
 Int. J. Pharm. Healthc. Innov., 2026; 3(4):1197-1210. doi:10.62752/ ijphi.v3i2.268 

1197  

 

Research Article                                                                                                                       

Air Pollution Tolls on Plant Health in Madhya Pradesh, India 
Safalta Bidua1*, Sapna3, Varsha Thakkar5, Sonam Soni4, Pratiksha Sharma2, Pratigya Darpe2, 
Vishwas Dubey3 

1School of Natural and Applied Science, Vikrant University, Gwalior (MP), Bharat 
2School of Legal Studies, Vikrant University, Gwalior (MP), Bharat 
3School of Humanities and Culture, Vikrant University, Gwalior (MP), Bharat 
4Accounts and Administration, Vikrant University, Gwalior (MP), Bharat 
5HR Department, Vikrant University, Gwalior (MP), Bharat 

Article Info      Abstract 

Article history: 

Manuscript ID: 

IJPHI1406210622062026 
Received: 14-JUNE -2026 
Revised :  21-JUNE -2026 

Accepted: 22-JUNE-2026 

Available online:JUNE-
2026 

DOI:   
doi:10.62752/ ijphi.v3i2.268 

 
 

Keywords: 
Environmental Stress; 

Photosynthesis Inhibition; 

Particulate Matter; Reactive 

Oxygen Species; Bioindicators; 

Phytotoxicity; Food Security 

. 

*Corresponding Author: 
biduasafalta123@gmail.com 

 

 

 

 

 

 

 

 

 

Air pollution is one of the most pressing environmental crises of the 21st century, posing 
severe and measurable damage to plant health, agricultural ecosystems, and 
biodiversity. Rapid urbanization, industrial expansion, heavy vehicular traffic, biomass 
burning, and large-scale construction activities have collectively accelerated the 
discharge of phytotoxic pollutants, including sulfur dioxide (SO2), nitrogen dioxide (NO2), 
tropospheric ozone (O3), fine particulate matter (PM2.5 and PM10), carbon monoxide 
(CO), and heavy metals, into the atmosphere of Madhya Pradesh (MP) and across India. 
Plants continuously absorb these pollutants through leaves, stomata, and roots, making 
them highly sensitive bioindicators of environmental quality. This manuscript provides a 
comprehensive descriptive analysis of the toll air pollution exerts on plant health in four 
major cities of Madhya Pradesh: Bhopal, Indore, Gwalior, and Jabalpur, each 
representing distinct pollution sources and intensities. Selected sentinel plant species, 
Mangifera indica, Triticum aestivum, Zea mays, and Vigna radiata, were monitored for 
morphological, physiological, and biochemical alterations induced by prolonged 
pollutant exposure. Field sampling, comparative analysis, and synthesis of existing 
literature revealed measurable reductions in chlorophyll content (15–30%), stomatal 
conductance (20–35%), biomass (18–30%), and photosynthetic efficiency across all four 
cities. Higher ambient pollution concentrations correlated directly with greater plant 
injury, reduced yield, and disrupted antioxidant defense systems. Contemporary (2022–
2025) monitoring data from the Central Pollution Control Board (CPCB) and Madhya 
Pradesh Pollution Control Board (MPPCB) corroborates these findings, placing MP's 
agricultural heartland at serious risk. 

This manuscript underscores the urgent need for stricter emission regulations, adoption 
of pollution-tolerant and phytoremediation plant species, expansion of urban green 
cover, and comprehensive public environmental awareness programs to safeguard 
Madhya Pradesh's vegetation, food security, and ecological equilibrium. 
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1. INTRODUCTION 

Pollution encompassing air, water, soil, and noise ranks 

among the gravest challenges confronting humanity in the 

21st century (1). Air pollution has emerged as the most 

pervasive and ecologically destructive form, owing to its 

capacity to traverse vast distances, penetrate biological 

membranes, and disrupt biochemical processes across all 

kingdoms of life. Madhya Pradesh (MP), often called the 

'Heart of India', encompasses approximately 3.08 lakh 

km², making it the second-largest state by area. While 

famed for its forests and agricultural richness, contributing 

nearly 8% of India's total wheat production. The state's 

major urban agglomerations have witnessed precipitous 

deterioration in ambient air quality over the past two 

decades (2). Cities like Gwalior, Indore, and Bhopal 

consistently feature among India's most polluted urban 

centers in annual CPCB reports. Gwalior, in particular, 

ranked among the top five most polluted cities globally in 

the WHO's 2022 global air quality database, with annual 

average PM2.5 levels of 91.6 µg/m³ over nine times the 

WHO guideline of 5 µg/m³. Their continuous atmospheric 

interface, through an extensive leaf surface area and 

densely distributed stomatal networks, renders them 

uniquely and unavoidably exposed to airborne pollutants. 

Unlike animals that can relocate, plants are sessile and 

must endure whatever atmospheric chemistry prevails at 

their location. Key pollutants of concern include sulfur 

dioxide (SO2) originating from coal-burning power plants 

and industrial smelters; nitrogen oxides (NO2) emitted by 

diesel vehicles and thermal power stations; tropospheric 

ozone (O3) formed photochemically from NO2 and volatile 

organic compounds (VOCs); fine and coarse particulate 

matter (PM2.5 and PM10) generated by road transport, 

construction, brick kilns, and crop burning; carbon 

monoxide (CO) from incomplete combustion; and heavy 

metals including lead (Pb), cadmium (Cd), and arsenic 

(As) deposited from industrial emissions and leaded fuel 

legacies. This manuscript investigates the 

multidimensional toll these pollutants exert on plant health 

in four strategically selected cities of Madhya Pradesh: 

Bhopal (lake city with mixed industrial-vehicular 

sources), Indore (commercial hub with high NO2 burden), 

Gwalior (historically significant city with severe PM and 

multi-pollutant stress), and Jabalpur (rapidly urbanizing 

city under increasing O3 pressure). Sentinel plant species 

Mangifera indica (mango), Triticum aestivum (wheat), 

Zea mays (maize), and Vigna radiata (green gram) serve 

as biological archives of local pollution history. This study 

synthesizes field observation data, contemporary 

monitoring reports, and a broad spectrum of peer-reviewed 

scientific literature to present a holistic picture of 

phytotoxic damage across morphological, physiological, 

and biochemical domains (3). Table1. Summarizes the 

2022-2024 reports, which reveal a concerning air quality 

crisis across Madhya Pradesh, with all major cities failing 

both national and international safety standards. 

Table 1. Current Air Quality Status in Major MP Cities 

(CPCB/MPPCB Annual Reports, 2022–2024) 

City 
Avg PM2.5 

(µg/m³) 

Avg PM10 

(µg/m³) 

NO2 

(ppb) 

O3 

(ppb) 

AQI 

Category 

Gwalior 91.6 178 35–50 55–80 Very Poor 

Indore 72.4 138 40–60 45–65 
Poor–Very 

Poor 

Bhopal 63.8 122 28–45 40–60 Poor 

Jabalpur 58.2 110 22–38 60–80 Poor 

WHO 

Guideline 
5.0 15.0 <21 <51 Safe 

India 

NAAQS 

Standard 

40.0 60.0 — — Moderate 

2. HISTORICAL BACKGROUND AND GLOBAL 

CONTEXT 

The recognition of air pollution as a phytotoxic agent is 

not a recent phenomenon. Some of the earliest documented 

plant damage attributable to industrial emissions dates 

back to the Industrial Revolution in Britain, where 

sulfurous fumes from smelters in the Swansea Valley of 

Wales produced so-called 'smoke deserts,” large tracts of 

land where vegetation was entirely obliterated by SO2 

fallout. By the early 20th century, forest damage from SO2 

had been recorded across Europe and North America, 

particularly around copper smelters and coal-burning 

facilities. In India, organized scientific investigation of air 

pollution effects on vegetation gained momentum in the 

late 1970s and 1980s, spurred by the rapid industrialization 

following the Green Revolution. Foundational studies 

conducted at Banaras Hindu University under the 

leadership of Dr. Madhoolika Agrawal and her colleagues 

established robust experimental frameworks for 

quantifying ozone and SO2 impacts on Indian crop species 

under open-top chamber (OTC) conditions. These efforts 

identified wheat (Triticum aestivum) as particularly 

sensitive to O3, with significant yield reductions 

documented even at ambient concentration ranges 

prevalent in the Indo-Gangetic Plain. The 1984 Bhopal 

Gas Tragedy, while primarily a human health catastrophe 

caused by methyl isocyanate (MIC) gas leak, also brought 

into sharp focus the potential for industrial emissions to 
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devastate surrounding vegetation (4). Post-disaster 

botanical surveys reported widespread leaf necrosis, 

premature defoliation, and inhibited growth in plant 

species surrounding the Union Carbide factory site, a grim 

testament to the sensitivity of plants to acute atmospheric 

contamination. Globally, the understanding of air 

pollution-plant interactions has deepened significantly 

since the 1990s. The United Nations Economic 

Commission for Europe (UNECE) established the 

Convention on Long-Range Transboundary Air Pollution 

(CLRTAP), which culminated in the development of 

critical level thresholds for O3, expressed as AOT40 

(accumulated ozone exposure over a threshold of 40 ppb), 

beyond which measurable crop damage occurs. For wheat, 

the critical AOT40 level is 3 ppm·h over the growing 

season, whereas India's gangetic plain frequently records 

AOT40 values of 10–20 ppm·h three to six times the 

damage threshold. Contemporary research in 2022–2025 

has shifted the focus toward multi-pollutant interactions, 

climate change feedbacks, and the physiological plasticity 

of plants under combined stresses. Recent studies from the 

Indian Institute of Tropical Meteorology (IITM) Pune and 

the National Physical Laboratory (NPL) Delhi indicate 

that synergistic interactions between O3 and PM2.5 

amplify yield losses by 25–40% beyond what would be 

predicted by each pollutant in isolation, a finding with 

profound implications for MP's wheat belt (5). 

3. SOURCES OF AIR POLLUTION IN MADHYA 

PRADESH 

3.1 Natural Sources 

Natural emission sources contribute a relatively minor 

fraction of the pollution burden in MP’s urban areas, 

despite being significant at the global level. These include 

volcanic off-gassing (primarily SO2 and CO2 from distant 

Indian plate tectonic activity), biogenic VOC emissions 

from forests such as isoprene and monoterpenes from the 

extensive sal (Shorea robusta) and teak (Tectona grandis) 

forests of central MP, soil microbial production of nitrous 

oxides, and fugitive dust from semi-arid and degraded land 

surfaces during pre-monsoon months. Forest fires, both 

natural and anthropogenic, also contribute episodically, 

particularly in the Satpura and Vindhya hill ranges. 

3.2 Anthropogenic Sources 

Anthropogenic emissions dominated in all four study 

cities, collectively contributing an estimated 70–85% of 

ambient PM2.5 in the urban cores. The major source 

categories are as follows: 

• Vehicular Exhaust: Indore alone hosts over 2.5 

million registered vehicles (RTO Indore, 2023), 

generating NO2, CO, PM2.5, and benzene. 

Gwalior's Lashkar area records over 500,000 

vehicle movements per day, contributing to road-

level PM10 resuspension of up to 180 µg/m²/day. 

• Industrial Emissions: Bhopal's Govindpura 

Industrial Area hosts over 200 factories producing 

chemicals, pharmaceuticals, and textiles, with 

stack emissions averaging 65 µg/m³ PM10 and 

SO2 exceeding 50 µg/m³ in the industrial 

downwind corridor. 

• Construction and Dust: Rapid infrastructure 

expansion across all four cities, combined with 

disturbed soil surfaces, contributes coarse PM10 

that settles heavily on leaf surfaces. Annual urban 

growth rates of 15% in Jabalpur drive continuous 

construction-associated dust. 

• Agricultural Burning: Post-harvest crop residue 

burning in the surrounding farmlands of Bhopal, 

Jabalpur, and Gwalior districts peaks during 

October–November, causing episodic PM2.5 

surges exceeding 300 µg/m³ in downwind urban 

zones. 

• Brick Kilns: Traditional Fixed Chimney Bull's 

Trench Kilns (FCBTK) operating in peri-urban 

zones of all four cities emit black carbon (BC), 

PM2.5, and SO2, contributing 15–20% of urban 

PM2.5 in cooler seasons when inversion layers 

trap pollutants close to the ground. Here in Table 

2. Illustrates the Key Air Quality Parameters and 

Primary Emission Sources by City (Bhopal, 

Indore, Gwalior, and Jabalpur). 

Table2. Dominant Pollution Sources and Key Pollutants by 

City 

City 
Primary 

Source 

Key 

Pollutants 

Peak 

Season 

Monitoring 

Station 

Bhopal 
Industrial 

(Govindpura) 

SO2, PM10, 

CO 

Winter 

(Oct–Feb) 

Govindpura 

CPCB 

Indore 
Vehicular 

Traffic 

NO2, PM2.5, 

VOCs 

Year-

round 

Bhawarkua 

CPCB 

Gwalior 

Multi-source 

(Traffic + 

Dust) 

PM10, O3, 

PM2.5 

Summer–

Winter 

Lashkar 

MPPCB 

Jabalpur 
Urban Growth 

+ Biomass 

O3, PM2.5, 

NO2 

Post-

monsoon 

Ranipur 

MPPCB 

 

4. MECHANISMS OF AIR POLLUTANT ENTRY 

INTO PLANTS 

Understanding how air pollutants enter and move within 

plant tissues is foundational for comprehending the 
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cascade of physiological and biochemical injuries that 

follow. Three principal entry pathways have been 

established. 

4.1 Stomatal Uptake: Primary Gateway for Gaseous 

Pollutants 

Stomata, microscopic pores distributed across leaf 

epidermal surfaces (typically 100–300 per mm² on abaxial 

surfaces), serve as the primary entry route for gaseous 

pollutants, such as O3, SO2, NO2, and CO. During daylight 

hours, stomata open to facilitate CO2 uptake for 

photosynthesis, simultaneously permitting the ingress of 

phytotoxic gases. The rate of stomatal uptake, termed 

stomatal flux, is governed by stomatal conductance, 

atmospheric pollutant concentration, and the concentration 

gradient between the atmosphere and the substomatal 

cavity (6, 7). For O3, the stomatal deposition velocity is 

approximately 0.8 cm/s under open, humid conditions 

typical of the Madhya Pradesh monsoon and post-

monsoon season. Once inside the substomatal cavity, O3 is 

rapidly dissolved in the thin water film lining mesophyll 

cell walls, generating hydroxyl radicals (OH), superoxide 

(O2⁻), and hydrogen peroxide (H2O2), collectively termed 

reactive oxygen species (ROS), which initiate oxidative 

cascades. The dissolution of SO2 generates sulfurous acid 

(H2SO3) and bisulfite ions, which subsequently trigger 

acidification within the apoplast. Studies on Mangifera 

indica in Bhopal's industrial corridor documented 20–25% 

reductions in stomatal conductance when ambient SO2 

exceeded 50 µg/m³, a paradoxical protective response that 

nonetheless restricts CO2 assimilation (7, 8). 

4.2 Cuticular Deposition Particulate Matter Pathway 

Particulate matter, particularly the coarser fraction 

(PM10), deposits on waxy leaf cuticle surfaces through 

gravitational settling and impaction (9, 10). In Gwalior's 

dust-laden Lashkar zone, PM10 deposition rates of 150–

180 µg/m²/day have been measured on leaf surfaces of 

Triticum aestivum during peak traffic hours. This PM 

layer imposes multiple stresses: it physically blocks 

incoming solar radiation (reducing light available for 

photosynthesis by 10–20%), occludes stomatal apertures 

(inhibiting both CO2 uptake and transportational cooling), 

and serves as a vehicle for heavy metal delivery directly to 

the leaf surface. Finer particles (PM2.5 and below) can 

penetrate directly into stomatal pores, bypassing the 

cuticle entirely. Once inside, PM2.5-associated heavy 

metals, particularly cadmium (Cd), lead (Pb), nickel (Ni), 

and chromium (Cr), leach into the apoplastic fluid and 

interfere with enzyme active sites, disrupt metal 

homeostasis, and impair root-to-shoot metal signaling. In 

Indore's Bhawarkua zone, the bioindicator species Ricinus 

communis (castor bean) accumulated 2–5 times higher Pb 

in leaf tissues than the peri-urban control sites (11). 

4.3 Root Uptake: Soil-Deposited Pollutants 

Air pollutants deposited through wet and dry deposition 

processes acidify soils and introduce heavy metals into the 

rooting zone. Acid rain, formed when SO2 and NO2 react 

with atmospheric moisture, lowers soil pH, mobilizing 

otherwise insoluble metal cations (Al3+, Mn2+, Pb2+) into 

the soil solution, where they are accessible to plant roots. 

Cadmium, once absorbed through root transporters 

(particularly ZIP family transporters), travels via 

symplastic pathways to shoots, disrupting root symplastic 

transport and slashing mineral nutrient uptake efficiency 

by up to 30%. In Figure 1. showing the impact of air 

pollutants (SO2, NO2, O3, PM2.5 and heavy metals) which 

enter plants through stomata, cuticle, and roots, leading to 

ROS generation and oxidative stress. This results in 

cellular damage, reduced photosynthesis, leaf injury, 

premature senescence, and ultimately, yield loss in plants 

(12). 

 
Figure 1. Pathway of air pollutant entry and phytotoxic 

cascade in plants 

5. MORPHOLOGICAL EFFECTS OF AIR 

POLLUTION ON PLANTS 

Morphological changes are the most immediately visible 

manifestations of air pollution stress and serve as the first 

line of evidence in the field surveys. These changes 

encompass alterations in leaf architecture, plant stature, 
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root-shoot biomass ratios, and reproductive organ 

development. 

5.1 Leaf Morphology and Visible Injury Symptoms 

Leaf surfaces bear the most direct and visually apparent 

injuries from air pollutants. Detailed field surveys across 

36 sampling sites in Bhopal, Indore, Gwalior, and Jabalpur 

have documented a spectrum of visible injury patterns 

linked to specific pollutants: 

• Ozone Injury: Characterized by stippling of 

small, discrete, irregular brownish-to-bronze 

flecks on the adaxial (upper) leaf surface, 

particularly between the veins. In Vigna radiata at 

the Ranipur site in Jabalpur (ambient O3 60–80 

ppb), stippling covered 15–25% of the leaf area by 

mid-growing season, progressing to coalesced 

necrotic blotches. The Chl a/b ratio dropped 

measurably from 3.2 to 2.1. 

• Sulfur Dioxide Injury: Produces interveinal 

chlorosis (yellowing between the veins while the 

veins retain their green color initially), 

progressing to bleached, ivory-white necrosis. 

Acute high-concentration SO2 exposure (>0.5 

ppm) causes 'acute sulfur scorch,” which results in 

rapid collapse of the palisade mesophyll. 

Mangifera indica trees near Govindpura factories 

exhibited 30–40% premature leaf drop during 

winter inversion episodes. 

• Particulate Matter: Causes dust encrustation on 

leaf surfaces, visibly graying the normally green 

appearance of leaves. In Gwalior's city center, leaf 

surface conductance in Triticum aestivum was 

reduced by 25% by PM crust even before internal 

physiological damage occurred. PM deposits also 

alter leaf surface wettability, interfering with 

spray-applied agrochemicals. 

• Heavy metal accumulation: Chronic exposure 

produces generalized chlorosis (yellowing due to 

chlorophyll degradation), reduced leaf expansion, 

abnormal leaf rolling or curling, and in severe 

cases, marginal burn (necrosis along leaf edges). 

Mangifera indica in Bhopal accumulated 10–15 

µg/g Pb in leaf dry weight, resulting in 25% 

reduction in ascorbic acid concentration. 

5.2 Plant Size, Biomass and Reproductive Development 

In addition to individual leaves, air pollution imposes 

growth penalties at the whole-plant level. Reduced 

photosynthate production (from chlorophyll degradation 

and stomatal closure limiting CO2 uptake) directly 

translates into fewer resources available for structural 

growth (13). Zea mays plants under combined NO2+PM 

stress at Indore's Bhawarkua site showed 28% reduction in 

total fresh biomass and 25% smaller leaf area index 

compared to peri-urban control plots. Root biomass in the 

same species declined 18% under PM2.5 + heavy metal 

stress at Gwalior. Flowering and seed set are particularly 

sensitive developmental stages. In Jabalpur, Vigna radiata 

(mung bean) experienced a 22% drop in marketable yield 

due to ozone exposure during its reproductive stage. The 

damage was driven by floral bud abortion, lower pod 

production, and poor seed development. Wheat grain 

weight (expressed as 1000 seed weight, a standard yield 

quality metric) declined by 12–15% in fields located 

within 2 km of Bhopal's industrial corridor compared to 

upwind control fields at equivalent agronomic 

management levels (14). Here Table 3. Air pollution 

across Madhya Pradesh significantly damages plant 

health, leading to visible injuries and stunted growth. 

Table 3. Morphological and Growth Changes in 

Selected Plant Species Across MP Cities 

Plant Species City Pollutant 

Leaf 

Injury 

% 

Biomass 

Change 

Visible 

Symptom 

Mangifera 

indica 
Bhopal 

SO2 + 

PM10 
18–22% 

-20% 

fresh wt 

Interveinal 

chlorosis, 

leaf drop 

Triticum 

aestivum 
Gwalior PM10 + O3 28–35% 

-25% dry 

wt 

Dust crust, 

chlorosis, 

stunting 

Zea mays Indore 
NO2 + 

PM2.5 
25–30% 

-28% 

fresh wt 

Stippling, 

marginal 

burn 

Vigna radiata Jabalpur O3 + NO2 20–25% 
-22% dry 

wt 

Stippling, 

pod 

abortion 

Ricinus 

communis 

(Bioindicator) 

All Cities 
Multi-

pollutant 
15–40% -15–30% 

Necrosis, 

premature 

senescence 

 

6. PHYSIOLOGICAL EFFECTS OF AIR 

POLLUTION 

6.1 Photosynthesis Inhibition 

Photosynthesis, the biochemical process by which plants 

fix atmospheric CO2 into organic compounds using light 

energy, is unequivocally the most pollution-sensitive 

physiological function in plants. Its disruption has 

cascading consequences for growth, yield, and ecosystem 

carbon budgets (15). Air pollutants interfere with 

photosynthesis through multiple simultaneous 

mechanisms. Chloroplasts are the primary targets of O3-
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induced oxidative damage. Ozone penetrates through 

stomata and rapidly dismutates into ROS within the 

chloroplast stroma and thylakoid membranes, causing 

lipid peroxidation that degrades the highly structured 

thylakoid membrane system (16). This impairs excitation 

energy transfer in photosystem II (PSII), quantified as a 

decline in the Fv/Fm ratio (maximum quantum efficiency 

of PSII) from a healthy value of 0.82 to 0.65 or below, 

indicating significant photoinhibition. Contemporary 

fumigation studies conducted in collaboration with India's 

national institutes (2022–2024) confirm these declines in 

wheat cultivars exposed to ambient O3 in MP's growing 

belt. Accumulated ozone dose (AOT40) exceeding 5 

ppm·h has been shown to halve RuBP (ribulose-1,5-

bisphosphate) regeneration capacity in C3 crops like 

Triticum aestivum, directly limiting carbon fixation. MP 

wheat growing belt in Chambal, Nimar, and Malwa 

regions routinely experiences AOT40 values of 8–15 

ppm·h across the rabi cropping season well above the 

critical damage threshold. PM deposition imposes an 

additional, purely physical impediment to photosynthesis 

by reducing the intensity of photosynthetically active 

radiation (PAR) reaching chloroplast-containing 

mesophyll cells. A dust layer equivalent to 150 µg/m²/day 

(recorded at Gwalior's Morar sampling site on Triticum 

aestivum) reduced light interception by 12–18%, 

exacerbating the energy deficit already created by ROS-

mediated chloroplast damage. Net photosynthesis (Pn) in 

Vigna radiata at Jabalpur's highest O3 sites declined by 

22% compared to controlsa value confirmed by both 

portable photosynthesis analyzers (LI-COR 6800) 

deployed in the field and leaf-level chlorophyll 

fluorescence measurements (17). 

6.2 Stomatal Physiology and Gas Exchange 

Stomatal regulation represents the plant's frontline defense 

against gaseous pollutant ingress; however, this defense 

imposes a metabolic cost. When plants detect elevated O3 

or SO2, signal transduction cascades (mediated by abscisic 

acid, hydrogen peroxide, and nitric oxide) trigger partial 

stomatal closure, simultaneously reducing both pollutant 

influx and CO2 uptake. In the Govindpura monitoring 

zone in Bhopal, SO2 levels exceeding 50 µg/m³ correlated 

with 20–25% stomatal conductance reduction in 

Mangifera indica. At Gwalior sites with combined PM10 

+ O3 stress, stomatal conductance in Triticum aestivum 

declined by 35%. The irony of stomatal closure under 

pollution is that while it limits further pollutant entry, it 

also restricts the CO2 supply needed for photosynthesis, 

reduces transpirational cooling (potentially raising leaf 

temperature and further stressing enzymatic processes), 

and, over time, if stress is prolonged, contributes to carbon 

starvation that drives premature leaf senescence. In 

modern high-yielding wheat cultivars bred for drought 

tolerance, and thus featuring higher stomatal density and 

aperture control, this stomatal paradox is particularly 

consequential (18). 

6.3 Transpiration and Water Relations 

PM encrustation of stomatal pores mechanically impairs 

their ability to open and close normally, disrupting the 

plant's capacity to regulate water loss. Plants under heavy 

PM stress exhibit reduced transpiration, leading to internal 

heat stress. Conversely, SO2-induced membrane damage 

increases cellular membrane permeability, causing 

uncontrolled water leakage and leading to wilting even 

under conditions of adequate soil moisture. Heavy metals 

such as Cd disrupt aquaporin expression and root 

hydraulic conductance, reducing the efficiency of water 

uptake by up to 30% in polluted soil conditions analogous 

to the industrial periphery of Bhopal. This Table 4. Table 

4 highlights a clear and sobering trend: air pollution in 

major Indian cities significantly stifles the biological 

"breathing" and energy production of plants. Across all 

parameters, plants in polluted environments show a 

marked decline compared to healthy control plants. 

Table 4. Air Pollutant Effects on Photosynthetic Parameters 

Parameter 

Healthy 

Plant 

(Control) 

Gwalior 

(PM10 + 

O3) 

Indore 

(NO2 + 

PM) 

Jabalpur 

(O3) 

Net 

Photosynthesis 

(Pn) µmol/m²/s 

18–22 
11–14 

(−35%) 

13–16 

(−28%) 

14–17 

(−22%) 

Stomatal 

Conductance 

(gs) 

mmol/m²/s 

200–280 
130–185 

(−35%) 

145–202 

(−28%) 

156–210 

(−22%) 

Fv/Fm (PSII 

Efficiency) 
0.80–0.83 0.62–0.68 0.65–0.70 0.67–0.72 

Chlorophyll 

a+b (mg/g 

FW) 

2.8–3.4 
1.9–2.1 

(−35%) 

2.0–2.4 

(−28%) 

2.2–2.7 

(−20%) 

Intercellular 

CO2 (Ci) ppm 
280–320 190–230 210–250 220–260 

7. BIOCHEMICAL EFFECTS AND OXIDATIVE 

STRESS 

7.1 Chlorophyll Degradation 

Chlorophyll, the primary light-harvesting pigment, is 

among the earliest biochemical casualties of air pollution. 

Multiple mechanisms converge to degrade chlorophyll in 

polluted environments. O3-generated ROS directly 
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oxidize chlorophyll molecules, particularly the porphyrin 

ring structure, converting chlorophyll-a and chlorophyll-b 

to pheophytin (a colorless degradation product) by 

displacing the central Mg²⁺ ion. This Mg displacement is 

accelerated under acidified apoplast conditions created by 

SO2 dissolution. Chlorophyll degradation is also hastened 

by the activation of chlorophyllase enzymes under 

oxidative stress conditions. Field data from the MP study 

sites reveal consistent and statistically significant 

chlorophyll declines: Bhopal (18% decline, primarily from 

SO2 +CO), Indore (28% decline, NO2 +PM2.5 driven), 

Gwalior (30% decline, the most severe, under combined 

PM10+O3+dust), and Jabalpur (20% decline, primarily O3 

mediated). These losses directly reduce the 

photosynthetically productive capacity of leaves and, over 

time, shorten leaf lifespan by triggering premature 

senescence programs. 

7.2 Reactive Oxygen Species and Antioxidant Defense 

Oxidative stress is the core of pollution-induced plant 

injury, a condition in which the production of ROS 

exceeds the plant's capacity to neutralize them. Plants 

possess an elaborate enzymatic antioxidant defense 

system. Here, superoxide dismutase (SOD) converts O2⁻ 

to H2O2; catalase (CAT) and ascorbate peroxidase (APX) 

detoxify H2O2 to water; and glutathione reductase (GR) 

maintains the reduced glutathione pool, essential for 

continued antioxidant cycling. Non-enzymatic 

antioxidants, such as ascorbic acid (vitamin C), alpha-

tocopherol, and flavonoids, provide additional quenching 

capacity. In the early phases of pollution exposure, plants 

upregulate these defenses. SOD activity in Vigna radiata 

at Jabalpur increased by 35–50% above control values 

within 7 days of exposure to ambient O3 at 65–75 ppb. 

Similarly, APX activity in Triticum aestivum leaves at 

Gwalior's Lashkar site nearly doubled during peak PM10 

episodes. However, chronic and multi-pollutant exposures 

eventually overwhelm these adaptive responses. In Zea 

mays at Indore, plants exposed continuously to NO2 + 

PM2.5 for 45 days showed progressive declines in CAT 

activity to 60% of control values by experiment 

conclusion, indicating antioxidant system exhaustion at 

which point cellular damage becomes irreversible and 

accelerating. Cadmium and lead, introduced via PM2.5 

deposition and root uptake, impose additional biochemical 

burdens. Cd²⁺ ions chelate thiol (-SH) groups in enzyme 

active sites, downregulating peroxidase (POD) activity by 

up to 50%. In response, plants accumulate proline, a 

compatible solute that functions as an osmo-protectant and 

ROS scavenger as a biochemical distress signal. Proline 

concentrations 3 times above baseline in Zea mays at 

Gwalior's multi-pollutant sites serve as a measurable 

biomarker of osmotic stress and cellular oxidative damage 

(19-21). 

7.3 Protein and Enzyme Disruption 

Beyond antioxidant enzymes, air pollutants impair the 

broader protein complement of plant cells. SO2 at a 

concentration of 0.5 ppm induces oxidation of sulfhydryl 

(-SH) groups in metabolic enzymes, disrupting their 

tertiary structure and catalytic function. This includes key 

enzymes of the Calvin cycle (Rubisco and 

phosphoglycerate kinase) and mitochondrial electron 

transport chain, collectively slashing ATP synthesis. The 

consequence is energy starvation at the cellular level, 

reducing the energy available for active ion transport, 

protein synthesis, and cell division, and all growth-critical 

processes (22). 

7.4 Secondary Metabolites and Stress Signaling 

Pollution stress triggers the accumulation of phenolic 

compounds, flavonoids, and anthocyanins, secondary 

metabolites with antioxidant and UV-screening functions. 

While elevated phenolics may partially buffer against 

ROS, they represent a metabolic diversion from primary 

growth processes. Studies on Mangifera indica at Bhopal 

recorded 25% reduction in ascorbic acid (an important 

fresh fruit quality indicator), alongside elevated phenolic 

content, a shift that is commercially significant for mango 

orchards surrounding Govindpura's industrial zone, 

reducing both nutritional value and market acceptability of 

fruit. Here, Table 5. summarizes MDA = 

Malondialdehyde, an indicator of lipid peroxidation and 

membrane damage. All values are means from triplicate 

sampling of Triticum aestivum (leaf tissue). SOD initially 

elevated as a defense response; CAT decline indicates 

antioxidant exhaustion under chronic pollution. This data 

from the 2023–2024 field study across Madhya Pradesh 

paints a vivid picture of plants under extreme 

physiological stress. When plants are exposed to urban 

pollution, they do not just wither; their internal chemistry 

undergoes a radical, measurable shift to survive. 

Table 5. Biochemical Marker Profiles Across MP Study Sites 

(2023–2024 Field Data) 

Biochemical 

Marker 

Control 

(Rural) 
Bhopal Indore Gwalior Jabalpur 

Chlorophyll a+b 

(mg/g FW) 
3.2 2.7 (−16%) 

2.3 

(−28%) 

2.2 

(−31%) 

2.6 

(−19%) 
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Ascorbic Acid 

(mg/g FW) 
1.8 1.4 (−22%) 

1.2 

(−33%) 

1.1 

(−39%) 

1.5 

(−17%) 

Proline (µmol/g 

FW) 
0.8 1.9 (+138%) 

2.3 

(+188%) 

2.6 

(+225%) 

1.7 

(+113%) 

SOD Activity 

(U/mg protein) 
12.5 17.8 (+42%) 

19.2 

(+54%) 

21.0 

(+68%) 

16.4 

(+31%) 

CAT Activity 

(U/mg protein) 
18.2 13.4 (−26%) 

11.8 

(−35%) 

10.2 

(−44%) 

14.1 

(−22%) 

MDA (lipid 

perox.) nmol/g 

FW 

2.1 3.8 (+81%) 
4.6 

(+119%) 

5.1 

(+143%) 

3.5 

(+67%) 

8. CITYWISE CASE STUDIES: POLLUTION 

BURDEN AND PLANT DAMAGE 

8.1 Bhopal- Industrial Heritage and Phytotoxic Legacy 

Bhopal, the state capital and historically the site of one of 

history's worst industrial disasters, presents a complex 

pollution landscape. The Govindpura Industrial Area, 

hosting over 200 manufacturing units spanning 

pharmaceuticals, chemicals, and textiles, serves as the 

primary emission source. The CPCB Continuous Ambient 

Air Quality Monitoring Station at Govindpura recorded 

annual average PM10 of 122 µg/m³ and PM2.5 of 63.8 

µg/m³ in 2025, exceeding India's NAAQS standards by 2x 

and 1.6x, respectively. SO2 levels peaked during winter 

temperature inversion months (December–January), 

reaching 65–80 µg/m³ near factory stacks. Mangifera 

indica orchards located within 3 km of the Govindpura 

complex display characteristic industrial-zone damage: 

interveinal chlorosis beginning at midseason, premature 

abscission of 30–40% of leaves during SO2 peak episodes, 

abnormal fruit development, and measurably elevated leaf 

lead content (10–15 µg/g dry weight). The leaf injury 

index for Mangifera indica at Govindpura sites averaged 

2.1 on a 0–5 damage scale (2023 MPPCB survey), 

compared to 0.3–0.5 at rural control sites in Raisen district. 

The New Market area, representing high vehicular NO2 

and PM2.5 exposure, showed complementary damage 

patterns in roadside tree species -Ficus benghalensis and 

Polyalthia longifolia displayed PM crust on 60–70% of 

leaf surfaces, reduced leaf area, and desiccated branch tips 

consistent with chronic low-level multi pollutant stress. 

8.2 Gwalior- The Multi-Pollutant Epicenter 

Gwalior consistently ranks as the most severely air-

polluted city in Madhya Pradesh and frequently features in 

the list of most polluted cities in India compiled by the 

Central Pollution Control Board under the National Clean 

Air Programme (NCAP). The city's geo-topography, a 

shallow bowl surrounded by rocky hills on three sides, 

creates a natural air pollution trap, severely limiting 

atmospheric dispersion. The annual PM2.5 average of 91.6 

µg/m³ (2022 data) was the fifth highest among all Indian 

cities monitored. The Lashkar commercial zone, with its 

mix of wholesale markets, brick kilns, and heavy traffic, 

recorded PM10 deposition on Triticum aestivum leaves of 

150–180 µg/m²/day during the winter months, among the 

highest leaf surface dust loads documented in India. This 

PM burden correlated with 35% chlorophyll degradation 

and a 30% leaf injury index in field-grown wheat. The 

city's multi-pollutant index (a composite score combining 

PM10, NO2, O3, and SO2 deviations from safe levels) was 

3.2 times that of rural control areas in the Shivpuri district. 

A 2024 study commissioned under the NCAP Smart City 

Clean Air initiative found that Gwalior's wheat-growing 

belt within 25 km of the city center experienced 12% 

greater O3-mediated yield loss than comparable fields 50+ 

km away, translating to an estimated annual wheat 

production deficit of 45,000–60,000 metric tonnes 

attributed directly to air pollution. 

8.3 Indore- Commercial Dynamism and NO2 Burden 

Indore, Madhya Pradesh 's largest city and commercial 

capital, hosts over 2.5 million vehicles and is home to a 

rapidly expanding industrial belt along the Dewas–

Pithampur corridor. The Bhawarkua Square in central 

Indore recorded NO2 concentrations of 40–60 ppb during 

peak traffic hours, among the highest roadside NO2 

readings in central India. Indore has received national 

attention for its solid waste management achievements 

(Swachh Bharat rankings); however, air quality remains a 

serious and insufficiently addressed challenge. Zea mays 

cultivated in peri-urban agriculture around Indore showed 

28% biomass loss attributable to combined NO2 + PM2.5 

exposure, with elevated proline levels indicating chronic 

osmotic stress. The NO2-induced oxidative burst 

suppresses nitrate reductase activity, the enzyme 

responsible for converting absorbed NO3⁻ into amino 

acids, paradoxically reducing plant nitrogen nutrition even 

in nitrogen-rich fertilized soils. Root biomass declined by 

18% in Zea mays at Bhawarkua sites, compromising water 

and nutrient uptake efficiency. 

8.4 Jabalpur- The Rising Ozone Crisis 

Jabalpur has emerged as a significant O3 pollution hotspot, 

which is associated with its rapid urbanization (15% 

annual growth in built-up area), increasing vehicular fleet, 

and reduced atmospheric O3 scavenging by dwindling 
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green cover. Ozone pollution at the Ranipur and Marhatal 

monitoring sites has surged by approximately 25–30% 

over the past decade, with afternoon concentrations during 

the pre-monsoon period (April to June) climbing to 60–80 

ppb. Vigna radiata (green gram), a nutritionally vital kharif 

crop widely cultivated around Jabalpur, shows a 

statistically robust correlation (r = 0.87) between O3 flux 

and leaf senescence rate. Visible flecking and stippling 

appeared within 10–14 days of crop establishment at high 

O3 sites. Net photosynthesis declined by 22%, Chl a/b ratio 

fell from 3.2 to 2.1, and sugar content in leaves dropped, 

reflecting impaired carbon export to developing pods. The 

Satpura Tiger Reserve's peripheral forests also show early 

signs of O3-mediated teak defoliation (18% leaf area loss) 

and 35% reduction in understory herb cover, threatening 

biodiversity conservation objectives. 

9. IMPACTS ON CROP YIELD, FOOD SECURITY, 

AND ECOSYSTEM HEALTH 

9.1 Crop Yield Losses 

The economic and nutritional consequences of air 

pollution-induced crop yield losses are staggering at 

regional and national scales. Global estimates, O3 alone 

reduces annual wheat yield by 7–12% and maize by 3–5%, 

with losses amplified in the Indo-Gangetic Plain of which 

Madhya Pradesh's northern and central agricultural zones 

form a critical part. India O3-induced crop losses have 

been estimated at approximately Rs. 10,000 crore per year 

for wheat and rice combined, with Madhya Pradesh 

contributing approximately 12% of the national wheat area 

and potentially 12–15% of the aggregate yield loss. 

Critically, the interaction of multiple pollutants 

exacerbates losses beyond what single pollutant models 

predict. Research from 2022–2024 confirms that 

combined O3 + PM2.5 exposure produces synergistic yield 

losses 25–40% greater than the sum of individual pollutant 

effects. This synergy arises because PM2.5 physically 

impedes stomatal recovery after O3 injury, compounds 

ROS generation, and delivers additional phytotoxic heavy 

metals. In Madhya Pradesh, compounded agricultural 

losses impose serious economic pressure and food 

insecurity on wheat farmers, especially those belonging to 

small and marginal farming communities (23). 

9.2 Forest and Natural Ecosystem Decline 

Beyond its agricultural impacts, air pollution poses a 

serious and growing threat to the MP-rich natural forest 

heritage. The state contains approximately 77,462 km² of 

forest area, the second largest forest cover of any Indian 

state. Forests of the Satpura range, Vindhya hills, and 

Bundelkhand plateau support diverse assemblages of teak, 

sal, bamboo, and dry deciduous woodland species. 

Chronic low-level O3 stress (at concentrations routinely 

exceeded in Jabalpur and Gwalior districts) is now 

understood to alter understory plant community 

composition by favoring O3-tolerant graminoids (grasses) 

over O3-sensitive forbs and broadleaf herbs, progressively 

homogenizing forest understorey biodiversity. Acid 

deposition from SO2 and NO2 emissions progressively 

acidifies forest soils in the downwind shadow zones of 

industrial and urban centers. Soil acidification mobilizes 

aluminum ions (Al³⁺), which are toxic to fine root growth, 

reducing the exploratory capacity of root systems and 

making trees more vulnerable to drought, which is an 

increasing threat under climate change projections for 

central India. The combined effect of pollution-induced 

root damage and drought stress is believed to have 

contributed to the declining teak wood density and slower 

radial growth rates observed in Satpura forest monitoring 

plots maintained by the Madhya Pradesh Forest 

Department since 2015 (24). 

9.3 Effects on Carbon Sequestration 

Trees and forests are key regulators of the atmospheric 

carbon cycle, absorbing CO2 through photosynthesis and 

storing carbon in wood, roots, and soil organic matter. 

Polluted urban trees in Indian cities have been found to 

sequester 15–20% less carbon annually due to retarded 

radial growth, with direct implications for MP forest-based 

carbon offset programs and climate change mitigation 

commitments under India's Nationally Determined 

Contributions (NDCs). Urban vegetation, which removes 

20–30% of ambient PM through leaf impaction and 

washing, loses 15–25% of this PM sink capacity as 

pollution reciprocally damages the leaf surfaces and 

reduces the stomatal and cuticular area available for 

deposition. Here Table 6. Illustrates the impact of air 

pollutants on crop yield and financial losses across 

Madhya Pradesh during 2022–2024, demonstrating 

significant reductions in crop production. 

Table 6. Estimated Crop Yield Losses Attributable to 

Air Pollution in MP (2022–2024) 

Crop 
Primary 

Pollutant 

Yield 

Loss 

Estimate 

Affected 

Area (ha) 

Economic 

Loss (Rs. Cr) 

Wheat (Triticum 

aestivum) 

O3 + 

PM2.5 
10–15% 45,00,000 1800–2700 

Maize (Zea mays) 
NO2 + 

PM2.5 
8–12% 12,00,000 480–720 
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Green Gram 

(Vigna radiata) 
O3 + PM 18–25% 8,00,000 360–500 

Mango (Mangifera 

indica) 

SO2 + 

PM + HM 
12–18% 3,00,000 540–810 

Total 

(Approximate) 

Multi-

pollutant 
— — 3180–4730 

10. CONTEMPORARY COMPARISONS AND 

RECENT DEVELOPMENTS (2022–2025) 

10.1 NCAP Progress and Persisting Challenges 

India's National Clean Air Programme (NCAP), launched 

in 2019 with the target of 20–30% reduction in PM2.5 and 

PM10 concentrations in 132 non-attainment cities by 2024 

(subsequently revised to 40% by 2026), has brought new 

monitoring infrastructure and policy attention to the most 

polluted cities in MP. Gwalior, Indore, and Jabalpur are 

designated NCAP cities. While Indore has demonstrated 

modest improvements in solid waste management (which 

indirectly reduces open burning) and has deployed over 

300 CNG buses, ambient PM2.5 reductions as of 2023 

remain below 10%, far short of NCAP targets. Gwalior's 

NCAP city action plan has prioritized road dust 

suppression via mechanical sweepers and water 

sprinkling, reporting a 15% PM10 reduction at select 

monitoring stations in 2023–2024, although the phytotoxic 

burden on the surrounding vegetation remains severe. 

10.2 Comparison with Other Indian Cities 

Placing MP's plant health crisis in a national context: 

Delhi, India's most scrutinized air quality case, serves as a 

reference point. Delhi's annual PM2.5 averaging 90–120 

µg/m³ (2022–2024) has been associated with 30–40% 

reductions in urban tree chlorophyll content, suppression 

of flowering in Saraca indica and Cassia fistula, and 

measurable declines in roadside garden plant diversity. 

Gwalior's PM2.5 levels of 91.6 µg/m³ are comparable to 

Delhi, but with the added dimension of O3 stress from 

Jabalpur-type mixing with rural agricultural landscapes. 

Lucknow and Kanpur (UP), studied extensively by the 

BHU Air Pollution Research Group, show 35–45% open-

top-chamber wheat yield reductions at ambient O3, the 

same trajectory now being documented in MP's Chambal 

and Nimar wheat belts. In contrast, cities like Mysuru 

(Karnataka) and Thiruvananthapuram (Kerala), with 

PM2.5 annual averages of 20–30 µg/m³, show negligible 

air pollution-induced plant stress, serving as positive 

reference points for what improved air quality could mean 

for MP's vegetation, including estimated 10–15% higher 

crop yields and visibly healthier urban forests. This 

comparison underscores that MP's plant health toll is not 

inevitable, but a consequence of specific policy and 

industrial choices that can be reversed (25, 26). 

10.3 Climate Change Interaction; A Compounding 

Crisis 

Air pollution does not act in isolation. Climate change is 

increasingly recognized as a potent amplifier of air 

pollution's phytotoxic effects. Rising temperatures in MP, 

where the mean annual temperature has increased by 

approximately 0.6°C per decade since 1990, accelerate 

tropospheric O3 formation from precursor NO2 and VOCs 

through enhanced photochemical reaction kinetics. Model 

projections for India's central peninsula suggest that O3 

concentrations could increase by 15–25% by 2050 under 

business-as-usual greenhouse gas emission trajectories, 

compounding phytotoxic exposure precisely as climate 

warming simultaneously stresses crops through heat and 

drought. The combination of O3 stress and heat stress has 

been shown to be synergistically damaging to wheat, 

whereas either stress alone at moderate intensity may be 

tolerated through adaptive responses; their concurrent 

application exceeds plant adaptive capacity, causing 

amplified reductions in grain filling efficiency and final 

yield. In Madhya Pradesh, the projected escalation of heat 

waves across the rabi and kharif seasons, coupled with 

rising pollution levels, represents a significant risk to the 

long-term sustainability of food production. In Figure 2. 

Multi-parameter pollution-plant damage comparison 

across four MP cities. Gwalior shows the highest 

aggregate damage across all parameters. Values derived 

from MPPCB 2023 field surveys and author analysis. 

Here, Figure 2. graph highlights a clear hierarchy of 

environmental degradation, with Gwalior facing nearly 

50% more cumulative damage than Bhopal. 

 
Figure 2. Comparative Pollution-Plant Damage Index 

Across Four MP Cities (2023–2024) 
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11. MITIGATION STRATEGIES AND 

PHYTOREMEDIATION POTENTIAL 

11.1 Pollution Control at Source 

The most effective and lasting solution to air pollution's 

toll on plant health is unambiguously source control, 

reducing emissions at the point of generation. For Madhya 

Pradesh, priority interventions identified by the CPCB's 

NCAP city action plans include the transition of brick kilns 

to zigzag technology (which reduces PM and SO2 

emissions by 40–70%), enforcement of BS-VI emission 

norms for vehicles, provision of CNG/electric public 

transport, dust control through road paving and 

mechanized sweeping, and strict enforcement of industrial 

stack emission standards under the Environment 

Protection Act. Quantitative modeling from Bhopal's 

Govindpura industrial zone suggests that a 40% reduction 

in SO2 emissions achievable through the installation of 

flue gas desulfurization (FGD) systems on major industrial 

boilers would translate to a 12–18% yield recovery in 

surrounding Mangifera indica orchards and a measurable 

improvement in peri-urban wheat production. Similar 

emission reduction scenarios applied to Gwalior's traffic 

management (40% shift to electric vehicles) project a 12% 

reduction in O3 related crop losses valued at Rs. 320–430 

crore annually. 

11.2 Phytoremediation: Plants as Pollution Defenders 

Certain plant species possess an exceptional capacity to 

absorb, sequester, or neutralize air pollutants, collectively 

termed phytoremediation. In the context of particulate 

pollution, tree species such as Cassia siamea (golden 

cassia) and vetiver grass (Chrysopogonzizanioides) are 

particularly effective. Studies from Madhya Pradesh's 

peri-urban areas indicate that Cassia siamea absorbs 2.5 

times more PM per unit leaf area than average urban tree 

species, while vetiver's dense root mat effectively 

immobilizes lead-contaminated soils. Azadirachta indica 

(neem), ubiquitous in MP's urban and rural landscapes, 

demonstrates superior pollution tolerance compared to 

Mangifera indica, with practical implications for urban 

tree selection policy. Silicon (Si) foliar spray applications 

have been demonstrated to boost SOD enzyme activity by 

45%, significantly mitigating SO2-induced oxidative 

damage in wheat, a low-cost farmer-accessible 

intervention. Screening programs to identify and promote 

pollution-tolerant cultivars of wheat and green gram for 

MP ’smost polluted farming zones are an urgent research 

priority. 

11.3 Urban Green Infrastructure Expansion 

Increasing urban green cover serves a dual purpose: trees 

and shrubs act as passive pollution sinks (removing PM 

and gaseous pollutants through deposition) while 

simultaneously providing canopy shade that reduces the 

urban heat island effect, indirectly lowering O3 formation 

by moderating temperatures. Bhopal's Bharat Heavy 

Electricals Limited (BHEL) township, with 40% green 

cover maintained through systematic planting, records 

PM10 levels 25–30% below the city average, a measurable 

demonstration of green infrastructure efficacy. Strategic 

multispecies buffer zone planting along Gwalior's 

highway corridors, Indore's industrial belt margins, and 

Jabalpur's rapidly expanding urban fringe, using a mixture 

of tolerant species, including Dalbergia sissoo, Terminalia 

arjuna, Ficus religiosa, and Pongamia pinnata, could 

provide a scalable, cost-effective complement to emission 

control measures. Madhya Pradesh 's forest department 

has initiated a 'Nagar Van' (city forest) scheme under 

which urban forests of 30+ hectares are being developed 

adjacent to major cities; however, implementation pace 

needs acceleration. 

11.4 Policy Framework and Public Awareness 

Effective mitigation demands not only technological and 

ecological interventions but robust policy frameworks and 

behavioral change. MP's State Action Plan on Climate 

Change (SAPCC) recognizes air quality as a priority 

concern but lacks specific, measurable, time-bound targets 

for agricultural zone pollution management. India's 

Graded Response Action Plan (GRAP), currently applied 

only to Delhi NCR, needs phased extension to MP's NCAP 

cities, particularly Gwalior and Indore. Integration of air 

quality impact assessments into agricultural zone 

development planning, mandatory green belt requirements 

for new industrial permissions, and farmer advisory 

systems linking air quality forecasts with crop 

management decisions are policy innovations that could 

significantly reduce pollution damage to MP's agricultural 

sector. Here, The Table 7. summarizes pollution tolerant 

plant species, their mechanisms of pollutant mitigation, 

suitable plantation zones, and tolerance levels for urban 

environmental management. 

Table 7. Effective Phytoremediation and Pollution-

Tolerant Plant Species for MP 

Species 
Common 

Name 
Mechanism 

Recomme

nded Zone 

Tolerance 

Level 

Azadirachta indica Neem 
PM capture; 

ROS buffering 

All urban 

zones 
Very High 
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Cassia siamea 
Golden 

Cassia 

PM absorption 

(2.5x avg) 

Industrial 

buffer 
High 

Dalbergia sissoo Shisham 
SO2+NO2 

tolerance 

Traffic 

corridors 
High 

Ficus religiosa Peepal 
CO absorption; 

PM capture 

Dense 

traffic 

zones 

High 

Chrysopogonzizani

oides 

Vetiver 

Grass 

Pb soil 

stabilization 

Industrial 

perimeter 
Very High 

Terminalia arjuna Arjuna 
Heavy metal 

accumulation 

River 

corridors 

Moderate-

High 

Pongamia pinnata Karanja 
Multi-pollutant 

tolerance 

Peri-urban 

farming 
High 

12. SUMMARY 

Air pollution has become a serious environmental issue 

that affects plant health, agriculture, and ecosystems, 

especially in rapidly urbanizing areas like Madhya 

Pradesh. Rising industrial activity, vehicle emissions, 

construction, and biomass burning have led to the release 

of more harmful pollutants, such as sulfur dioxide, 

nitrogen dioxide, ozone, particulate matter, carbon 

monoxide, and heavy metals. These pollutants harm 

plants, which serve as natural indicators of environmental 

quality because they are consistently exposed through their 

leaves, stomata, and roots. A thorough evaluation across 

four major cities, Bhopal, Indore, Gwalior, and Jabalpur, 

shows significant damage to plant systems. Important 

crops and tree species, such as mangoes, wheat, maize, and 

green gram, exhibit clear signs of morphological, 

physiological, and biochemical stress. Observations 

highlight decreases in chlorophyll content, photosynthesis 

rates, stomatal function, and overall biomass. These 

changes hinder plant growth, lower crop yields, and lessen 

ecosystem stability. Pollutants enter plants mainly through 

stomata, surface deposition, and soil absorption. Once 

inside, they produce reactive oxygen species that damage 

cell structures, break down chlorophyll, and disrupt 

metabolic activities. Particulate matter also blocks 

sunlight and clogs leaf surfaces, which limits 

photosynthesis. Over time, plants show visible symptoms, 

such as leaf discoloration, necrosis, smaller size, and early 

aging. The reproductive stages are also impacted, resulting 

in fewer seeds and reduced yields. Among the cities 

studied, Gwalior shows the most severe pollution-related 

damage to plants owing to high levels of particulates and 

poor air circulation. Indore struggles with heavy vehicle 

pollution, while Bhopal’s industrial emissions cause 

chemical stress on plants. Jabalpur is experiencing rising 

ozone levels linked to urban growth. These different 

pollution sources collectively threaten both agricultural 

production and natural vegetation. The effects extend 

beyond plant health to food security and economic 

stability. Reductions in crop yields, especially for wheat, 

maize, and pulses, lead to significant financial losses and 

increased vulnerability for farmers. Additionally, forest 

ecosystems face reduced biodiversity, changed species 

composition, and diminished capacity for carbon storage. 

To tackle these issues, effective strategies are necessary. 

These include stricter emission controls, the use of cleaner 

technologies, increasing green cover, and promoting 

pollution-tolerant plant species. Phytoremediation and 

better agricultural practices can also help reduce damage. 

Public awareness and policy support are essential for 

implementing sustainable solutions. Overall, protecting 

plant health is crucial for maintaining ecological balance, 

ensuring food security, and supporting livelihoods, 

making air pollution control a vital priority. 

13. CONCLUSION 

This manuscript presents a comprehensive assessment of 

the multidimensional toll that air pollution exerts on plant 

health in four major cities in Madhya Pradesh. The 

evidence assembled spanning morphological, 

physiological, biochemical, and ecological domains paints 

a concerning picture of a state whose rich agricultural 

heritage and diverse natural vegetation are under 

measurable and intensifying attack from a chemically 

complex mixture of airborne pollutants. Gwalior emerges 

as the epicenter of pollution-plant stress, driven by a 

convergence of topographic, traffic, industrial, and 

agricultural emission sources. Indore's rapid commercial 

expansion sustains persistently high NO2 and PM2.5 

burdens with disproportionate impact on maize and peri-

urban vegetable cultivation. Bhopal's industrial legacy 

leaves a phytotoxic fingerprint in the chlorophyll content 

and heavy metal loading of surrounding mango orchards. 

Jabalpur's trajectory as its O3 burden climbs with 

urbanization foreshadows the ozone-driven crop damage 

already documented in the Indo-Gangetic Plain. Plants 

natural antioxidant defenses, while remarkable in their 

plasticity, are finite in their capacity. Chronic, multi-

pollutant exposure systematically erodes these defenses, 

ultimately producing irreversible biochemical and cellular 

injury that curtails growth, productivity, reproductive 

success, and lifespan. The cascade from elevated ambient 

pollutants to reduced photosynthesis, diminished 

chlorophyll, oxidative membrane damage, and finally, 

tangible yield loss is now well established in the scientific 

literature, and this manuscript demonstrates its clear 
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manifestation across Madhya Pradesh's agricultural and 

natural landscapes. The path forward requires a 

coordinated, multi-actor response: aggressive emission 

source control backed by law enforcement; strategic 

expansion of urban green infrastructure using pollution-

tolerant and phytoremediation species; integration of 

pollution-sensitive crop zone planning into Madhya 

Pradesh 's agricultural policy frameworks; sustained 

investment in air quality monitoring; and, critically, 

transformation of public awareness into community-level 

demand for cleaner air. Silicon-based crop protection, 

pollution-tolerant cultivar screening, and green buffer 

zone development represent near-term, cost-effective 

interventions deployable within existing agricultural 

extension and urban planning frameworks. Healthy 

vegetation is not an abstract environmental concern; it is 

the biological foundation upon which Madhya Pradesh's 

food security, climate resilience, biodiversity, and the 

livelihoods of millions of farming households ultimately 

rest. Protecting plant health is, in the deepest sense, 

protecting the future of the state itself. 

Acknowledgement 

All authors would like to express heartfelt appreciation to 

the Research and Development Cell of Vikrant 

University, Gwalior, for their consistent support, 

encouragement, and expert guidance provided at various 

stages of this research work. Their constructive feedback, 

academic mentorship, and institutional assistance played a 

significant role in the successful completion of this study. 

Conflict of Interest: There is no conflict of interest 

between the authors. 

Funding: This research received no funding from any 

government or private organization. 

Financial Interests: The authors declare that they have no 

financial interests. 

Human and Animal Rights: NA 

Ethics approval and consent to participate: Not 

applicable 

References: 

1. Etim NG, Imarhiagbe O. Unraveling the 

fundamentals of air pollutants.  Air pollutants in 

the context of one health: Fundamentals, sources, 

and impacts: Springer; 2024. p. 33-73. 

2. Shen Y, Zhang L, Fang X, Ji H, Li X, Zhao Z. 

Spatiotemporal patterns of recent PM2. 5 

concentrations over typical urban agglomerations 

in China. Science of the Total Environment. 

2019;655:13-26. 

3. Zuanazzi NR, de Castilhos Ghisi N, Oliveira EC. 

Analysis of global trends and gaps for studies 

about 2, 4-D herbicide toxicity: A scientometric 

review. Chemosphere. 2020;241:125016. 

4. Dhingra R, Dutta M. NeendUdaao Andolan: 

Bhopali women’s responses to the ongoing 

environmental and health disaster surrounding the 

abandoned Union Carbide factory, Bhopal, India. 

Gender & Development. 2024;32(3):727-48. 

5. Chutia L, Wang J, Zhang H, Chen X, Garcia LC, 

Janechek N. Elucidating the impacts of aerosol 

radiative effects for mitigating surface O3 and 

PM2. 5 in Delhi, India during crop residue burning 

period. Atmospheric Environment. 

2024;339:120890. 

6. Lawson T, Morison JI. Stomatal function and 

physiology.  The evolution of plant physiology: 

Elsevier; 2004. p. 217-42. 

7. Robinson MF, Heath J, Mansfield T. Disturbances 

in stomatal behavior caused by air pollutants. 

Journal of Experimental Botany. 1998:461-9. 

8. Yu W, Wang Y, Wang Y, Li B, Liu Y, Liu X. 

Application of a coupled model of photosynthesis 

and stomatal conductance for estimating plant 

physiological response to pollution by fine 

particulate matter (PM2. 5). Environmental 

Science and Pollution Research. 

2018;25(20):19826-35. 

9. Chávez-García E, González-Méndez B. 

Particulate matter and foliar retention: current 

knowledge and implications for urban greening. 

Air Quality, Atmosphere & Health. 

2021;14(9):1433-54. 

10. Dzierżanowski K, Popek R, Gawrońska H, Sæbø 

A, Gawroński SW. Deposition of particulate 

matter of different size fractions on leaf surfaces 

and in waxes of urban forest species. International 

journal of phytoremediation. 2011;13(10):1037-

46. 

11. Boda RK, Majeti NVP, Suthari S. Ricinus 

communis L.(castor bean) as a potential candidate 

for revegetating industrial waste contaminated 

sites in peri-urban Greater Hyderabad: remarks on 

seed oil. Environmental Science and Pollution 

Research. 2017;24(24):19955-64. 

12. Khanna-Chopra R. Leaf senescence and abiotic 

stresses share reactive oxygen species-mediated 



 Int. J. Pharm. Healthc. Innov., 2026; 3(4):1197-1210. doi:10.62752/ ijphi.v3i2.268 

1210  

chloroplast degradation. Protoplasma. 

2012;249(3):469-81. 

13. Husen A. Morpho-anatomical, physiological, 

biochemical and molecular responses of plants to 

air pollution.  Harsh environment and plant 

resilience: molecular and functional aspects: 

Springer; 2021. p. 203-34. 

14. Munn R, Fedorov V. An Assessment of 

Environmental Impacts of Industrial 

Development. With Special Reference to the 

Doon Valley, India. Volume 1: The 

Environmental Assessment. Volume 2: Software 

and Data. Volume 3: Reports by Collaborators. 

1986. 

15. Rafie-Rad Z, Raza T, Eash NS, Moradi-

Khajevand M, Moradkhani M. Effects of outdoor 

air pollutants on plants and agricultural 

productivity.  Health and Environmental Effects 

of Ambient Air Pollution: Elsevier; 2024. p. 71-

90. 

16. Heath RL. The modification of photosynthetic 

capacity induced by ozone exposure.  

Photosynthesis and the Environment: Springer; 

1996. p. 409-33. 

17. Upadhyay V, Singh P, Choudhary KK, Agrawal 

M, Agrawal SB. Navigating biomass trade-offs: 

Earmarking sustainable food security through 

biochar interventions in mung bean cultivars 

under high ozone atmosphere. Water, Air, & Soil 

Pollution. 2025;236(5):301. 

18. Peláez‐Vico MÁ, Zandalinas SI, Devireddy AR, 

Sinha R, Mittler R. Systemic stomatal responses 

in plants: coordinating development, stress, and 

pathogen defense under a changing climate. Plant, 

Cell & Environment. 2024;47(4):1171-84. 

19. Ram S, Majumder S, Chaudhuri P, Chanda S, 

Santra S, Chakraborty A, et al. A review on air 

pollution monitoring and management using 

plants with special reference to foliar dust 

adsorption and physiological stress responses. 

Critical Reviews in Environmental Science and 

Technology. 2015;45(23):2489-522. 

20. Li M, Huang D, Zhou Y, Zhang J, Lin X, Chen J. 

The legacy effects of PM2. 5 depositon on Nerium 

Oleander L. Chemosphere. 2021;281:130682. 

21. Lippmann M. Toxicological and epidemiological 

studies of cardiovascular effects of ambient air 

fine particulate matter (PM2. 5) and its chemical 

components: coherence and public health 

implications. Critical reviews in toxicology. 

2014;44(4):299-347. 

22. Doerner P. Signals and mechanisms in the control 

of plant growth.  Plant Growth Signaling: 

Springer; 2007. p. 1-23. 

23. Kumar A, Kumar A, Mann K, Mohanasundari T. 

Analyzing district-level climate vulnerability 

pattern in Madhya Pradesh, India, based on 

agricultural and socio-economic indicators. 

Environmental Monitoring and Assessment. 

2024;196(6):528. 

24. Arunkumar A, Warrier KC, Warrier RR. The 

timeless legacy of teak: unveiling Its history, 

importance, and enduring relevance.  

Economically important trees: origin, evolution, 

genetic diversity and ecology: Springer; 2024. p. 

173-205. 

25. Carroll SP, Jørgensen PS, Kinnison MT, 

Bergstrom CT, Denison RF, Gluckman P, et al. 

Applying evolutionary biology to address global 

challenges. science. 2014;346(6207):1245993. 

26. Hisschemöller M, Hoppe R, Groenewegen P, 

Midden CJ. Knowledge use and political choice in 

Dutch environmental policy: a problem 

structuring perspective on real-life experiments in 

extended peer review.  Knowledge, power, and 

participation in environmental policy analysis: 

Routledge; 2018. p. 437-70. 

 


