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Abstract
Due to its deleterious and large-scale effects on the ecosystem and long-range transboundary nature, acid rain has attracted 
the attention of scientists and policymakers. Acid rain (AR) is a prominent environmental issue that has emerged in the 
last hundred years. AR refers to any form of precipitation leading to a reduction in pH to less than 5.6. The prime reasons 
for AR formation encompass the occurrence of sulfur dioxide  (SO2), nitrogen oxides  (NOx), ozone  (O3), and organic acids 
in air produced by natural as well as anthropogenic activities. India, the top  SO2 emitter, also shows a continuous increase 
in  NO2 level responsible for AR formation. The plants being immobile unavoidably get exposed to AR which impacts the 
natural surrounding negatively. Plants get affected directly by AR due to reductions in growth, productivity, and yield by 
damaging photosynthetic mechanisms and reproductive organs or indirectly by affecting underground components such as 
soil and root system. Genes that play important role in plant defense under abiotic stress gets also modulated in response to 
acid rain. AR induces soil acidification, and disturbs the balance of carbon and nitrogen metabolism, litter properties, and 
microbial and enzymatic activities. This article overviews the factors contributing to AR, and outlines the past and present 
trends of rainwater pH across the world, and its effects on plants and soil systems.

Keywords Acid rain · Organic acids · Yield · Soil pH · Plant physiology

1 Introduction

A worldwide increase in globalization and urbanization 
had augmented the consumption of energy from various 
sources. The use of fossil fuels mainly coal for the genera-
tion of electricity, oil in transport services, and the impact of 
industrialization has caused a higher degree of concentration 
of pollutants and particulate matter in the atmosphere, thus 
enhancing air pollution (Singh and Agrawal 2005). Greater 
access to energy improves both the economic growth and 
human development of a country, but this increase in energy 
demand also causes several environmental problems (Liu 
et al. 2019). Although the growth in renewables has been 

seen in all forms of energy since 2010, the proportion of 
fossil fuels in global primary energy demand remains above 
80% (World Energy Outlook 2019). Table 1 shows the sce-
nario of world primary energy demand (past, present, and 
estimated) by regions from 2000 to 2040. In India, energy 
demand outpaced global energy growth and oil demand grew 
by 5% in 2018 (Global Energy and  CO2 Status Report 2019). 
Fossil fuel consumption in India has increased from 208 mil-
lion tons per year in 2000 to 708 million tons in 2017 (World 
Energy Outlook 2019).

Acid rain (AR) can be defined as a combination of dry 
and wet deposition from the atmosphere having higher 
than normal concentrations of nitric  (HNO3), sulfuric acids 
 (H2SO4), and acidifying compounds which lead to a decrease 
in the pH of rainwater to less than 5.61. In 1845, AR was 
first been mentioned by Ducros, although a detailed study 
of AR was conducted by Robert Angus Smith (1872) and 
potentially harmful effects were described. There are vari-
ous sources and precursors of AR formation that result both 
from natural and man-made activities. Natural sources are 
volcanic eruption, decay of vegetation, lightening, and other 
biogenic activities, while human-induced sources include 
the burning of coal, natural gas, oil in thermal power plants, 
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and agricultural emissions resulting from the use of ferti-
lizers, pesticides, intensive farming of paddy, and stubble 
burning (Zhang et al. 2007).

AR had arisen as one of the major environmental disas-
ters in countries such as North America, Europe, and East 
Asia (Singh and Agrawal 2007). China suffered from a high 
frequency of events of acid deposition (Zhou et al. 2019). 
India is the second known emitter of  SO2, and emissions of 
both  SO2 and  NOx, the major sources of AR, are expected 
to grow at least until 2030 (Li et al. 2017; Andrade et al. 
2020). The events for the occurrence of acid rain (pH < 5.6) 
across India showed an increasing trend over the past four 
decades (Bhaskar and Rao 2017). Moreover, emissions from 
agricultural activities due to excessive use of fertilizers and 
pesticides add ammonia  (NH3) and reactive nitrogen  (Nr) 
species to the atmosphere, which further enhances the acid-
ity of depositions (Sutton et al. 2017).

Worldwide occurrence of AR could negatively affect 
ecosystem components causing forest declines (Zheng et al. 
2019) and loss of biodiversity, altering litter properties and 
enhancing soil acidification (Fei et al. 2020), leading to 
declining in soil microbial communities (Wei et al. 2020). 
One of the essential components of terrestrial ecosystems, 
plant productivity, is also negatively affected by AR pollu-
tion (Liu et al. 2018a, b), leading to loss of leaves, inhibi-
tion of growth, premature defoliation or premature aging, 
necrotic spots, and other visible symptoms (Bobbink et al. 

2010; Du et al. 2017). The aboveground parts get directly 
affected by AR, thus inhibiting the functions of wax bio-
synthesis, accumulation of intracellular  H+ ions, and other 
harmful ions in mesophyll cells (Shu et al. 2019). The exces-
sive accumulation of intracellular  H+ ions can induce oxida-
tive stress due to the generation of reactive oxygen species 
(ROS) (Neves et al. 2009). Acidification of water bodies 
makes the environment uninhabitable for plants and local 
animals and thus causes risks to their survival (Singh and 
Agrawal 2007).

Due to lots of repercussions on the ecosystem, control-
ling the emissions of acidic depositary compounds in the 
atmosphere can be one of the best solutions that can be pri-
oritized. Several steps were employed globally to decrease 
the emissions of  SO2 and  NOx like the use of cleaning 
technologies and equipment such as efficient boilers, oxy 
furnaces, and fluidized combustion beds (FBC or circula-
tion dry scrubber) in power plants and industries to control 
pollution, reducing the sulfur content of the fuel by using 
scrubbers such as lime injection multi-stage burning (LIMB) 
and flue gas desulfurization (FGS) (Ahmadi 2020). The use 
of selective catalytic reduction process (SCR), electrochemi-
cal reduction, selective non-catalytic reduction (SNCR), 
and wet scrubber to reduce NOx emission (Gholami et al. 
2020) were other control measures adopted to reduce acidic 
components in the emission. The expansion of renewable 
energy capacities (sources), such as hydroelectric projects, 
solar cells, nuclear power, windmills, and biofuels, for the 
production of electricity was enhanced instead of depend-
ency on coal (Mohajan 2018). In India, vehicular emission 
is one of the prime contributors leading to the worsening of 
the air quality of cities (WHO 2018). Steps taken to tackle 
the emissions are switching to low sulfur fuel (10 ppm) and 
implementing Bharat VI standards for engines; the intro-
duction of a National Automobile Scrappage Policy (2021) 
which ensures fleet modernization; increasing the distribu-
tion of electric and hybrid vehicles; and use of anti-smog 
guns and smog towers which helps to reduce pollution in 
the atmosphere.

This review focuses on the prevailing trend of decrease 
in pH of rainwater in the world and India as compared to 
earlier decades ago and the effects of AR on plant growth 
characteristics, its physiology, biochemistry, gene regula-
tion, and soil system.

2  Methodology

For the literature survey, 180 papers were selected for rel-
evant information by browsing the World Wide Web, Pub-
Med, Google Scholar, and ResearchGate. For finding related 
papers, keywords such as acid rain, acidic deposition, simu-
lated acid rain, emission from agriculture, effects of acid 

Table 1  Regional scenario of total primary energy demand by in the 
world

Values are in MTOE (million or mega tones in oil equivalent), modi-
fied from World Energy Outlook 2019

Location Year

2000 2018 2030 2040

North America 2678 2714 2717 2686
USA 2271 2230 2214 2142
Central and South America 449 660 780 913
Brazil 184 285 342 397
Europe 2027 2000 1848 1723
EU 1692 1613 1414 1254
Africa 489 838 1100 1318
South Africa 108 134 133 139
Middle East 365 763 956 1206
Eurasia 742 934 980 1031
Russia 621 751 767 786
Asia Pacific 3012 5989 7402 8208
China 1143 3187 3805 3972
India 441 916 1427 1841
Japan 518 434 387 353
Southeast Asia 384 701 941 1114
Total 10,037 14,314 16,311 17,723
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rain on plants, acid rain and reproductive organs, fertilizers, 
and acidic soil, were used. Finally, 150 articles published 
from August 1980 to October 2021 were considered. Data 
from Global Energy and  CO2 Status Report, Central Pol-
lution Control Board (CPCB), World Energy Outlook, etc. 
were also used.

3  Acid Rain Formation

Uncontrolled emissions of  SO2 and  NOx from various 
sources are the main constituents leading to AR. The emitted 
pollutants dissolve in atmospheric water vapor and turn into 
acids like  H2SO4 and  HNO3. The interaction of  SO2,  NOx, 
and  O3 in the atmosphere leads to many chemical reactions 
which finally form  H2SO4 and  HNO3 mists (Calvert et al. 
1985). Figure 1 depicts the schematic representation of the 
pathway of AR formation and consequent effects.

Poor quality coal contains 0.5% of sulfur (S) with 35–40% 
of ash, which gets emitted into the environment after getting 

burned in thermal power plants. This converts S into  SO2. 
Furthermore, it gets gradually oxidized into sulfite ion  (SO3

2−).

However,  SO3
2− gets oxidized into  SO4

2− in the atmosphere 
due to the presence of  NH3 and  O3, which finally get converted 
to  H2SO4 in clouds.
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Fig. 1  Schematic representation of the pathway of acid rain formation and consequent effects
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A recent study by Mallick et al. (2021) suggested a pro-
cess that can increase  SO2 concentrations in the atmosphere 
where  HOSO* can act as a source of S. The  HOSO* is gen-
erated as an intermediate in the combustion condition from 
the oxidation of S and was found to be quite stable in the 
atmospheric condition. The new reaction path of  HOSO* 
with  NH2

* has been identified which caused the in situ gen-
eration of  SO2 in the atmosphere.

Nitrogen (N) released from vehicular exhaust undergoes 
oxidation which after gradual oxidation turns into  NO2. Pho-
tochemical conversion takes place which leads to the forma-
tion of different forms of oxides of N that ultimately result 
in the formation of  HNO3.

The formation of AR involving  O3 is the most common 
reaction in the atmosphere. Photolysis of  O3 into nascent 
oxygen occurs which then reacts with  H2O and forms 
 OH− which then reacts with  SO2 and gets transformed into 
 HSO3

−.

Ozone plays an important role as an oxidant up to pH 5.0. 
In the liquid phase,  H2O2 is considered the most dominant 
oxidant for the conversion of dissolved  SO2 to  H2SO4 at 
pH range from 2 to 5 in the atmosphere, which is the main 
contributor for the acidification of cloudwater, fog, and rain-
water (Gonçalves et al. 2010).
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4  The Trend of Acid Rain Scenario

Countries like North America, Europe, and China are fac-
ing a huge number of problems due to acid rain in par-
ticular (Abbasi et al. 2013). The first evidence of AR was 
observed in the mid-nineteenth century. In 1972, United 
Nations held a conference in Sweden on the subject of the 
human environment which concluded that AR is a serious 
international pollution problem (Kowalok 1993). The pH 
of AR in Europe was reported to increase by 10% over 
the last 20 years. Presently, the acidity of rainwater in the 
countries of Europe such as Canada, Denmark, and Ger-
many was observed to be between 4.2 and 4.5 whereas 
it was 4.8 in the USA (Abbasi et al. 2013). In 2018, the 
pH of Poland’s rainwater lies between 3.64 and 7.36 with 
mean values ranging between 4.52 and 6.58 (Diatta et al. 
2021). According to Piñeiro et al. (2014), the pH of rain-
water in Coruña (Spain) is found to be 5.55. The pH values 
of precipitation of several European countries including 
Austria, Belarus, Croatia, Finland, Ireland, Italy, Norway, 
Switzerland, and the UK were reported by Keresztesi et al. 
(2019) to be between 4.19 and 5.82 with a mean of 4.80. 
The higher concentration of acidic anions  (SO4

2−,  Cl−, 
 NO3

−) compared to neutralizing cations  (Ca2+,  Mg2+, 
 NH4

+) can be considered a reason for the lower values of 
pH as reported.

As per US EPA (2013), the USA and Canada have 
decreased the near boundary activities of releases due to 
the implementation of the Cross-State Air Pollution Rule 
and litigation (CSAPR 2011) which reduced the sulfur 
and nitrogen deposition. This report further stated that 
the major decrease in the  SO2 and  NOx emissions and 
deposition of acid is due to the implementation of pro-
grams such as the Clean Air Interstate Rule (CAIR), Acid 
Rain Program (ARP), and  NOx Budget training Program 
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(NBP). It was also mentioned that the present emission 
levels were still not acceptable, and complete recovery of 
acid-sensitive ecosystems is not possible in near future 
(Ahmadi 2020).

Andrade et al. (2020) identified AR as a rising issue in 
several major cities of Brazil such as São Paulo and Rio de 
Janeiro where low pH values of 3.5 and 4.0 were reported. 
Akpo et al. (2015) reported a pH of 5.19 in Djougou, West 
Africa. At present,  SO2 emissions in the western parts of the 
world are decreasing and the ecosystem of these regions is 
improving (Shah et al. 2000), whereas the situation in the 
eastern parts of the world, especially in the regions of south-
central Asia, has continuously deteriorated over the years 
due to the growing size of the industrial sector and popula-
tion boom. AR has affected around two million square kilo-
meters in China and this area is also continuously expanding. 
Also, in around 44 cities in China, the pH values of rainwater 

lie between 3.8 and 4.5 while the mean value was around 
5.6 (Sun et al. 2016). According to Watanabe and Honoki 
(2013), the mean rainwater pH was found to be 4.7–5.3 in 
the Mt. Tateyama region near the Japan Sea. The presence 
of  CaCO3 in dust particles leads to the neutralization of 
acidic species of rainwater. The Japan Environment Agency 
reported an average pH of 5.2 in the 1970s and below 4.7 in 
2000 at Ryori on the Pacific coast which showed a fivefold 
increase in acidity (Shah et al. 2000). Table 2 shows the 
variations in the values of pH of various regions of the globe 
from 1980 to 2016.

In 2018, a World Health Organization (WHO) report has 
stated that many Indian cities including Kanpur, Faridabad, 
Gaya, Varanasi, and Patna are some of the most polluted 
cities around the globe in terms of air pollution. Studies 
on rainwater in India showed a range of pH from alkaline 
to acidic (Table 3). Metropolitan cities such as Mumbai, 

Table 2  Comparison of 
rainwater pH values in different 
regions of the world

Countries References

Range of pH (1980–1999)
USA
East 4.0–4.3 Driscoll and Wang (2019)
North west 5.1–5.2 Driscoll and Wang (2019)
West-middle west 5.0–5.5 Khemani et al. (1994)
North west 4.1–4.2 Khemani et al. (1994)
Mexico 4.2–4.5 Rodríguez-Sànchez et al. (2020)
Europe 4.1–5.4 Khemani et al. (1994)
Italy 5.18 Le Bolloch and Guerzoni (1995)
UK 4.1 Atkins et al. (1983)
India 6.5–7.0 Varma (1989b)
Northwest India 6.7–8.5 Varma (1989a)
China 4.1–4.9 Khemani et al. (1994)
Southern China 3.5–4.8
Malaysia 4.4–4.8 Malaysia (1983)
Kuala Lumpur 4.9–5.5 Malaysia (1983)
Japan 3.7–4.2 Bhatti et al. (1992)

Range of pH (2000–2016)
USA 4.7–5.1 Driscoll and Wang (2019)
Europe 4.19 to 5.82 Keresztesi et al. (2019) 
Northern Europe
Estonia 4.47 Keresztesi et al. (2019)
The UK 5.15 Keresztesi et al. (2019)
Central East Europe
Belarus 4.56–5.33 Keresztesi et al. (2019)
Southern Europe
Serbia 4.39 Keresztesi et al. (2019)
Spain 5.17 Keresztesi et al. (2019)
China 4.85 Xu et al. (2015)
Japan
Coastal area 4.7 Watanabe and Honoki (2013)
Toyama 5.77–6.62 Guo et al. (2011)
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Delhi, Kolkata, and Chennai, as well as cities located close 
to industrial areas, show evidence of AR. According to data 
from CPCB, there was a significant 2–threefold increase in 
 NO2 level as compared to  SO2 from 2004 to 2020 (Table 4) 
which has led to a rise in the frequency of AR. In India, AR 
is often ruled out due to the abundance of alkaline particles 
 (Ca2+,  NH4

+, and  Mg2+) in the atmosphere, but with increas-
ing emissions from vehicles and industries, the contribution 
of acidic components has increased in rainwater (Bisht et al. 
2015; Rao et al. 2016).

Events of AR in India have increased since the last dec-
ade. During 1970–1990, in India, the regions with lower pH 
values of rainwater have been increasing gradually but AR 
has still not been considered a threat in the country (Srid-
haran and Saksena 1990). Datar et al. (1996) assessed the 
annual precipitation volume-weighted means of monthly 
collected rainwater samples from 10 Background Air Pol-
lution Monitoring Network (BAPMoN) stations between 
1973 and 1990. The study revealed that the pH of rain-
water is decreasing in almost all stations but reductions 
in mean values were not significant (Datar et al. 1996) 
(Table 5). Based on sensitivity calculations done by using 
the RAIN-ASIA model, it was also predicted that the south-
east coastal regions are considered most susceptible to AR 
(Foell et al. 1995). According to Bhaskar and Rao (2017), 
Global Atmospheric Watch (GAW) stations reported that 
the mean pH of rainwater was highest and lowest at Jodhpur 
and Mohanbari while the values vary from 5.25 to 6.91. 
During 1981–2012, all stations recorded a decrease in the 
mean pH of the precipitation. It was also observed that the 
probability of rainfall with low pH has decreased in Srinagar 
during 2001–2012 but in all other stations, acidic rainfall 
percentage has increased from 1981–1990 to 2001–2012 
(Table 5). A rainfall of pH 3.67 has been reported from Alla-
habad. The mean pH value of rainwater was 5.32 during 
2003–2005 at Dhanbad, the coal city of India. Singh et al. 
(2007) stated that this part of the country has been dealing 
with large quantities of suspended particulate matter due to 
various activities such as mining, untreated outlets from the 
industrial sector, loading and unloading of coal, and vehicu-
lar emissions. At Mahabaleshwar, a hill station located in 
Peninsular India, a study assessed that there was a significant 
concentration of  SO4

2− and  NO3
− ions in the samples taken 

during the summer monsoon between 2016 and 2017, and 
about 23% of the rainfall occurrences were acidic in nature 
(Waghmare et al. 2021).

Table 3  Range of rainwater pH in different parts of India

Location pH range References

Bangalore 4.82 Shivashankara et al. (1999)
Darjeeling 4.2–6.1 Roy et al. (2016)
Delhi 6.4 Rao et al. (2016)
Dhanbad 4.01–6.92 Singh et al. (2007)
Guwahati 4.59–5.99 Garaga et al. (2020)
Haryana 5.51 Tiwari et al. (2008)
Kanpur 5.8 Tiwari et al. (2016)
Kolkata 4.4–6.9 Roy et al. (2016)
Korba 4.8 Chandravanshi et al. (1997)
Mumbai 4.8–6.4 Prathibha et al. (2010)
Pune 6.05–6.33 Rao et al. (2016)
Varanasi 5.18–7.08 Bisht et al. (2015)
Western Ghats, 

Mahabaleshwar
4.57–7.51 Waghmare et al.  (2021)

Table 4  Average concentrations of  SO2 and  NO2 at different cities of 
India

Source: CPCB;BDL, below detection level; NA, data not available

Location Annual average concentration (µg/m3)

2004 2020

SO2 NO2 SO2 NO2

Allahabad NA NA NA 35.6
Bangalore 9 52 2.14 23
Delhi 10 BDL NA 60.85
Dhanbad NA NA 32.3 35.66
Guwahati 4 14 6.3 13
Haryana 15 33 NA NA
Kanpur 9 20 54.6 43.87
Korba 13 20 7.3 17.33
kolkata 9 60 7.05 47.38
Nagpur 6.8 21 9 25
Pune 30 47 14.66 55
Mumbai 6 18 13.5 42
Varanasi 16 17 27.6 30
Visakhapatnam 10 32 51.75 18.62

Table 5  Range of rainwater pH in different parts of India measured at 
BAPMoN station (modified from Datar et al. 1996) and GAW station 
(modified from Bhaskar and Rao 2017)

Stations pH (1996) pH range (2017)

Allahabad 6.93 3.67–7.61
Jodhpur 7.42 5.36–8.20
Kodaikanal 6.28 4.66–6.60
Minicoy 6.58 4.66–7.42
Mohanbari 5.99 4.21–6.93
Nagpur 5.97 3.84–6.89
PortBlair 6.15 4.46–6.47
Pune 6.03 5.32–7.21
Srinagar 7.41 5.06–7.69
Visakhapatnam 6.01 4.01–6.94
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Apart from inorganic acids  (H2SO4,  HNO3, HCl), 
organic acids (weak acids) can cause the acidity of rainwa-
ter. Organic acids (OCs) are a pervasive component of the 
troposphere and present in gaseous form in the atmosphere 
(Sun et al. 2016). Acetic  (CH3COOH) and formic acids 
(HCOOH), as well as dicarboxylic acids such as oxalic 
acids  (C2H2O4), are most abundant in the atmosphere (Avery 
et al. 1991; Legrand et al. 2005). Yearly, in the extratropical 
northern hemisphere, carboxylic acid accounts for < 25% of 
rainwater  H+, 50% in the southern tropical continents, and 
around 25 to 50% in the southern hemisphere, causing the 
rainwater pH below 4.5 (Shah et al. 2000, 2020). It was esti-
mated that the presence of these compounds in urban envi-
ronments leads to 16 to 35% of the free acidity in rainwater 
and 65% in remote areas (Paulot et al. 2011).

Avery et al. (2006) reported different types of OCs in the 
rainwater of North Carolina, USA. Formic and acetic acids 
were the most abundant which comprised approximately 
75% of total OCs. The presence of OCs is also reported in 
marine areas of Puerto Rico of the Caribbean Sea (Gioda 
et al. 2011). The sources of OCs can either be direct or indi-
rect which include incomplete combustion of fuels in vehi-
cles, biomass burning, biofuels, fossil fuel, and vegetation, 
or formed in the atmosphere by photochemical reactions. A 
study by Cruz et al. (2019) reported that on average, 89% 
of acidity in the Brazilian city Salvador was caused by OCs 
(48% of acetic acid and 41% of formic acid) in contrast to 
11% by inorganic acids. A study of rainwater chemistry car-
ried out in Spain by Peña et al. (2002) reported that formic 
and acetic acids are dominant carboxylic acids in rainwater 
and led to 90 and 89% of acidity while oxalic and citric 
acids were present in lower percentages. A study carried 
out by Sun et al. (2016) in the area of Mount Lu in south 
China showed a significant amount of OCs in rainwater 
which contributed to 17.66% acidity. Kumar et al. (2014) 

suggested that the presence of OCs led to an increase in the 
acidity of rainwater in Delhi. Khare et al. (1997) reported 
the presence of aldehyde (HCHO), formic, and acetic acid 
in rainwater was reported during the monsoon period at a 
rural site in Agra.

4.1  The Annual Trend of  SO2 and  NO2 
Concentrations Across the World

SO2 and  NO2 concentrations depict significant spatial varia-
tions throughout the world. Higher percentage changes were 
recorded from tropical and subtropical countries including 
India, Bangladesh, Pakistan, and Thailand (Table 6). Varia-
tions in  SO2 and  NO2 levels depend on sources and prevail-
ing local, regional, and global meteorological conditions 
(Swartz et al. 2020). Krotkov et al. (2015) examined the 
long-term (2005–2015) spatial and temporal trends of  SO2 
and  NO2 pollution around the globe by retrieving data from 
the satellite-borne Ozone Monitoring Instrument (OMI) of 
NASA’s Aura satellite. It was reported that in many regions, 
pollution levels showed dramatic upward and downward 
trends while others showed opposite trends of  SO2 and  NO2. 
The period of 2005–2015 evidenced a drastic decrease in 
 SO2 and  NO2 levels in the eastern USA by 80 and > 40%, 
respectively, as a result of stricter emission regulations and 
technological advancements. Similarly, as per the data of 
EEA (European Environment Agency 2013), ~ 80% reduc-
tion in  SO2 emissions was observed in Europe during 
1990–2011. Between 1980 and 1990s, a remarkable reduc-
tion of  SO2 emissions was recorded in western European 
countries after which  SO2 levels dropped below the detec-
tion limit of the OMI, while insignificant changes have been 
reported for  NO2 on a regional level (Krotkov et al. 2015, 
2016).

Table 6  Spatio-temporal 
variations in the annual 
concentration of  SO2 and  NO2 
(in terms of percentage change) 
in different countries

ns, not significant; NA, not available
+, increase; −, decrease

Location Period SO2 (% change) NO2 (% change) References

Eastern USA 2005–2015  − 40  − 80 Krotkov et al. (2015)
EU 2005–2015  − 80  ns Krotkov et al. (2015)
South Africa 1995–2015     ns  ns Swartz et al. (2020)
Bolu city, Turkey 2016–2017  > +100  − 41.8 Döter et al. (2022)
Chhattisgarh, India 2005–2015  + 100  + 50 Krotkov et al. (2015)
North China Plain 2005–2015  − 50  − 40 Krotkov et al. (2015)
China 2014–2019  − 67.9  − 24.9 Zhao et al. (2021)
Upper North Thailand 2006–2016  + 50   ns Janta et al. (2020)
Islamabad, Pakistan 2005–2015   NA  + 46.7 Duncan et al. (2016)
Dhaka, Bangladesh 2013–2017  + 1.4  − 0.32 Rahman et al. (2019)
Busan, South Korea 2005–2014  + 9   ns Jang et al. (2017)
Tokyo, Japan 2013–2015   NA  + 13 Irie et al. (2016)
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Swartz et al. (2020) assessed the long-term inter-annual 
and seasonal trends of atmospheric  O3,  SO2, and  NO2 for 
21 years at the Cape Point Global Atmosphere Watch (CPT 
GAW) station, South Africa. The analysis revealed a con-
stant trend of  NO2 and  SO2 concentrations for long-term 
average (1995–2015); however, a nominal decrease was 
noticed in  SO2 levels between 1995 and 2004 and then a 
steady rise from 2005 to 2009. The annual average concen-
trations of  NO2 declined from 1996 to 2002 after which a 
consistent increment was observed with maximum concen-
trations in 2011 (Swartz et al. 2020).

Although being the world’s most severe  SO2 polluter, the 
North China Plain (NCP) experienced a decreasing trend of 
 SO2 since 2011, with about a 50% reduction from 2012 to 
2015. In contrast,  NO2 peaked in 2011, after a substantial 
increase of ~ 50% since 2009, which further showed a reduc-
tion of 40% between 2014 and 2015 due to the stagnant 
economic growth (Krotkov et al. 2015, 2016). Similarly, a 
study by Zhao et al. (2021) reveals that the annual average 
concentrations of  SO2 and  NO2 throughout China decreased 
by 67.9 and 24.9%, respectively, in 2019 as compared to 
2014. On contrary, from the period 2005 to 2015, India 
experienced escalating levels of  SO2 and  NO2 of more than 
100 and 50%, respectively, emitted from fossil-fuelled power 
plants and smelters (Krotkov et al. 2015, 2016). However, 
a significant reduction in the annual mean concentration of 
 SO2 in 2020 (approx.7–8%) was observed as compared to 
2010–2020. This change was evident due to the COVID-
19 pandemic-led national lockdown and the shutdown of 
industries as well as the implementation of effective control 
technologies such as the flue gas desulfurization (FGD) and 
scrubber (Kuttippurath et al. 2022).

Irie et al. (2016) investigated the annual trend analysis of 
 NO2 levels in East Asia and found that in Japan,  NO2 levels 
decreased from 2005 to 2013 including a larger decrease that 
tended to occur in metropolitan areas of Tokyo and Fukuoka. 
However, the  NO2 level increased by ~ 13%  year−1 from 
2013 to 2015. As per the observation of Ito et al. (2021), a 
significant reduction in (~ 75%)  SO2 concentrations has been 
detected in Japan over 30 years (1990–2018). Jang et al. 
(2017) observed an increasing trend of  SO2 levels in the 
rural and commercial sites of Busan, South Korea, through-
out the period from 2005 to 2014 due to local emissions 
from shipping industries, while  NO2 levels remain constant.

4.2  The Annual Trend of Rainfall pH

A comprehensive assessment of rainwater chemistry 
between 1978 and 2017 collected from proximal areas of 
the USA showed that 87.90% of samples have an acidic 
composition with pH values under 5.6, including 49.12% 
of pH values ranging between 3.04 and 5, while 34.97% 
and 15.91% of the pH values were between 5–5.6 and > 5.6, 

respectively (Keresztesi et al. 2020). European countries also 
recorded acidic to slightly acidic pH of rainwater ranging 
from 4.19 to 5.82 over two decades (Keresztesi et al. 2019). 
In a long-term analysis of precipitation from 2018 to 2022 
at Mt. Lushan located in South China, the pH of rainwater 
ranged from 4.9 to 7.9, having values of 5.8 as the annual 
volume-weighted mean pH of 87.7% of rainwater (Li et al. 
2022). The study also recorded an increasing trend in the 
annual flux of wet deposition during the entire experimental 
period with 3 times higher wet flux of nitrate (76.3 kg/ha/
year) than the annual wet deposition flux of sulfate (21.7 kg/
ha/year), indicating that acidic deposition is still a serious 
environmental issue in the region. Similarly, the period 
2000–2018 marked a significant increase in the pH of annual 
mean precipitation from 4.96 in 2000 to 6.88 in 2018 across 
the western Pearl River Delta region, south China (Liu et al. 
2021). The annual mean pH of precipitation for 20 years 
(1994–2013) at Fushan Experimental Forest, northeastern 
Taiwan, was 4.62 ± 0.62, having ~ 77% of the rainwater con-
sidered acidic with a pH of 5.0 (Chang et al. 2017). Itahashi 
et al. (2021) reported an increase in the annual mean pH of 
precipitation from 4.7 to 4.8 between 2000 and 2011 at the 
WMO-GAW station, Ryori, northeastern Japan.

5  Effects of Acid Rain on Plants

5.1  Growth and Yield

Acid rain causes deleterious effects on the agricultural eco-
system by retarding the growth of crops and affecting their 
production (Singh and Agrawal 2004). It has been well 
established that as compared to woody plants, herbaceous 
plants are more sensitive to direct injury by AR (Heck et al. 
1986). As compared to monocotyledons, dicotyledons are 
more sensitive toward AR (Evans 1988; Knittel and Pell 
1991). Anatomical alterations produced by AR are modi-
fication in the thickness of cuticle (Cape 1986), loss of 
trichomes in the epidermis, cellular deformation, collapse 
of the mesophyll cell, occlusion of stomatal cells, and the 
formation of scar tissue (Da Silva 2005). The detrimental 
effects of simulated acid rain (SAR) on morphology include 
chlorosis, necrosis, dehydration, wilting, early senescence, 
stunting, pathogen infection, and death (Fig. 2) (Milton and 
Abigail 2015). A study by Milton and Abigail (2015) inves-
tigated the impact of SAR on the morphology of okra at pH 
1.0, 2.0, 3.0, 4.0, 5.0, 6.0, and 7.0 (control) from seed to 
maturity. It was found that plants wilted when SAR of pH 
1.0 was applied. Yellow coloration and early leaf senescence 
were observed at pH 2.0. At pH 3.0, plants exhibited mild 
and marginal chlorosis while at pH 4.0 and 6.0 chlorosis, 
black spots and white powdery growth all over leaves due 
to fungal infection were found.
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The deleterious effects of AR have been reported on sev-
eral agricultural and horticultural crops such as broad bean 
(Singh et al. 1992), tomato (Debnath et al. 2020), soybean 
(Pham et al. 2021), maize (Papova et al. 2019), spinach, 
bush bean, radish (Hosono and Nouchi 1993), and wheat 
(Singh and Agrawal 1996, 2004). Haruna et al. (2016)  found 
that the SAR caused severe symptoms on leaves of papaya 
(Carica papaya), and small lesions were observed after the 
second spray of SAR of pH 4.5. However, after the 5th and 
8th spray, broad lesions, big necrotic spots on the lamina, 
and marginal necrosis appeared on the leaves at pH levels 
4.5, 5.0, and 5.5 respectively.

A study by Andrade et al. (2020) evaluated the effects of 
SAR on the leaf blade surface of Joannesia princeps, a tree 
species of rainforest. It was found that when the seedlings 
were subjected to SAR of pH 4.5  (H2SO4) compared to pH 
6.0 (control), microstructural damage was detected only 
in the youngest leaves, which led to wilting of epidermal 
cells. Structural alterations in stomatal guard cells were also 
recorded. Rodríguez-Sánchez et al. (2020) found that when 
two tree species Liquidambar styraciflua and Fraxinus uhdei 
were exposed to SAR of pH 2.5, 3.8, and 5.6 (control), vis-
ible leaf damage and cuticle alteration were only found at 
pH 2.5 in both the species.

Neufeld et al. (1985) examined the effects of foliar appli-
cations of SAR of pH 2.0, 3.0, 4.0, and 5.6 on seedlings 
of four deciduous tree species native of the eastern USA 
(Liriodendron tulipifera, Liquidambar styraciflua, Plata-
nus occidentalis, and Robinia pseudoacacia). SAR-induced 
foliar damage was only found at pH 2.0. P. occidentalis 
was found to be the most sensitive and L. tulipifera was the 
least, whereas old leaves of both species showed more dam-
age than young leaves. Da Silva et al. (2005) screened the 
response of the tropical tree species (Gallesia integrifolia, 
Genipa americana, Joannesia princeps, Mimosa artemi-
siana, Spondias dulcis) under SAR treatments of pH 3.0 
and 6.0 (control) by evaluating foliar injury, growth, and 
anatomical alterations in the leaves. It was found that all 
species showed chlorosis, necrotic spots, and curling of leaf 
blade after the first application of SAR, but J. princeps was 
found to be the most sensitive and S. dulcis was the least for 
foliar injury and seedling growth. In most sensitive species, 
necroses showed accretion of phenolic compounds, hyper-
trophy, and collapsed cells (Da Silva et al. 2005).

A pioneering study by Evans and Lewin (1981) estab-
lished a relation between rainfall acidity and plant response 
which predicted the overall impact of the ambient level of 
AR on yield or productivity. Evans et al. (1982) studied the 

a) High acidity b) Moderate acidity

Fig. 2  Underground regulation of soil microbes and fungi and effects 
on plant growth under AR stress: a high acidity, b moderate acidity. 
Abbreviations—(1) downregulation of the soil microbial community 
structure, decrease in the abundance of soil nitrogen-fixing bacteria, 
and decelerating the soil nutrient mineralization; (2) increase in myc-

orrhizal fungi which helps in remediation of heavy metals; (3) pro-
moting pathogen infection, changing root physiological conditions; 
PM, plasma membrane;  Ca2+, calcium ion;  Mg2+, magnesium ion; 
 Al3+, aluminum ion
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effects of different concentrations of SAR (pH 2.7, 3.1, 4.0, 
and 5.7) on the yield of alfalfa (Medicago sativa), garden 
beet (Beta vulgaris), kidney bean (Phaseolus vulgaris), and 
radish (Raphanus sativus). It was found that there were no 
significant differences observed in root mass of radish, kid-
ney bean, and alfalfa, while a significant reduction in yield 
of beetroot was observed at SAR of pH 2.7, 3.1, and 4.0. The 
SAR treatments caused reductions in plant growth and yield 
of corn (Banwart et al. 1988), coriander (Dursun et al. 2000), 
green pepper (Shripal et al. 2000), pinto beans (Evans and 
Lewin 1981), and soybean (Evans et al. 1981a, b). A control 
field experiment using greenhouse chambers was conducted 
to determine the effect of SAR of sulfuric acid rain of pH 
3.0, 3.5, 4.0, and 5.6 (control) on the yield of several crops 
such as beet, broccoli, carrot, cabbage, cucumber, radish, 
mustard greens, spinach, tobacco, cauliflower, potato, green 
pea, peanut, soybean, alfalfa, red clover, strawberry, tomato, 
green pepper, onion, corn, wheat, oats, barley, orchardgrass, 
bluegrass, ryegrass, and timothy (Lee et al. 1981). It was 
found that marketable yield production, i.e., total above-
ground portion and root weight, was inhibited in the case 
of beet, carrot, radish, mustard greens, and broccoli while 
stimulated for alfalfa, green pepper, orchardgrass, tomato, 
strawberry, and timothy when exposed to pH 3.0–4.0. Potato 
yield was also inhibited at pH 3.0 while stimulated at pH 3.5 
and 4.0. No significant effects on the yield of other crops 
were reported. Similar results found in tomato when treated 
by SAR treatment of pH 2.5 showed that the growth param-
eters including plant height, the number of leaves, shoot 
weight, and stem girth were reduced significantly (Debnath 
et al. 2020).

Singh and Agrawal (1996) conducted a field experiment 
on two cultivars of wheat (Triticum aestivum var. Malviya 
206 and 234) to assess the effects of SAR of pH 5.6 (con-
trol), 5.0, 4.5, 4.0, and 3.0. It was found that leaf area, shoot 
and root lengths, total biomass, no. of grains per plant, grain 
weight per plant, and yield  m−2 were decreased signifi-
cantly at all levels of SAR as compared to control. Similar 
results were observed when two different cultivars of wheat 
(Malviya 213 and Sonalika) were applied with SAR of pH 
5.6, 5.0, 4.5, 4.0, and 3.0. The reduction in yield of Malviya 
213 is observed at pH 3.0 and 4.0, whereas only at pH 3.0 in 
Sonalika as compared to control (Singh and Agrawal 2004).

One of the important forages used in China, Lolium per-
enne, when exposed to SAR of different pH 7.0, 6.0, 5.0, 4.0, 
3.5, and 3.0, showed increments in the root-shoot ratio and 
total biomass between pH 4.0 and 7.0 with the maximum 
value at pH 5.0, indicating that moderate acidity promoted 
the growth of leaves, while strong AR impaired the leaves 
and suppresses the growth of seedlings (Yin et al. 2021). The 
growth decreased below pH 5.0, with the greatest reduction 
occurred at pH 3.5. Several studies have also reported that 
the low acidity of rain improves seed germination, promotes 

the aboveground biomass, and increases overall biomass 
accumulation in the plants (Ramlall et al. 2015).

Pham et al. (2021) exposed soybean (Glycine max) plants 
to SAR of pH 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 6.0 (control). 
It was found that SAR of low pH decreased the germination 
rate, leaf area index, shoot length, and the number of main 
branches of the plants. The components of yield and actual 
yield also decreased especially in the plants treated with 
pH 3.0. A similar result was obtained in Manihot esculenta 
when subjected to SAR of pH 2.0, 3.0, 4.0, 5.0, 6.0, and 
7.0 (control) (Odiyi and Bamidele 2014). It was found that 
high acidity of SAR (pH 2.0 and 3.0) led to the significant 
reduction of plant height, leaf area, total biomass, relative 
growth rate (RGR), and the harvest index (HI) (Odiyi and 
Bamidele 2014).

SAR induced browning of leaves, with 70% leaf abscis-
sion in Vigna unguiculata when exposed to SAR of pH 2.0, 
3.0, and 4.0 as compared to pH 7.0 (control) (Odiyi and 
Eniola 2015). The RGR and HI were lowest compared to 
pH 7.0. Liang et al. (2015) reported that SAR at pH 5.5 
did not affect the RGR of rice seedlings as compared to the 
control. However, the maximum decrease of 79 and 57% in 
RGR of seedlings was observed when exposed with SAR of 
pH 3.5 and 2.5.

AR affects the plants either by damaging the foliage 
leading to a reduction in canopy cover and their growth 
or increasing susceptibility to drought as well as diseases 
(Aber et al. 2001). Acidic deposition impacted eastern USA 
red spruce and sugar maple through loss of Ca from cell 
membrane due to direct leaching from foliage or reduction 
in uptake of Ca from soil or due to losses of available Ca and 
Mg which made the trees more susceptible to winter injury. 
The Black Forest in Germany and Bavaria, Poland, the Czech 
Republic, and Switzerland are the areas in Europe most vul-
nerable under AR. Similar reports of a decline in the health of 
pine species have been reported in Asia (Driscoll and Wang 
2019). Asian pine species suffered negative effects due to soil 
acidification which results from nutrient inequality caused 
due to high Al and low Ca in soil (Driscoll and Wang 2019).

A field investigation on the seedlings of four tree spe-
cies from south China (Cunninghamia lanceolata, Fokienia 
hodginsii, Phoebe zhennan, and Pinus massoniana) revealed 
that SAR of high acidity (pH 2.5) significantly reduced the 
germination of F. hodginsii and P. zhennan, while SAR of 
pH 2.5, 3.5, 4.5, and 5.5 increased the germination of P. 
massoniana and had no effect on the germination of C. lan-
ceolata seeds (Gilani et al. 2021). The results further dem-
onstrated that seedling germination is more resistant than 
seed emergence, and seed germination in conifer species is 
less sensitive under SAR of pH 4.5 and 5.5 as compared to 
broad-leaved species. As a whole, AR of pH 3.5 was found 
to be the threshold level, and below this value, detrimental 
effects on seed germination and seedling emergence were 
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recorded (Gilani et al. 2021). In contrast, Lee and Weber 
(1979) found that SAR of pH 2.3 to 4.0 promotes seedling 
emergence and growth of woody tree species (Fig. 2b).

In nature, plants are rarely exposed to anyone kind of 
stress. Invasion by alien plant species causes a significant 
effect on the ecosystem. An experiment performed by Cheng 
et al. (2021) using four Asteraceae alien invasive plants 
(AIP), i.e., Conyza canadensis, Erigeron annuus, Aster 
subulatus, and Bidens pilosa, on germination of Lactuca 
sativa revealed that SAR of high acidity (pH 4.5) increases 
the process of invasion and allelopathy on the germination 
and root length of L. sativa.

5.2  Physiological and Biochemical Performances

Plant’s various physiological and biochemical traits were 
found to be negatively damaged by AR (Lee et al. 1981). 
The photosynthetic pigments in plants are most sensitive to 
air pollutants and are also identified as an indicator of the 
physiological status of plants stressed by AR. As shown in 
Table 7, different plants responded differently to acid depo-
sition, but there was a common response of reduction in 
foliar chlorophyll content of different plant species under 
SAR treatments. Likewise, AR hampered the photosynthetic 
activity; nonetheless, the effects of SAR on photosynthetic 
activities varied depending on the plant species, stage, pH 
of the acid rain, and environmental conditions (Tong and 
Zhang 2014). Copolovici et al. (2017) showed that the pho-
tosynthetic parameters including stomatal conductance and 
assimilation rate of Phaseolus vulgaris decreased drasti-
cally when sprayed with acidic solutions of pH 4.0 and 4.5. 
Assimilation rate recovered at the initial values after 2 h of 
treatments, while stomatal conductance increased as acidity 
increased. Similarly, Odiyi and Eniola (2015) reported that 
in Vigna unguiculata (cowpea) leaves, SAR of pH 2.0 and 
3.0 leads to reduced chlorophyll content as compared to the 
pH 7.0 (control).

The maximal photochemical quantum efficiency of Pho-
tosystem II (PSII) represented by Fv/Fm is widely used as a 
sensitive stress indicator of photosynthetic performance in 
plants. The decline in Fv/Fm in plants indicates an increase 
in non-photochemical quenching processes or photo-inac-
tivation of PSII reaction centers (Liu et al 2018b). In rice, 
when leaves are subjected to SAR of pH 3.5 and 2.5, it was 
found that Fv/Fm showed reductions but did not show any 
difference at pH 5.5 from control (Wen et al. 2011). It indi-
cates that the extremely high acidity SAR not only affects 
photosynthetic components but destroys chloroplast struc-
ture (Wen et al. 2011).

Sun et al. (2016) studied the impact of AR on chloroplast 
and its ultrastructure, photosynthesis, ATP synthase activity, 
gene expression, intracellular  H+ level, and water content 
of rice seedlings. It was found that at pH 4.5, 4.0, or less, 

chloroplast structure remained unchanged but got destroyed. 
It was also reported that SAR of pH 4.0 or less decreased 
the leaf water content, inhibits the expression of chloroplast 
ATP sythase subunits which caused decreased activity of 
chloroplast ATP synthase, reduced photosynthesis, and dam-
age the integrity of chloroplast structure, while at pH 4.5, 
the expression of ATP synthase subunits and activity got 
increased and promoted. It shows that AR influences the 
plant growth and development by changing the acidity of the 
cells which in turn affects the chloroplast ATPase transcrip-
tion and net photosynthetic rate.

Foliar application of SAR of pH 3.0, 3.5, 4.0, 4.5, 5.0, and 
5.5 on green leaves of 13 deciduous species (Acacia, Acer, 
Betula spp., Carpinus betulus, Castanea spp., Fagus, Jug-
lans sp., Malus domestica, Populus, Quercus robur, Salix, 
Tilia europaea, Ulmus minor) and 10 species of dicotyledon-
ous plants (Bellis perennis, Beta vulgaris, Brassica oleracea, 
Cucumis sativas, Lactuca sativa, Lycopersicon esculentum, 
Phaseolus spp., Petroselinum crispim, Solanum tubersum, 
Vitis) resulted into leaching of Ca, Mg, Fe, and Zn from 
the photosynthetic organs (Diatta et al. 2021). Intra-species 
variations were found in deciduous trees and dicotyledonous 
plants with more pronounced leakage of alkaline elements 
(Ca, Mg) and Zn. It was found that 77% of deciduous species 
showed very low to intermediate photosynthetic recovery 
implying that highly AR impacted trees have lower survival 
whereas, and dicotyledonous plants showed 70% (high to 
very high) survival. Mineral nutrients particularly Ca and 
Mg increased plants’ resistance to AR (Diatta et al. 2021). 
Zhou et al. (2020) found that SAR of pH 2.5 and 3.5 severely 
damaged the root plasma membrane (PM) permeability in 
Masson pine (Pinus massoniana) seedlings, while pH 4.5 
and 5.6 lowered the PM permeability, thus indicating that 
SAR can destroy the integrity of plant PM.

5.3  Effect of AR on Plants at the Genetic Level

A recent study by Raju et al. (2021) on Allium cepa roots 
revealed that SAR of sulfuric acid of pH 3.8, 4.08, and 4.4 
showed adverse effects on the morphological aspects of root 
and altered the root cells genetically compared to pH 4.63, 
5.32, and 7.0. The SAR of sulfuric acid of pH 3.8 and 4.08 
led to low root growth which is accompanied by a shorter 
root length in comparison with pH 7.0. Table 8 shows the 
mean root length and numbers of roots grown under different 
pH of SAR. It was found that the SAR of sulfuric acid of 
lower pH values (pH 3.8) significantly decreased the number 
of cells in prophase, metaphase, anaphase, and telophase, 
thus restraining cell division which led to lower mitotic 
index, causing the chromosome reorganization and thus led 
to modification in the number or structure of chromosomes. 
The chromosomal aberrations such as chromosomal bridges 
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Table 7  Effects of acid rain on growth and biochemical traits of plant species

Plant species Family Habit Biochemical changes References

Abelmoschus caillei Malvaceae Herb Reductions in chlorophyll, growth, and 
yield

Eguagie et al. (2016)

Acer ginnala Sapindaceae Tree Reductions in chlorophyll, net photosyn-
thetic rate (Pn), stomatal conductance, 
and intercellular carbon dioxide  (CO2) 
concentration with increasing acidity

Gao et al. (2021)

Amaranthus mangostanus Amaranthaceae Herb Reduction in chlorophyll with increase 
in carotenoids and no effects on Chla/
Chlb and Car/Chl ratios

Liu et al. (2020)

Bacopa monnieri Plantaginaceae Herb Reductions in size of starch granules, 
amount of granules per unit area and 
chloroplast in leaves, alterations in cell 
components

Behera et al. (2019)

Brassica campestris ssp. chinensis Brassicaceae Herb Increases in antioxidant enzyme activi-
ties, malondialdehyde (MDA) and pro-
line contents, and reductions in leaf’s 
SPAD value and root activity

Ma et al. (2020)

Camellia sinensis Theaceae Shrub Increases in antioxidant activity, proline, 
and MDA contents. Reductions in 
Mg content in plants with increase in 
acidity

Zhang et al. (2020) and Hu et al. (2019)

Capsicum annuum Solanaceae Herb Reductions in chlorophyll content, 
growth, and yield

Bamidele and Eguagie (2015)

Carica papaya Caricaceae Tree Reductions in photosynthesis rate and 
growth

Haruna et al. (2016)

Cinnamomum camphora Lauraceae Tree Increases in levels of  O2
−,  H2O2, 

and MDA content. Inactivation of 
enzymatic antioxidants (superoxide 
dismutase (SOD), peroxidase (POX), 
catalase (CAT), ascorbate peroxidase 
(APX), monodehydroascorbate reduc-
tase (MDHAR), dehydroascorbate 
reductase (DHAR), and glutathione 
reductase (GSH)). Reductions in APX, 
GSH, and carotenoids

Ma et al. (2019)

Cunninghamia lanceolata Cupressaceae Tree Decrements in chlorophyll fluorescence 
parameters and non-photochemical 
quenching coefficient (NPQ) and Fv/
Fm

Liu et al. (2018a, b)

Glycine max Fabaceae Herb Reductions in chlorophyll content and 
leaf area index (LAI)

Pham et al. (2021)

Hordeum vulgare Poaceae Herb Reductions in chlorophyll content, net 
photosynthetic rate, transpiration rate, 
and stomatal conductance at pH 4.5 
and 3.5 compared to 6.5

Hu et al. (2021)

Joannesia princeps Euphorbiaceae Tree Reductions in plant growth, photosynthe-
sis, and transpiration rates

Andrade et al. (2020)

Lolium perenne Poaceae Herb Reductions in chlorophyll content while 
increases in MDA content and relative 
conductivity with the aggravation of 
AR stress

Yin et al. (2021)

Mentha spicata Lamiaceae Herb Damage to plants, loss of freshness, 
etiolation and mortality

Papova et al. (2019)
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and fragments, nuclear lesions, micronucleus, polyploidy, 
binucleated nucleus, vagrant chromosomes, and sticky chro-
mosomes were also recorded.

A proteomic study on Arabidopsis thaliana using 2-D gel 
electrophoresis revealed that several genes that are involved 
in the light reaction of photosynthesis such as photosynthetic 
electron transport chain-related genes and light-harvesting 

Table 7  (continued)

Plant species Family Habit Biochemical changes References

Oryza sativa Poaceae Herb Inhibition of plasma membrane 
 H+-ATPase activity by decreasing 
expression of  H+-ATPase at transcrip-
tion level, resulting in membrane dam-
age and abnormal intracellular  H+, and 
reductions in photosynthetic efficiency 
and RGR 

Li et al. (2020)

Phaseolus vulgaris Fabaceae Herb Reduction in photosynthesis rate and 
increase in emission of volatile organic 
compounds (VOCs)

Copolovico et al. (2017)

Pisum sativum Fabaceae Herb Damage to photosynthetic apparatus Polishchuk et al. (2016)
Rhododendron delavayi Ericaceae Shrub Reductions in chlorophyll content and 

RGR 
Li et al. (2021)

Ricinus communis Euphorbiaceae Shrub Reductions in growth and photosynthesis 
rate

Haruna et al. (2016) 

Solanum lycopersicum Solanaceae Herb Increases in hydrogen peroxide and 
MDA contents

Debnath et al. (2020)

Solanum melongena Solanaceae Herb Reductions in chlorophyll and ascorbic 
acid contents and increase in sulfur 
content

Meenakshi and Sharma(2011)

Triticum aestivum Poaceae Herb Reductions in photosynthesis, transpira-
tion rate and stomatal conductance 
while increases in antioxidant activity 
(CAT, SOD, and POD)

Dolatabadian et al. (2013)

Vigna radiata Fabaceae Herb Reductions in the activities of SOD, 
POD, APX, nitrate reductase and nitric 
oxide content while increase in MDA 
content

Jiao et al. (2021)

Zea mays Poaceae Herb Reductions in the net photosynthetic 
rate, PEPCase, and RuBPCase activity, 
while no influence on Chla/Chlb and 
Car/Chl

Liu et al. (2020)

Table 8  Shows the means for length (cm), numbers of roots grown, 
and decline of mitotic index in different pH values of SAR (modified 
from Raju et al. 2021)

Treatments Number of roots Root length (cm) Mitotic 
index 
(MI)

pH 7.0 11 5.95 10.64
pH 5.32 6.6 5.18 8.46
pH 4.63 5.6 4.43 5.79
pH 4.40 5.4 3.43 7.04
pH 4.08 3.6 1.97 4.23
pH 3.80 4 1.32 3.27

complex in photosystem I (PSI)- and PSII-related gene were 
repressed, while genes related to cell defense were upregu-
lated under SAR (Liu et al. 2013). A study on Camellia sin-
ensis using transcriptomic analysis reported the expression of 
multiple genes associated with photosynthesis, N, and S, and 
carbohydrate metabolisms were altered under SAR treatments 
(Zhang et al. 2020). A total of six genes that are involved in 
light reactions are repressed which include two genes encod-
ing the protein of the light-harvesting complex of PSII, two 
genes involved in the PSII subunit, and one of PSI subunit 
and of ferredoxin-NADP ( +) reductase (FNR). This suggests 
that SAR directly damages the leaves, thus disturbing the 
light-harvesting and electron transfer process of PSI and PSII 
which in turn decreases the carbon assimilation efficiency 
of plants (Zhang et al. 2020). Genes involved in metabolism 
pathways of starch and sucrose as well in glycolysis such as 
phosphoglycerate kinase gene (PGK3), pectin methylesterase 
genes (PMEPCRA), enolase gene (LOS2), phosphoglycerate 
dehydrogenase gene (EDA9), and amidophosphoribosyl trans-
ferase gene (ASE2) were downregulated under high acidic 
treatment of pH 2.5.
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Debnath et al. (2020) analyzed the transcriptomic profile 
of greenhouse-grown tomato plants exposed to SAR of pH 
2.5 and 5.6 (control) and found that 182 genes were upregu-
lated, while 1046 genes were downregulated and 17,486 
genes showed no differential expression. The qPCR results 
used 15 genes to confirm the consistency and reliability 
of the profile, and among these genes, 11 genes which are 
related to plant secondary metabolites and 4 genes related to 
stress-responsive including bZIP, ERF, MYB, and WRKY 
family protein got downregulated in treated plants (Debnath 
et al. 2020).

A recent study by Yang et al. (2018) on soybean seed-
lings by using the next-generation sequencing platform has 
identified 416 genes that are related to the regulation of N, 
S, and photosynthesis, and carbohydrate metabolism showed 
alteration in expression when exposed to SAR. Moreover, 
different transcription factors that are related to abiotic and 
biotic stress such as WRKY, zinc finger proteins, MYB, and 
Ca signal pathway-associated genes were induced after SAR 
treatment (Liu et al. 2013).

6  Effects of Acid Rain on Soil

Being dynamic and complex in nature, soil can be easily 
affected by AR, which results in soil acidification and an 
increase in the exchange between  H+ and nutrient cations 
(Mg, K, and Ca) in the soil and results in leaching (Bree-
men et al. 1984). The growth of plants and soil fertility are 
affected indirectly by deficiency of these nutrients (Mishima 
et al. 2013). Nutrient deficiency inhibits nodulation in plants 
by limiting legumes’ ability to transmit signals that attract 
the rhizobia (Sullivan et al. 2017) and indirectly inhibits 
ectomycorrhizal fungal association with plants (Maltz et al. 
2019), which results in reduced plant vigor and productiv-
ity (Fig. 2).

Ma et al. (2020) found that AR influenced the soil’s 
chemical properties under Chinese cabbage cultivation. 
It was observed that spraying of SAR of pH 3.5 reduced 
the soil pH by 0.21, 0.19, and 0.15 units at a depth of 0, 4, 
and 8 cm as compared to the pH 7.0 (control). However, 
no significant difference was found in soil pH between 
treatments at pH 4.5, 5.5, and 7.0. Similarly, Zhou et al. 
(2020) found that SAR caused a lowering of both rhizo-
sphere and non-rhizosphere soil pH with the decrease of 
SAR pH in Masson pine (Pinus massoniana) seedlings. 
Wei et al. (2020) also showed that SAR of pH 5.5, 4.5, 
3.5, and 2.5 reduced the soil pH by 5.1, 6.8, and 7.0% 
in latosols, lateritic red soils, and red soils, respectively. 
Soils having a high cation exchange capacity (CEC) and 
clay content showed more resistance to SAR at low acidity 
levels of pH 5.5 and 4.5. The maximum decline of soil pH 
has been observed in the soil having the lowest CEC and 

clay content under SAR of pH 2.5. Latosols are found to be 
more resistant to AR and lateritic red soils are the least as 
the lateritic red soil contains the lowest soil CEC and clay 
content. The CEC of soil mainly rely on various physical, 
chemical, and biological properties of soil such as soil pH, 
clay, and soil organic matter, which helps to mitigate the 
effects of acidity on the soil. Pedogenic acidification also 
affects water holding capacity, porosity, and soil structure 
(Yadav et al. 2020). Furthermore AR composition also 
has an immense impact on soil chemical and biological 
properties.

AR negatively regulates litter decomposition and soil res-
piration (Mo et al. 2008), but hardly affects soil temperature 
and soil moisture (Wu et al. 2016). It was reported that SAR 
of pH 2.0, 3.0, and 4.0 decelerates the litter decomposition 
in birch, spruce, and pine (Francis 1982). The deposition of 
N is suggested to be one of the key drivers of C storage in 
the forest (Wei et al. 2012). The increase in the amount of 
N deposition could increase sequestration of soil C by sup-
pressing the decomposition of litter and soil organic carbon 
(Frey et al. 2014), and can decrease soil microbial biomass 
C. AR increases dissolved organic carbon in soil (Fang et al. 
2009). Wu et al. (2016) reported an increase in soil total 
organic carbon in topsoil (upper 10 cm) by 24.5% at SAR 
treatment of pH 3.0 compared to pH 4.5. Tang et al. (2019) 
also found that litter decomposition significantly decelerated 
in needle of Cunninghamia lanceolata and leaf of Cinnamo-
mum camphora under AR treatments.

A study reported that SAR treatments of pH 2.5, 3.5, 4.5, 
and 6.4–6.6 (control) on C. sinensis (tea) cultivated on red 
soil decreased the levels of both available soil Mg and Ca, 
while SAR of pH 2.5 leads to increase in ratios of Al/Mg and 
Al/Ca, but decrease N/Al in twigs and roots (Hu et al. 2019). 
When SAR of pH 3.0 along with earthworm and mycorrhizal 
fungi (MF) treatments were applied on seedling of maize, 
significant increments in shoot biomass, nutrient uptake, an 
abundance of functional nitrogen-fixing bacteria, activation 
of soil nutrients, and promotion of transfer to the root system 
were found (Wang et al. 2021). The study also suggests that 
soil acid-neutralizing capacity can be improved by the use 
of earthworm and MF which helps them to combat the low 
pH levels (Fig. 2) (Wang et al. 2021).

AR has a severe effect on the activity, mobility, and envi-
ronmental behavior of heavy metals (HMs) (Hernandez et al. 
2003). AR after falling on the ground may lead to the release 
of HMs from soil and thus alters the soil chemical status, 
groundwater contamination, and function of the decomposer 
community (Ding et al. 2011). Kim et al. (2010) reported that 
under acidic conditions, HMs such as Cd, Co, Cr, Cu, Mn, Ni, 
Pb, and Zn become more soluble and mobile. Accumulation 
of HMs in the soil also affects its fertility by forming ion com-
plexes with toxic metal ions such as  Al3+,  Pb2+,  Hg2+, and  Cd+ 
(Ling et al. 2010). AR leads to an increase in levels of soluble 
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Ni as well as Zn in soil except of Cu, Cd, or Pb as they are 
considered to interact with organic matter (Merino et al. 1994).

An increase in soil acidity also enhances the extract-
able aluminum  (Al3+) in the soil leading to Al toxicity 
(Hu et al. 2017). Mannings et al. (1996) reported that low 
acid treatments of pH 5.6 and 4.0 caused increased mobi-
lization of Al and Zn in soil, while Cu, Mn, and Pb were 
observed only at high acid treatments of less than pH 2.5.

Li et  al. (2015) found that SAR of pH 4.0 resulted 
in the release of HMs in the soil in decreasing order of 
Cd > Zn > Cu > Pb. In addition, HMs released after AR 
leaching was strongly associated with HM speciation and 
soil properties such as pH, texture, and organic matter. Ma 
et al. (2021) reported a significant reduction in the total 
concentration of Pb and Zn in soil when treated with SAR 
of pH 3.0, 4.0, and 5.6. The study revealed that high acid-
ity contributes to the release of soil colloidal particles, and 
significantly enhanced the mobilization of Pb and Zn in 
soils due to the formation of organic–inorganic complexes 
with colloidal particles that are covered with organic 
matter, oxides of Fe and Al, and microbial cells in soil, 
which provide strong adsorption surface to these metal 
ions (Sen and Khilar 2006). Kim et al. (2010) studied the 
effects of SAR of pH 3.0, 4.5, and 5.6 on the transfer and 
phytoavailability of HMs in soil collected from a paddy 
field near a smelter in China. It was found that phytoavail-
ability of HMs was strongly controlled by the pH of AR 
and lower pH can elevate the plant uptake of HMs, except 
Pb. After SAR treatments, total HM concentrations in soil 
were increased twice under pH 3.0 compared to pH 5.6. 
The concentrations of Cu and Zn were highest at pH 3.0 
and lowest at pH 5.6. However, Cd was found to be high-
est and lowest at pH 4.5 and 5.6 respectively. In the case 
of Pb, decreasing acidity led to increased availability in 
exchangeable and carbonate forms because Pb changed to 
an available phase only after desorption with strong acid.

AR causes changes in the micro-environment of the 
soil, thus resulting in inhibition of the soil micro-organism 
activities and enzymes of soil nutrient cycling which in turn 
negatively affects the conversion efficiency of soil nutrients 
such as N, P, and S (Wang et al. 2018). Killham et al. (1983) 
reported that when the Sierran forest soil planted with Pon-
derosa pine seedlings were sprayed with SAR of pH 2.0, 
3.0, 4.0, and 5.6, changes in microbial activity were most 
significant in surface soil. Soil respiration, dehydrogenase, 
and microbial activity were simulated under pH 3.0 and 
4.0, while SAR of pH 2.0 shows inhibition of respiration 
and enzymatic activities. Soils receiving SAR of pH 3.0 
showed increased arylsulfatase and decreased phosphatase 
activity, while urease was unaffected (Killham et al. 1983). 
Sinsabaugh et al. (2010) reported that AR affects soil hydro-
lase activity, while the activity of phosphatase shows an 
increasing trend with decreasing soil pH.

6.1  Effect on Soil due to Transition in Composition 
of AR

As the chemical composition of rainwater has been gradually 
changing, the shifting of AR from sulfuric to mixed and then 
nitric type has impacted soil enzymatic activity and microbial 
biomass differently (Li et al. 2021). When 2-year-old seed-
lings of Cunninghamia lanceolata, Cyclobalanopsis glauca, 
Pinus massoniana, and Phyllostachys edulis were exposed 
with SAR of sulfuric acid (S/N = 5), mixed acid (S/N = 1), and 
nitric (S/N = 0.2) acid of pH 2.5, 3.5, and 4.5, it was found 
that enzymatic activities decreased significantly under high- 
and mild-intensity AR treatments, and were lower than that 
under pH 7.0 (control). At lower acidity of all treatments, the 
soil rhizosphere enzyme activity was higher as compared to 
the control. The activity in P. massoniana, C. lanceolata, and 
P. edulis was inhibited more by nitric acid, while C. glauca 
was more inhibited by sulfuric acid (Li et al. 2021). Liu et al. 
(2020) also found that the activities of phosphatase, sucrase, 
and urease were higher under nitric acid as compared with 
sulfuric acid. Moreover, Liu et al. (2017) reported that increas-
ing acidity of sulfuric acid (pH 3.5, 2.5) and nitric acid (pH 
3.5, 2.5) leads to a decline in soil pH as compared to the pH 
6.6 (control). However, no significant difference was observed 
among the same acidity of sulfuric and nitric acid.

Lv et al. (2014) found that a decrease of  SO4
2−/NOx

− in 
the AR led to decrease of soil pH. The soil pH of the broad-
leaved forest showed significant reduction only under mixed 
and nitric acids (S/N = 0:1), while the coniferous forest showed 
a decrease in soil pH in all AR types. Under nitric acid treat-
ment, most soil enzyme activities except phosphatase were 
significantly lower than that in mixed acid (S/N = 5:1, 1:1, 1:5) 
and sulfuric acid (S/N = 1:0). The negative effects of nitric acid 
were more pronounced than those of sulfuric and mixed acid. 
The results revealed that the  SO4

2−/NO3
− ratio in AR is an 

important factor that has a profound impact on litter decom-
position, soil microbial biomass, and soil enzyme activities. 
Liu et al. (2021a, b) reported that AR of different S/N ratios 
(sulfuric acid = 5:1, mixed acid = 1:1, and nitric acid = 1:5) did 
not have a significant effect on soil pH at the initial period of 
the experiment except for nitric acid pH 2.5. Soil enzymatic 
activity of urease and phosphatase was affected when sub-
jected to AR with higher acidity. The activities of soil urease 
were highly intensified, and conversely, phosphatase activity 
decreased when exposed to nitric acid of pH 2.5.

7  Effects of Acid Rain on Reproductive 
Structures

The impact of AR is not limited to vegetative organs of the 
plants but also affects generative parts which include struc-
tures such as pollens and ovules. AR results in inhibition of 
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pollen germination and pollen tube elongation and as a result 
affects pollination and fertilization and changes the qual-
ity and quantity of seeds (Fig. 2). Acidity (pH < 3.1) causes 
morphological alterations in pollens below pH 3.0. The pol-
len germination was completely stopped in apple (Malva 
sylvestris) at pH 2.9 (Munzuroglu et al. 2003). AR reduced 
the sucrose permeability in pollen (Renzoni and Veigi 1991). 
Wertheim and Craker (1988) also found a reduction in pollen 
germination in corn (Zea mays) by 25% at pH 2.6 compared 
to 5.6. It was shown that pollen tube length decreased in date 
palm and rice with an increase in acidity of rainwater (Ismail 
and Zohair 2013). Nandlal and Sachan (2017) conducted a 
field study to assess the effects of SAR of 7.0, 5.7, 4.5, and 
3.0 on pollen germination of sunflowers which showed sig-
nificant reductions of 71, 51, and 43% in pollen germination 
at 5.7, 4.5, and 3.0 respectively.

Microscopic studies in bean plants reported variations in 
the ovule’s formation, development, structure, and protein 
content (Majd and Chehregani 1992). Plants grown in pots 
when subjected to SAR of pH 2.0, 3.0, 4.0, and 4.5 showed a 
reduction in the size of the embryo sac (34%), poor penetra-
tion of embryo sac into nucellar tissue, increase in the volume 
of the vacuole in nucellar cells, accumulation of starch-like 
particles in the embryo sac, and overgrowth of ovule integu-
ments leading to early blockage of micropyle canal (Majd and 
Chehregani 1992). Alterations in ovules resulted in abnor-
malities in seed formation and seed protein. The bean plants 
when exposed to an acidic solution of pH 2.0 set an average 
of 3 seeds as compared to 5–6 seeds in normal plants. There 
was no change in protein pattern and band numbers when 
seed storage protein was extracted and run on SDS-PAGE. 
Acidification of rain hampers gene regulation which may 
decrease protein production and cause modification of the 
quantity of protein bands (Chehregani and Kavianpour 2007).

8  Conclusion

Acid rain is one of the global-scale environmental chal-
lenges that have caused widespread negative effects on eco-
systems during the last several decades. Gradual increase 
in emissions of major acid rain precursors  (SO2 and  NO2) 
in the atmosphere has resulted in view of tremendous eco-
nomic development and industrial growth throughout the 
world. Acid rain, earlier identified as a problem of devel-
oped countries, has now spread in developing countries. The 
most economically developing countries like India, China, 
and Brazil are experiencing increased instances of AR fre-
quency. Emission patterns of tropical and subtropical coun-
tries revealed the threats by AR are going to be more adverse 
in the near future as evidenced from decreasing trend of pH 
of rainwater. AR has potential short-term as well as long-
term negative effects on plant integrity, forest and grassland 

ecosystems, and soil chemistry and biology. Acid rain affects 
plants’ biochemical, physiological, and cellular processes 
and causes alteration in gene expression. It enhances the 
chance of invasion of alien plant species through allelopathy. 
Soil physical and chemical properties and microbial com-
munity structure and functions are also negatively altered 
under AR influence.

Complications of acid rain have been tackled to some 
extent in the developed world by implementing the emis-
sion norms for the gases effectuating acid rain. To avoid 
such problems, robust and effective monitoring of emis-
sions along with stringent regulation policies is required to 
be adopted by the developing world. Additionally, increasing 
 NOx pollution around the globe changes the chemical com-
position of AR. A comprehensive assessment and prediction 
of the impacts of changing types of acid rain on plant growth 
and function, biodiversity, and soil properties are needed in 
view of scarce studies conducted on such aspects. Further 
investigations are also needed to assess the futuristic impacts 
of acid rain with a dynamically changing environment on 
different facets of plants and ecosystems in India and around 
the world which may give valuable insights into differential 
plant responses under AR stress.
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