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Abstract
The current study evaluated the effects of air pollution on selected street trees in the National Capital Territory during the 
pre- and post-monsoon seasons to identify the optimally suitable tree for green belt development in Delhi. The identification 
was performed by measuring the air pollution tolerance index (APTI), anticipated performance index (API), dust-capturing 
capacity (DCC) and proline content on the trees. The APTI of street trees of Delhi varied significantly among different 
tree species (F11,88.91 = 47.18, p < 0.05), experimental sites (F3,12.52 = 6.65, p < 0.001) and between seasons (F1,31.12 = 16.51, 
p < 0.001), emphasizing the relationships between trees and other types of variables such as the climate and level of pollution, 
among other factors. This variability emphasizes the need to choose trees to use for urban greening in the improvement of 
air quality in different environments within cities. Ascorbic acid (AA) concentration and relative water content (RWC) had 
a strong influence on APTI with an extremely significant moderate positive correlation between AA concentration and APTI 
(r = 0.65, p < 0.001) along with RWC and APTI (r = 0.52, p < 0.001), indicating that higher levels of AA concentration and 
RWC are linked to increased air pollution tolerance. The PCA bi-plot indicates AA has poor positive loading coefficients with 
PC1 explaining 29.49% of the total variance in the dataset. The highest APTI was recorded in Azadirachta indica (22.01), 
Leucaena leucocephala (20.65), Morus alba (20.62), Ficus religiosa (20.61) and Ficus benghalensis (19.61), irrespective of 
sites and seasons. Similarly, based on API grading, F. religiosa and F. benghalensis were identified as excellent API grade 
6 (81–90%), A. indica and Alstonia scholaris as very good API grade 5 (71–80%), M. alba, Pongamia pinnata and Monoon 
longifolium as good API grade 4 (61–70%) and Plumeria alba as moderate API grade 3 (51–60%) in different streets of Delhi. 
As these plants are indigenous to the region and hold significant socio-economic and aesthetic significance in Indian societies, 
they are advisable for avenue plantations as part of various government initiatives to support environmental sustainability.

Keywords  Air pollution tolerance index (APTI) · Anticipated performance index (API) · Green belt development · Native 
plant species · Sustainability

Introduction

India recorded an astounding average particulate mat-
ter (PM) 2.5 concentration of 51.90%, making it the third 
most polluted country in the world (Malik et al. 2022). 

Alarmingly, within the top 30 list of the most polluted cit-
ies worldwide, a striking 21 cities are nestled in India with 
Delhi, the capital city on the top, which grapples with severe 
air pollution stemming from various sources such as biomass 
burning in the neighbouring states, vehicular emissions, 
industrial activities, rapid urbanization and deforestation 
(Katoch and Kulshrestha 2022). Air pollution leads to bio-
diversity loss, reduced agricultural productivity, economic 
proficiency (Chaudhary and Rathore 2019) and a variety of 
human health problems, including pulmonary, cardiac, vas-
cular and neurological disorders, chronic respiratory symp-
toms and diseases in the elderly (Hossain et al. 2021; Zhang 
et al. 2019). Due to increased urbanization, infrastructure 
development and associated human activity, dust pollution 
in metropolitan regions has been rising gradually (Patel et al. 
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2023). Dust particles affect the biochemical properties of the 
leaf, causing some morphological abnormalities (Prajapati 
and Tripathi 2008).

Urban green spaces are recognized as nature-based alter-
natives for reducing air pollution in highly populated urban-
ized areas (Junior et al. 2022). Plant biochemical parameters 
such as ascorbic acid (AA), leaf extract pH, relative water 
content (RWC) and total chlorophyll (TC) help plants miti-
gate air pollution by enhancing tolerance (Patel et al. 2023). 
The World Health Organization (WHO) has suggested 9 m2 
per individual green space to enhance the quality of life of 
urban residents (WHO 2017). In addition to providing sev-
eral essential ecosystem services, vegetation in urban and 
peri-urban areas—such as parks, gardens, farms, grasslands, 
urban forests and street trees—also significantly contributes 
to reducing the adverse effects of urbanization (Bodnaruk 
et al. 2017). Nature-based solutions (NbS) are cost-effective 
and multi-functional, with additional benefits such as lower 
energy costs, improved public health and biodiversity con-
servation (Menon and Sharma 2021). Urban trees contribute 
significantly to reducing air pollution and mitigating climate 
change through their ability to filter air pollutants (Sicard 
et al. 2018), assimilate CO2 (Aly et al. 2020), regulate air 
temperature, mitigate stormwater runoff (Livesley et al. 
2016) and provide recreational, social, psychological and 
aesthetic benefits (Sen and Guchhait 2021). Tree leaves and 
stomata used to be smaller in polluted areas compared to 
non-polluted ones (Dadkhah-Aghdash et al. 2022). Reac-
tive oxygen species (ROS) develop when air pollutants react 
with leaf mesophyll cells after entering through the stomata 
of leaves (Skrynetska et al. 2019). Under stressful environ-
mental conditions, ROSs—small, very reactive molecules—
can cause structural damage to cells (Xie et al. 2019). The 
production of antioxidant compounds from leaves, such as 
ascorbic acid (AA), may be a useful strategy for shielding 
thylakoid membranes from oxidative damage when the 
environment is stressed (Tambussi et al. 2000). Moreover, 
AA regulates cell division and growth prevents ROS accu-
mulation in cells and organelles and plays a role in photo-
synthesis, hormone synthesis and antioxidant development 
(Lisko et al. 2014; Smirnoff 1996). It can be found in large 
quantities in mature leaves, meristems, photosynthetic cells 
and fruits (Akram et al. 2017). It is now widely accepted 
that plants improve the quality of air in cities due to their 
ability to absorb, accumulate and metabolize air pollutants 
using their leaves and roots (Shrestha et al. 2021). Some 
of the plants are more resistant to air pollution as they can 
accumulate higher amounts of ascorbic acid, chlorophyll and 
relative water content and therefore can uptake air pollution 
through phytoaccumulation (Bharti et al. 2018).

Green infrastructure can limit exposure to air pollution 
and particulate matter by up to 50%, with hedges inter-
spersed with trees (Hewitt et al. 2020). However, heavy dust 

load and dust depositions often alter the concentration of 
AA, leaf extract pH, total chlorophyll (TC), relative water 
content (RWC) and carotenoids on the foliage (Tripathi and 
Nema 2023). On the other hand, the leaf extract pH is sig-
nificant in plant physiological activities as the majority of 
the enzymes involved in different biochemical activities in 
plants require varied pH ranges to function properly (Wahab 
et al. 2022). Plants with lower pH appear to be more sensi-
tive to air pollutants, specifically SO2, whereas those with 
pH near 7 or above appear to be more tolerant as alkalinity 
is used to demonstrate the development of the detoxifying 
system (Swami and Chauhan 2015). Plant protoplasmic 
permeability is largely influenced by RWC, and plants with 
greater RWC levels are more resilient to air pollution (Nayak 
et al. 2015). Proline is an amino acid that functions as a 
signalling molecule, an osmolyte, a metal chelator and an 
antioxidant defence (Mattioli et al. 2009). To adapt to severe 
environments, many plants produce proline, which neutral-
izes ROS and modifies cellular redox potential to assist in 
stabilising subcellular structures (Hayat et al. 2012). Dust 
is the main contributor to PM pollution in the atmosphere, 
making up around 30–40% of the PM mass in Delhi (Trip-
athi and Nema 2023). However, dust accumulation on the 
upper side of the leaf, which functions as a sink because of 
the enormous surface area of the leaf, and dust building on 
leaf surfaces are all ways that plants might reduce air pollu-
tion (Roy et al. 2020). In recent years, it has become widely 
accepted that improving air quality by removing suspended 
PM can be accomplished with the assistance of appropriate 
plantation (Patel et al. 2023; Hariram et al. 2018), and plants 
are an environmentally sustainable treatment for improv-
ing air quality (Chaudhary and Rathore 2019; Prajapati and 
Tripathi 2008). Therefore, the present research attempted to 
identify the best air pollution-tolerant tree species among 
the urban street trees for efficient green belt development in 
Delhi using the air pollution tolerance index (APTI), antici-
pated performance index (API), dust capturing capacity 
(DCC) and proline content.

Materials and methods

Study site

The present research was carried out in four selected areas, 
viz. Kamala Nehru Ridge (KNR), Guru Tegh Bahadur 
Nagar (GTB), Kashmere Gate (KG) and Bawana (BW) in 
the National Capital Territory (NCT) of Delhi. KNR is the 
least polluted site and represents the control due to its ample 
greenery, while GTB is characterized as a commercial area 
with moderate pollution levels due to more commercial 
activities. Similarly, KG represents a heavy traffic and highly 
polluted site due to heavy vehicular load at the inter-state 
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bus terminal, Kashmere Gate, and BW is characterized as 
an industrial site with the highest level of pollution due to 
the presence of numerous industries along with heavy traffic 
loads (Fig. 1). The NCT, Delhi covers an area of 1483 km2 
having an altitude of 216 m above mean sea level. Delhi 
experiences a semi-arid climate with hot and dry summers 
in April and May, followed by significant rainfall events in 
July and August.

Sample collection

Fresh leaf samples (10 to 30 leaves based on the size of 
leaf from 2 to 3 individual trees based on availability) were 
collected in zip-lock bags early in the morning (6:00–7:00 
AM). Twelve commonly occurring urban street trees 
Azadirachta indica A. Juss., Alstonia scholaris (L.) R. Br., 
Cascabela thevetia (L.) Lippold, Cassia fistula L., Ficus 
religiosa L., Ficus benghalensis L., Leucaena leucoceph-
ala (Lam.) de Wit., Monoon longifolium (Sonn.) B.Xue & 
R.M.K.Saunders, Morus alba L., Neltuma juliflora (Sw.) 
Raf., Plumeria alba L. and Pongamia pinnata (L.) Pierre 

were selected (Ekka et al. 2024). The study was performed 
for two seasons: post-monsoon (November–December 2022) 
and pre-monsoon (May–June 2023) periods at the above-
mentioned four different sites (KNR, GTB, KG and BW). 
All the samples were taken to a lab and stored at − 20 °C to 
determine the fresh weight, total chlorophyll (TC) content, 
carotenoids, ascorbic acid (AA) concentration, pH and RWC 
(Fig. 2). All the analyses were performed in triplicates to 
maintain precision and accuracy in results.

Biochemical analyses

The APTI, a useful tool for identifying bioindicator plants, is 
determined using AA concentration, leaf extract pH, RWC 
and TC (Kaur and Nagpal 2017). AA was determined using 
the 2,6-dichlorophenol indophenol method. The titrating 
media utilized was oxalic acid, 4%. 0.5 g of the material was 
extracted in 4% oxalic acid (10 ml). It was centrifuged for 
5 min at 4500 rpm. Five millilitres of the supernatant was 
taken, and 10 ml of oxalic acid was added to it. It was then 
titrated against the dye until a pink colour emerged. For RWC, 

Fig. 1   Study area map depicting the sampling locations (Kamala Nehru Ridge (KNR), Guruteghbahadur Nagar (GTB), Kashmere Gate (KG) 
and Bawana (BW)) in Delhi
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the weight of the freshly plucked leaves was taken to yield 
fresh weights (FW). The turgid weights (TW) were acquired 
by soaking the samples in deionized water overnight, while 
the dry weights (DW) were acquired by drying them at 105 °C 
in a hot air oven for 3 h (Liu and Ding 2008). TC and carot-
enoids were determined using the DMSO method given by 
Hiscox and Israelstam (1979); photosynthetic pigments were 
calculated following Wellburn (1994) where chlorophyll a, 
chlorophyll b, TC; and carotenoids expressed as mg/g fresh 
weight. Leaf extract pH was determined using 1 g of leaf 
sample which was ground with liquid nitrogen using mortar 
and pestle dissolved in 50 ml deionized water and measured 
the pH using a calibrated digital pH meter (Mettler Toledo) 
(Roy et al. 2020). Plants can be categorized into very sensitive 
(< 1), sensitive (1–17), intermediate (> 17–30) and tolerant 
(> 30–100) based on ATPI values (Table 1) (Patel et al. 2023). 
A total of 16 characters of plants including APTI and other 
biological (plant habit, canopy structure and type of plant), 
and socio-economical characters were used to determine API 
(Table 2). API (%) helps to classify plants as best (91–100: 
grade 7), excellent (81–90: grade 6), very good (71–80: grade 
5), good (61–70: grade 4), moderate (51–60: grade 3), poor 
(41–50: grade 2) and very poor (31–40: grade 1) and not rec-
ommended (up to 30: grade 0) for green belt development 

(Prajapati and Tripathi 2008). To determine the DCC, filter 
paper was oven-dried and weighed (D1). Using a brush and 
double distilled water, the dust was removed from the leaf sam-
ples. The pre-weighed filter paper was used to filter the water 
containing dust, which was then eventually dried (at 85 °C 
for 4 h) and weighed. The dried weight of filter paper was 
taken (D2) using a sensitive weighing balance. A laser area 
meter was used to determine the area of leaf samples (S). DCC 
was calculated using the formula given by Manisha and Pal 
(2014). Proline was determined using the Bates et al. (1973) 
method where sulfosalicylic acid was used to extract proline 
from plant samples. Proline reacts with the acid ninhydrin to 
yield a red chromophore. This chromophore’s absorbance at 
520 nm was then utilized to calculate the proline concentra-
tion μmol/g fresh weight (Bates et al. 1973). The biochemical 
characteristics of plants alter seasonally, indicating their ability 

Fig. 2   Flowchart representing field-based attributes of the study

Table 1   Categorization of plant 
species based on modified APTI 
following Roy et al. (2020)

APTI Category

 < 1 Very sensitive
1–17 Sensitive
 > 17–30 Intermediate
 > 30–100 Tolerant
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to adapt to stress conditions, and it varies according to physi-
ological characteristics, biotic, abiotic and physical variables. 
Therefore, the present research performs seasonal analyses (in 
both pre- and post-monsoon seasons) of APTI, API, proline, 
dust capturing capacity (DCC) and carotenoid content using 
standard methodologies, as explained in Table 3.

The statistical analysis was conducted using Origin (2019). 
The three-way ANOVA was applied for each parameter to 
assess the effect of seasons, sites and plant species, while sepa-
rate two-way ANOVA analysis was performed to evaluate the 
impacts of sites for the pre- and post-monsoon seasons. On 
the other hand, Tukey’s post hoc test was used to see the effect 
sizes in ANOVA. Furthermore, correlations among various 
parameters were examined in terms of Pearson’s coefficient of 
correlation (PCC) and principal component analysis (PCA) in 
the Paleontological Statistics software (PAST, Version 4.11).

Results and discussion

Ascorbic acid (AA) concentration

The AA concentration of the street trees of Delhi varied 
significantly among different tree species (F11,38.8 = 24.10, 

p < 0.05), experimental sites (F3,5.54 = 3.44, p < 0.05) and 
between seasons (F1,174.45 = 108.43, p < 0.05). Similarly, it 
varied significantly between different sites (F3,3.53 = 4.66, 
p < 0.05) and street trees (F11,52.24 = 69.09, p < 0.001) in the 
post-monsoon season. There is evidence indicating that vari-
ous species possess the physiological responses that enable 
them to reduce the effects of oxidative stress from pollutants 
in their environment. However, variation can also occur due 
to the quality of the soil, variations in microclimate con-
ditions and changes in seasons that affect the amount and 
types of pollutants. This study established that urban trees 
are dynamic concerning their biochemical responses towards 
changing environmental stressors within different seasons. 
The highest AA concentration (mg/g) was observed in A. 
indica in all three sites (control site (KNR) 22.22 ± 0.44 fol-
lowed by commercial site (GTB): 21.55 ± 0.22 and heavy 
traffic site (KG) 14.66 ± 0), but it was highest in Cassia fis-
tula (19.77 ± 2.88) in the industrial site (BW) in the post-
monsoon season. On the other hand, in the pre-monsoon 
season, it varied significantly among different tree species 
(F11,8.49 = 3.44, p < 0.001); however, the change was not sig-
nificant among sites. The highest AA concentration (mg/g) 
was found in C. fistula (20.24 ± 2.02) in the heavy traffic 
site (KG), followed by Cascabela thevetia (17.03 ± 1.54) in 

Table 2   Gradation of plant 
species based on APTI, 
morphological parameters and 
socio-economic importance 
used in anticipated performance 
index (API) calculation 
(Prajapati and Tripathi 2008)

Grading character Pattern of assessment Grade allotted

(a) Tolerance APTI 9–13  + 
13–17  +  + 
17–21  +  +  + 
21–25  +  +  +  + 
25–29  +  +  +  +  + 
29–33  +  +  +  +  +  + 

(b) Morphological and 
socio-economic

Plant habit Small -

Medium  + 
Large  +  + 

Canopy structure Sparse/irregular/globular -
Spreading crown/open/semi-dense  + 
Spreading dense  +  + 

Type of plant Deciduous -
Evergreen  + 

(i) Laminar structure Size Small -
Medium  + 
Large  +  + 

Texture Smooth -
Coriaceous  + 

(ii) Hardiness Delineate -
Hardy  + 

(iii) Socio-economic Economic value Less than 3 uses -
3–4 uses  + 
5 or more than 5 uses  +  + 
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the commercial site (GTB), M. alba (16.79 ± 2.02) in the 
industrial site (BW) and in A. indica (16.04 ± 1.78) in the 
control site (KNR) (Table 4). In the pre-monsoon season, the 
mean AA concentration (mg/g) during the pre-monsoon sea-
son in different plant species ranged from 16.37 (C. fistula) 
to 12.59 (P. pinnata), while in the post-monsoon season, it 
ranged from 17.48 (A. indica) to 11.04 (P. pinnata). AA is a 
lightweight antioxidant that helps protect plants against oxi-
dative stress induced by air pollution, and its concentration 
rises to counteract the stressful conditions by scavenging 
free radicals produced in the plant cells (Tripathi and Nema 
2023; Bui et al. 2023). Moreover, the reducing activity of 
AA increases with higher pH levels, potentially enhancing 
hexose sugar conversion to ascorbic acid, thereby relating 
to pollution tolerance (Pandit and Sharma 2020). The heavy 
traffic site (KG) in Delhi was found to be the most stressed 
experimental site in terms of AA concentration (mg/g) in 
both seasons (pre-monsoon: 14.67 ± 0.61 and post-monsoon: 
12.97 ± 0.36), based on the findings of the current study. 
Reports from Delhi (Tripathi and Nema 2023) and Cheongju 
City, Korea (Bui et al. 2023) also indicated comparable pat-
terns of greater AA concentrations during the pre-monsoon 
season as opposed to the post-monsoon season. Additionally, 
A. indica (15.96 mg/g), C. fistula (15.67 mg/g), C. thevetia 
(14.40 mg/g) and M. alba (13.83 mg/g) are the best street 
trees for green belt development in Delhi identified based 
on the AA concentration (> 13.48 mg/g, i.e. the mean of all 
trees, sites and seasons). Preferring these trees may reduce 
air pollution as well as increase biological diversity in urban 
environments.

TC content

The total chlorophyll (TC) content of street trees of 
Delhi varied significantly among different tree spe-
cies (F11,6.47 = 74.23, p < 0.05), experimental sites 
(F3,2.51 = 28.82, p < 0.001) and seasons (F1,4.54 = 52.16, 
p < 0.001). On the other hand, in the post-monsoon sea-
son, it varied significantly among different tree species 
(F11,2.49 = 20.96, p < 0.001) and sites (F3,2.47 = 20.72, 
p < 0.001). A high chlorophyll concentration is connected 
with rapid growth and tolerance to air pollution (Yarnvudhi 
et al. 2022), as chlorophyll aids in the formation of anti-
oxidants such as AA (Shrestha et al. 2021). The highest TC 
content (mg/g) was observed in M. longifolium in the com-
mercial site (GTB) (3.21 ± 0.06) and also in the control site 
(KNR) (2.83 ± 0.08), while it was highest in the industrial 
site (BW) in C. fistula (2.86 ± 0.34) and the heavy traffic 
site (KG) in L. leucocephala (2.41 ± 0.22) in the post-mon-
soon season (Table 4). On the contrary, in the pre-monsoon 
season, it varied significantly among different tree spe-
cies (F11,6.42 = 116.46, p < 0.001) and sites (F3,1.34 = 24.29, 
p < 0.001). The highest TC content (mg/g) was observed 

in M. alba (4.87 ± 0.18) in the commercial site (GTB), fol-
lowed by L. leococephala (4.22 ± 0.33) in the industrial site 
(BW), C. fistula (3.76 ± 0.14) in the control site (KNR) and 
L. leococephala (2.66 ± 0.28) in the heavy traffic site (KG) 
in the pre-monsoon season. Air pollutants such as PM, SO2 
and NO2, settle down on leaves, clogging stomata thereby 
reducing transpiration rate and chlorophyll content in urban 
and semi-urban areas (Bharti et al. 2018). The mean TC 
content (mg/g) in the pre-monsoon season in different street 
trees ranged from 3.72 (L. Leucoceplala) to 0.92 (F. bengha-
lensis), while in the post-monsoon season, it ranged from 
2.72 (L. Leucocephala) to 1.51 (A. scholaris). Dust deposi-
tion on the leaf surface obstructs light flow, lowering the 
amount and intensity of light that reaches chloroplasts and 
raising leaf temperature, leading to a decrease in photosyn-
thetic pigments (Shah et al. 2017). The study found that the 
heavy traffic site (KG) was the most stressed experimental 
site in Delhi, with lower TC concentration (mg/g) in pre-
monsoon season (1.74 ± 0.13) and control site (KNR) in 
post-monsoon season (1.51 ± 0.21). Additionally, L. leuco-
lephala (3.22 mg/g), M. alba (2.63 mg/g), M. longifolium 
(2.19 mg/g) and N. juliflora (1.94 mg/g) are the best street 
trees for the green belt development in Delhi identified based 
on the TC content (> 1.88 mg/g, i.e. the mean of all trees, 
sites and seasons).

RWC​

The relative water content (RWC) content of street trees 
of Delhi varied significantly among different tree spe-
cies (F11,1271.36 = 22.65, p < 0.05), experimental sites 
(F3,2223.84 = 39.62, p < 0.001) and seasons (F1,769.45 = 13.71, 
p < 0.05). Similarly, it varied significantly among differ-
ent sites (F3,4298.62 = 75.02, p < 0.001) and tree species 
(F11,689.85 = 12.04, p < 0.001) in the post-monsoon season. 
Plants with higher RWC show more tolerance to air pollu-
tion; however, plants grown in high PM conditions show 
lower RWC (Bui et al. 2023). The highest RWC content (%) 
was observed in C. fistula (94.82 ± 0.51) in the industrial site 
(BW) followed by M. alba (92.04 ± 0.21) in the commercial 
site (GTB), M. longifolium (89.43 ± 2.04) in the control site 
(KNR) and F. religiosa (85.06 ± 1.14) in the heavy traffic site 
(KG) in the post-monsoon season (Table 4). On the contrary, 
in the pre-monsoon season, it varied significantly among 
different tree species (F11,1010.72 = 18.39, p < 0.001); how-
ever, the change was not significant among sites. The highest 
RWC content (%) was observed in M. alba in both the com-
mercial site (GTB) (93.98 ± 2.36) and control site (KNR) 
(87.16 ± 3.69), while it was highest both in the heavy traf-
fic site (KG) (91.85 ± 0.89) and in the industrial site (BW) 
(91.55 ± 0.45) in A. indica. The mean RWC content (%) 
in the pre-monsoon season in different street trees ranged 
from 91.67 (A. indica) to 60.79 (C. fistula), while in the 
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post-monsoon season, it ranged from 87.74 (F. religiosa) to 
64.22 (A. scholaris). According to the results of this inves-
tigation, the heavy traffic site (KG) was the most stressed 
in the post-monsoon season with the lowest RWC content 
(62.96%), while the control site (KNR) was the most stressed 
experimental site in Delhi during the pre-monsoon season 
with the lowest RWC content (75.31%). Generally, PM 
buildup on leaves causes a loss of dissolved nutrients and 
water (Mei et al. 2021; Shrestha et al. 2021), and a higher 
RWC (%) leads to a higher hydration level (Patanè et al. 
2022). Because RWC and protoplasmic permeability are 
directly correlated, plants with higher RWC levels are more 
resilient and able to withstand the stresses caused by polluted 
air (Gupta et al. 2016). Additionally, F. religiosa (86.32%), 
A. indica (85.62%), M. alba (81.61%), P. alba (80.78%), F. 
benghalensis (79.21%) and N. juliflora (76.82%) are the best 
street trees for the green belt development in Delhi identified 
based on the RWC content (> 75.94%, i.e. the mean of all 
trees, sites and seasons). With a few exceptions, most crops 
have a normal leaf RWC of ~ 60% to 70% at the beginning 
of wilting. Depending on the plant species, this percentage 
might vary from 98% in completely turgid transpiring leaves 
to ~ 30–40% in extremely dried and dying leaves (Zhang 
et al. 2015). The present research recorded a minimum of 
63.09% (C. fistula) to a maximum of 86.32% (F. religiosa) 
RWC in different street trees irrespective of sites and seasons 
which is showing initial wilting in some species like in C. 
fistula (63.09%) and P. pinnata (68.40%).

Leaf extract pH

The leaf extract pH of the street trees of Delhi varied sig-
nificantly among different tree species (F11,12.81 = 394.43, 
p < 0.05), experimental sites (F3,5.75 = 177.01, p < 0.05) 
and between seasons (F1,89.15 = 2749.29, p < 0.05). Simi-
larly, it varied significantly among different experimen-
tal sites (F3,14.93 = 298.30, p < 0.001) and street trees 
(F11,8.31 = 166.15, p < 0.001) in the post-monsoon season. 
Seasonal variations concerning the pH of the collected leaf 
extracts are significant, as has also been established in this 
study. Earlier studies noted that temperature and humidity 
impact on biochemical changes in plants exposed to air pol-
lution (Husen 2021). This seems to imply that trees could 
use various defensive strategies depending on current levels 
of pollution at specific seasons (Husen 2021). The highest 
leaf extract pH was observed in F. benghalensis in the indus-
trial site (BW) (8.99 ± 0.04), followed by F. religiosa in all 
three sites with 8.98 ± 0.04 in the heavy traffic site (KG), 
8.7 ± 0.02 in the commercial site (GTB) and 8.39 ± 0.02 in 
the control site (KNR) during post-monsoon season. On the 
contrary, in the pre-monsoon season, it varied significantly 
among different street trees (F115.92 = 396.20, p < 0.001) 
and different experimental sites (F3,0.49 = 37.20, p < 0.001). 

The highest leaf extract pH was found in F. religiosa in the 
commercial site (GTB) (8.57 ± 0.06), followed by M. alba 
both in the industrial site (BW) (7.84 ± 0.03) and control site 
(KNR) (7.62 ± 0.02) and F. benghalensis (7.53 ± 0.06) in 
the heavy traffic site (KG) (Table 4). The mean leaf extract 
pH in the pre-monsoon season in different street trees 
ranged from 7.65 (M. alba) to 5.16 (N. Juliflora), while in 
the post-monsoon season, it ranged from 8.95 (F. religiosa) 
to 6.17 (N. Juliflora). The trees at the control location in 
Delhi demonstrated greater vulnerability to stress in terms of 
low leaf extract pH in both seasons (pre-monsoon 6.21 and 
post-monsoon 6.72), as per the findings of the current study. 
Increased pH of leaf extract in areas under stress could be a 
result of plant defence mechanisms activating to lessen pol-
lution stress in areas with high traffic and industry. Plants’ 
tolerance to air pollution is influenced by the leaf extract pH 
(Shrestha et al. 2021), and plants with a greater leaf extract 
pH (> 7.00) are more resistant to air pollution than plants 
with a lower leaf extract pH (Roy et al. 2020; Najafi et al. 
2023). Additionally, F. religiosa (8.05), M. alba (8.03), F. 
benghalensis (7.8), C. fistula (7.14) and P. pinnata (7.05) 
are the best street trees for the green belt development in 
Delhi identified based on the leaf extract pH (> 6.94, i.e. 
the mean of all trees, sites and seasons). Earlier studies also 
reported F. benghalensis and F. religiosa as some of the best 
pollution-tolerating tree species with the highest leaf extract 
pH in the Jharia coalfield region of Jharkhand (Mondal and 
Singh 2022). However, acidic gases such as SO2, NO2 or 
CO2 in the ambient air form acid radicals in the leaf tissue 
causing stress by creating a highly acidic (low pH) environ-
ment in the cell sap (Yarnvudhi et al. 2022). Since low pH 
causes greater sensitivity to air pollution, plants with lower 
leaf extract pH are highly impacted by pollution (Dhankar 
et al. 2015). In this study, N. juliflora showed the lowest leaf 
extract pH (5.67), followed by P. alba (6.05), L. leucoceph-
ala (6.40), A. scholaris (6.48), A. indica (6.67), C. thevetia 
(6.71) and M. longifolium (6.78), indicating their greater 
sensitivity towards pollution thereby must be avoided in 
green belt development in a heavily polluted city like Delhi.

APTI

The air pollution tolerance index (APTI) of the street 
trees of Delhi varied significantly among different 
tree species (F11,88.91 = 47.18, p < 0.05), experimen-
tal sites (F3,12.52 = 6.65, p < 0.001) and between seasons 
(F1,31.12 = 16.51, p < 0.001), emphasizing the relationships 
between trees and other types of variables such as the cli-
mate and level of pollution among other factors. This vari-
ability emphasizes the need to choose trees to use for urban 
greening in the improvement of air quality in different 
environments within cities. Similarly, it varied significantly 
among different sites (F3,27.80 = 17.95, p < 0.001) and street 
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trees (F11,44.95 = 29.01, p < 0.001) during the post-monsoon 
season. The highest APTI was observed in A. indica in 
both the control site (KNR) (27.19) and commercial site 
(GTB) (25.03), while it was highest in F. religiosa (27.13) 
in the industrial site (BW) and in N. juliflora (21.05) at the 
heavy traffic site (KG) during post-monsoon season. On the 
contrary, in the pre-monsoon season, it varied significantly 
among different tree species (F11,72.73 = 32.76, p < 0.001); 
however, the variation was insignificant among differ-
ent experimental sites. The highest APTI was found in F. 
benghalensis (27.33) industrial site (BW), followed by M. 
alba both in the commercial site (GTB 26.42) and the con-
trol site (KNR 25.83) and the lowest in C. fistula (24.11) 

in the heavy traffic site (KG) (Table 4). The mean APTI in 
the pre-monsoon season in different street trees ranged from 
22.71 (M. alba) to 16.70 (N. Juliflora), while in the post-
monsoon season, it ranged from 23.38 (A. indica) to 16.00 
(C. fistula). The street trees at the commercial site (GTB) 
during pre-monsoon (19.58) and in the industrial site (BW) 
(19.92) during post-monsoon (19.92) showed greater resist-
ance against air pollution in Delhi, as indicated by the high-
est APTI values reported in the current study. Furthermore, 
A. indica (22.01), L. leucocephala (20.65), M. alba (20.62), 
F. religiosa (20.61) and F. benghalensis (19.61) are the best 
street trees for the green belt development in Delhi identified 
based on the APTI (> 19.08, i.e. the mean of all trees, sites 
and seasons). The APTI of street trees varies based on their 
biochemical composition and all the selected street trees of 
Delhi (except N. juliflora with APTI 16.94 as a sensitive 
species) were found under the intermediate category having 
APTI > 17 to 30. Previous studies also reported the majority 

Fig. 3   APTI of twelve selected 
tree species (Azadirachta 
indica, Alstonia scholaris, 
Cascabela thevetia, Cassia 
fistula, Ficus religiosa, Ficus 
benghalensis, Leucaena leuco-
cephala, Monoon longifolium, 
Morus alba, Neltuma juliflora, 
Plumeria alba and Pongamia 
pinnata) at four sites (control, 
commercial, heavy traffic and 
industrial) during pre- and post-
monsoon seasons
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Fig. 4   Pearson’s correlation coefficient among different biochemical 
parameters used for the enumeration of APTI

Table 5   Eigenvalues and variance explained by components along 
with loading coefficients and correlation of variables with principal 
axes

Bold values depict the highest values in all three PCs

Variables Eigenvalue Correlation coefficients Variance %

PC1 PC2 PC3

AA 2.06 0.32 –0.42 0.48 29.49
pH 1.29 –0.33 0.62 –0.21 18.40
RWC​ 1.17 0.10 0.17 0.60 16.76
TC 0.95 0.90 0.27 –0.24 13.53
DCC 0.78 –0.37 0.68 0.24 11.21
Carotenoid 0.65 0.92 0.29 –0.14 9.27
Proline 0.09 0.23 0.26 0.64 1.33
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of the street trees in the intermediate category in various 
Indian cities including Kanpur, Uttar Pradesh (Yadav et al. 
2023), Santiniketan campus, West Bengal (Karmakar et al. 
2021) and Lucknow, Uttar Pradesh (Bharti et  al. 2018) 
(Fig. 3). The changes in the leaf extract pH of street trees 
in Delhi draw attention towards the fact that plants possess 
a delicate balance of response to various stress factors in 
the environment. Future studies should therefore identify 
the mechanisms that control these biochemical responses 
as well as examine the possibilities of adopting tree species, 
with suitable pH ranges to improve on the green practices 
of urbanization to improve the air quality and embrace a 
sustainable environment.

The correlation analysis among the biochemical param-
eters of the APTI reveals noteworthy connections between 
different parameters (Fig. 4). Notably, a strong extremely 
significant positive correlation was observed between AA 
concentration and APTI (r = 0.65, p < 0.001), indicating that 
higher levels of AA concentration are linked with increased 
air pollution tolerance. Similarly, RWC (%) also has a 
strong influence on APTI with a strong extremely signifi-
cant positive correlation between RWC and APTI (r = 0.52, 
p < 0.001). On the other hand, TC content showed compara-
tively moderate influence with an extremely significant mod-
erate positive correlation with APTI (r = 0.40, p < 0.001), 
suggesting that elevated TC levels correspond to higher air 
pollution tolerance. However, a significantly weak positive 
correlation was observed between leaf extract pH and APTI 
(r = 0.28, p < 0.001), indicating poor influence of leaf extract 
pH on APTI. Based on this correlation analysis, it can be 
summarized that AA concentration has the highest influ-
ence on APTI followed by RWC, TC content and leaf extract 
pH (Table 5). The activity of AA, a key electron donor in 
photosynthesis, is pH-dependent and leaf extract pH has a 
considerable influence on the overall photosynthetic activity 
of plants (Shrestha et al. 2021). In the present research, a sig-
nificantly weak inverse relationship was observed between 

AA concentration and leaf extract pH (r =  − 0.17, p < 0.01) 
with the increase in AA concentration in the cell sap leading 
to decreased leaf extract pH.

API

Based on anticipated performance index (API) grading given 
by Prajapati and Tripathi (2008), F. religiosa and F. bengha-
lensis were categorized as excellent API grade 6 (81–90%), 
followed by A. indica and A. scholaris as very good API 
grade 5 (71–80%), M. alba, P. pinnata and M. longifolium 
as good API grade 4 (61–70%) and P. alba as moderate API 
grade 3 (51–60%) (Table 4). These street trees API grade 3 
and above are highly suitable for developing green belts in 
urban areas (Prajapati and Tripathi 2008), while C. thevetia, 
N. juliflora and L. leucocephala were categorized as poor 
API grade 2 (41–50%) and should be avoided for planta-
tion in cities. F. religiosa and F. benghalensis were the most 
recommended species for urban green belt development by 
previous researchers in different Indian cities (Singh et al. 
2023, Mondal and Singh 2022). In conformity with the pre-
sent report, earlier studies also similarly categorized street 
trees in Indian cities (Patel et al. 2023; Roy et al. 2020).

Proline

The proline concentration (µmol/g) of the street 
trees of Delhi varied significantly among different 
tree species (F11,4.71 = 135.03, p < 0.05), experimen-
tal sites (F3,2.65 = 75.96, p < 0.05) and between seasons 
(F1,11.75 = 336.87, p < 0.05). Similarly, it varied signifi-
cantly among different sites (F3,3.34 = 55.96, p < 0.001) and 
street trees (F11,3.79 = 63.51, p < 0.001) in the post-monsoon 
season. This study demonstrates that proline is an impor-
tant biochemical that should be used to evaluate the stress 
response in plants given that most of the plants are grown 
in polluted environments within urban areas. This huge 

Fig. 5   Proline (µmol/g) levels 
of twelve selected tree species 
(Azadirachta indica, Alstonia 
scholaris, Cascabela thevetia, 
Cassia fistula, Ficus religiosa, 
Ficus benghalensis, Leucaena 
leucocephala, Monoon longi-
folium, Morus alba, Neltuma 
juliflora, Plumeria alba and 
Pongamia pinnata) at four sites 
(control, commercial, heavy 
traffic and industrial) during 
pre- and post-monsoon seasons
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change in proline concentration also indicates that trees 
belonging to different species can withstand some stress 
factors in the environment depending on their physiological 
and genetic mechanism. Also, fluctuations of these levels 
during different seasons prove that plants have responsive 
changes to unpredictable environmental conditions like tem-
perature and humidity related to monsoon seasons (Ashraf 
and Foolad 2007). These fluctuations indicate that proline 
buildup affords trees with enhanced stress tolerance during 
specific stages of their life and, as a result, improves their 
ability to endure air pollution. The highest proline concen-
tration (µmol/g) was observed in M. alba in the commer-
cial site (GTB) (6.59 ± 0.51), followed by N. Juliflora in 
both the industrial site (6.33 ± 0.02) and control site (KNR) 
(3.79 ± 0.12) and A. indica (5.06 ± 0.15) in the heavy traffic 
site (KG) in the post-monsoon season. On the other hand, 
in the pre-monsoon season, it varied significantly among 
different tree species (F11,1.98 = 196.70, p < 0.001) and 
experimental sites (F3,0.31 = 30.47, p < 0.001). The highest 
proline concentration (µmol/g) was found in A. indica in 
both the industrial (BW) (5.09 ± 0.01) and control (KNR) 
(4.82 ± 0.28) sites, followed by C. fistula in the commer-
cial site (GTB) (4.92 ± 0.1) and M. alba in the heavy traffic 
site (KG) (3.44 ± 0.03) (Table 4). The mean proline con-
centration (µmol/g) in the pre-monsoon season in different 
plant species ranged from 2.90 (A. scholaris) to 3.91 (A. 
indica), while during the post-monsoon season, it ranged 
from 2.98 (F. benghalensis) to 4.56 (N. juliflora). Proline 
levels in plants are affected by ambient air pollution; it 
increases under stress (Sanaeirad et al. 2017). Under abiotic 
stress, such as air pollution, proline acts as an osmolyte and 
accumulates in leaves to shield tissues from oxidative dam-
age (Gupta et al 2016). However, proline accumulation in 
plants is a symptom rather than an adaptive stress response 
(Agbaire 2016). In terms of high proline content (µmol/g) 
in both seasons (pre-monsoon: 3.35 ± 0.81 and post-mon-
soon: 3.98 ± 0.29), the industrial site (BW) was found to 

be the most stressed experimental site in Delhi based on 
the findings of the current study. In general, proline con-
centrations in plant tissues ranged from 0.5 (unstressed) to 
50 (stressed) μmol/g (Carillo and Gibon 2011). Further, F. 
benghalensis (2.94 µmol/g), P. alba (2.98 µmol/g), P. pin-
nata (3.06 µmol/g), F. religiosa (3.09 µmol/g), A. scholaris 
(3.14 µmol/g) and C. thevetia (3.17 µmol/g) are the best 
street trees for the green belt development in Delhi identified 
based on the proline concentration (< 3.37 µmol/g, i.e. the 
mean of all trees, sites and seasons) (Fig. 5).

Dust‑capturing capacity

The DCC of the street trees of Delhi varied significantly 
among different tree species (F11,1.39 = 85.70, p < 0.05), 
experimental sites (F3,3.70 = 228.35, p < 0.05) and between 
seasons (F1,6.86 = 423.04, p < 0.05). Similarly, it varied sig-
nificantly among different sites (F3,3.01 = 127.64, p < 0.001) 
and street trees (F11,1.244 = 52.73, p < 0.001) in the post-mon-
soon season. Plants under abiotic stress from dust load pro-
duce ROS, which damage plant cell membranes (Demidchik 
et al. 2014). The amount of such effects is determined by 
plant tolerance to dust particles and its chemical composi-
tion. The highest DCC (mg/cm2) was observed in P. alba in 
the industrial site (1.76 ± 0.139), followed by C. fistula in 
the heavy traffic area (KG) (1.27 ± 0.14), F. benghalensis in 
the commercial site (GTB) (1.20 ± 0.08) and M. longifolium 
in the control site (KNR) (0.374 ± 0.105) (Table 4). On the 
other hand, in the pre-monsoon season, it varied significantly 
among different tree species (F11,0.40 = 44.89, p < 0.001) and 
sites (F3,1.34 = 151.74, p < 0.001). The highest DCC (mg/
cm2) was found in F. religiosa (1.24 ± 0.05) in the indus-
trial site (BW), followed by P. alba (1.01 ± 0.09) in both 
the heavy traffic (KG) and control (0.30 ± 0.03) sites and A. 
indica (0.27 ± 0.01) in the commercial site (GTB) (Table 4). 
The mean DCC (mg/cm2) during pre-monsoon season in 
different street trees ranged from 0.074 (P. alba) to 0.06 

Fig. 6   Dust capturing capacity 
of twelve selected tree species 
(Azadirachta indica, Alstonia 
scholaris, Cascabela thevetia, 
Cassia fistula, Ficus religiosa, 
Ficus benghalensis, Leucaena 
leucocephala, Monoon longi-
folium, Morus alba, Neltuma 
juliflora, Plumeria alba and 
Pongamia pinnata) at four sites 
(control, commercial, heavy 
traffic and industrial) during 
pre- and post-monsoon seasons
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(C. thevetia), while during post-monsoon season, it ranged 
from 1.27 (F. benghalensis) to 0.08 (C. thevetia). The study 
found that street trees at an industrial site in Delhi experi-
ence higher levels of DCC (mg/cm2) during both seasons 
(pre-monsoon 0.55 and post-monsoon 0.78). Height, tree 
canopy, phyllotaxy and the external features of the foliage 
(hairs, cuticles, etc.) all have an impact on the capacity of the 
foliage to accumulate dust (Prusty et al. 2005). Lanceolate 
leaves, which are wider below the middle and hence have 
less surface-specific drag and fluttering than leaves with nar-
row bases, retain more PM than other shaped leaves. This is 
another important characteristic linked to PM deposition on 
the leaf surface (Vogel 1989). Similarly, leaves with smaller 
surface areas and shorter petioles accumulate more PM than 
those with larger areas and longer petioles (Leonard et al. 
2016). Additionally, F. religiosa (0.90), P. alba (0.86), F. 
benghalensis (0.85), A. indica (0.64) and C. fistula (0.49) 
are the best street trees for the green belt development in 
Delhi identified based on the DCC (> 0.47 mg/cm2, i.e. the 
mean of all trees, sites and seasons) may be due to their 
larger leaf surfaces and favoured leaf shapes compared to 
the others. Similarly, in previous studies, the highest DCC 
was recorded in F. benghalensis and F. religiosa (Mondal 
and Singh 2022). F. benghalensis has rough, large surfaces, 
dense canopy and higher surface areas, potentially retaining 
higher dust volume (Roy et al. 2020) (Fig. 6).

Carotenoids

The carotenoid content of street trees of Delhi varied sig-
nificantly among different tree species (F11,0.59 = 105.64, 
p < 0.05), experimental sites (F3,0.34 = 60.75, p < 0.05) and sea-
sons (F1,0.53 = 96.81, p < 0.05). On the other hand, in the post-
monsoon season, it varied significantly among different tree 
species (F11,0.22 = 32.57, p < 0.001) and sites (F3,0.41 = 61.37, 
p < 0.001). Carotenoids have a similar production route to 
chlorophyll and protect plants from photooxidation and 

oxidative stress by boosting their concentration under abiotic 
stress (Dadkhah-Aghdash et al. 2022; Swapnil et al. 2021). 
Plants exposed to air pollution alter their carotenoid concen-
trations, which affects the photosynthetic efficiency of plants 
impacting their overall growth and development (Joshi and 
Swami 2009). The highest carotenoid content (mg/g) was 
observed in L. leucocephala in the commercial site (GTB) 
(1.1 ± 0.01), followed by industrial site (BW) (0.75 ± 0.02) 
and the heavy traffic site (KG) (0.63 ± 0.05), while it was 
(0.5 ± 0.01) in M. longifolium in the control site (KNR) in 
the post-monsoon season (Table  4). Conversely, during 
the pre-monsoon season, it varied significantly among dif-
ferent tree species (F11,0.57 = 87.41, p < 0.001) and sites 
(F3,0.14 = 21.78, p < 0.001). The highest carotenoid content 
(mg/g) was observed in M. alba (1.31 ± 0.08) in the com-
mercial site (GTB), followed by L. leucocephala (1.1 ± 0.08) 

Fig. 7   Carotenoid content 
(mg/g) levels of twelve selected 
tree species (Azadirachta 
indica, Alstonia scholaris, 
Cascabela thevetia, Cassia 
fistula, Ficus religiosa, Ficus 
benghalensis, Leucaena leuco-
cephala, Monoon longifolium, 
Morus alba, Neltuma juliflora, 
Plumeria alba and Pongamia 
pinnata) at four sites (control, 
commercial, heavy traffic and 
industrial) during pre- and post-
monsoon seasons
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Fig. 8   Pearson’s linear correlation among biochemical parameters of 
APTI, DCC, carotenoids and proline
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in the industrial site (BW) and C. fistula in the control (KNR) 
(1.05 ± 0.02) and heavy traffic (KG) (0.64 ± 0.09) sites during 
pre-monsoon season. The mean carotenoid content (mg/g) in 
both pre- and post-monsoon seasons was highest in L. leuco-
cephala (0.83 and 0.97, respectively), while it was lowest in 
F. benghalensis (0.27 in each season). The study indicated 
that the commercial site (GTB) was the most stressed experi-
mental site in Delhi, with comparatively greater carotenoid 
concentrations (mg/g) in both pre-monsoon (0.64 ± 0.12) 
and post-monsoon seasons (0.55 ± 0.08). Additionally, L. 
leucocephala (0.90 mg/g), M. alba (0.71 mg/g), C. fistula 
(0.59 mg/g) and M. longifolium (0.57 mg/g) are the best street 
trees for the green belt development in Delhi identified based 
on the carotenoid content (> 0.51 mg/g, i.e. the mean of all 
trees, sites and seasons) (Fig. 7). The decrease in pigment lev-
els may be due to reduced pigment synthesis as a result of dust 
shadowing, an alkaline environment brought on by dust par-
ticles dissolving in the cell sap, which can result in pigment 
degradation through photobleaching and/or the inhibition of 
enzymes essential for pigment biosynthesis (Li and Mu 2021).

The Pearson correlation among different biochemical 
parameters found interesting patterns showing a statistically 
significant relationship between certain variables. Specifi-
cally, a strong extremely significant positive correlation was 
observed between carotenoids and TC content (r = 0.89, 
p < 0.001), suggesting that higher TC content is related to 
elevated carotenoid levels. On the other hand, carotenoids 
showed a statistically significant positive relationship with 
AA (r = 0.14, p < 0.05). Additionally, DCC showed a very 
weak but statistically significant negative relationship with 
AA (r =  − 0.18, p < 0.01), TC (r =  − 0.18, p < 0.001) and 
carotenoids (r =  − 0.13, p < 0.05) but statistically extremely 
significant weak positive relationship with leaf extract pH 
(r = 0.27, p < 0.001). Similarly, proline showed a statistically 
significant positive correlation with AA (r = 0.14, p < 0.05) 
and carotenoids (r = 0.17, p < 0.01) (Fig. 8).

PCA-based multivariate analysis contributes to under-
standing the influence of plant biochemical parameters 
on air pollution tolerance in different plant species. In the 
present research, PCA was performed to identify the plant 
biochemical parameters that are affected by air pollution, 
thereby making plant pollution tolerant. Three princi-
pal components (PCs) have been generated based on the 
eigenvalue, and the significance of each was determined 
in the variables that have the strongest correlations. PC1 
had a strong positive loading coefficient with total chloro-
phyll (0.90) and carotenoids (0.92); PC2 had a moderate 
positive loading coefficient with leaf extract pH (0.62) and 
DCC (0.68), while PC3 had a poor to moderate positive 
loading coefficients with AA concentration (0.48), proline 
(0.64) and RWC (0.60) signifying an increase in one param-
eter may lead to the increase in others. The PCA bi-plot 
indicates AA has poor positive loading coefficients with 
PC1 explaining 29.49% of the total variance in the data-
set (Table 5; Fig. 9A), while TC and carotenoids are very 
strongly associated with PC2 which accounts for 22.80% of 
the total variance. The scree plot indicates that the PC1 and 
PC2 lie below the broken stick model, while PC1 lie above 
the elbow in terms of the eigenvalue (%), PC2 lie below the 
elbow, therefore, PC1 (AA) is the most significant compo-
nent (Fig. 9B) for determining the overall contribution in 
the pollution tolerance in plants. Seasonal PCA-based anal-
ysis was also performed by the earlier researcher to identify 
the plant species with better pollution tolerance in various 
seasons in Durgapur City, West Bengal (Sarkar et al. 2021). 
The present research exhibited mixed results regarding its 
suitability for PCA or factor analysis, while Bartlett’s Sphe-
ricity Test indicated strong evidence against the null hypoth-
esis of uncorrelated variables, with an extremely significant 
(p < 0.001) correlation among the variables, suggesting that 
the data contains meaningful relationships and justifying the 
use of PCA or factor analysis.

Fig. 9   PCA analysis: A PCA bi-plot representing the ordination 
of parameters (AA, pH, RWC, TC, DCC, carotenoids and proline) 
(green lines). B Scree plot indicating the number of significant PCs. 

The red dot-dash line indicates the broken stick model; eigenvalues 
under this curve are non-significant
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It should be noted that in using this approach we will be 
unable to generate definitive conclusions regarding the suc-
cess (or otherwise) of these initiatives, guidelines or princi-
ples at reducing aggression, violence or crime within soci-
ety. Nevertheless, it is hoped that by doing so we can offer a 
more balanced perspective on our findings and identify areas 
where future research can develop.

The major caveat of the present research was due to the 
small sample size and restricted diversity, which implies that 
our conclusion may not apply to other geographical areas or 
species of trees. Further, monitoring during pre-monsoon 
and post-monsoon seasons may not be sufficient enough to 
study all the environmental factors and variations in air pol-
lution over an annual cycle. Additionally, it is worth not-
ing that soil quality, water status and human management 
practices could also affect the health and tolerance of street 
trees. In future studies, more physiological and biochemical 
parameters can be considered to make the response to tree 
health and stress more holistic.

Conclusions

Vegetation in the form of urban forests, parks, green belts, 
green roofs and vertical gardens can help in mitigating air 
pollution and heat island effects in cities. Selecting pollution-
tolerant trees with better phytoaccumulation capacity of 
dust is one of the prerequisites for green belt development 
in highly polluted cities like Delhi. The present study iden-
tified different native street trees based on their basic bio-
chemical properties that contribute effectively to mitigating 
the ambient pollution levels in the rapidly urbanizing Delhi 
metropolitan city. The study highlighted a set of native spe-
cies, viz. A. indica, L. leucocephala, M. alba, F. religiosa 
and F. benghalensis, as optimally appropriate for street tree 
plantation to strengthen the green belt development in Delhi 
identified based on APTI irrespective of sites and seasons. 
However, different street trees were also chosen for social for-
estry plantations and green-belt development, with recom-
mended API grades of three or above based on plant habits, 
canopy and laminar structure and economic and social merits. 
It includes F. religiosa and F. benghalensis as excellent with 
API grade 6 (81–90%), A. indica and A. scholaris as very 
good with API grade 5 (71–80%), M. alba, P. pinnata and M. 
longifolium as good with API grade 4 (61–70%) and P. alba 
as moderate with API grade 3 (51–60%) in different streets 
of Delhi. Since these species are native to the region with 
vast socio-economic importance and aesthetic values in Indian 
societies, these species may be recommended for avenue plan-
tations under different government programmes to promote 
environmental sustainability. Future research should comprise 
descriptive studies to consider the long-term effects of pollu-
tion on the physiological and biochemical responses of the 

selected tree species. Additionally, research about the genetic 
and molecular foundations of air pollution stress tolerance 
may be useful towards formulating ways of improving geno-
types of urban trees. Urban policymakers need to incorporate 
ecologically sustainable native species into urban forestry 
initiatives, and the selection of trees should be made from the 
research findings on trees’ tolerance to pollution or their ben-
efits to the environment. The implementation of this approach 
will also be effective in the enhancement of environmental 
quality, conservation of species and general sustainable uti-
lization of cities. In the same way, the existing strategies for 
urban planning are enhanced by incorporating the evaluation 
of tree performance about the current levels of air pollution 
that allows better management of green urban areas.
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