.64, and 
31.66 mmolCO2/molChl.s, respectively. The correlations are presented in mmolCO2/molChl.s, a new unit of measurement that allows 
for accurate prediction of plant activity (besides net photosynthesis and chlorophyll content). 

Therefore, as shown in Table 2, calculating and converting the net photosynthesis and chlorophyll content into the unit mmolCO2/ 
molChl.s can be beneficial during the plant selection process to identify plant species with high CO2 absorption potential. Moreover, 
the results indicated a direct variation in the photosynthetic rate and a correlation between net photosynthesis and chlorophyll 
content. As shown in Table 2, although the plants had similar net photosynthetic values, their chlorophyll content differed depending 
on their species, age, and leaf position for light absorption. For example, the net photosynthetic value of Tradescantia spathacea Swartz., 
and Excoecaria cochinchinensis Lour. were 4.83 and 4.84, whereas their chlorophyll contents were 39.90 and 57.60, respectively. The 
correlation between the net photosynthesis and chlorophyll content, displayed in mmolCO2/molChl.s, were 18.27 and 10.38, 
respectively. These values differed owing to the differences in chlorophyll content. Therefore, Excoecaria cochinchinensis Lour. had high 
chlorophyll content owing to its long leaf age, which is consistent with a previous study [56]. 

In addition, the findings of the present revealed that the dynamic values of the leaf greenness index measured using the SPAD 
chlorophyll reading, the leaf nitrogen concentration, and the absorption range of chlorophyll correlated with leaf development. This 
finding suggests a relationship between leaf age and location and their greenness and nitrogen content. Therefore, the correlation 
between the net photosynthesis and chlorophyll content in Tradescantia spathacea Swartz., and Excoecaria cochinchinensis Lour. 
indicated that Tradescantia spathacea Swartz. exhibits higher growth and CO2 absorption rates than Excoecaria cochinchinensis Lour. 

The data presented in Table 2, collected during the plant selection process, indicated Aglaonema modestum Schott., and Citrus 
aurantifolia (Christm.) Swingle. as the optimal species for mitigating CO2 levels in the atmosphere, as they have a relatively low 
chlorophyll content compared to their high net photosynthesis values. Consequently, they can photosynthesise and absorb CO2 in 
places with low light availability, such as in dense forests with obstructed sunlight, act as ground cover, or grow in areas with low light. 

3.4. Economic analysis 

During the development of the combo chloro-photosynthetic sensors, it was found that the developed invention, which is equiv-
alent to the commercial tool, costs only 0.5 % of the commercial tool’s price (Table 3). Although the invention’s functionality may 
differ from that of the commercial device in certain aspects, it is not notably different from its ability to measure and display net 
photosynthesis and chlorophyll content. Using this invention as an alternative to a commercial tool will help reduce the land costs of 
imported products. In addition, it will positively and indirectly impact the economy if productively used in various fields. Owing to its 
affordability compared to commercial tools, the invention will become a more accessible alternative for students, agricultural sci-
entists, and researchers. For instance, the combo chloro-photosynthetic sensor can measure the photosynthesis rate, facilitating 
strategic planning of the plantation process to efficiently reduce greenhouse gas emissions. Users can also utilise the invention in a 
smart farming system to ensure high-quality yields that meet customer needs and thus generate long-term, sustainable income. 

Table 3 
The percentage of the price of the advanced photosynthetic sensor compared to a commercial instrument.  

Commercial instrument Prototype (USD) The percentage of the price of the prototype exposed to commercial instrument 

Model (USD) 

Portable photosynthesis system LI-6400 55,000+ 280 0.51 % 
Minolta SPAD-502 (Chlorophyll meter) 2,500+ 15 0.60 %  
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4. Discussion and recommendations 

4.1. Accuracy of the combo chloro-photosynthetic sensor 

Table 1 presents the standard deviations (SD), which represent the accuracy of repeated tests and indicated deviations in mea-
surements, of the comparison of the chlorophyll content values obtained from the developed tool and the commercial tool. Typically, 
smaller SD values indicate higher precision and accuracy of the data. The measurement results shown in Table 1 have SD values in the 
range of ±0.08–0.91. Notably, throughout this study, repeated measurements were conducted to test and compare the tools using 
identical samples, thus ensuring accurate data. However, during these repeated measurements, the tools must be reset to zero by 
removing them from their initial position each time. The tools are then repositioned to repeat the measurements. During this process, 
discrepancies in the data may occur, as the resulting position may vary from the original one. As the probes used for measurement are 
small, approximately 0.5–1 cm, achieving the same measurement location is challenging, leading to different measured values for each 
repeated measurement. 

Leaves are an essential part of plants that are sensitive to changes in environmental factors. Therefore, the function of leaves varies 
depending on environmental conditions [57,58]. Adjustments in leaf area, thickness, and chlorophyll content enable plant leaves to 
adapt to different light intensities and qualities. For instance, under low-light conditions, the leaf area expands, facilitating better light 
capture and utilisation by the plant, thus promoting growth [59–61]. Furthermore, under drought conditions, plant leaves become 
smaller, thicker, and more densely packed. This adaptation reduces the transpiration rate, minimises water loss, and enhances the 
ability of the plant to withstand drought stress [62,63]. Therefore, plant leaves can adapt to environmental conditions for survival. 
Consequently, the colour or appearance of the leaves varies due to adaptations to different environmental conditions. This variation 
could contribute to fluctuations in chlorophyll content measurements, depending on the position of the leaf being measured. 

4.2. Factors affecting leaf chlorophyll content 

Plant development is influenced by a combination of internal and external factors. External factors, such as light, temperature, 
humidity, and abiotic stress, significantly impact the expression of both nuclear and chloroplast genes. Specifically, light is crucial in 
controlling various aspects of plant development, such as chloroplast formation and chlorophyll metabolism [64–67]. Abiotic stress 
factors, such as drought, extreme temperatures, and strong light, can alter gene expression within the chlorophyll biosynthesis 
pathway, resulting in decreased enzyme activity. This reduction in enzyme activity can hinder chlorophyll biosynthesis, thereby 
impacting chlorophyll content [67]. Furthermore, adequately watered plants exhibit higher chlorophyll-a content across all genotypes, 
whereas those subjected to water scarcity exhibit a lower content [68]. 

In addition, the chlorophyll content of each plant differs depending on the leaf age. The estimation of chlorophyll levels in aromatic 
coconut leaves revealed that leaves of different ages contain different chlorophyll contents [56]; young leaves have the lowest 
chlorophyll content, followed by mature leaves, with older leaves having the highest chlorophyll content. Moreover, in other plant 
species, such as Tulsi and soybean leaves, chlorophyll levels tend to increase from the youngest leaves to those deemed ‘photosyn-
thetically mature’. Subsequently, after reaching peak chlorophyll concentration, the levels gradually decrease [69,70]. In the present 
study, different leaf positions affected chlorophyll content. Specifically, the leaf apex exhibited the lowest chlorophyll content, fol-
lowed by the leaf apex, and the leaf base exhibited the highest chlorophyll content. 

4.3. Relationship between net photosynthesis and chlorophyll content in relation to CO2 absorption and emission 

The photosynthetic capacity of a plant is typically affected by both internal and external factors. Externally, factors such as solar 
radiation, atmospheric CO2 levels, temperature, wind speed, vapour pressure, and the availability of water and nutrients play crucial 
roles in influencing photosynthesis. For example, the photosynthetic process tends to slow down with reduced sunlight intensity, lower 
temperatures, and limited water and nutrients. In addition, internal factors encompass leaf characteristics, such as their construction, 
surface area, stomata, weight-to-area ratio, N, and chlorophyll levels [71], all of which can influence the photosynthetic capacity. 

Fig. 8. Correlation between net photosynthesis and chlorophyll content.  
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Consequently, there is a direct correlation between the chlorophyll content in a plant and its photosynthetic efficiency (Fig. 8). Higher 
chlorophyll content enhances plant photosynthesis, resulting in improved crop yield [72–75]. According to the relationship between 
net photosynthesis and chlorophyll content (Equation (2)), if the net photosynthesis is high and the chlorophyll content is low, the 
plant accumulates more carbon in its biomass due to a lower respiration rate, resulting in less carbon being released from respiration. 
Furthermore, the amount of chlorophyll in chloroplasts is related to mitochondrial function, as plants utilise light energy to photo-
synthesise and convert atmospheric CO2 into carbohydrates. These carbohydrates are subsequently broken down through respiration, 
which occurs in the cytosol and mitochondria, to produce the energy and carbon intermediates necessary for biosynthesis. Thus, for 
optimal carbon fixation and growth in plants, strict coordination between the two energy-transforming organelles is required [76], as 
respiration utilises substrates provided by photosynthesis, while cellular photosynthesis depends on respiration to create compounds 
such as ATP. Typically, a plant with a low chlorophyll content may exhibit a low number of mitochondria present [77]. In addition, a 
previous study using quantitative hybridisation analysis indicated generally higher mitochondrial DNA levels in white sectors than in 
green sectors. However, despite these higher mitochondrial DNA levels, dark respiration rates are generally lower in white sectors than 
those observed in green sectors [78]. This, in turn, can cause a lower respiration rate, resulting in plants using less accumulated CO2 
than plants with high chlorophyll content and mitochondria. Therefore, these plant species can serve as suitable sources of CO2 (carbon 
sinks), particularly for reducing atmospheric CO2 levels. 

Using this correlation, the proposed new unit obtained from the invention presented in this study provides comprehensive in-
formation related to the carbon stock rate of the plant. This information can be used for carbon reduction planning. 

4.4. Limitations in the reproducibility of the tool 

As the combo chloro-photosynthetic sensor integrates the previously developed net photosynthesis sensor [36] with the chloro-
phyll sensor, it enables in-depth plant measurements and simultaneously displays results across all parameters. 

Notably, in designing the chlorophyll sensor, careful selection of the appropriate light source was crucial. Furthermore, meticulous 
consideration was given to the design and positioning of the light source and receiver for accurate and precise measurements. The 
coding part consisted of two main sections: command code to initiate sensor operation and code for calculations and displaying 
measurement results on a display screen. This included parameters such as light intensity, temperature, relative humidity, net 
photosynthesis, chlorophyll content, and the correlation between net photosynthesis and chlorophyll content. These measurement 
results could be used to enhance the accuracy of predictions regarding plant growth. 

5. Conclusions 

The combo chloro-photosynthetic sensor, equipped with CO2, temperature and humidity, light intensity, and chlorophyll sensors, 
offers high accuracy in measuring parameters and enables real-time data presentation. In comparative tests against a certain com-
mercial instrument, the readings from each sensor were found to be statistically similar, with a 95 % confidence level. Similarly, there 
was no significant variance observed between the measurements of the invented tool and those from other commercial tools, also at a 
95 % confidence level. Furthermore, the introduction of a new unit concerning the relationship between net photosynthesis and 
chlorophyll content provides an efficient tool for predicting plant growth. Notably, the combo chloro-photosynthetic sensor is a cost- 
effective, accessible, and convenient tool for studying plants and can be utilised in various fields. For example, it can be used to propose 
an ideal plantation process tailored to a specific area or plant species to maximise CO2 absorption and reduce CO2 emissions during 
plant respiration. In addition, government agencies and the general public can access the data acquired from such inventions for 
natural resource management. Involving the public in managing resources with the government and granting them access will foster a 
sense of ownership, leading to increased awareness and participation in resource restoration and conservation, thereby prolonging 
resource longevity. Moreover, the combo chloro-photosynthetic sensor can aid in smart farming systems by utilising sensors to 
accurately measure and control variables within an enclosed greenhouse. This smart system differs from the control system used in 
general greenhouses, as the invention allows the user to control the plant’s photosynthetic rate, directly affecting their growth. They 
can also be used to control plant tissue cultures or establish optimal conditions for the growth of aquatic plants, including algae. This 
approach preserves the quality of the product and reduces external risks, promotes environmentally friendly production practices, 
contributes to food security, and positively impacts the country’s economy. 

Funding 

This research was funded by the National Research Council of Thailand (NRCT) through graduate-level research funding in 2019 
and research funding from the “Development of photosynthesis measurement device in atmospheric carbon dioxide” project in 2020. 

Data availability statement 

The data presented in this study are available upon request to the corresponding author. 

CRediT authorship contribution statement 

Natsuda Khampa: Writing – original draft, Methodology, Formal analysis, Data curation. Suwanna Kitpati Boontanon: 

N. Khampa et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e31552

13

Supervision. Sayam Aroonsrimorakot: Supervision. Narin Boontanon: Writing – review & editing, Supervision, Conceptualization. 

Declaration of competing interest 

The authors declare the following financial interests/personal relationships which may be considered as potential competing in-
terests:Dr.Narin Boontanon reports financial support was provided by National Research Council of Thailand. Dr.Narin Boontanon 
reports a relationship with National Research Council of Thailand that includes: funding grants. If there are other authors, they declare 
that they have no known competing financial interests or personal relationships that could have appeared to influence the work re-
ported in this paper. 

Acknowledgements 

This research was supported by the National Research Council of Thailand (NRCT) (02/2562) and (156/2563). 

References 

[1] C. Streck, S.M. Scholz, The role of forests in global climate change: whence we come and where we go, Int. Aff. 82 (5) (2006) 861–879, https://doi.org/10.1111/ 
j.1468-2346.2006.00575.x. 

[2] D. Brack, Forests and climate change. In Proceedings of Background Study Prepared for the Fourteenth Session of the United Nations Forum on Forests, United 
Nations Forum on Forests, New York, NY, USA, 2019, pp. 5–12. 

[3] A. Ali, M.I. Ashraf, S. Gulzar, M. Akmal, Estimation of forest carbon stocks in temperate and subtropical mountain systems of Pakistan: implications for REDD+
and climate change mitigation, Environ. Monit. Assess. 192 (3) (2020) 1–13, https://doi.org/10.1007/s10661-020-8157-x. 

[4] P.K.D. Burman, S. Launiainen, S. Mukherjee, S. Chakraborty, N. Gogoi, C. Murkute, P. Lohani, D. Sarma, K. Kumar, Ecosystem-atmosphere carbon and water 
exchanges of subtropical evergreen and deciduous forests in India, For. Ecol. Manag. 495 (4) (2021) 119371, https://doi.org/10.1016/j.foreco.2021.119371. 

[5] V.C. Joshi, V.S. Negi, D. Bisht, R.C. Sundriyal, D. Arya, Tree biomass and carbon stock assessment of subtropical and temperate forests in the Central Himalaya, 
India, Trees For. People 6 (2021) 100147, https://doi.org/10.1016/j.tfp.2021.100147. 

[6] G. Kindermann, M. Obersteiner, B. Sohngen, J. Sathaye, K. Andrasko, E. Rametsteiner, B. Schlamadinger, S. Wunder, R. Beach, Global cost estimates of reducing 
carbon emissions through avoided deforestation, Proc. Natl. Acad. Sci. U.S.A. 105 (30) (2008) 10302–10307, https://doi.org/10.1073/pnas.0710616105. 

[7] FAO and UNEP. The state of the world’s forests 2020. Forests, biodiversity and people, 2020, pp. 1–7. https://doi.org/10.4060/ca8642en. 
[8] G.J. Nabuurs, O. Masera, K. Andrasko, P. Benitez-Ponce, R. Boer, M. Dutschke, E. Elsiddig, J. Ford-Robertson, P. Frumhoff, T. Karjalainen, O. Krankina, B 

Metz Forestry ed, et al., Climate Change 2007: Mitigation, 2007. 
[9] Y. Trisurat, J.R.M. Alkemade, E.J.M.M. Arets, Projecting forest tree distributions and adaptation to climate change in northern Thailand, J. Ecol. Nat. Environ. 1 

(2009) 55–63. https://library.wur.nl/WebQuery/wurpubs/fulltext/10592. 
[10] L.J. Guralnick, A. Cline, M. Smith, R.F. Sage, Evolutionary physiology: the extent of C4 and CAM photosynthesis in the genera Anacampseros and Grahamia of 

the Portulacaceae, J. Exp. Bot. 59 (7) (2008) 1735–1742, https://doi.org/10.1093/jxb/ern081. 
[11] W.W. Zhang, X.F. Zhou, Y.L. Zhang, P.F. Cheng, R. Ma, W.L. Cheng, H.Q. Chu, Enhancing astaxanthin accumulation in Haematococcus pluvialis by coupled light 

intensity and nitrogen starvation in column photobioreactors, J. Microbiol. Biotechnol. 28 (12) (2018) 2019–2028, https://doi.org/10.4014/jmb.1807.07008. 
[12] G.A. Carter, A.K. Knapp, Leaf optical properties in higher plants: linking spectral characteristics to stress and chlorophyll concentration, Am. J. Bot. 88 (4) 

(2001) 677–684, https://doi.org/10.2307/2657068. 
[13] L. Wang, B. Conteh, L. Fang, Q. Xia, H. Nian, QTL mapping for soybean (Glycine max L.) leaf chlorophyll-content traits in a genotyped RIL population by using 

RAD-seq based high-density linkage map, BMC Genom. 21 (1) (2020) 1–18, https://doi.org/10.1186/s12864-020-07150-4. 
[14] J. Ye, H. Liu, Z. Zhao, L. Xu, K. Li, D. Du, Fine mapping of the QTL cqSPDA2 for chlorophyll content in Brassica napus L, BMC Plant Biol. 20 (2020) 1–9, https:// 

doi.org/10.1186/s12870-020-02710-y. 
[15] M.I. Siddique, K. Han, J. Lee, E.S. Lee, Y.R. Lee, H.E. Lee, S.Y. Lee, D.S. Kim, QTL analysis for chlorophyll content in strawberry (Fragaria× ananassa duch.) 

leaves, Agriculture. 11 (2021) 1163, https://doi.org/10.3390/agriculture11111163. 
[16] M. Riccardi, G. Mele, C. Pulvento, A. Lavini, R. d’Andria, S.E. Jacobsen, Non-destructive evaluation of chlorophyll content in quinoa and amaranth leaves by 

simple and multiple regression analysis of RGB image components, Photosynth. Res. 120 (3) (2014) 263–272, https://doi.org/10.1007/s11120-014-9970-2. 
[17] B. Datt, A new reflectance index for remote sensing of chlorophyll content in higher plants: tests using Eucalyptus leaves, J. Plant Physiol. 154 (1) (1999) 30–36, 

https://doi.org/10.1016/S0176-1617(99)80314-9. 
[18] I. Filella, L. Serrano, J. Serra, J. Penuelas, Evaluating wheat nitrogen status with canopy reflectance indices and discriminant analysis, Crop Sci. 35 (5) (1995) 

1400–1405, https://doi.org/10.2135/cropsci1995.0011183X003500050023x. 
[19] M.R. Steele, A.A. Gitelson, D.C. Rundquist, A comparison of two techniques for nondestructive measurement of chlorophyll content in grapevine leaves, Agron. 

J. 100 (3) (2008) 779–782, https://doi.org/10.2134/agronj2007.0254N. 
[20] C. Wu, Z. Niu, Q. Tang, W. Huang, Estimating chlorophyll content from hyperspectral vegetation indices: modeling and validation, Agric. For. Meteorol. 148 

(8–9) (2008) 1230–1241, https://doi.org/10.1016/j.agrformet.2008.03.005. 
[21] A.D. Richardson, S.P. Duigan, G.P. Berlyn, An evaluation of noninvasive methods to estimate foliar chlorophyll content, New Phytol. 153 (1) (2002) 185–194, 

https://doi.org/10.1046/j.0028-646X.2001.00289.x. 
[22] M. Mahajan, P.K. Pal, Growing conditions influence non-destructive estimation of chlorophyll in leaves of Valeriana jatamansi, J. Appl. Res. Med. Aromat. 

Plants. 3 (3) (2016) 131–135, https://doi.org/10.1016/j.jarmap.2016.05.005. 
[23] J.R. Millan-Almaraz, I. Torres-Pacheco, C. Duarte-Galvan, R.G. Guevara-Gonzalez, L.M. Contreras-Medina, R. de Jesus Romero-Troncoso, J.R. Rivera-Guillen, 

FPGA-based wireless smart sensor for real-time photosynthesis monitoring, Comput. Electron. Agric. 95 (2013) 58–69, https://doi.org/10.1016/j. 
compag.2013.04.009. 

[24] R.O. Teskey, D.W. Sheriff, D.Y. Hollinger, R.B. Thomas, External and Internal Factors Regulating Photosynthesis. Resource Physiology of Conifers, Academic 
Press, 1995, pp. 105–140, https://doi.org/10.1016/B978-0-08-092591-2.50009-1. 

[25] A. Hossain, J.A.T. da Silva, M.V. Lozovskaya, V.P. Zvolinsky, The effect of high temperature stress on the phenology, growth and yield of five wheat (Triticum 
aestivum L.) varieties, Asian Australas. J. Plant Sci. Biotechnol. 6 (2012) 14–23. 

[26] S. Yang, G. Fang, B. Ruan, A. Zhang, Y. Zhou, G. Ye, W. Su, H. Guo, J. Wang, Z. Gao, Identification of thermo-sensitive chloroplast development gene TSCD5 
required for rice chloroplast development under high temperature, Agriculture 13 (3) (2023) 563, https://doi.org/10.3390/agriculture13030563. 

[27] M. Chen, H. Scheer, Extending the limits of natural photosynthesis and implications for technical light harvesting, J. Porphyr. Phthalocyanines 17 (2013) 1–15, 
https://doi.org/10.1142/S1088424612300108. 

[28] R. Houborg, M.C. Anderson, C.S.T. Daughtry, W.P. Kustas, M. Rodell, Using leaf chlorophyll to parameterize light-use-efficiency within a thermal-based carbon, 
water and energy exchange model, Remote Sens. Environ. 115 (7) (2011) 1694–1705, https://doi.org/10.1016/j.rse.2011.02.027. 

[29] A.A. Gitelson, A. Viña, S.B. Verma, D.C. Rundquist, T.J. Arkebauer, G. Keydan, B. Leavitt, V. Ciganda, G.G. Burba, A.E. Suyker, Relationship between gross 
primary production and chlorophyll content in crops: implications for the synoptic monitoring of vegetation productivity, J. Geophys. Res. Atmos. 111 (D8) 
(2006), https://doi.org/10.1029/2005JD006017. 

N. Khampa et al.                                                                                                                                                                                                       

https://doi.org/10.1111/j.1468-2346.2006.00575.x
https://doi.org/10.1111/j.1468-2346.2006.00575.x
http://refhub.elsevier.com/S2405-8440(24)07583-2/sref2
http://refhub.elsevier.com/S2405-8440(24)07583-2/sref2
https://doi.org/10.1007/s10661-020-8157-x
https://doi.org/10.1016/j.foreco.2021.119371
https://doi.org/10.1016/j.tfp.2021.100147
https://doi.org/10.1073/pnas.0710616105
https://doi.org/10.4060/ca8642en
http://refhub.elsevier.com/S2405-8440(24)07583-2/sref8
http://refhub.elsevier.com/S2405-8440(24)07583-2/sref8
https://library.wur.nl/WebQuery/wurpubs/fulltext/10592
https://doi.org/10.1093/jxb/ern081
https://doi.org/10.4014/jmb.1807.07008
https://doi.org/10.2307/2657068
https://doi.org/10.1186/s12864-020-07150-4
https://doi.org/10.1186/s12870-020-02710-y
https://doi.org/10.1186/s12870-020-02710-y
https://doi.org/10.3390/agriculture11111163
https://doi.org/10.1007/s11120-014-9970-2
https://doi.org/10.1016/S0176-1617(99)80314-9
https://doi.org/10.2135/cropsci1995.0011183X003500050023x
https://doi.org/10.2134/agronj2007.0254N
https://doi.org/10.1016/j.agrformet.2008.03.005
https://doi.org/10.1046/j.0028-646X.2001.00289.x
https://doi.org/10.1016/j.jarmap.2016.05.005
https://doi.org/10.1016/j.compag.2013.04.009
https://doi.org/10.1016/j.compag.2013.04.009
https://doi.org/10.1016/B978-0-08-092591-2.50009-1
http://refhub.elsevier.com/S2405-8440(24)07583-2/sref25
http://refhub.elsevier.com/S2405-8440(24)07583-2/sref25
https://doi.org/10.3390/agriculture13030563
https://doi.org/10.1142/S1088424612300108
https://doi.org/10.1016/j.rse.2011.02.027
https://doi.org/10.1029/2005JD006017


Heliyon 10 (2024) e31552

14

[30] A.A. Gitelson, Y. Peng, T.J. Arkebauer, J. Schepers, Relationships between gross primary production, green LAI, and canopy chlorophyll content in maize: 
implications for remote sensing of primary production, Remote Sens. Environ. 144 (2014) 65–72, https://doi.org/10.1016/j.rse.2014.01.004. 

[31] P.J. Zarco-Tejada, J.R. Miller, T.L. Noland, G.H. Mohammed, P.H. Sampson, Scaling-up and model inversion methods with narrowband optical indices for 
chlorophyll content estimation in closed forest canopies with hyperspectral data, IEEE Trans. Geosci. Rem. Sens. 39 (2001) 1491–1507, https://doi.org/ 
10.1109/36.934080. 

[32] V.V. Ptushenko, O.S. Ptushenko, A.N. Tikhonov, Chlorophyll fluorescence induction, chlorophyll content, and chromaticity characteristics of leaves as indicators 
of photosynthetic apparatus senescence in arboreous plants, Biochemist 79 (2014) 260–272, https://doi.org/10.1134/S0006297914030122. 

[33] K. Velichkova, D. Krezhova, Extraction of the red edge position from hyperspectral reflectance data for plant stress monitoring, AIP Conf. Proc. 2075 (2019) 
130018, https://doi.org/10.1063/1.5091303. 

[34] B. Qian, H. Ye, W. Huang, Q. Xie, Y. Pan, N. Xing, Y. Ren, A. Guo, Q. Jiao, Y. Lan, A sentinel-2-based triangular vegetation index for chlorophyll content 
estimation, Agric. For. Meteorol. 322 (2022) 109000, https://doi.org/10.1016/j.agrformet.2022.109000. 

[35] X. Wu, R. Khan, H. Gao, H. Liu, J. Zhang, X. Ma, Low light alters the photosynthesis process in cigar tobacco via modulation of the chlorophyll content, 
chlorophyll fluorescence, and gene expression, Agriculture 11 (8) (2021) 755, https://doi.org/10.3390/agriculture11080755. 

[36] N. Kumpa, N. Boontanon, S. Boontanon, Portable photosynthetic sensor: an important tool for greenhouse gas reduction campaign, TEEJ 30 (2016) 1–8. https:// 
so05.tci-thaijo.org/index.php/teej/article/view/186334/130930. 

[37] M. San Emeterio de la Parte, S. Lana Serrano, M. Muriel Elduayen, J.F. Martínez-Ortega, Spatio-temporal semantic data model for precision agriculture IoT 
networks, Agriculture 13 (2) (2023) 360, https://doi.org/10.3390/agriculture13020360. 

[38] S.A. Bhat, N.F. Huang, Big data and ai revolution in precision agriculture: survey and challenges, IEEE Access 9 (8) (2021) 110209–110222, https://doi.org/ 
10.1109/ACCESS.2021.3102227. 

[39] S.M. Cheema, M. Ali, I.M. Pires, N.J. Gonçalves, M.H. Naqvi, M. Hassan, IoAT Enabled smart farming: Urdu language-based solution for low-literate farmers, 
Agriculture 12 (2022) 1277, https://doi.org/10.3390/agriculture12081277. 

[40] S. De Alwis, Z. Hou, Y. Zhang, M.H. Na, B. Ofoghi, A. Sajjanhar, A survey on smart farming data, applications and techniques, Comput. Ind. 138 (1) (2022) 
103624, https://doi.org/10.1016/j.compind.2022.103624. 

[41] J. Lynch, P. Marschner, Z. Rengel, Effect of internal and external factors on root growth and development, Marschner’s mineral nutrition of higher plants (2012) 
331–346, https://doi.org/10.1016/B978-0-12-384905-2.00013-3. 

[42] L.O. Davis, N. Hidayati, Carbon dioxide absorption and physiological characteristics of selected tropical lowland tree species for revegetation, InIOP Conference 
Series: Earth and Environmental Science 591 (2020) 012039, https://doi.org/10.1088/1755-1315/591/1/012039. 

[43] A.M. Van Der Zanden, Environmental factors affecting plant growth. https://extension.oregonstate.edu/gardening/techniques/environmental-factors-affecting- 
plant-growth, 2008. (Accessed 13 April 2024). 

[44] T. Nguyen, A review on bioactive compounds and pharmacological properties of Cleome rutidosperma dc: a review on Cleome rutidosperma, J. Trop. Life Sci. 13 
(2023), https://doi.org/10.11594/jtls.13.03.20. 

[45] Let’s Talk Science, Plant pigments. https://letstalkscience.ca/educational-resources/backgrounders/plant-pigments#:~:text=Plants%20have%20more% 
20chlorophyll%20a,more%20of%20it%20in%20plants, 2022. (Accessed 13 April 2024). 

[46] Apogee Instruments, Chlorophyll concentration meter. https://www.apogeeinstruments.com/content/MC-100-manual.pdf, 2022. (Accessed 15 March 2022). 
[47] C. Parry, J.M. Blonquist Jr., B. Bugbee, In situ measurement of leaf chlorophyll concentration: analysis of the optical/absolute relationship, Plant Cell Environ. 

37 (11) (2014) 2508–2520, https://doi.org/10.1111/pce.12324. 
[48] CO2 meter, Gas sensors, 2022. https://cdn.shopify.com/s/files/1/0019/5952/files/DS-SenseAir-K30-CO2-Sensor-Revised-2023.pdf?v=1692893893 (Accessed 

23 January 2022). 
[49] J. Uddling, J. Gelang-Alfredsson, K. Piikki, H. Pleijel, Evaluating the relationship between leaf chlorophyll concentration and SPAD-502 chlorophyll meter 

readings, Photosynth. Res. 91 (1) (2007) 37–46, https://doi.org/10.1007/s11120-006-9077-5. 
[50] T.S. Hawkins, E.S. Gardiner, G.S. Comer, Modeling the relationship between extractable chlorophyll and SPAD-502 readings for endangered plant species 

research, J. Nat. Conserv. 17 (2009) 123–127, https://doi.org/10.1016/j.jnc.2008.12.007. 
[51] T.G. Shibaeva, A.V. Mamaev, E.G. Sherudilo, Evaluation of a SPAD-502 plus chlorophyll meter to estimate chlorophyll content in leaves with interveinal 

chlorosis, Russ. J. Plant Physiol. 67 (2020) 690–696, https://doi.org/10.1134/S1021443720040160. 
[52] X. Li, J. Xiao, B. He, M. Altaf Arain, J. Beringer, A.R. Desai, C. Emmel, D.Y. Hollinger, A. Krasnova, I. Mammarella, Solar-induced chlorophyll fluorescence is 

strongly correlated with terrestrial photosynthesis for a wide variety of biomes: first global analysis based on OCO-2 and flux tower observations, Global Change 
Biol. 24 (9) (2018) 3990–4008, https://doi.org/10.1111/gcb.14297. 

[53] F. Zakariyya, D. Indradewa, Drought stress affecting growth and some physiological characters of three cocoa clones at seedling phase, Pelita Perkebunan 34 (3) 
(2018) 156–165. 

[54] N. Zahra, M.B. Hafeez, A. Ghaffar, A. Kausar, M.A. Zeidi, K.H.M. Siddique, M. Farooq, Plant photosynthesis under heat stress: effects and management, Environ. 
Exp. Bot. 206 (2023) 105178, https://doi.org/10.1016/j.envexpbot.2022.105178. 

[55] M. Pestana, M. David, A. de Varennes, J. Abadia, E.A. Faria, Responses of “Newhall” orange trees to iron deficiency in hydroponics: effects on leaf chlorophyll, 
photosynthetic efficiency, and root ferric chelate reductase activity, J. Plant Nutr. 24 (10) (2001) 1609–1620, https://doi.org/10.1081/PLN-100106024. 

[56] S. Apiratikorn, K. Nooprom, N. Bueraheng, Estimation of chlorophyll and nitrogen levels in aromatic coconut leaves by chlorophyll meter, Thai, Sci. Technol. J. 
29 (2021) 498–507. https://li01.tci-thaijo.org/index.php/tstj/article/view/236440. 

[57] J.H.C. Cornelissen, S. Lavorel, E. Garnier, S. Diaz, N. Buchmann, D.E. Gurvich, P.B. Reich, H. Ter Steege, H.D. Morgan, M.G.A. Van Der Heijden, J.G. Pausas, 
H. Poorter, A handbook of protocols for standardised and easy Measurement of plant functional traits worldwide, Aust. J. Bot. 51 (2003) 335–380, https://doi. 
org/10.1071/BT02124. 

[58] C.R. Zirbel, T. Bassett, E. Grman, L.A. Brudvig, Plant functional traits and environmental conditions shape community assembly and ecosystem functioning 
during restoration, J. Appl. Ecol. 54 (2017) 1070–1079, https://doi.org/10.1111/1365-2664.12885. 

[59] A.B. Nicotra, M.J. Cosgrove, A. Cowling, C.D. Schlichting, C.S. Jones, Leaf shape linked to photosynthetic rates and temperature optima in South African 
Pelargonium species, Oecologia 154 (2008) 625–635, https://doi.org/10.1007/s00442-007-0865-1. 

[60] L. Sack, C. Scoffoni, A.D. Mckown, K. Frole, M. Rawls, J.C. Havran, H. Tran, T. Tran, Developmentally based scaling of leaf venation architecture explains global 
ecological patterns, Nat. Commun. 3 (2012) 837, https://doi.org/10.1038/ncomms1835. 

[61] R. Xu, L.Y. Wang, J. Zhang, J. Zhou, S.D. Cheng, M. Tigabu, X.Q. Ma, P.F. Wu, M. Li, Growth rate and leaf functional traits of four broad-leaved species 
underplanted in Chinese fir plantations with different tree density levels, Forests 13 (2) (2022) 308, https://doi.org/10.3390/f13020308. 

[62] I.J. Wright, P.B. Reich, M. Westoby, D.D. Ackerly, Z. Baruch, F. Bongers, J. Cavender-Bares, T. Chapin, J.H.C. Cornelissen, M. Diemer, J. Flexas, E. Garnier, P. 
K. Groom, J. Gulias, K. Hikosaka, B.B. Lamont, T. Lee, W. Lee, C. Lusk, J.J. Midgley, M.L. Navas, U. Niinemets, J. Oleksyn, N. Osada, H. Poorter, P. Poot, L. Prior, 
V.I. Pyankov, C. Roumet, S.C. Thomas, M.G. Tjoelker, E.J. Veneklaas, R. Villar, The worldwide leaf economics spectrum, Nature 428 (6985) (2004) 821–827. 
https://www.nature.com/articles/nature02403. 

[63] J. Yu, Q. Li, X. Wu, C. Zhu, S. Huang, F. Yang, X. Hou, Adaptational responses of leaf functional traits of Dicranopteris dichotoma to environmental factors in 
different vegetational restoration stages, Glob. Ecol. Conserv. 44 (2023) e02484, https://doi.org/10.1016/j.gecco.2023.e02484. 

[64] J. Li, W. Terzaghi, X.W. Deng, Genomic basis for light control of plant development, Protein Cell 3 (2012) 106–116, https://doi.org/10.1007/s13238-012-2016- 
7. 

[65] W. Ni, S.-L. Xu, J.M. Tepperman, D.J. Stanley, D.A. Maltby, J.D. Gross, A.L. Burlingame, Z.-Y. Wang, P.H. Quail, A mutually assured destruction mechanism 
attenuates light signaling in Arabidopsis, Science 344 (6188) (2014) 1160–1164. https://www.science.org/doi/10.1126/science.1250778. 
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