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Abstract
The tropical and subtropical regions of the world are facing strong negative 
effects of globalization, weakening the critical balance between ecosystem sta-
bility and socioeconomic development. Apart from increasing pressures of global 
climate change, deforestation, and shifts in land use pattern, air pollution is 
emerging as one of the major factors influencing ecosystem structure and func-
tion. Issues related to health, agricultural production, and economic losses due to 
air pollution in the tropical and subtropical regions are well known; however, 
information on air pollution-related effects on the tropical vegetation is limited. 
Therefore, based on the current literature, the status of air pollution and its effects 
on vegetation in the tropical and subtropical regions of the globe are explored in 
this chapter to understand the current scenario and to identify the knowledge 
gaps. Spatial and temporal variations were detected among different regions for 
particulate matter, its constituents, and gaseous pollutants including identifica-
tion of the factors and sources influencing the air quality. Air pollution impacts 
were assessed based on changes in ecosystem structure and functions such as the 
patterns of biodiversity change, alteration in litterfall and decomposition, the 
response of leaf functional traits, and bioaccumulation in the community or indi-
vidual plant species. Air pollution significantly influenced major ecological pro-
cesses such as litterfall, decomposition, and plant diversity indirectly through 
changes in soil quality as well as through a direct effect on growth and physiol-
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ogy of native plants. Plants respond to changes in air quality through alternation 
in growth and morphology, physiological plasticity, and modifying leaf func-
tional traits. These responses are both species- and pollutant-specific, as not all 
species responded equally to air pollution. Bioaccumulation pattern also showed 
a distinct relationship between pollutant accumulation and species specificity.
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7.1  Introduction

Ecosystem dynamics is regulated by different biotic and abiotic factors. The balance 
between these factors is the key for maintaining ecosystem structure and function. 
Climate change along with changing land use pattern has significantly altered this 
balance in recent times. Air pollution considerably adds to already existing stress 
and further influences the environment. Compared to other stresses, air pollution 
impacts are both local and regional and are directly toxic to plants and animals 
(Mukherjee and Agrawal 2017a). Air quality influences vegetation by altering spe-
cies composition and structure (Koch et al. 2016; Pandey et al. 2014), rate of decom-
position (Ferreira et  al. 2017), growth and morphology (Moraes et  al. 2003; 
Mukherjee and Agrawal 2016), physiological processes (Baek and Woo 2010), leaf 
functional traits (Baek and Woo 2010; Moraes et al. 2002; Mukherjee and Agrawal 
2016), and foliar bioaccumulation of toxic chemicals (Nakazato et  al. 2016; 
Breulmann et al. 2002).

The tropics surround the Earth’s equator within the latitudes of Tropics of Cancer 
and Capricorn at ±23.5°. These latitudes relate to the axial tilt of the Earth; in all 
areas between them, the sun reaches a point directly overhead at least once during 
the solar year. Although topography and other factors mostly contribute to local 
climatic variations, the tropical regions are typically warm and experience little 
seasonal changes in daily temperatures. Important features of the tropics are the 
prevalence of rain in the moist regions near the equator and increasing seasonality 
of rainfall with distance from the equator. The tropics are the biologically richest 
ecosystems on the Earth (Laurance et  al. 2012). A significant proportion of this 
diversity is already under threat, which is most likely to amplify due to the current 
rate of climate change. Changes in climate are likely to have a greater impact in the 
tropics than elsewhere because many species are specialized to deal with a narrow 
range of environmental conditions. Species in the tropics are not as able to tolerate 
changes in climate as those accustomed to more significant changes in seasonal 
conditions in other parts of the world.

Emissions of sulfur and nitrogen-related compounds into the atmosphere over 
industrialized regions in Europe, North America, and Asia have strongly affected 
the climatic conditions within and around these regions throughout the twentieth 
century (Qu et  al. 2016). The present fluxes of sulfur (SO2, SO4

2−) and nitrogen 

A. Mukherjee et al.



131

(NOx, NO3
−, NH3, NH4

+) to the atmosphere are much larger than the estimated natu-
ral fluxes (Seinfeld and Pandis 2016). These large-scale perturbations have resulted 
in significant adverse effects on the environment. The detrimental effects include 
widespread acidification of the Earth’s surface and groundwaters with associated 
biological consequences, acidification of soils, increased rate of corrosion of build-
ings and monuments, and formation of secondary air pollutants, such as ozone (O3), 
that are toxic to all life forms (Tian and Niu 2015). Such changes may occur as a 
result of biological and geological processes, short-term climatic fluctuations, or 
volcanic eruptions or by anthropogenic activities such as emissions of air pollutants 
in the atmosphere from vehicles and industries.

In most of the tropical countries, particulate matter (PM) and O3 have been iden-
tified as major air pollutants due to increasing number of vehicles and biomass 
burning activities (Beig and Singh 2007; Cooper et al. 2014; Mukherjee and Agrawal 
2017b). Historical trends have shown a decline in PM in most regions of the world, 
but levels are still critical in most of the tropical countries (Mukherjee and Agrawal 
2017b; WHO 2016). A positive significant increment of 7–9% in tropospheric 
columnar O3 per decade has been recorded across the tropical South Atlantic, India, 
Southeast Asia, and the tropical/subtropical regions downwind of China (Beig and 
Singh 2007).

Dey et  al. (2012) recorded an increase in PM2.5 (particles 2.5 μm or less in 
size)  levels by more than 15 μg m−3 from 2000 to 2010 in most parts of central, 
northern, and eastern India and northern Bangladesh. Gurjar et  al. (2016) found 
decreasing trend in sulfur dioxide (SO2) levels in most of the megacities in India, 
whereas opposite trend was observed in the case of nitrogen oxide (NOx). Heue 
et  al. (2016) found an increase in tropical tropospheric column O3 by 0.70 DU 
decade−1 or 0.35% year−1 from 1995 to 2015. As pollutant concentrations have sig-
nificantly increased in most of the tropical regions, the responses of plants to ambi-
ent air quality have also changed (Pandey et  al. 1992; Mukherjee and Agrawal 
2018). Improvements in tools and techniques have considerably improved our 
knowledge of plant response with the addition of environmental modelling and geo-
graphical information system (Sicard et  al. 2016). Recent reports have observed 
wide variations in pollution response in different species which are due to long-term 
evolutionary adaptation as well as due to increase in  local stress factors. 
Bioaccumulation studies have also shown a linear relationship between pollution 
concentration and bioaccumulation in recent times (Mukherjee et al. 2016). Major 
shifts in biodiversity pattern have also caused large-scale variations in individual 
plants as well as in community patterns (Narayan et al. 1994; Pandey et al. 2014).

Evaluation of responses of the tropical plants to air pollution becomes more 
important due to modifying effects of climatic conditions on air quality and the 
tropics being biologically richest ecosystems already suffering from different natu-
ral and anthropogenic threats. The present chapter describes air quality status, 
sources of air pollution, factors influencing air quality in the tropics, and the 
responses of vegetation to air pollutants in different tropical regions.

7 Responses of Tropical and Subtropical Plants to Air Pollution
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7.2  Methodology

A systematic survey was first performed in World Wide Web with keywords such as 
air pollution, particulate matter, air pollution sources, plant responses, biodiversity, 
ecosystem functions, decomposition, and leaf traits with specific filters such as trop-
ics, subtropics, tropical forest, tropical grassland, and tropical biodiversity in 
PubMed, Web of Science, Google Scholar, ScienceDirect, and Springer Link. 
Among the articles found, only those satisfying the criteria such as sound methodol-
ogy, spatial-temporal variabilities, and large dataset were screened for further analy-
sis. Papers for the first section of the article of air quality were screened which were 
specifically performed under a tropical or subtropical environment of Southeast 
Asia; West, East, and Central Africa; and South and part of North America (Mexico) 
in urban, suburban, and rural environments with relevant sampling protocols and 
large sample size. For assessment of responses of the tropical and subtropical plants 
to air pollution, papers were further screened for different response types such as 
foliar bioaccumulation, leaf functional traits, physiology, growth and morphology, 
biodiversity, litterfall and decomposition, and toxicity symptoms for trees, lichens, 
grasses, shrubs, and crop plants.

7.3  Air Quality in the Tropics

Pollution of air and water by anthropogenic activities is a noticeable feature of 
urban and industrial systems throughout the tropical regions. The airborne pollut-
ants that are of major concern in these regions include toxic atmospheric gases such 
as SO2, NOx, volatile organic compounds (VOCs), O3, and carbon monoxide (CO); 
PM and its components such as polycyclic aromatic hydrocarbons (PAHs) and 
black carbon (BC); toxic elements such as lead (Pb) and fluoride (F); photochemical 
oxidants; and acid deposition. Most of the airborne substances are primary pollut-
ants released directly from stationary and mobile sources, whereas secondary pol-
lutants are formed in the atmosphere by chemical transformation of primary 
pollutants.

These airborne particles, gases, and their reaction products are carried out by 
winds and clouds to different directions in distant places and thereafter get depos-
ited in various forms of gases, fine and coarse particles, or as dissolved or suspended 
substances in precipitation. These deposition processes transport the airborne chem-
icals to the surfaces of vegetation, soil, surface water, buildings, and cultural 
resources at short or long distances from the original emission sources. The direct 
and indirect effects of air pollution have been summarized in Fig. 7.1. SO2 and NOx 
both directly and indirectly influence human health, vegetation, and soil. The direct 
effects are ill health, damage to plant surface, and degradation of environmental 
quality. These depend upon the concentration of pollutants and decline sharply with 
increasing distances from emission sources. Thus, the direct effects are more of a 
local in nature with a geographical extent of few kilometers.
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7.3.1  Particulate Matter

Based on PM10 (particles 10 μm or less in size) and PM2.5 data of the WHO (World Health 
Organization) for the tropical countries (WHO 2016), Asian countries were found to be 
highly polluted with PM10 values above 100 μg m−3 in India and Bangladesh while above 
the mean annual WHO standard of 20 μg m−3 in the Philippines, Malaysia, Sri Lanka, 
Bhutan, and Indonesia. Among Asian countries, Singapore showed the least PM10 value 
of 30 μg m−3 (Fig. 7.2). Higher values were also recorded in African countries although 
data of only a few countries were available. PM10 values in all the African countries were 
above the WHO standard. Compared to Asian and African countries, PM10 values were 
reasonably lower in countries of South America. PM10 concentration was 33.78 μg m−3 in 
Brazil, whereas in Colombia and Ecuador values were, respectively, 39.85 and 
35.82 μg m−3. In Central and North American countries, PM10 values were above the 
WHO annual standard in Mexico (56.14 μg m−3), Costa Rica (28.96 μg m−3), and Panama 
(31.1 μg m−3). Among the tropical cities, PM10 value was the highest in the Indian city of 
Gwalior (329 μg m−3) followed by Allahabad (317 μg m−3), Raipur (268 μg m−3), and 
Delhi (229 μg m−3). Among other cities, PM10 value (μg m−3) was 170 in Kampala, the 
capital city of Uganda; 169.7 and 158.05, respectively, in Sylhet and Dhaka, Bangladesh; 
and 141 in Bamenda, Cameroon. Cities like Tezpur, India (11 μg m−3); Madre de Deuss, 
Brazil (12 μg m−3); and Pasto, Colombia (18 μg m−3), showed lower values for PM10 
(WHO 2016). In São Paulo, Rio de Janeiro, and Piracicaba, Brazil, and in Bogotá, the 
capital of Colombia, PM10 levels were above the WHO standard (Mukherjee and Agrawal 
2017b). Exceedances in PM levels above the WHO standard were more frequent in 
African cities like Accra, Ghana, and Bamenda, Bafoussam, and Yaounde, Cameroon, 

Fig. 7.1 Schematic diagram showing sources and factors influencing air pollution and its impact 
on different ecological processes
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due to both natural and anthropogenic sources (Mukherjee and Agrawal 2017b). 
Mukherjee and Agrawal (2017b) reviewed the global status of PM10 and reported higher 
values in the tropical region compared to temperate regions of the world mostly attributed 
to increases in traffic and biomass burning in the tropics. The major reasons behind this 
trend are due to differences in the quality of vehicles and roads, density of roads, emission 
standard of engines, and strict regulation standards, apart from increase in vehicular den-
sity in developing countries. Although biomass burning is a traditional practice, its inten-
sity and level have been tremendously increased in recent time due to strong economic 
pressure on farmers of developing countries lacking proper disposal plan of crop resi-
dues. Even in urban areas, biomass is frequently burned due to the lack of proper disposal 
facilities.

PM2.5 levels showed the following trend: South Asia > Africa > Central 
America > North America > South America. For all the tropical countries, values 
were several times higher than the WHO annual limit of 10 μg m−3 (WHO 2016), 
indicating a severe problem of fine PM pollution in the tropics. PM2.5 levels were 
above 50  μg  m−3 in India, Bangladesh, Myanmar, and Cameroon (Fig.  7.3). 
Among the Indian cities, fine PM was maximum in Gwalior (176.14 μg m−3) fol-
lowed by Allahabad (169.72  μg  m−3), Patna (148.94  μg  m−3), Raipur 
(143.66 μg m−3), and Delhi (122.10 μg m−3) (WHO 2016). PM2.5 value below the 
WHO annual mean standard was only recorded in 11 out of 294 cities or metro-
politan areas in the world (WHO 2016). Mukherjee and Agrawal (2017a) also 
reported the critical condition of PM2.5 in the Asian and African tropics. PM2.5 
levels in Dakar, Senegal; Nairobi, Kenya; and Dar es Salaam, Tanzania, were 
several times higher than the WHO standard.

In Delhi, the suspended particulate matter (SPM) and PM10 values have been 
continuously exceeding the standards in the last decade with a steep rise after 2005 
(Gurjar et al. 2016). The observed trend is due to increased traffic load in the major 
cities in India. In Mumbai, SPM concentrations varied between the years with 

Fig. 7.2 Spatial variations in PM10 concentrations in different tropical countries, and shaded area 
represents the distribution of the tropical region
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increasing trend in concentrations from 2005 to 2012. SPM and PM10 emissions 
were higher in Kolkata compared to Mumbai and Delhi, whereas SPM concentra-
tion was maximum in Delhi followed by Kolkata and Mumbai (Gurjar et al. 2016). 
On comparison of SPM concentrations with earlier reports in Varanasi City, a clear 
trend of increment has been observed in the last two decades. At heavy traffic area, 
a 64% increase in SPM concentration was recorded during 2002–2012 (Trivedi and 
Agrawal 2003; Mukherjee and Agrawal 2016).

Sumit et  al. (2012) assessed aerosol properties from different sites (Pune, 
Sinhgad, Ahmedabad, Trivandrum, and Gadanki) in India with the differences in 
urbanization, altitude, and land use. Aerosol optical depth, a marker of particulate 
matter pollution, varied from 0.23 to 0.67 between different sites, and values were 
significantly higher compared to reported values from Europe and the USA (<0.2) 
(Sumit et al. 2012; Provençal et al. 2017). Trivandrum site showed higher concen-
trations of small particles, whereas coarse PM was higher over Ahmedabad. The 
variations between different sites were mostly attributed to local emissions, meteo-
rological conditions, and seasonal variations.

7.3.1.1  Composition of Particulate Matter
Polycyclic aromatic hydrocarbons (PAHs) are the products of fossil fuel combus-
tion and are carcinogenic in nature (Ayi Fanou et al. 2006; Cavalcante et al. 2017). 
PAHs are mostly emitted from incomplete combustion of gasoline and diesel, crude 
oil, and organic materials. PAHs are weakly soluble in water and exist in atmo-
sphere on the surface of particulate matter or in gaseous phase. Ayi Fanou et al. 
(2006) found significantly higher concentrations of benzene and PAHs associated 
with particulate matter in Cotonou, the largest tropical port city on the south coast 
of Benin in West Africa. Benzene and PAHs in ambient air were also found in the 

Fig. 7.3 Spatial variations in PM2.5 concentrations in different tropical countries
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village of Cotonou, Benin, although concentrations were significantly lower than 
the values recorded in the city (Ayi Fanou et al. 2006). The total PAHs concentra-
tions ranged from 1.73 to 2.83 ng m−3 in the metropolitan area of Fortaleza-CE, 
Brazil. High PAHs concentrations at the city center were correlated with the high 
vehicular flow (Cavalcante et al. 2017). Krauss et al. (2005) reported an average 
PAHs concentration of 35 ng m−3 in the tropical rainforest near Manaus, Brazil; 
however, the value was ten times lower than the nearby urban location. In the met-
ropolitan area of Fortaleza-CE, Brazil, Cavalcante et al. (2017) reported that 62.93% 
variation in PAHs concentrations in PM was governed by constructed area and 
PAHs levels as well as PM concentrations, reduced with increasing tree cover.

In an urban area of Amritsar, Punjab, PAHs concentrations ranged from 37 to 
274 ng m−3 due to higher biomass burning, coal combustion, and vehicular emis-
sions, whereas concentrations were much lower with values ranging from 18.3 to 
66.6 ng m−3 in Mumbai (Kaur et al. 2013; Sahu et al. 2008). As compared to Amritsar 
and Mumbai, significantly higher PAHs concentrations were recorded in Agra, 
India, and in Kandy, Sri Lanka (Masih et al. 2012; Wickramasinghe et al. 2011). As 
compared to Asian cities, values of PAHs were relatively lower in South American 
cities (Table 7.1).

Black carbon (BC) is formed due to incomplete combustion of fuel, biomass 
burning, and vehicular and industrial activities (Hung et  al. 2014; Salako et  al. 
2012). Particle size of BC ranges from few nanometers to microns which are mostly 
measured in PM2.5 range. The major portion of black carbon is made up of carbon 
(60%) with contribution of various aromatic compounds. Atmospheric lifetime of 
BC ranges from few days to weeks. BC is known for its strong radiative forcing with 
a stronger global warming potential than CO2. BC levels showed significant spatial 
variations among the different tropical cities (Table  7.2). Higher values were 
recorded in Dhaka, Bangladesh, and Bangkok, Thailand, followed by Indian cities 
of New Delhi and Hyderabad. Values above 10 μg m−3 were recorded in Kathmandu 
(Nepal), Dakar (Senegal), and Hyderabad (India). Lower values of BC were 
recorded in Chihuahua and Tijuana, Mexico; Anantapur, India; and Kuala Lumpur, 
Malaysia (Table  7.2). Variations in BC concentrations depend upon sources and 
prevailing meteorological conditions (Salako et al. 2012).

Table 7.1 Spatial-temporal variations in PAHs concentrations in different locations/cities in dif-
ferent tropical countries

Location Period PAHs (ng m−3) References
Agra, India 2006–2007 8.32–1036.79 Masih et al. (2012)
Amritsar, India 2011 37–274 Kaur et al. (2013)
Mumbai, India – 18.3–66.6 Sahu et al. (2008)
Kandy, Sri Lanka 2008–2009 57.43–1246.12 Wickramasinghe et al. (2011)
Montenegro, Brazil 2004–2005 2.9–17.54 Pereira et al. (2013)
Porto Alegre, Brazil 2001–2002 0.04–2.30 Dallarosa et al. (2005)
São Paulo, Brazil 2003–2004 1.6–7.8 Vasconcellos et al. (2011)
Concepciόn, Chile 2007 26–230 Pozo et al. (2012)

Santiago, Chile – 6.4 Romero et al. (2002)

A. Mukherjee et al.
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N deposition has been identified as the third greatest driver of biodiversity loss 
after land use and climate change as it alters species richness, dominance, evenness, 
and abundance (Xiankai et al. 2008). The tropical and subtropical areas of the world 
share almost 40% of the global applications of N fertilizers (Xiankai et al. 2008). In 
an urban atmosphere of New Delhi, India, Gupta et al. (2016) observed 2.5 times 
higher dust fall deposition at polluted site compared to reference site with higher 
concentrations of calcium ion (Ca+2) and sulfate (SO4

−2). Around highly industrial-
ized region in Sonbhadra district of India, Singh and Agrawal (2005) studied N 
deposition at eight sites in the leeward side of thermal power plants on a 30 km 
transect and recorded N deposition rate of 9.67 kg ha−1 year−1 at the distantly situ-
ated site from industry and 26.35 kg ha−1 year−1 at the heavily polluted site, indicat-
ing the role of industrial pollution in nitrogen deposition. In the same study, 
SO4

–2  and nitrate (NO3
–)  were recorded as the major anions in the atmospheric 

deposits.

7.3.2  Gaseous Air Pollutants

7.3.2.1  Primary Gaseous Pollutants
After the industrial revolution, problems of gaseous air pollutants have been real-
ized in all the developing and developed nations. Typical meteorological factors, 

Table 7.2 Spatial-temporal variations in black carbon concentrations in different locations/cities 
in different tropical countries

Location Period BC (μg m−3) References
Ahmedabad, India 2003–2005 3.25 Ramachandran and Rajesh (2007)
Anantapur, India 2010 3.03 Reddy et al. (2012b)
Hyderabad, India 2006 12 Badarinath et al. (2009)
Hyderabad, India 2010 6.73 Swamy et al. (2012)
Kanpur, India 2006–2007 0.03–10 Baxla et al. (2009)
Mumbai, India 2008 3.58 Salako et al. (2012)
New Delhi, India 2007 14 Tiwari et al. (2009)
Pune, India 2004–2005 5.05 Panicker et al. (2010)
Dhaka, Bangladesh 2010–2011 22.77 Begum et al. (2012)
Dhaka, Bangladesh 2010 36.57 Salako et al. (2012)
Kathmandu, Nepal 2009–2010 8.6 Sharma et al. (2012)
Southern Himalaya, 
Nepal

2006–2008 0.16 Marinoni et al. (2010)

Bangkok, Thailand 2007–2008 9.4 Salako et al. (2012)
Bangkok, Thailand 2010 25.5 Hung et al. (2014)
Pathum Thani, Thailand 2008 4.65 Salako et al. (2012)
Kuala Lumpur, Malaysia 2008 3.85 Salako et al. (2012)
Chihuahua, Mexico 2008 2.14 Raysoni et al. (2011)
Tijuana, Mexico 2010 1.65 Shores et al. (2013)
Dakar, Senegal 2008–2009 10.4 Doumbia et al. (2012)

7 Responses of Tropical and Subtropical Plants to Air Pollution
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intensive burning, and poorly maintained and higher numbers of vehicles in the 
tropics have resulted in a significant load of gaseous pollutants.

VOCs are gaseous air pollutants with short- to long-term adverse health effects. 
VOCs are emitted from combustion of fuels such as oil, gasoline, coal, wood, and 
natural gas. VOCs have a high vapor pressure at normal temperature and with lower 
water solubility. NOx is a primary air pollutant formed during combustion of fuels 
by the oxidation of atmospheric nitrogen within the fuel at high temperature. NOx 
denote the total concentrations of NO and NO2 which are interconvertible in the 
presence of sunlight and other atmospheric gases especially O3. Traffic is known to 
be the most significant source of NOx. SO2 is a colorless, water-soluble gas formed 
by combustion of coal and oil. SO2 is considered as one of the major harmful gases 
to plants as well as to public health. Major sources of SO2 are coal-fired power 
plants and industries. CO is a colorless and odorless gas which is produced by the 
incomplete combustion of fossil fuels. Major sources of ambient CO are vehicular 
emissions and biomass burning.

Baumbach et al. (1995) found very high concentrations of VOCs and NOx in the 
large tropical West African city of Lagos, Nigeria, whereas average half-hour value 
of benzene was 250 pg m−3. CO/NOx ratio was found to be 150–200 times higher 
than the previous reports in European cities (Baumbach et  al. 1995). Valdés 
Manzanilla and de la Cruz Uc (2015) assessed spatial variability in SO2 concentra-
tion in the tropical city of Villahermosa, Mexico, and found 363.2 tons of SO2 emis-
sion in the metropolitan zone and the intersections of main roads in the city showed 
maximum concentrations of SO2.

Dionisio et al. (2010) reported high CO concentrations in Accra, Ghana, which 
is mainly generated through vehicular combustion and biomass burning. CO levels 
were significantly lower in São Paulo, Brazil, compared to Accra. Azmi et al. (2010) 
found a correlation between traffic load and CO levels in Klang Valley, Malaysia. 
Awang et  al. (2016) also recorded higher values of CO in three port cities in 
Malaysia. The industrial site showed maximum CO concentrations of 334 μg m−3, 
whereas the lowest value of 42 μg  m−3 was recorded at the semi-urban area in 
Dhaka, Bangladesh (Salam et al. 2008) (Table 7.3). Higher concentrations of CO 
around the industrial site are mainly due to incomplete combustion of fuels during 
industrial activities (Salam et al. 2008).

Gurjar et al. (2016) observed decreasing trend of SO2 in all three megacities of 
India due to a decrease in the content of sulfur in coal and diesel, whereas increasing 
trend for NOx was attributed to increasing number of vehicles. Among major Indian 
cities, SO2 emission was maximum in Mumbai followed by Delhi and Kolkata 
(Gurjar et al. 2016). Mukherjee and Agrawal (2016) also observed higher concen-
trations of NO2 in different zones of Varanasi City, whereas the level of SO2 was 
well below the NAAQS (CPCB 2009) of 50 μg m−3. There is a remarkable reduction 
in SO2 concentration in Varanasi City during the past 10 years, whereas NO2 con-
centration has significantly increased by 25.6–72.2% in the last two decades (Pandey 
et al. 1992; Trivedi and Agrawal 2003; Mukherjee and Agrawal 2016). Both SO2 
and NO2 concentrations were recorded below NAAQS of India in two tropical 
coastal cities in India (Guttikunda et al. 2015).
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NO2 concentrations were two times higher at semi-urban and coastal sites com-
pared to a rural site, whereas SO2 concentration was maximum at a semi-urban site 
(5.1 μg m−3) and lowest at a rural site (0.94 μg m−3) in and near Dar es Salaam, 
Tanzania (Mmari et al. 2013). In Dhaka, the average concentrations of SO2 and NO2 
were much lower than the WHO standards. The highest concentration of NO2 
(40 μg m−3) was found at a traffic site, whereas the highest SO2 concentration of 
76.8 μg m−3 was found in the commercial and heavy traffic areas (Salam et al. 2008) 
(Table 7.3).

VOCs are major precursors for O3 formation. Apart from traffic and combustion 
sources, biogenic sources of VOCs also play a major role in O3 formation in both 
urban and forested areas in the tropics. Singh et al. (2014) estimated VOCs (iso-
prene and monoterpene) emission potential of 60 common plant species in the 
Vidarbha region of Maharashtra and found maximum VOC emission rate of 
75.2 g g−1 h−1 in Dalbergia sissoo, whereas maximum O3-forming potential was 
observed in Mangifera indica (77 g O3 tree−1 day−1). The study further found higher 
O3-forming potential in 16 out of 60 species. Maximum monoterpene and isoprene 
emission rates were in Murraya koenigii and D. sissoo, respectively (Singh et al. 
2014).

7.3.2.2  Secondary Gaseous Pollutants
Tropospheric O3 is a secondary air pollutant, which is important from both atmo-
spheric and biological perspectives. Tropospheric O3 is a blue color gas, with a 
strong irritating smell formed by photochemical reactions of NOx, CO, and VOCs. 
O3 concentration in the atmosphere is regulated by its precursor concentrations 
(hydrocarbons, CO, NOx) which are mostly emitted from combustion of fossil fuel, 
biomass burning, and industrial emissions and from natural sources such as light-
ning and microbial activity in soil. O3 influences the oxidation capacity of the atmo-
sphere since O3 itself acts as a primary reactant and also due to its ability to produce 
hydroxyl radicals after photolysis, which play a very crucial role in the cycling of 
other trace gases in the atmosphere. O3 injury in plants has been regularly reported 
from many areas of the tropical and temperate regions and on regional scales in 
North America and Europe.

Surface O3 levels vary from 15 to 53  ppb in different tropical cities of India 
(Yerramsetti et al. 2013). O3 levels were below the national and WHO standards in 
three port cities in Malaysia. NOx, CO, and meteorological conditions are identified 
as major factors behind diurnal variations in surface O3 concentrations (Awang et al. 
2016). Kumar et al. (2015) also reported O3 concentrations below the national and 
WHO standards in the urban background, urban/traffic, and rural areas in Delhi- 
NCR, whereas concentrations were higher than both the Brazilian and WHO stan-
dards in São Paulo, Brazil (Rodrigues-Silva et  al. 2012). Among the monitoring 
sites in Delhi-NCR, higher concentrations were observed at rural site followed by 
urban background and urban traffic site (Kumar et al. 2015). In an urban tropical 
site of Belo Horizonte, Brazil, O3 concentrations varied from 8.7 to 96.1 ppb with 
an average of 38.17 ppb. Mmari et al. (2013) also reported higher O3 concentrations 
at rural and coastal sites compared to a semi-urban site near Dar es Salaam, Tanzania. 
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Yerramsetti et al. (2013) found a role of the nocturnal chemistry of NOx in the for-
mation of O3 during daytime at a tropical urban site in Hyderabad (Table 7.3).

7.4  Factors Influencing Air Quality in the Tropics

7.4.1  Meteorological Factors

Air quality in the tropics is largely governed by meteorological factors apart from 
anthropogenic emissions. Major influencing factors that regulate spatial-temporal 
variations in the tropics are changing atmospheric dispersion conditions (wind 
direction, wind speed, atmospheric stability, relative humidity, and height of bound-
ary layer) (Baumbach et  al. 1995; Ferreira et  al. 2017; Mukherjee and Agrawal 
2017b; Reddy et al. 2012a). Gurjar et al. (2016) reported higher SO2 concentrations 
in winter season followed by post-monsoon, pre-monsoon, and monsoon over 
Delhi, Mumbai, and Kolkata. PM10 and lead (Pb) levels were also lowered during 
monsoon season. In Mumbai, monthly mean SPM level also showed considerable 
reduction during the monsoon period from June to October (Gurjar et  al. 2016). 
Long-term air pollution data in three Indian megacities showed ambient tempera-
ture, relative humidity, wind speed, and rainfall as the major determining meteoro-
logical variables influencing air quality. High humidity, precipitation, temperature, 
and light intensity have been reported to influence uptake rates and interactions of 
different chemical elements in tropical forests (Breulmann et al. 2002). Severe El 
Niño and quasi-El Niño are also responsible for forest fires in Indonesia, resulting 
in severe air pollution in the region (Hayasaka et al. 2014).

Among the gaseous air pollutants, surface O3 concentration is mostly affected by 
meteorological factors apart from primary sources of O3. Solar elevation, clouds, 
and aerosols along with temperature affect the photolysis and atmospheric reactions 
involved in the generation of O3 (Silva and Tomaz 2013). Seasonal variations with 
the highest O3 in the summer months and lowest during the rainy season are distinct 
throughout the tropical region, which are mainly due to higher temperature with 
long sunshine hours in summer providing an ideal condition for O3 formation (Silva 
and Tomaz 2013). Nishanth et al. (2012) found positive correlation between O3 and 
different meteorological variables such as solar radiation (0.91) and temperature 
(0.81) and negative correlation with relative humidity (0.88) and wind speed (0.77), 
indicating the role of meteorological factors in regulating surface O3 concentrations 
at a tropical coastal site (Kannur) in India.

Boundary layer height (the lowermost part of the troposphere where the surface 
of the Earth interacts with the large-scale atmospheric flow) is one of the major fac-
tors influencing air pollutant concentrations in the tropical atmosphere. Reddy et al. 
(2012a) reported the influence of boundary layer dynamics in surface O3 concentra-
tions at a tropical rural site in the southern part of India. In tropics, daytime tempera-
ture and sunlight intensity are generally high all year round. The intensive sunlight 
intensifies photochemical processes in the atmosphere, resulting in the generation 
of high concentration of hydroxyl radicals (Crutzen and Giedel 1983). In large parts 
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of the tropics, average rainfall rates are high at least during the rainy season. 
Therefore, wet deposition is likely to be the major deposition mechanism, but in the 
regions where precipitation rates are low, wet deposition processes are not signifi-
cant. More studies related to atmospheric chemistry in the tropics are needed to 
understand both dry and wet deposition patterns with seasonal variations.

7.4.2  Sources

Air pollutants are emitted from a wide variety of sources. For air pollution control 
and mitigation, it is foremost important to identify and understand the nature of 
sources and factors responsible for regulating these sources. Baumbach et al. (1995) 
reported major sources of air pollution such as traffic (passenger cars and utility 
vehicles), industries (oil refineries with their area sources, gas flares, and electrical 
power stations), biomass burning (for cooking purposes and uncontrolled waste 
burning), and dust from Sahara Desert in large tropical West African city of Lagos, 
Nigeria. In the tropical city of Villahermosa, Mexico, Valdés Manzanilla and de la 
Cruz Uc (2015) identified mobile sources as the major sources of SO2 pollution in 
the city. Among the mobile sources, trucks followed by public transportation vehi-
cles were identified for higher emissions of SO2.

Gurjar et al. (2016) identified industries and power plants as major sources of 
SPM and PM10 emissions (20–80%) among the anthropogenic sources in three 
megacities of India. Other important sources of SPM and PM10 in India are small- 
scale industries, transportation, construction, resuspended soil and road dust, 
domestic coal burning, and biomass burning (Gurjar et al. 2016). Coal combustion 
is one of the major sources of PM and NOx in Indian cities, whereas oil combustion 
is the predominant source of SO2 (Gurjar et al. 2016). SO2 concentration in various 
cities of India has drastically reduced with improvement in fuel quality and strict 
policies (Gurjar et al. 2016). The transportation sector is one of the major sources of 
NOx pollution in India contributing almost 50–70% of the total emission followed 
by industries (10–30%) (Gurjar et al. 2016).

Cavalcante et al. (2017) found light-duty vehicles as the most important emission 
source of PAHs in particulate matter followed by industrial activities (asphalt and 
steel production), combustion of wood and coal, and paved road dust in the metro-
politan area of Fortaleza-CE, Brazil. Biomass or fossil fuel combustion was identi-
fied as the major source of atmospheric PAHs in a tropical rainforest near Manaus, 
Brazil (Krauss et al. 2005).

In Indo-Gangetic Plain, air pollution is heavily contributed by two-wheelers with 
two-stroke engines, and pollutants from vehicles are released at a very low height 
causing heavy pollution at the ground surface, which even gets worse with buildings 
around the roads that prevent dispersion of pollutants (Verma and Singh 2006). In 
two tropical coastal cities of Chennai and Visakhapatnam in India, Guttikunda et al. 
(2015) recorded vehicle exhaust accounting almost 60% and 43% of NOx emission, 
respectively. Further, 59%, 27%, and 5% contributions of the power plant, indus-
tries, and brick kilns, respectively, were calculated for total SO2 emissions in 

A. Mukherjee et al.



143

Chennai. The sources of O3 precursors include vehicles and combustion of fossil 
fuels and biomass as well as natural processes such as NOx production by lightning 
and VOCs production by the tropical vegetation.

7.4.3  Forest Fire

With increasing human influence and overexploitation of forest resources and rise 
in temperature with uneven rainfall pattern due to climate change, there is a signifi-
cant increase in the incidences of forest fires globally (Herawati and Santoso 2011; 
Le et al. 2014). The number of fire incidence in Vietnam was staggering with 16,086 
fires per year during 2004–2012 (Le et al. 2014). Factors such as biomass accumula-
tion, warmer and drier weather conditions, and anthropogenic influences in the 
tropical forests increase the fire incidences causing loss of biodiversity, degradation 
of natural habitat, reduction in natural decomposition process, and most importantly 
release of toxic atmospheric gases in large quantities causing severe air pollution in 
the tropics (Herawati and Santoso 2011). Le et al. (2014) identified several sources 
of forest fires in Vietnam such as the burning of crop residues, fire used by local 
people for hunting wild animals, use of smoke for honey collection, overexploita-
tion of forest products, and trading conflicts for forest resources.

Peat fires are one of the major causes of air pollution in Central Kalimantan, 
Indonesia, causing a significant rise in PM and other gaseous pollutants during fire 
events. PM10 during fire events reached to a maximum value of 1905  μg  m−3, 
whereas NO2 concentration averaged 30.5 μg m−3, which was almost 2.24 times 
higher than in non-fire season. Similarly, SO2 concentration reached 17.16 times 
higher during fire compared to non-fire season (Hayasaka et al. 2014).

Chir pine or blue pine (Pinus roxburghii Sarg) forests located between 1000 and 
1800 m altitude in the Himalayan region are also prone to forest fire with incidences 
of 3908 fire per year−1 (Vadrevu et al. 2012). Vadrevu et al. (2012) estimated total 
BC emissions of 431 Mg year−1 from Himalayan region. Based on fire emission 
inventory by Heil et al. (2007), 55 teragram (Tg) of PM and 1098 Tg of carbon were 
estimated to be released during 1997 Indonesian vegetation fire. Sukitpaneenit and 
Kim Oanh (2014) also recorded increases in CO and PM10 levels during the events 
of forest fire in Northern Thailand.

7.5  Air Pollution Impacts on Ecosystem Structure 
and Function

The diversity of the tropical ecosystems and possible site-specificity together with 
limited resources for researching environmental problems in most tropical countries 
hinder better understanding of the problems. Airborne pollutants can affect ecosys-
tems in two major ways: (1) by direct toxicity and (2) indirectly by changing soil 
nutrient availability. Present knowledge of each of these mechanisms is discussed 
below.
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7.5.1  Direct Toxicity and Other Injurious Effects

Dust particles, aerosols, and other air pollutants are directly adsorbed on the large 
leaf surfaces of forest vegetation which ultimately influence plant function and 
structure (Breulmann et al. 2002). The deposition of particulate matter on the leaf 
surface causes blockage of solar radiation by shadowing the leaf surface, altering 
the pigment synthesis and the photosynthetic rate (Pereira et al. 2009). Air pollutant- 
stressed plants are more vulnerable to pest and fungal attack. In highly industrial-
ized areas of Brazil, Moreira-Nordemann et  al. (1988) observed damage to 
surrounding vegetation, but the direct effects of acidification cannot be adequately 
separated from those of gaseous pollutants.

Air pollutants such as SO2, O3, fluorides, and peroxyacyl nitrate (PAN) damage 
the leaves of plants. Chronic injury occurs on exposure of plants to low concentra-
tion of SO2 at which the rate of accumulation of the ion is slow. The cells oxidize 
the sulfite ions and injury does not occur until sufficient sulfate ions get accumu-
lated. This type of chronic injury is characterized by a general chlorotic appearance 
of the leaves. Cells are not directly harmed, but the chlorophyll is bleached which 
appears as a mild chlorosis or yellowing of the leaf or a silvering or bronzing of the 
lower leaf surface without necrosis (Agrawal and Agrawal 1999). Brownish necrotic 
streaks confined to the middle and upper laminar regions on Panicum miliaceum 
plant leaves were observed after 8 days of exposure with 0.5 ppm SO2 (Agrawal 
et al. 1983). Shaw et al. (1993) reported the development of needle necrosis in Scots 
pine (Pinus sylvestris L.) due to SO2 exposure of 34–58 μg m−3. The acute injury 
was, however, resulted due to absorption of lethal quantities of SO2 as full grayish 
green water-soaked areas which later converted as marginal or intercostal areas of 
dead tissues. In most plant species, these injuries develop as bleached areas, which 
upon drying or becoming dead or necrotic areas fall out leaving a ragged appear-
ance to the leaf. In case of severe injury, abscission layer develops at the base of the 
petiole causing premature fall of the leaves (Mudd 2012). Pandey and Agrawal 
(1994) also recorded leaf injury symptoms in the form of bifacial chlorosis and 
necrosis mainly toward the tip and margin of the leaves in three tropical trees 
exposed to urban air pollution. Fluoride damages the edges of plants as brown or 
black pigmentation (Klumpp et  al. 1996). Peroxyacyl nitrate causes a condition 
known as a silver leaf, in which the underside of the leaves turns silvery white or 
bronze (Oka et al. 2004).

As a strong oxidant, O3 causes several types of symptoms including chlorosis 
and necrosis. The common symptoms associated with O3 exposure include flecks 
(tiny light-tan irregular spots less than 1 mm diameter), stipples (small darkly pig-
mented areas approximately 2–4 mm diameter), bronzing, and reddening. O3 dam-
age on leaves appears as mottled spots which may be yellow, black, or brown. If the 
damage by O3 is severe enough, the plant drops its leaves altogether. The reddish- 
brown stipples that develop on the leaves are the result of accumulation of black or 
red pigments in dead cells of the palisade tissue (Cho et al. 2011). Sanders et al. 
(1992) have also observed damaged chloroplast membranes, plasmalemma, and 
tonoplasts as a result of O3 exposure. Swelling of thylakoid membranes leading to 
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the breakdown of chloroplast integrity was shown to be the result of O3 exposure 
(Crang and McQuattie 1986). Chaudhary and Agrawal (2014) also recorded O3- 
induced visible foliar injury symptoms as small pale yellow and brown flecks on 
clover (Trifolium alexandrinum).

7.5.2  Changing Acidity of the Tropical Soils

Air pollution can cause severe acidity to soil due to the presence of acidic ions (Tian 
and Niu 2015). In the acidic soil, aluminum (Al) dominates the exchange complex 
up to a pH between 5.0 and 6.0. Al precipitates at pH values greater than 6.0 and 
causes Al toxicity which alters soil properties and root growth (Kunhikrishnan et al. 
2016).

The tropical soils vary with regard to different types of ion exchange complexes. 
In many soils, Al and Fe oxides and some clay are responsible for anion absorption 
that influences the direct impact of sulfate loading and associated problems like 
phosphorus immobilization. Both phosphate and sulfate compete for anion absorp-
tion sites in tropical clay soils (Johnston and Chrysochoou 2016). Acidification of 
soils can lead to increased weathering rates of minerals, leaching of bases, and solu-
bilization of trace metals. Soils having lower cation exchange capacity (Sanhueza 
et al. 1988) and low exchangeable Ca are often considered sensitive to acidification. 
Further increases in Al saturation and concentration in the soil solution are the 
major consequences of acidification.

Two types of soils most likely to be sensitive due to deposition of acidic or acidi-
fying substances from the atmosphere are soils that are already acidic in nature and 
in which Al could be mobilized by additional anion leaching and soils having a 
substantial reduction in base saturation (Kunhikrishnan et  al. 2016). The rapid 
deforestation in the tropics is also an important acidifying mechanism. Emissions of 
gases by burning of biomass, export of bases with biomass harvest, and increased 
leaching of acid-neutralizing cations are important factors in enhancing the soil 
acidification (Crutzen and Andreae 2016).

7.5.3  Effects on Litterfall and Decomposition

Studies related to the effect of air pollution on litterfall and decomposition in the 
tropical forests, in grasslands, and in vegetation growing in urban and other remote 
areas are limited. Decomposition is affected both by deposition of N and nutrients 
by air pollution, which alter soil properties, and by changing the foliar chemistry of 
trees. Emissions from industries and traffic alter the natural biogeochemical cycles, 
decomposition, nutrient balance, and soil fertility. Ferreira et al. (2017) found the 
influence of air pollution on the rate of litterfall decomposition in Guarapiranga for-
est in São Paulo, Brazil, and attributed these variations due to the proximity of air- 
polluting sources like vehicular and industrial activities around the forest site 
altering the dynamics of decomposition. Influence of air pollution from the urban 
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area of São Paulo, Brazil, on litterfall stock and decomposition in the forest has been 
reported by Ferreira et al. (2017). It was observed that heavy metals (HMs) trans-
ported from the urban areas are the major causes of such changes apart from other 
factors. Singh et al. (2004) found a negative association between litter decomposi-
tion and air pollution around an industrial area in a dry tropical region of India; 
however, the turnover time of nutrients in the decomposing litter was higher at the 
site receiving maximum atmospheric depositions. Among the air pollutants, SO2 
showed significant negative correlation with mean annual litterfall. All the evidence 
clearly indicated that higher atmospheric depositions and gaseous and particulate 
pollutants significantly influence decomposition rates and nutrient cycling.

Powers and Salute (2011) compared the effect of the addition of nutrients on the 
decomposition of two leaf litter types from tropical dry forest trees (Quercus ole-
oides and Gliricidia sepium). The outcome of the experiment varied with the type 
of nutrient and species. The decomposition rate was enhanced with the addition of 
P and Zn, whereas Mg and N delayed the process while K and Ni showed no signifi-
cant role in litter decomposition (Table 7.4).

7.5.4  Plant Biodiversity

Changes in species richness, dominance, evenness, density, and abundance are the 
first markers of a shift in biodiversity. To assess the impact of air pollution on lichen 
diversity, Shukla and Upreti (2011) explored lichen biodiversity in the city of Pauri 
and Srinagar in Garhwal Himalayas, Uttarakhand, and found a decline in lichen 
diversity at sites with higher pollution load. The dominance of physcoid lichens 
(pollution-tolerant) compared to parmeliod lichens (less pollution-tolerant) at pol-
luted sites indicated a strong effect of air pollution on lichen diversity. The decrease 
in population of fruticose lichens which only accounted for 6% of the total diversity 
from all the studied sites was implicated with the deteriorating air quality in the 
study area. Reductions in the number of phorophytes (any plant on which an epi-
phyte grows) and anthropogenic factors (higher NOx and HMs by vehicles) were 
identified as the main causes behind the observed pattern at the urban site, which 
also showed the dominance of nitrophilous lichen (Shukla and Upreti 2011).

In seven cities of the subtropical region of Brazil, Koch et al. (2016) observed a 
significant effect of air pollution on lichen community composition and vitality. 
Fine PM was identified as a major air pollutant, which negatively influenced lichen 
community with NOx, Cu, and Mn. Apart from air pollutants, land uses and higher 
population density were also identified as major factors affecting lichen diversity as 
increases in surrounding urban areas were negatively correlated with lichen vitality 
(Table 7.4). Among the different traits used for assessment of disturbance in envi-
ronmental gradient on lichen diversity, photobiont vitality (percentage of photobi-
ont cells) was found to be more sensitive trait compared to species richness or cover 
(Koch et al. 2016).

Singh et al. (1994) conducted a field study around two coal-fired thermal power 
plants (TPP) to analyze the impact of emissions on the structure of herbaceous 
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communities. The importance value index (IVI) estimates indicated the dominance 
of a few plant species like Cassia tora, Cynodon dactylon, and Dichanthium annu-
latum at the sites receiving higher pollution load. On the other hand, Paspalidium 
flavidum, Phyllanthus simplex, and Rungia repens were more dominant at less pol-
luted sites. However, some plant species like Alysicarpus monilifer, Convolvulus 
pluricaulis, and Desmodium triflorum were more or less uniformly distributed. 
Singh et al. (1994) also recorded significant negative correlation between SO2 con-
centrations in air and species diversity of herbaceous communities in the dry tropi-
cal environment. According to Narayan et al. (1994), the successful survival of a 
species in the polluted area may be due to adequate biomass formation and their 
suitable structure, the ability to survive the lasting impact of pollutants, and the abil-
ity to reproduce under the pollution stress. Thus, the species having higher IVI 
values at the heavily polluted sites showed tolerance to the existing pollution load 
and were classified as “resistant species.” Pandey et al. (2014) reported Achyranthes 
aspera, Convolvulus alsinoides, D. annulatum, Eclipta alba, and Solanum nigrum 
as sensitive species under the pollution stress due to coal mining activities. Species 
such as Eragrostis cynosuroides and Setaria glauca were identified as polluphilic 
species as these were only present at the polluted sites.

Pandey et al. (2014) reported changes in IVI values for sensitive and tolerant 
species due to air pollution around Jharia and Raniganj coalfields in India. Authors 
also recorded reductions in species richness of both herbaceous and woody species 
with increasing pollution load. Pandey et al. (2014) also observed the negative effect 
of SO2 on woody vegetation around coal mine areas in Jharia and Raniganj coal-
fields in India. Distribution of Ficus religiosa, Ficus benghalensis, Psidium gua-
java, and Butea monosperma around coal mine areas was directly related to 
atmospheric air pollutants such as TSP, SO2, and NO2. Based on plant density 
around coal mining areas, Pandey et al. (2014) identified F. religiosa, F. benghalen-
sis, P. guajava, B. monosperma, Corymbia citriodora, M. indica, and Terminalia 
arjuna as the most resistant species. Narayan et al. (1994) assessed the vegetation 
characteristics downwind of an aluminum factory in Renukoot, India, and found 
that long-term emissions of fluoride, SO2, and PM have altered soil characteristics, 
which significantly impacted the local vegetation. Woody vegetation around the 
area was more influenced compared to herbaceous vegetation. E. alba, C. tora, S. 
nigrum, and Bothriochloa pertusa were identified as the most sensitive species, 
whereas Zornia diphylla, Digitaria sanguinalis, Dactyloctenium aegyptium, S. 
glauca, and Eragrostis tenella were only recorded at the most polluted sites around 
the factory (Narayan et al. 1994).

Zvereva et al. (2008) found differences between effects of air pollution on plant 
species richness among the four terrestrial biomes (boreal and temperate forests, 
deserts, and tropical savanna). Lack of data from the tropical region is a major limi-
tation to compare differences between the effects of air pollution on biodiversity 
from different regions of the world (Zvereva et al. 2008). Studies related to effects 
of N deposition on biodiversity in the tropical and subtropical regions having sev-
eral biodiversity hotspots are yet to be investigated.

7 Responses of Tropical and Subtropical Plants to Air Pollution
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7.6  Air Pollution Impacts on Plant Performance

7.6.1  Growth and Morphology

Both biotic and abiotic stress tolerance in plants depend upon the ability of the plant 
species to regulate between growth and defense response. Higher allocation of 
energy in defense response may lead to lower growth, which results in changes in 
morphological characteristics. In saplings of Tibouchina pulchra, one of the most 
common tree species in the tropical Atlantic forest, reductions in growth parameters 
such as height, diameter, leaf and root biomass, leaf area, and whole plant biomass 
were recorded at the sites with higher air pollution load in Cubatão, Brazil (Moraes 
et  al. 2003). Reductions in plant height, basal diameter, canopy area, root-shoot 
ratio, and plant biomass were also recorded by Pandey and Agrawal (1994) in a 
tropical urban environment with maximum reduction in Delonix regia followed by 
C. fistula and Carissa carandas. Ajuru and Friday (2014) studied the effects of PM 
on the anatomy of three tropical plants, Alchornea cordifolia, Musa paradisiaca, 
and Manihot esculenta, in Port Harcourt, Nigeria, and found significant effects of 
pollution load with an increase in the number of vascular bundles although no effect 
was observed in cortex, epidermis, and pith tissues (Table 7.4).

To avoid air pollution effects from traffic, plants employ different strategies such 
as reductions in leaf area, specific leaf area, leaf dry matter content, and leaf water 
content (Mukherjee and Agrawal 2016; Verma and Singh 2006). Verma and Singh 
(2006) recorded reduction in leaf area by 15–40% in Thevetia nerifolia and F. reli-
giosa under higher automobile exhaust emission. Prusty et al. (2005) investigated 
the dust accumulation potential in vegetation near the national highway at 
Sambalpur, Orissa, India, and found higher dust accumulation in the leaves of 
Ipomoea carnea, Tabernaemontana divaricata, and Pongamia pinnata compared to 
F. religiosa and Quisqualis indica. The observed outcomes were correlated with the 
roughness of leaf surface, the small size of petiole, and the smaller height of plants 
favoring higher dust accumulation.

Leaf structure, geometry, leaf epidermal length, cuticle thickness, phyllotaxy of 
leaf, height of the plant, canopy size, nature of the tree, and leaf forms determine 
plant response to higher dust pollution (Nighat et  al. 2000; Prusty et  al. 2005). 
Prusty et al. (2005) found that dust accumulation was more in plants with smaller 
height compared to taller plants. Nighat et al. (2000) recorded reductions in leaf 
area, length and width of stomata, length of the stomatal pore, and stomatal density 
in Ruellia tuberosa due to thermal power plant emission in Aligarh, India, whereas 
stomatal index was unaffected (Table 7.4).

7.6.2  Plant Physiology

For proper growth and development, plants have to regulate their function according 
to variations in environmental conditions. Regulating physiological activities in 
accordance with environmental conditions provides a plant to maximize the resource 
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utilization and maintain the growth process. Variations in physiological activities 
such as photosynthesis, stomatal conductance, respiration, transpiration, and photo-
synthetic efficiency are known under air pollution stress conditions (Baek and Woo 
2010; Moraes et al. 2002).

Moraes et al. (2002) found a reduction in photosynthesis rate in T. pulchra at 
polluted site compared to control in Cubatão, Brazil, indicating the influence of air 
pollution in damaging stomata and pathways related to light and CO2 fixation. 
Similarly, reductions in photosynthetic rate and stomatal conductance were observed 
in R. tuberosa plants receiving thermal power plant emission in Aligarh, India 
(Nighat et  al. 2000). In contrast, Pterocarpus indicus and Erythrina orientalis 
showed enhancement in photosynthetic rate as well as stomatal conductance at sites 
with higher pollution load (Baek and Woo 2010). The contradictory response 
showed compensation ability by increasing photosynthetic rate in response to pig-
ment degradation and high carbon utilization of the test plant at higher pollution 
load (Baek and Woo 2010).

Saha and Padhy (2012) compared the effects of stone dust deposition on the rate 
of transpiration in Shorea robusta plant in the polluted and non-polluted forest of 
Birbhum district, India. Transpiration rate was declined at polluted forest due to 
damage to leaf and deposition of dust particles at the stomatal surface. Higher SPM 
concentrations and dust fall also lowered the transpiration index (Table 7.4). Carbon 
assimilation declined at higher pollution load, whereas stomatal conductance 
remained unchanged in T. pulchra at Cubatão, Brazil (Moraes et al. 2002). Traffic- 
related pollutants in high concentrations modified plant physiology through altering 
the stomatal response. Verma and Singh (2006) recorded 70% decline in stomatal 
size, whereas stomatal frequency increased up to 50% in T. nerifolia at sites with 
higher pollution load. Alterations in foliar surface configuration were also recorded 
in plants exposed to traffic-related pollutants. Chapla and Kamalakar (2004) found 
a significant negative effect of O3 fumigation (40–120 ppb) on RuBP carboxylase 
activity with percent reductions varying from 10 to 32 in Bauhinia variegata fol-
lowed by 10–23  in Ficus infectoria and 9–15  in P. pinnata. Percent reduction in 
photosynthesis was maximum in F. infectoria (16–39) followed by P. pinnata (7–31) 
and B. variegata (6–26) due to O3 fumigation.

7.6.3  Leaf Functional Traits

Leaf functional traits are most widely used in the assessment of plant response to 
biotic and abiotic stresses. Leaf functional traits such as leaf mass per area or spe-
cific leaf area, tissue thickness, leaf area, foliar C and N contents, photosynthetic 
pigments, antioxidants, and relative water content vary in relation to the environ-
mental conditions (Table 7.4). Therefore, these characteristics provide the opportu-
nity to correlate the variations in relation to changing environment under natural as 
well as in modified systems. The increases in antioxidants and defense-related 
metabolites are the primary response of plants against air pollution stress. Verma 
and Singh (2006) recorded increases in foliar cysteine content at higher traffic 
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pollution load with maximum percent increases of 44% and 30%, respectively, in F. 
religiosa and T. nerifolia. Ninave et al. (2001) also observed an increase in ascorbic 
acid content in plants at the polluted environment.

Verma and Singh (2006) recorded reductions in Chl a, Chl b, and carotenoid 
contents by 6–64% at higher pollution load in both T. nerifolia and F. religiosa in 
Lucknow, India, indicating a decrease in productivity at a higher load of air pollut-
ants. A similar trend was also observed for foliar protein content in both plants 
indicating inhibition in protein synthesis or damage to existing protein although 
percent reduction in protein content was lower than the photosynthetic pigments 
indicating more sensitivity of pigments to air pollutants (Verma and Singh 2006). In 
contrast, Ninave et al. (2001) found an increase in Chl content in all the studied 
plants except for Polyalthia longifolia at polluted environments. Based on responses 
of plants, Azadirachta indica was identified as tolerant species in the urban environ-
ment of Nagpur, India. Due to foliar dust deposition, declines in both chlorophyll 
and carotenoid contents were observed in most of the plants. Chl a as well as total 
chlorophyll showed maximum reductions of 46.5% and 45.4% in F. benghalensis 
due to dust deposition (Prusty et al. 2005). Dust contains many organic and inor-
ganic compounds which on entry into plant tissues cause increases in reactive oxy-
gen species (ROS) and primarily damage to the membrane and pigments. Moraes 
et al. (2003) found a decline in ascorbate concentration in T. pulchra while increases 
in chlorophyll a, Chl a/b ratio, and foliar F, N, and S concentrations at polluted site 
compared to control in Cubatão, Brazil. The increase in pigment concentration is 
attributed to increasing leaf N content, indicating the utilization of atmospheric 
NOx and NH4

+ in N assimilation. Pandey and Agrawal (1994), however, recorded 
reductions in chlorophyll, ascorbic acid, and nitrogen contents in leaves, whereas 
sulfate content showed increment with increasing pollution load in three tropical 
tree species. Baek and Woo (2010) assessed the responses of P. indicus and E. ori-
entalis growing in four sites within the Philippines with differential pollution load. 
In both the test plants, chlorophyll content and Chl a/b ratio declined at sites with 
higher pollution load, whereas antioxidative enzymes showed increments. A 
decrease in the size of starch grains in plant leaves indicated consumption of stored 
carbon at the expense of defense response (Baek and Woo 2010).

Moraes et al. (2002) found higher variations in water-soluble thiols and peroxi-
dase activity at higher pollution load compared to ascorbic acid in P. guajava and P. 
cattleyanum around the industrial complex of Cubatão, SE Brazil. Mukherjee and 
Agrawal (2016) also observed an increase in ascorbic acid content in four tropical 
tree species (M. indica, P. longifolia, F. benghalensis, and P. guajava) growing at 
higher pollution load at different parks in Varanasi City, India. Baek and Woo (2010) 
observed an increase in thickness of cell wall in response to pollution load in P. 
indicus, which may be due to increase in defense-related metabolites to protect 
membrane damage (Fig. 7.4).

In the urban area of Varanasi City, Mukherjee and Agrawal (2016) found an 
increase in photosynthetic pigments with an increase in air pollution load in M. 
indica and P. longifolia, whereas F. benghalensis and P. guajava showed marked 
reductions. Carotene content showed a significant increase with higher pollution 

A. Mukherjee et al.



153

load in all the studied plant species with a maximum increase of 88% in P. longifo-
lia. Chl a/b ratio as well as TChl/Car ratio showed reductions in most plants with 
increasing pollution load. Leaf area, leaf dry matter content (LDMC), relative water 
content (RWC), and specific leaf area (SLA) were suggested to be important mark-
ers for stress tolerance under air pollution stress (Mukherjee and Agrawal 2016; 
Pandey and Agrawal 1994). Most studies have identified increases or maintenance 
of leaf biomass allocation and cellular turgidity at higher pollution load in tolerant 
plant species (Fig. 7.4) (Mukherjee and Agrawal 2016).

7.6.4  Foliar Bioaccumulation

Plants have the ability to accumulate, detoxify, and concentrate pollutants (De 
França et al. 2004; Mukherjee et al. 2016) that enable them to tolerate harsh envi-
ronments. PM constituents like HMs, PAHs, and ions after deposition can directly 
enter the leaf through stomata or via absorption through root after getting deposited 
in the soil. Nakazato et al. (2016) assessed foliar accumulation and enrichment fac-
tor for 36 elements in P. guajava and T. pulchra trees of the Atlantic rainforest and 
found P. guajava as a better accumulator of metals with distinct spatial- temporal 
variations with pollution load. Authors have also suggested the use of P. guajava for 
biomonitoring of toxic elements. De França et al. (2004) assessed the foliar metal 
accumulation in native trees of the tropical Atlantic forest located at the southwest 
portion of São Paulo State, Brazil, and found the lowest bioaccumulation of metals 
in Euterpe edulis, with exception of Cs and Zn, whereas the highest concentration 
of Se was found in the leaves of Tetrastylidium grandifolium and Eugenia cuprea. 
Hyeronima alchorneoides tree was identified as potential Co hyperaccumulator 
compared to other trees with 80–300 times higher accumulation of Co (Table 7.4).

Fig. 7.4 Different responses of plants in relation to air pollution tolerance
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Moraes et al. (2002) reported higher bioaccumulation of F, S, and N in P. gua-
java compared to P. cattleyanum and M. indica around the industrial complex of 
Cubatão, Brazil (Moraes et al. 2002). Authors also found 2–2.6 times higher accu-
mulation of F in P. guajava compared to other plants. Breulmann et al. (2002) ana-
lyzed 21 chemical elements in emergent (Dryobalanops lanceolata) and pioneer 
species (Macaranga spp.) in a tropical forest in Sarawak, Malaysia. Higher bioac-
cumulation was recorded in pioneer species compared to emergent species, which 
may be due to higher physiological activities in the former species. Higher bioac-
cumulation was also found due to extensive forest fire raging in Borneo and other 
parts of Southeast Asia, which increased the atmospheric load of certain elements. 
Singh et al. (1995) identified Calotropis procera as the best accumulator plant for 
Pb and sulfate around roadside receiving auto exhaust pollution in Lucknow City, 
India. C. procera followed by T. nerifolia, D. sissoo, and Eucalyptus sp. showed 
significant positive correlation between sulfate in leaves and SO2 in the ambient air, 
whereas correlations were insignificant for P. longifolia and P. glabra. Agrawal and 
Singh (2000) recorded increases in total S content by 41%, 25%, 35%, 27%, 33%, 
and 24%, respectively, in M. indica, P. guajava, C. siamea, D. regia, Eucalyptus 
hybrid, and Bougainvillea spectabilis around two thermal power plants in the 
Sonbhadra district of Uttar Pradesh, India, and found direct correlation with average 
SO2 concentrations in the ambient air. Plants growing near the power plants also 
showed higher bioaccumulation of Ca, K, Mn, Fe, Cd, Pb, and Ni, whereas the total 
N content was reduced.

High metal bioaccumulation was also reported in lichens (Shukla and Upreti 
2007). At five different sites of Pauri City in Garhwal Himalaya, India, metal accu-
mulation in Phaeophyscia hispidula, a common foliose lichen, was found higher for 
Fe, Cr, Cu, Zn, Ni, and Pb, which correlated well with traffic load at different sites. 
PAHs in leaves, bark, twigs, stem, and wood were estimated in a tropical rainforest 
near Manaus, Brazil, by Krauss et al. (2005). The order of PAHs accumulation was 
maximum in leaves followed by bark, twigs, stem, and wood. The study also identi-
fied that atmosphere is the major source of PAHs accumulation in plants.

Most of the studies analyzed in this review article showed a negative effect of air 
pollutants on growth and morphology with reductions in leaf area, height, biomass, 
size of stomata, and overall canopy size. Physiological parameters also showed a 
significant negative effect of air pollutants with variable responses in different plant 
species. Most of the tolerant species showed increases in enzymatic and nonenzy-
matic antioxidants with an increase in pollution load to cope up with the oxidative 
stress. The sensitive species, however, showed marked reductions in most of the 
studied leaf functional traits. Significant variability in bioaccumulation pattern 
among different plant groups and species was also ascertained. Higher accumula-
tion in most of the plant species under highly polluted environment indicates their 
tolerance which depends upon the nature of the plant, leaf characteristics, biochem-
istry, and physiology.

A. Mukherjee et al.



155

7.7  Conclusions

The tropical and subtropical regions harbor highly diverse ecosystems of the world. 
Overexploitation of resources and increasing demands for natural resources have 
drastically altered the dynamics of the tropical ecosystems. Air pollution is one of 
the major root causes of such changes in the tropics. Air pollution in the form of 
particulate matter, O3, nitrogen deposition, and hydrocarbons has deteriorated the 
air quality in the tropics. Both coarse and fine PM are identified as major air pollut-
ants in Southeast Asia, in South America, and in West and East Africa. NO2 and O3 
are the major gaseous air pollutants in the tropics, whereas SO2 concentrations are 
significantly lowered down in recent time. In most of the tropical region, air pollut-
ants are identified as a major stress factor for vegetation. The effects are more sig-
nificant in urban areas where air pollutant sources such as industrial, traffic, and 
combustion activities are higher. Apart from anthropogenic emissions, forest fires 
and prevailing meteorological conditions in the tropics also contribute to air pollu-
tion load. Air pollutants influence plants diversity by altering soil quality, litterfall, 
and decomposition rate. Vegetation responds to air pollution load by modifying the 
growth and morphological pattern, physiological activities, varying leaf functional 
traits, and bioaccumulation of pollutants. Lack of air pollution response studies in 
the tropical regions and different vegetation types limited the scope of this chapter 
to identify a broad range of air pollution effects in the tropics, although current 
evidence clearly highlights the negative influence of air pollution in different tropi-
cal and subtropical regions of the world. To estimate future effects of air pollution 
in the tropics, it is necessary to estimate projections of future emission patterns, air 
quality, deposition pattern, biodiversity, and pollution response assessment in the 
tropics.
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