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Abstract—Urban forests play an important role in reducing the impact of pollutants in the air, such as carbon dioxide (CO2). Plants can 

absorb several kinds of pollutants, so they can play a role in cleaning the air from air pollution. Air pollution can also affect the 

morphology and anatomy of the leaves, such as chlorosis and necrosis. Thus, this study was conducted to characterize the morphology, 

stomata anatomy, and physiology of the Tectona grandis and Gmelina arborea tree species in their potential as CO2 pollutant absorbers 

in the Urban Forest of Hasanuddin University Tamalanrea Makassar. The method used was an analysis of leaves morphology 

characterization, longitudinal leaves stomata characterization using nail polish containing acetone, analysis of leaves chlorophyll 

content, and CO2 absorption; the data were analyzed descriptively. The results showed that the characteristics of leaves morphology 

leaves, stomata, and leaves chlorophyll content affected the absorption of CO2 pollutants in each type of tree. Tectona grandis has thick 

leaves morphology characteristics, roughly hairy leaves surface, leaves size 298.42 cm per leaves blade, abaxial stomata number 80.000 

stomata/mm2, stomata size 80.390 µm, chlorophyll a 0.016 mg/g, chlorophyll b 0.104 mg/g, and ability of CO2 absorption of leaves was 

0.0138x10-4 g/cm2. Gmelina arborea has thin leaves morphological characteristics, smooth leaves surface, leaves the size of 165.726 cm 

per leaves blade, several abaxial stomata of 488.667 stomata/mm2, stomata size of 77.537 µm, chlorophyll a 0.015 mg/g, chlorophyll b 

0.083 mg/g, and ability of  CO2 absorption of leaves were 0.0441x10-4 g/cm2.  
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I. INTRODUCTION

Urban development has an impact on increasing 
population, transportation, and industry. An increase in 
various population activities, motorized vehicles, and 
industries increases the amount of pollutants in the form of 
gases and particles in the air [1], [2]. Bio-indicators of urban 
air pollution can be used by various types of plants that are 
resistant to air pollution [3], [4], [5]. Leaves are one of the 
plant organs most exposed to air pollution [6], [7]. Plant 
growth and development were influenced by external 
environmental factors such as light, pH, temperature, and 
humidity [7], [8], [9], [10]. Internal factors include 
morphological structure, stomata anatomy, and leaves 
chlorophyll content [3], [11], [12], [13], [75]. Plants can 
absorb several kinds of pollutants, so they can play a role in 

cleaning the air from air pollution. The ability of plants to 
absorb air pollution together when the absorption of CO2 is 
used for photosynthesis [14]. The entry mechanism of 
pollutants into the leaves’ tissue occurs simultaneously during 
the day when the leaves release moisture and absorb CO2 
along with pollutants on the leaves’ surface [15], [16]. 
Pollutants that were absorbed into the leaves tissue through 
stomata can gradually cause damage to the leaves blade, and 
chlorophyll content decreases so that inhibited rate of 
phosphorus eventually dies in the leaves—plant damage from 
air pollution, such as high CO2 contents [2], [17]. Air 
pollution can also affect morphology and leaves anatomy, 
which eventually shows damage symptoms such as chlorosis 
and necrosis in the leaves and physiologically and 
biochemically cause damage to chlorophyll [18]. Planting 
various types of trees in urban areas to reduce air pollution 
and selecting plant species should have specific 
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characteristics and resist pollution. Based on the above 
problems, this study was conducted on the morphological 
characterization, stomata anatomy, and physiology of the 
Tectona grandis and Gmelina arborea tree species as CO2 
pollutant absorbers in the Urban Forest of Hasanuddin 
University Tamalanrea Makassar. 

II. MATERIALS AND METHODS 

A. Materials 

Plant materials used in this study were Tectona grandis and 
Gmelina arborea trees planted at the Hasanuddin University 
Campus Urban Forest Research location in Tamalanrea. 

B. Method 

Data were analyzed descriptively. The results of data 
analysis to determine differences in morphological 
characteristics, stomata anatomy, chlorophyll content, and 
CO2 absorption from the Tectona grandis and Gmelina 

arborea tree species, then the data was presented in the form 
of tables, image designs, and histograms. 

1) Morphological characteristics: Identification of 
canopy structure and morphology of Tectona grandis and 
Gmelina arborea leaves aims to determine the traits (leaves 
shape, leaves tip, leaves base, leaves recurrence, leaves edge, 
and leaves traits such as hairy leaves surface, rough, smooth, 
shiny, and leaves color). 

2) Stomata anatomy: Stomata analysis of Tectona 

grandis and Gmelina arborea leaves [11] in a longitudinal 
manner as follows: the surface of the upper and lower leaves 
smeared with nail polish containing acetone when the leaves 
were still in the research tree. Observed samples were then 
photographed with a Bino microscope & DS model photos. 
IFi Nikon ECLIPSE 80i with 400x magnification. Stomata 
Index (IS) was calculated based on the formula [12] as 
follows:  

 IS =
�/�

(� � �)/�
 x 100% (1) 

Whereby:  
S= number of stomata 
E = number of epidermal cells 
L = unit leaves the area. 
Stomata Size (SS) can be measured by the Franco formula 
[19] as follows: 

 SS = L x B x K (2) 

Whereby: 
L= Length 
B= width 
K= constant Franco’s (0.79). 

3) Chlorophyll content: Content analysis of chlorophyll 

a, chlorophyll b, and chlorophyll a + b of Tectona grandis 

and Gmelina arborea leaves [19]. Leaves samples were 
weighed 0.1 g and extracted with 80% acetone solvent + 10 
ml—measurement of chlorophyll content with UV-2900 PC 
spectrophotometer with a wavelength of 663 µm and 645 µm. 

4) CO2 absorption from the Tectona grandis and 

Gmelina arborea tree species: Mass analysis of 

carbohydrates, the mass of CO2, and absorption of CO2 on the 
leaves of Tectona grandis and Gmelina arborea, in each type 
of tree, 30 g of leaves were taken. Leaves samples from trees 
were put into plastic bags, poured as much as 200 ml of 70% 
alcohol, and soaked for 15 minutes. The leaves are dried in 
the oven at a temperature of 700C for two days. Analysis of 
carbohydrates (glucose) in leaves that have been dried, 
mashed, hydrolyzed, and added 25 ml of 4% HCl. 
Determination of carbohydrates (glucose) was used 
spectrophotometry, the Nelson-Somogy method [20]. The 
determination of reduction carbohydrates enters in optical 
density (OD), then the determination of carbohydrate mass in 
fresh leaves [21], [22]. Carbohydrate mass was the percentage 
of wet carbohydrates from the wet weight of the sample 
leaves; for the calculation, the formula was used: 

 C6H12O6 mass = % wet KH x wet weight of leaves (30 
g) 
% KH wet = (100% - KA) / 100 x Dry KH 
 % KA= (Wet weight of the leaves-dry weight of 
leaves)/ (Wet weight of leaves) x 100% 
Description: KA = Moisture content from the type of 
leaves 

 Determination of CO2 mass, namely:  
CO2 mass = mass C6H12O6 x1,467 

 Determination of CO2 absorption ability per leaves 
sample area (D) 
Absorption of CO2 leaves was affected by the leaves’ 
area. Calculation of CO2 absorption per leaves sample 
area (D) was used formula, namely: 
D = (CO2 mass)/ (leaves area (from 30 g of leaves 
sample) 

III. RESULT AND DISCUSSION 

A. Morphological Characterization of Tectona grandis and 

Gmelina arborea 

1) Tectona grandis: Tree habitus, tap root system, 
average tree height of 11.67 m, round and grooved stems, 
blackish brown peeled leaves, young branches in rectangle, 
average stem diameter of 31.00 cm, and average canopy cover 
area of 11.12 m. Sympodial branching system, irregular 
canopy shape. Single leaves face inter-sect, elongated round 
leaves, tapered leaves tips, pointed leaves base, pinnate leaves 
reinforcement, smooth serrated leaves edges, upper leaves 
surface rough green hair, tapered bottom surface, and light 
green color. The length of the leaves was 55.90-38.90 cm, the 
leaves’ width was 27.00-32.20 cm, and the length petiole was 
3.00-3.90 cm. 

2) Gmelina arborea: Tree habitus, tap root system, 
average tree height of 23.67 m, round stem, whitish brown 
color, monopodial branching system, average stem diameter 
of 78.77 cm, average canopy cover area of 14.78 m, horizontal 
crown shape (spread). Single leaves facing interspersed, oval 
leaves shape, tapered leaves tip, rounded leaves base, pinnate 
leaves ascending, flat leaves edge, thin leaves like paper, 
upper leaves surface green feathered, lower leaves surface 
visible and light green. At the base of the leaves, two small 
green dots connected the end of the leaves' stalk and blade. 
Leaves length 19.90-27.20 cm, leaves width 17.60-22.60 cm, 
and petiole length 6.20-14.30 cm.  
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The study tree species above included woody plants from 
the Classis Dicotyledoneae group [23], [24]. Tectona grandis 
and Gmelina arborea tree species can grow as greening trees 
at the study site. The research results have been conducted at 
the location of UNHAS Urban Forest found + 102 species of 
trees. 

B. Characterization of Leaves Stomata Anatomy of Tectona 

grandis and Gmelina arborea 
The results of the characterization of the leaves stomata 

anatomy of Tectona grandis and Gmelina arborea are shown 
in Figure 1 and Table 1. 

 

 
Fig. 1  Characterization of Stomata Anatomy Based Longitudinal Section (I) 
Tectona grandis and (II) Gmelina arborea, (A) Adaxial Stomata, (B) Abaxial 
Stomata, 400x Stomata Magnification 

TABLE I 
ANALYSIS RESULTS OF ANATOMICAL CHARACTERIZATION OF STOMATA AND 

EPIDERMIS AVERAGE TECTONA GRANDIS AND GMELINA ARBOREA TREES 

No. Parameter 
  

Tectona 

grandis 

Gmelina 

arborea 

1 Area of Leaves 
Per blade (cm2) 

 298.424 165.726 
    
2 Stomata Type  Paracytic Paracytic  
    
3 The Spread of 

Stomata 
 Apple Potato 

    
4 Number of 

Stomata (mm2) 
Adaxial 0 34.667 

 Abaxial 80 488.667 
5 Number of 

Epidermis (mm2) 
Adaxial 4747 2934.667 

 Abaxial 4640 2240 

No. Parameter 
  

Tectona 

grandis 

Gmelina 

arborea 

6 Stomata Index 
(%) 

Adaxial 0 1.214 
 Abaxial 1.748 18.838 
7 Long Stomata 

(µm) 
Adaxial 0 16.8 

 Abaxial 12.8 12.8 
8 Width Stomata 

(µm) 
Adaxial 0 12 

 Abaxial 8 7.2 
9 Size of Stomata 

(µm) 
Adaxial 0 165.331 

 Abaxial 80.39 77.537 
10 Epidermal Cell 

Type 
Adaxial Irregular  Irregular 

 Abaxial Irregular Irregular 

11 
Epidermal Cell 
Wall 

Adaxial 
Deep 
Grooves 

Straight– 
Grooves 

  
Abaxial 

Deep 
Grooves 

Straight– 
Grooves 

The results of the leaves stomata anatomy characterization 
of Tectona grandis and Gmelina arborea trees showed that 
both stomata cover cells were surrounded by one or more 
neighboring cells and the long axis of neighboring cells 
paralleled to the closing cell axis and gap [25], [26]. Based on 
the neighboring cell structure that was next to the cover cell, 
it includes the paracytic type [27].  

Characterization on Tectona grandis leaves irregular 
epidermal cell type of adaxial and abaxial leaves, while the 
epidermal cell wall adaxial and abaxial leaves deep grooves. 
Gmelina arborea tree plants have irregular adaxial and 
abaxial leaves’ epidermis cells, whereas the adaxial and 
abaxial leaves’ epidermal cell walls were straight grooves. 
The spread of stomata on the leaves of the Tectona grandis 
tree was not found in the adaxial because the leaves’ surface 
was protected by a lot of coarse leaves' hair. Stomata were 
only found on abaxial leaves [19]. The spread of the stomata 
includes the type of apple [28]. In the leaves of the Gmelina 

arborea tree, the spread of stomata on both the leaves surfaces 
was adaxial and abaxial. The spread of stomata on both 
leaves’ surfaces includes the type of potato [29]. The spread 
of stomata on the surface of the abaxial leaves was more than 
the adaxial leaves on plants that grow in terrestrial 
environments. This was an adaptation mechanism to reduce 
transpiration in leaves [13], [30], [31], [32].  

The results of the research analysis on the number of 
stomata in both research trees are shown in Table 1. The 
highest number of stomata was found in Gmelina arborea 

abaxial leaves, 488,667 stomata/mm2, and the lowest at 
Tectona grandis, 80,000 stomata/mm2. The highest number of 
the epidermis in the adaxial leaves of Tectona grandis tree 
4,747,667 epidermis/mm2, while Gmelina arborea 2,934,667 
epidermis/mm2. The highest stomata index on leaves of 
Gmelina arborea, abaxial leaves was 18.838%, and the lowest 
in Tectona grandis was 1.748%. The number of leaves 
stomata in each type of plant was different. This was 
influenced by the size and spread of stomata on the leaves' 
surface. The largest stomata size was found on the leaves of 
Tectona grandis at 80,390 µm, and the smallest stomata on 
leaves of Gmelina arborea at 77,537µm. Several previous 
studies supported this study that the size of the leave stomata 
was large, and the stomata amount was small, so if the stomata 
was large, the size of the stomata was small [33], [34], [35]. 
The plant’s response to environmental changes can be seen in 
changes in the size and number of stomata [36], [37]. The 
number of epidermal cells was more on the adaxial surface 

I 

II 

A 

A 

B 

B 
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[34]. Leaves epidermal cells function to protect leaves tissue 
in plants against influences from transpiration and air 
pollution [38], [39], [40]. 

C. Leaves Chlorophyll Content 
The analysis results of chlorophyll content, chlorophyll b, 

and chlorophyll a + b in the leaves of Tectona grandis and 
Gmelina arborea are shown in Figure 2. 

 

 
Fig. 2  Histogram of Average Chlorophyll a Content, Chlorophyll b and 
Chlorophyll a + b for 0.1 g of Tectona grandis Leaves and Gmelina arborea. 

 

1) Chlorophyll a: Content of chlorophyll a in Tectona 

grandis leaves was 0.016 mg/g higher, while Gmelina 

arborea was 0.015 mg/g lower. The leaves of the Tectona 

grandis are dark green, and Gmelina arborea leaves are 
slightly yellowish green. In each leaves plant containing 
chlorophyll a (C55H72O5N4Mg), dark green and light green 
leaves containing chlorophyll b (C55H70O6N4Mg), chlorophyll 
plays an important role in photosynthesis [41], [42], [43]. 
Leaves exposed to air pollution, such as dust, can be absorbed 
into the leave stomata, then go to mesophyll tissue, dust that 
accumulates on mesophyll tissue causes damage to cells that 
contain chlorophyll, thus affecting photosynthesis [44], [45], 
[46], [47]. 

2) Chlorophyll b: The chlorophyll content of Tectona 

grandis leaves was 0.104 mg/g and Gmelina arborea       0.083 
mg/g. The measurement results of chlorophyll contents b in 
the study location were higher than chlorophyll a. It was 
related to the presence of trees planted with close spacing so 
that the leaves were shaded. Shaded tree leaves have higher 
chlorophyll b than non-shaded leaves [48], [49], [50]. 

3) Chlorophyll a+b: Chlorophyll a + b contents on 
Tectona grandis leaves were 0.107 mg/g higher and Gmelina 

arborea 0.088 mg/g. Chlorophyll contents of a + b were found 
in many shaded leaves. Tectona grandis leaves size was 
298.424 cm larger than Gmelina arborea leaves size of 
165.726 cm. Chlorophyll contents can also be influenced by 
leaves size, leaves anatomy, and habitat [30], [51], [52], [53], 
[54]. Chlorophyll content can be used to measure canopy 
health [55]. The results of carbohydrate mass, CO2 mass, and 
CO2 /g/cm2 absorption are shown in Figure 3. 

 

 

D. Carbohydrate Mass, Carbon Dioxide Mass, and Carbon 

Dioxide Absorption Ability 
The results of carbohydrate mass, CO2 mass, and 

CO2/g/cm2 absorption are shown in Figure 3. 
 

1) Carbohydrate Mass: The results of mass carbohydrate 
analysis from photosynthesis on the leaves of Gmelina 

arborea 0.0049/30 g and Tectona grandis 0.0013/30 g. 
Gmelina arborea tree plants have stomata spread on both 
leaves' surfaces; more stomal than Tectona grandis stomata 
were only found on the abaxial surface with fewer stomal 
(Table 1.). Gmelina arborea plants were able to absorb CO2 
higher than Tectona grandis. Gmelina arborea tree species 
include the Fast Growing Species (FGS) group, a plant that 
can absorb CO2 faster than air, thus accelerating the increase 
in tree biomass. Tectona grandis plants belong to the Slow 
Growing Species (SGS) group, which is a type of tree whose 
growth is slow to absorb CO2, thus prolonging the carbon 
stock content during its lifetime [56], [57]. 
 

 
Fig. 3  Histogram of A Carbohydrate Mass (30 g Leaves), CO2 Mass (30 g 
Leaves), and CO2

 /cm2 Absorption of Tectona grandis and Gmelina arborea. 

2) Carbon Dioxide Mass: The analysis results on the 
mass of CO2 absorbed by the leaves of the Gmelina arborea 

tree species was 0.0070/30 g higher, while Tectona grandis 
was 0.0019/30 g. The results of measurements of 
environmental factors at the Urban Forest Research site at 
Hasanuddin Tamalanrea University Makassar were: 
temperature 32.6-34.2 oC, air humidity 37.3-37.7 RH%, soil 
pH 6.0, soil moisture 35.0-36, 7%, and light intensity 71667-
67233 lux. The highest type of Gmelina arborea CO2 
absorption was supported by the morphological and 
physiological characteristics of Gmelina arborea leaves, such 
as thin leaves, small leaves size, many stomata, and the 
surface of downy leaves. Tectona grandis leaves were thick, 
large leaves, few stomata, and coarse hair. The amount of 
carbon dioxide that can be absorbed depends heavily on the 
size of the leaf sample; the smaller the leaf area, the more 
carbon dioxide can be absorbed [58], [59]. To aid CO2 
diffusion during photosynthesis, stomata open during the day 
and close at night to lessen transpiration [60], [61], [62]. Plant 
production can be measured precisely for the CO2 used in 
photosynthesis [63], [64], [65]. The percentage of 
carbohydrates produced during photosynthesis can be used to 
determine the mass of CO2 absorbed by plants [66]. Leaves 
exposed to sunlight speed of CO2 absorption in the 
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photosynthesis process was higher than shaded leaves [59], 
[62], [67]. 

3) The ability of Carbon Dioxide Absorption: The results 
of analysis of CO2/cm2 absorption of leaves samples at 
Gmelina arborea were 0.0441x10-4 g/cm2 and Tectona 

grandis 0.0138x10-4 g/cm2. Both types of trees have the 
potential to absorb CO2 and are suitable for use as greening 
trees. The result of high carbohydrate mass and CO2 mass 
does not always produce high CO2 absorption because it is 
influenced by environmental factors [5]. Plant type, structure, 
and canopy closure [41], [57], number of stomata [42], 
number of epidermis, stomata index [33] stomata size [38]. 
Leaves size and chlorophyll content of leaves [58], as well as 
leaves area per strand as a divider, were not the same in each 
type of plant [68], [69]. 

IV.   CONCLUSION 

The results showed that the characteristics of leaves 
morphology, leaves stomata, and leaves chlorophyll content 
affected the absorption of CO2 pollutants in each type of tree. 
Tectona grandis tree has thick leaves morphological 
characteristics, roughly hairy leaves surface, leaves size 
298.42 cm per leaves blade, abaxial stomata number 80.000 
stomata/mm2, stomata size 80.390 µm, chlorophyll a 0.016 
mg/g, chlorophyll b 0.104 mg/g, and ability of CO2 absorption 
of leaves was 0.0138x10-4 g/cm2. Gmelina arborea tree has 
thin leaves morphological characteristics, smooth leaves 
surface, leaves size 165.726 cm per leaves blade, number of 
abaxial stomata 488.667 stomata/mm2, stomata size 77.537 
µm, chlorophyll a 0.015 mg/g, chlorophyll b 0.083 mg/g, and 
ability of CO2 absorption of leaves was 0.0441x10-4 g/cm2. 

ACKNOWLEDGMENT 

This research was funded by Specific Indonesian Maritime 
Continent Research Internal Grant through LP2M 
Hasanuddin University, No. 12287/UN4.21/PL.00.00/2018. 

REFERENCES 
[1] O. Ogunkunle and N. A. Ahmed, “Sustainability Overview of 

Biodiesel Combustion in Mitigating the Adverse Impacts of Engine 
Emissions on the Sustainable Human-Environment Scenario”, 
Sustainability, vol. 13, no. 5465, pp. 1–28, 2021, Available: doi: 
10.3390/su13105465. 

[2] E. Simon et al., “Usefulness of Tree Species as Urban Health 
Indicators”, Plants, vol. 10, no. 2797, pp. 1–12, 2021, Available: doi: 
10.3390/plants10122797. 

[3] D. Karmakar, K. Deb, and P. K. Padhy, “Ecophysiological responses 
of tree species due to air pollution for biomonitoring of environmental 
health in urban area,” Urban Clim, vol. 35, Jan. 2021, doi: 
10.1016/j.uclim.2020.100741. 

[4] M. M. Derrien et al., “Toward environmental justice in civic science: 
youth performance and experience measuring air pollution using moss 
as a bio-indicator in industrial-adjacent neighborhoods,” Int J Environ 

Res Public Health, vol. 17, no. 19, pp. 1–18, Oct. 2020, doi: 
10.3390/ijerph17197278. 

[5] C. Sahu, S. Basti, and S. K. Sahu, “Air pollution tolerance index 
(APTI) and expected performance index (EPI) of trees in sambalpur 
town of India,” SN Appl Sci, vol. 2, no. 8, Aug. 2020, doi: 
10.1007/s42452-020-3120-6. 

[6] S. Chaudhuri, A. Kumar, S. Chaudhuri, and O. P. Jindal, “Urban 
Greenery for Air Pollution Control: A Meta-Analysis of Current 
Practice, Progress, and Challenges”, Env. Monit Assess, vol. 194, no. 
236, pp. 1–30, 2022, Available: doi: 10.1007/s10661-022-09808-w. 

[7] M. Chowdhury et al., “Effects of Temperature, Relative Humidity, and 
Carbon Dioxide Concentration on Growth and Glucosinolate Content 

of Kale Grown in a Plant Factory”, Foods, vol. 10, no. 1524, pp. 1–19, 
2021, Available: doi: 10.3390/foods10071524. 

[8] C. A. Edwards and N. Q. Aracon, “The Influence of Environmental 
Factors on Earthworms”, in Biology and Ecology of Earthworms, New 
York: Springer, 2022, pp. 191–232. 

[9] F. I. Chowdhury, C. Arteaga, M. S. Alam, I. Alam, and V. Resco de 
Dios, “Drivers of nocturnal stomatal conductance in C3 and C4 
plants,” Science of the Total Environment, vol. 814. Elsevier B.V., 
Mar. 25, 2022. doi: 10.1016/j.scitotenv.2021.151952. 

[10] R. M. Marchin, D. Backes, A. Ossola, M. R. Leishman, M. G. 
Tjoelker, and D. S. Ellsworth, “Extreme heat increases stomatal 
conductance and drought-induced mortality risk in vulnerable plant 
species,” Glob Chang Biol, vol. 28, no. 3, pp. 1133–1146, Feb. 2022, 
doi: 10.1111/gcb.15976. 

[11] S. K. Behera et al., “Assessment of Carbon Sequestration Potential of 
Tropical Tree Species for Urban Forestry in India”, Ecol. Eng., vol. 
181, no. 106692, Aug. 2022, Available: doi: 
10.1016/J.ECOLENG.2022.106692. 

[12] P. Ghorbanzade, S. Aliniaeifard, M. Esmaeili, M. Mashal, B. 
Azadegan, and M. Seif, “Dependency of Growth, Water Use 
Efficiency, Chlorophyll Fluorescence, and Stomata Characteristics of 
Lettuce Plants to Light Intensity”, J. Plant Growth Regul., vol. 40, pp. 
2191–2207, 2021. 

[13] Z. Xiong et al., “Effect of Stomatal Morphology on Leaf 
Photosynthetic Induction Under Fluctuating Light in Rice,” Front 

Plant Sci, vol. 12, Feb. 2022, doi: 10.3389/fpls.2021.754790. 
[14] Z. Wei, L. O. A. Abdelhakim, L. Fang, X. Peng, J. Liu, and F. Liu, 

“Elevated CO2 effect on the response of stomatal control and water 
use efficiency in amaranth and maize plants to progressive drought 
stress,” Agric Water Manag, vol. 266, May 2022, doi: 
10.1016/j.agwat.2022.107609. 

[15] M. B. Kurade, Y. H. Ha, J. Q. Xiong, S. P. Govindwar, M. Jang, and 
B. H. Jeon, “Phytoremediation as a Green Biotechnology Tool for 
Emerging Environmental Pollution: A Step Forward Towards 
Sustainable Rehabilitation of the Environment”, Chem. Eng. J., vol. 
415, no. 129040, pp. 1–10, Jul. 2021, Available : doi: 
10.1016/J.CEJ.2021.129040. 

[16] H. Teiri, H. Hajizadeh, and A. Azhdarpoor, “A Review of Different 
Phytoremediation Methods and Critical Factors for Purification of 
Common Indoor Air Pollutants: An Approach with Sensitive 
Analysis”, Air Qual Atmos Heal., vol. 15, pp. 379–391, 2022, 
Available:  doi: 10.1007/s11869-021-01118-3. 

[17] R. Gupta and L. Sharma, “Modelling the growth response to climate 
change and management of Tectona grandis L. f. using the 3-PGmix 
model,” Ann for Sci, vol. 78, no. 4, Dec. 2021, doi: 10.1007/s13595-
021-01102-y. 

[18] A. Husen, “Morpho-anatomical, Physiological, Biochemical and 
Molecular Responses of Plants to Air Pollution”, in Harsh 

Environment and Plant Resilience, Harsh Envi., A. Husen, Ed. 
Springer, Cham, 2021, pp. 203–234. 

[19] R. S. Matos et al., “Correlating Structure and Morphology of Andiroba 
Leaf (Carapa guianensis Aubl.) by Microscopy and Fractal Theory 
Analyses”, Appl. Sci., vol. 11, no. 5848, pp. 1–19, 2021, Available: 
doi: 10.3390/app11135848. 

[20] J. R. A. dos Santos-Pinto et al., “Proteomic Characterization of the 
Fibroin-based Silk Fibers Produced by Weaver Ant Camponotus 
Textor”, J. Proteomics, vol. 261, no. 104579, Jun. 2022, Available: 
doi: 10.1016/J.JPROT.2022.104579. 

[21] H. M. Muindi, C. M. Kibiti, and M. P. Ngugi, “Hemoglobin 
Precipitation: An Index of In Vitro Vasoconstrictive Activities of 
Methanol Leaf Extracts of Croton megalocarpus Hutch and Lantana 
camara Linn”, Evidence-Based Complement. Altern. Med., vol. 2021, 
pp. 1–8, 2021, Available: doi: 10.1155/2021/3817106. 

[22] Z. H. Dong et al., “Interactions Between Nutrient and Huanglongbing 
Pathogen in Citrus: An Overview and Implications”, Sci. Hortic. 

(Amsterdam)., vol. 290, p. 110511, Dec. 2021, Available: doi: 
10.1016/J.SCIENTA.2021.110511. 

[23] G. Tjitrosoepomo, Plant Morphology. Yogyakarta: Gadjah Mada 
university Press, 2020. 

[24] J. Ren, X. Ji, C. Wang, J. Hu, G. Nervo, and J. Li, “Variation and 
Genetic Parameters of Leaf Morphological Traits of Eight Families 
from Populus simonii × P. nigra”, Forests, vol. 11, no. 12, pp. 1–17, 
2020, Available: doi: 10.3390/f11121319. 

[25] M. Zahara and C. C. Win, “Morphological and Stomatal 
Characteristics of Two Indonesian Local Orchids,” Journal of 

Tropical Horticulture, vol. 2, no. 2, p. 65, Oct. 2019, doi: 10.33089/ 
jthort.v2i2.26. 

1294



[26] H. Wei, C. Liu, J. Hu, and B. R. Jeong, “Quality of supplementary 
morning lighting (SML) during propagation period affects physiology, 
stomatal characteristics, and growth of strawberry plants,” Plants, vol. 
9, no. 5, 2020, doi: 10.3390/plants9050638. 

[27] N. Masumoto et al., “Three-dimensional Reconstructions of Haustoria 
in Two Parasitic Plant Species in the Orobanchaceae”, Plant Physiol., 
vol. 185, pp. 1429–1442, 2021, Available: doi: 
10.1093/plphys/kiab005. 

[28] P. Dai, X. Liang, Y. Wang, M. L. Gleason, R. Zhang, and G. Sun, 
“High Humidity and Age-Dependent Fruit Susceptibility Promote 
Development of Trichothecium Black Spot on Apple”, Plant Dis., vol. 
103, pp. 259–267, 2019, Available: doi: 10.1094/PDIS-05-18-0734-
RE. 

[29] P. Kastelein, M. G. Förch, M. C. Krijger, P. S. Van Der Zouwen, W. 
Van Den Berg, and J. M. Van Der Wolf, “Systemic Colonization of 
Potato Plants Resulting from Potato Haulm Inoculation With Dickeya 
Solani or Pectobacterium Parmentieri”, Can. J. Plant Pathol., vol. 43, 
no. 1, p. 15, 2021, Available : doi: 10.1080/07060661.2020.1777465. 

[30] A. Paulauskienė, Ž. Tarasevičienė, and V. Laukagalis, “Influence of 
harvesting time on the chemical composition of wild stinging nettle 
(Urtica dioica L.),” Plants, vol. 10, no. 4, Apr. 2021, doi: 
10.3390/plants10040686. 

[31] M. Haworth, G. Marino, F. Loreto, and M. Centritto, “Integrating 
stomatal physiology and morphology: evolution of stomatal control 
and development of future crops,” Oecologia, vol. 197, no. 4, pp. 867–
883, Dec. 2021, doi: 10.1007/s00442-021-04857-3. 

[32] T. Han, Q. Feng, T. Yu, X. Yang, X. Zhang, and K. Li, “Characteristic 
of Stomatal Conductance and Optimal Stomatal Behaviour in an Arid 
Oasis of Northwestern China,” Sustainability (Switzerland), vol. 14, 
no. 2, Jan. 2022, doi: 10.3390/su14020968. 

[33] Q. Zhang, S. Peng, and Y. Li, “Increase Rate of Light-induced Stomata 
Conductance is Related to Stomata Size in the Genus Oryza”, J. Exp. 

Bot., vol. 70, no. 19, pp. 5259–5269, 2019, Available: doi: 
10.1093/jxb/erz267. 

[34] S. Gul et al., “Foliar Epidermal Anatomy of Lamiaceae with special 
Emphasis on Their Trichomes Diversity Using Scanning Electron 
Microscopy”, Microsc. Res. Tech., vol. 82, no. 3, pp. 206–223, 2019. 

[35] A. K. M. Hamani et al., “Linking exogenous foliar application of 
glycine betaine and stomatal characteristics with salinity stress 
tolerance in cotton (Gossypium hirsutum L.) seedlings,” BMC Plant 

Biol, vol. 21, no. 1, Dec. 2021, doi: 10.1186/s12870-021-02892-z. 
[36] B. Piršelová, V. Kubová, P. Boleček, and A. Hegedusová, “Impact of 

Cadmium Toxicity on Leaf Area and Stomatal Characteristics in Faba 
Bean,” Journal of Microbiology, Biotechnology and Food Sciences, 
vol. 11, no. 2, pp. 1–4, 2021, doi: 10.15414/jmbfs.3718.  

[37] P. Ghorbanzadeh, S. Aliniaeifard, M. Esmaeili, M. Mashal, B. 
Azadegan, and M. Seif, “Dependency of Growth, Water Use 
Efficiency, Chlorophyll Fluorescence, and Stomatal Characteristics of 
Lettuce Plants to Light Intensity,” J Plant Growth Regul, vol. 40, no. 
5, pp. 2191–2207, Oct. 2021, doi: 10.1007/s00344-020-10269-z.  

[38] C. Amitrano, C. Arena, V. Cirillo, S. De Pascale, and V. De Micco, 
“Leaf Morpho-anatomical Traits in Vigna radiata L. Affect Plant 
Photosynthetic Acclimation to Changing Vapor Pressure Deficit”, 
Environ. Exp. Bot., vol. 186, no. 104453, Jun. 2021, Available: doi: 
10.1016/J.ENVEXPBOT.2021.104453. 

[39] E. D. Maylani, R. Yuniati, and W. Wardhana, “The Effect of Leaf 
Surface Character on the Ability of Water Hyacinth, Eichhornia 
crassipes (Mart.) Solms. to Transpire Water”, Int. Symp. Curr. Prog. 

Funct. Mater., vol. 902, pp. 1–8, 2019, Available: doi: 10.1088/1757-
899X/902/1/012070. 

[40] Guo, H. E. Li, C. Gao, and R. Yang, “Leaf traits and photosynthetic 
characteristics of endangered sinopodophyllum hexanadrum (Royle) 
ying under different light regimein southeastern tibet plateau,” 
Photosynthetica, vol. 57, no. 2, pp. 548–555, 2019, doi: 
10.32615/ps.2019.080. 

[41] K. Teng et al., “Functional Characterization of the Chlorophyll b 
Reductase Gene NYC1 Associated with Chlorophyll Degradation and 
Photosynthesis in Zoysia japonica”, Environ. Exp. Bot., vol. 191, no. 
104607, pp. 1–9, Nov. 2021, Available: doi: 
10.1016/J.ENVEXPBOT.2021.104607. 

[42] O. Virtanen, E. Constantinidou, and E. Tyystjärvi, “Chlorophyll does 
not reflect green light–how to correct a misconception,” J Biol Educ, 
2020, doi: 10.1080/00219266.2020.1858930. 

[43] M. D. F. ALKahtani et al., “Chlorophyll fluorescence parameters and 
antioxidant defense system can display salt tolerance of salt acclimated 
sweet pepper plants treated with chitosan and plant growth promoting 

rhizobacteria,” Agronomy, vol. 10, no. 8, Aug. 2020, doi: 
10.3390/agronomy10081180. 

[44] P. Sharma and B. Roy, “Impact of Encapsulation on Plantlet 
Regeneration from in vitro Grown Shoot tips of Citrus aurantifolia 
(Lime)”, Plant Tissue Cult. Biotechnol., vol. 31, no. 1, pp. 43–49, 
2021, Available: doi: 10.3329/ptcb.v31i1.54110. 

[45] P. Rai-Kalal and A. Jajoo, “Priming with zinc oxide nanoparticles 
improve germination and photosynthetic performance in wheat,” Plant 

Physiology and Biochemistry, vol. 160, pp. 341–351, Mar. 2021, doi: 
10.1016/j.plaphy.2021.01.032. 

[46] U. N. Uka, E. J. D. Belford, and F. A. Elebe, “Effects of road traffic 
on photosynthetic pigments and heavy metal accumulation in tree 
species of Kumasi Metropolis, Ghana,” SN Appl Sci, vol. 3, no. 1, Jan. 
2021, doi: 10.1007/s42452-020-04027-9. 

[47] Y. Bai, Y. Zhou, and J. Gong, “Physiological mechanisms of the 
tolerance response to manganese stress exhibited by Pinus 
massoniana, a candidate plant for the phytoremediation of Mn-
contaminated soil,” Environmental Science and Pollution Research, 
vol. 28, no. 33, pp. 45422–45433, Sep. 2021, doi: 10.1007/s11356-
021-13912-8.  

[48] M. R. Shoukat et al., “Effects of Foliar Applied Thiourea on Maize 
Physiology, Growth and Yield (Zea mays L.) under shaded 
conditions”, J. Plant Nutr., vol. 45, no. 9, pp. 1312–1321, 2022. 

[49] A. Morales and E. Kaiser, “Photosynthetic Acclimation to Fluctuating 
Irradiance in Plants,” Frontiers in Plant Science, vol. 11. Frontiers 
Media SA, Mar. 24, 2020. doi: 10.3389/fpls.2020.00268. 

[50] Aimi, M. M. Araujo, L. A. Tabaldi, F. M. Barbosa, M. S. de Lima, and 
C. Costella, “Different shading intensities interfere with the growth of 
myrocarpus frondosus allemão seedlings in the nursery?,” Floresta, 
vol. 51, no. 1, pp. 137–145, 2021, doi: 10.5380/rf.v51i1.67548. 

[51] A. Sobczak et al., “Photosynthetic Efficiency and Anatomical 
Structure of Pepper Leaf (Capsicum annuum L.) Transplants Grown 
under High-Pressure Sodium (HPS) and Light-Emitting Diode (LED) 
Supplementary Lighting Systems”, Plants, vol. 10, no. 1975, pp. 1–
14, 2021, Available: doi: 10.3390/plants10101975. 

[52] J. K. Lee et al., “Ozone response of leaf physiological and stomatal 
characteristics in Brassica Juncea L. at supraoptimal temperatures,” 
Land (Basel), vol. 10, no. 4, Apr. 2021, doi: 10.3390/land10040357. 

[53] W. Zielewicz, B. Wróbel, and G. Niedbała, “Quantification of 
chlorophyll and carotene pigments content in mountain melick 
(Melica nutans L.) in relation to edaphic variables,” Forests, vol. 11, 
no. 11, pp. 1–16, Nov. 2020, doi: 10.3390/f11111197. 

[54] H. K. Lichtenthaler and F. Babani, “Contents of photosynthetic 
pigments and ratios of chlorophyll a/b and chlorophylls to carotenoids 
(a+b)/(x+c) in C4 plants as compared to C3 plants,” Photosynthetica, 
vol. 60, no. 1, pp. 3–9, 2022, doi: 10.32615/ps.2021.041. 

[55] V. Gudynaitė-Franckevičienė and A. Pliūra, “The impact of different 
environmental conditions during vegetative propagation on growth, 
survival, and biochemical characteristics in populus hybrids in clonal 
field trial,” Forests, vol. 12, no. 7, Jul. 2021, doi: 10.3390/f12070892. 

[56] Y. Yang and G. Meng, “The Evolution and Research Framework of 
Carbon Footprint: Based on the Perspective of Knowledge Mapping”, 
Ecol. Indic., vol. 112, pp. 106–125, May 2020, Available: doi: 
10.1016/J.ECOLIND.2020.106125. 

[57] S. Dühnen et al., “Toward Green Battery Cells: Perspective on 
Materials and Technologies”, Small Methods, vol. 4, no. 2000039, pp. 
1–38, 2020, Available: doi: 10.1002/smtd.202000039. 

[58] M. Daud, B. M. Bustam, and B. Arifin, “A comparative study of 
carbon dioxide absorption capacity of seven urban forest plant species 
of Banda Aceh, Indonesia,” Biodiversitas, vol. 20, no. 11, pp. 3372–
3379, 2019, doi: 10.13057/biodiv/d201134. 

[59] J. Q. Liang et al., “Constraining conifer physiological parameters in 
leaf gas-exchange models for ancient CO2 reconstruction,” Glob 

Planet Change, vol. 209, Feb. 2022, doi: 
10.1016/j.gloplacha.2022.103737. 

[60] E. Tsoumalakou, T. Papadimitriou, P. Berillis, K. A. Kormas, and E. 
Levizou, “Spray irrigation with microcystins-rich water affects plant 
performance from the microscopic to the functional level and food 
safety of spinach (Spinacia oleracea L.),” Science of the Total 

Environment, vol. 789, Oct. 2021, doi: 
10.1016/j.scitotenv.2021.147948. 

[61] S. Flütsch et al., “Glucose uptake to guard cells via STP transporters 
provides carbon sources for stomatal opening and plant growth,” 
EMBO Rep, vol. 21, no. 8, Aug. 2020, doi: 
10.15252/embr.201949719. 

[62] E. Galeano, T. S. Vasconcelos, P. N. de Oliveira, and H. Carrer, 
“Physiological and molecular responses to drought stress in teak 

1295



(Tectona grandis L.f.),” PLoS One, vol. 14, no. 9, Sep. 2019, doi: 
10.1371/journal.pone.0221571. 

[63] E. M. Koriesh and I. H. A. Soud, “Facing Climate Change: Urban 
Gardening and Sustainable Agriculture”, in Climate Change Impacts 

on Agriculture and Food Security in Egypt, 2020, pp. 345–419. 
[64] A. Kumar, P. Kumar, H. Singh, S. Bisht, and N. Kumar, “Relationship 

of physiological plant functional traits with soil carbon stock in the 
temperate forest of Garhwal Himalaya,” Curr Sci, vol. 120, no. 8, pp. 
1368–1373, 2021, doi: 10.18520/cs/v120/i8/1368-1373. 

[65] H. Wang, Y. Guo, J. Zhu, K. Yue, and K. Zhou, “Characteristics of 
mango leaf photosynthetic inhibition by enhanced uv-b radiation,” 
Horticulturae, vol. 7, no. 12, Dec. 2021, doi: 
10.3390/horticulturae7120557. 

[66] M. Daud, B. M. Nustam, E. Harnelly, and W. Dharma, “IOP 
Conference Series: Earth and Environmental Science”, IOP Conf. Ser. 

Earth Environ. Sci., vol. 918, pp. 1–8, 2021, Available: doi: 
10.1088/1755-1315/918/1/012027. 

[67] Z. Xiong, Q. W. Luo, D. L. Xiong, K. H. Cui, S. B. Peng, and J. L. 
Huang, “Speed of Light-Induced Stomata Movement is not Correlated 
to Initial or Final Stomata Conductance in Rice”, Photosynthetica, vol. 
60, no. 3, pp. 350–359, 2022. 

[68] V. Ziegler-Graff, S. Saha, A. Lõhmus, P. Dutta, M. Pollari, and K. 
Mäkinen, “Interplay of HCPro and CP in the Regulation of Potato 
Virus A RNA Expression and Encapsidation”, Viruses, vol. 14, no. 
1233, pp. 1–20, 2022, Available: doi: 10.3390/v14061233. 

[69] E. Habermann et al., “Increasing atmospheric CO2 and canopy 
temperature induces anatomical and physiological changes in leaves 
of the C4 forage species Panicum maximum,” PloS One, vol. 14, no. 
2, Feb. 2019, doi: 10.1371/journal.pone.0212506. 

 

1296




