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Abstract /l
This review seeks to elucidate the synergistic processes via which
air pollution and climate change jointly affect the incidence and the

extent of diseases related to agriculture. The review looks at the Article History
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combined effect of stresses on host-pathogen interactions to offer a Accepted: 30 March 2026
comprehensive knowledge of contemporary agricultural concerns. A
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how atmospheric pollutants like tropospheric ozone and particulate Crop-Pathogenic Interactions,
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and precipitation, with an emphasis on how these factors collectively

affect crop vulnerability. The synthesis shows that the combination of
pollutants and abiotic stresses dramatically changes the pathogenicity
of pathogens and promotes the formation of novel disease complexes.
Significant results show that host plant resistance is commonly hampered
by antagonistic signaling crosstalk; particularly, early signaling hubs
involving reactive oxygen species and phytohormones emphasize
abiotic stress responses, hence inhibiting immunological pathways. This
physiological trade-off makes crops more susceptible to diseases, which
can lead to significant losses in worldwide productivity. To ensure global
food security, disease management must move to climate-informed
systems that account for many concurrent stressors. Future research
should prioritize interdisciplinary techniques to identify specific genes
conveying different stress tolerances and develop effective forecasting
models that combine both weather and pollution data.
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Introduction

The task of guaranteeing global food security for a
rapidly growing population, anticipated to approach
10 billion by 2050, is progressively compromised by
the confluence of climate change's consequences
and environmental degradation."? Sustainable
Development Goal 2, which seeks to eradicate
hunger and foster sustainable agriculture, is being
jeopardized by the increasing frequency and severity
of plant disease outbreaks.*? Regional economy and
the stability of food systems are directly impacted
by agricultural diseases, which are thought to
cause an annual economic loss of about US$220
billion worldwide.?

There are several ways in which climate change
and agricultural health are related. The relationships
between plants and their diseases are significantly
affected by changing climatic factors, similar to
varied precipitation patterns and raised worldwide
temperatures, and higher atmospheric.* Elevated
levels may initially increase photosynthesis, but
these benefits are frequently outweighed by
diseases' increased virulence and geographic
range expansion into formerly temperate regions.?
Air pollution is a secondary "oxidative" danger
brought about by industrialization.® In addition to
directly harming crops physiologically, pollutants like
nitrogen oxides and tropospheric ozone interfere
with the plants' innate defense systems, increasing
their susceptibility to biotic invasion.* Even though
these environmental stressors clearly converge,
there is still a large knowledge vacuum about their
combined consequences. Conventional research
on plant pathology has mostly concentrated on
single-stressor models, looking at pollution or
climate change separately.® The synergistic or
antagonistic interactions that arise when a host
plant is concurrently exposed to air pollution and
climatic extremes are not taken into consideration
by this disjointed approach.” For instance, new
research indicates that the "crosstalk" between
abiotic and biotic stress signaling pathways
may result in unforeseen disease outcomes,
where a plant's resistance against one stressor
unintentionally increases its vulnerability to another.®
Although the individual effects of climate change
on agriculture have been well documented in the
past, this assessment stands out for its emphasis
on identifying linked effects. In contrast to previous
qualitative analyses that only consider insect pests

or a single environmental variable,® this study offers
a thorough overview of the ways that air pollution
and climate change interact to affect the molecular
pathways underlying pathogen development and
disease resistance.? This review highlights important
research gaps in multi-stressor modeling by
combining new results from ecological forecasting
and multi-omics studies. Our goal is to offer a
comprehensive framework that guides the creation
of climate-resilient farming practices and guarantees
that disease control procedures are strong enough
to endure the intricate, interconnected environmental
risks of the twenty-first century.58

Methodology

The current scoping systematic review was carried
out in accordance with the Preferred Reporting
Iltems for Systematic Reviews and Meta-Analyses
extension for Scoping Reviews (PRISMA-ScR) in
order to compile data regarding the combined effects
of air pollution and climate change on agricultural
illnesses. Three writers (AS, PB, and SKS)
independently implemented the search strategy
Scopus, SpringerLink, PubMed, Web of Science,
Google Scholar and ScienceDirect were among the
databases that were looked at. Research that was
released between 2003 and 2025 was considered.

The following Boolean combinations and search
phrases were used: “global warming,” “air pollution,”
“ozone (0s),” “particulate matter (PM,./PM,),”
“nitrogen oxides (NOx),” “sulfur dioxide (SO2),”
“ammonia (NHas),” “crop diseases,” “plant pathogens,”
“fungal infections,” “bacterial diseases,” “viral
diseases,” “vector-borne plant diseases,” “plant
immunity,” “oxidative stress in plants,” “reduction of
climate and pollution.”

Original experimental and modeling research
examining the independent or the interplay of
climate factors and air pollution on crop production
and plant diseases was deemed eligible regardless
of the study design (e.g., in vitro, in vivo, field
trials, greenhouse experiments, modeling studies).
Included were studies that were published in English.

The following criteria were used for inclusion (Fig. 1):
1. Research evaluating the impact on crops of

at least one air pollutant (Os, PM, NOx, SO,
NHs) and/or climate variable (temperature, CO-
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concentration, precipitation, humidity, severe
occurrences).

2. Studies assessing interactions between
plants and pests or pathogens under stressful
environments.

3. Research that reports on crop physiological
reactions, pathogen development, disease
incidence, severity, or yield results.

4. Original experimental, observational, or
modeling investigations that have undergone
peer review.

|

Records identificd through database searching:

(n=d500)

51

The criteria for exclusion were:

1. Research that only looks at the health of people
or animals.

2. Ecosystems that are not related to agriculture,
such as woods.

3. Only socioeconomic analysis devoid of
agronomic or biological information.

4. Non-peer-reviewed publications, conference
abstracts, or editorials.

5. Publications in languages other than English.

Duplicate records removed electronically before
screening between PubMed, NCBI and Google scholar

Records screened for experimental studies {n=325()

l [ ldentification

(n=1250)

Records excluded with reason: (n=2600)
=Mot relevant to climate change or air pollution
(n=1050)

-Mot related to agriculture (n=950)
-Review papers or opinion articles (n=350)
Non-English papers (n=250)

Abstracts excluded: (n=400)

Screening

Full-text articles assessed for eligibility (n=250)

-Irrelevant crop discase focus (n= 180)
-No climate-pollution interaction analysis (n=140)
- Insufficient data (n= 80)

Studies mcluded m quahtative synthesis (n=§0)

' ]

Full-text studies excluded, with reason: (n=170)
~Not focusing on agricultural crops (n=60)
- Only pollution studies without climate component
(m=50)

Climate change
effect on erop
disease (n=28)

Inclusion

Combined
pollution-elimate
inferaction
studies (n=26)

Air pollution
impact an crap
physiology and
disease (n=26)

- Only climate change studics without pollution
interaction {p=35)
-Insutficient modelling or experimental evidence (n=23)

Fig. 1: Prisma flow chart depicting inclusion and exclusion criteria

Results

Agricultural Crops

The effects of pollution of air (primarily ozone, but
also aerosols) and climate changes (like changes
in soil moisture and temperature) on different
aspects of growth, development, crop physiology,
and produce have been the subject of multiple
empirical research carried out in the past 20 years.°
They discover that this research offers important
information about the main interacting factors and
how they affect response variables like yield in
both positive and negative ways. However, they
are constrained in the variety of combinations of
pollution and climatic variables they investigate
for pragmatic reasons, which limits a thorough
comprehension of interactions because of access

to data. In this section, we explore the important
connections between climate factors and air
pollution. This provides additional insights into their
impact on crop yield and other vital services within
agricultural ecosystems. By increasing the quantity
of CO: available for photosynthesis, a greater CO:
concentration may help the plant use water more
efficiently. The CO: fertilization effect is the common
name for this phenomenon. However, pollutants
can change how plants access abiotic resources
like solar radiation by “dimming,” which reduces the
amount of solar radiation that arrives at the Earth's
surface, or by altering the characteristics of sunlight
irradiance through reflectance and absorbance,
which enhances the dispersed component. Whole-
canopy metabolism and possible feedbacks govern



SHARMA et al., Curr. World Environ., Vol. 21(1) 49-63 (2026) 52

how plants respond to stress combinations at
the canopy level. We go over a few of the most
significant connections between pollution and
climatic variables discovered in earlier research and
look at how they affect output. It's been shown that
Os pollution and climate conditions, especially CO-,
affect nutritional quality like protein yield and grain
concentration. CO2 and Os had large impact on grain
biomass but reduced effect on grain protein, limiting
wheat yield versus protein tradeoffs." Understanding
these pathways will help determine how air pollution
and climate change impact agricultural output and
nutritional quality. Since we have a very sophisticated
understanding of productivity-related concerns, the
latter is the main focus here.

The Repercussions of Air Pollution

Numerous air contaminants, including PM, SOz, Os,
NHs, NOx, and fluorides, have been shown to affect
agricultural crop development and productivity.'?
Because of the severity of the impacts of high ambient
concentrations and the presence of dangerous
levels of these pollutants, particularly over rural and
agricultural areas, Os and PM are considered to be
the most significant. Crops and fertile grasslands are
negatively impacted by Os, a potent and aggressive
oxidant. Several research studies have identified
decreased growth and productivity, noticeable
damage, alterations in photosynthesis, reduced
green leaf area, early leaf aging, and declines in
cereal grain quality. Numerous empirical studies
examine how varying concentrations of pollutants
impact crop development, yields, and physiological
responses establishing correlations through transect
studies, filtration experiments, chemical protection
assessments, and fumigation experiments. Flux-
based measures show that salad crops, soyabean,
tomato and wheat are most susceptible to climate-
related Os uptake. Each species type and cultivar
has a different sensitivity to Os."

PM, sometimes referred to as aerosols, includes
sulfates, nitrates, black carbon, dust, secondary
organics, and organic carbon when it comes to plants.
Variations in the amount of radiation and quality
will have the biggest impact on crop productivity.
However, aerosol deposition onto the canopy may
limit radiation penetration to the photosynthetic
machinery or wedge open stomata, which can
lead to the plant losing control of gas exchange
because of particle toxicity (for example, heavy
metal and acidic particles)." Plant productivity can
be increased by increasing the diffuse component
of radiation up to a certain point. Enhanced sunlight
absorption within the crop canopy, which enhanced
photosynthesis efficiency at the canopy level, or
alterations to the microclimate of crops that reduce
the need for transpiration cooling, are two potential
explanations for the impact of total aerosol load on
crops. Itis possible to evaluate how aerosols impact
radiation quality and quantity, in addition to the
effects on agricultural output, using semi-process-
based models (such as process- based models
and land ecosystem models). Regression models
have been used in other approaches to examine
the impact of aerosols, a significant element of the
Atmospheric Brown Cloud (ABC), impacting zonal
climatology factors like rainfall and temperature. The
immediate impacts of aerosol deposition on plant
development, along with the synergistic effects of
aerosols on climate factors (such as precipitation, the
amount and quality of radiation, and temperature),
lead to variations in crop yields that undoubtedly
necessitate further investigation (Fig. 2). However,
our lack of knowledge about the mechanisms by
which aerosols may impact crop productivity, both
directly (via crop damage from deposition) and
indirectly (through changes in meteorology), has
hindered studies that would properly study these
consequences of aerosols.™
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Fig. 2: The figure shows the various ways that agricultural systems are impacted by the main
causes of climate change, including rising temperatures, harsh weather, and changed rainfall
patterns. Heat stress and drought brought on by rising temperatures result in lower agricultural
yields, subpar nutrition, and changed growth cycles. Increased salinity, soil erosion, and fertility
loss are all consequences of extreme weather and high CO: levels. Variations in rainfall patterns
can lead to floods and waterlogging, which encourage the spread of invasive species, pests, and
agricultural diseases. Global food security is eventually threatened by these interrelated effects,
which lower crop productivity, raise food costs, and disrupt the food supply.

Dynamics of Change in Climate and Modifications
in the Transmission of Air Pollutants

Human activities are influencing the climate of the
Earth all the time, not just by making temperatures
rise and ice caps melt. The globalization and
concentration of pollutants is one of the most
alarming effects of change in climate.'® The change
upsets the delicate equilibrium of our ecosystems,
which has a cascade effect thatharms the environment.
Understanding how pollution and climate change
interactis crucial to addressing pollution's widespread
effects. (Table 1) Because the world is growing quickly
and cities are getting bigger, aerosol pollution has
become a big environmental problem. High levels

of PM, , particulate matter are often a symptom of
this big problem. But now there are some worrying
developments. CO: levels in 2019 were 40%
higher than in the 19th century. Most of this growth
happened after 1970, when the globe started using
more energy. The increase in CO: levels is primarily
due to the combustion of carbon-based fuels, which
contain low percentages of 13C and no 14C. This
depicts how human activity, notably carbon-based
fuel consumption, affects climate change.'®

The quality of airis governed by the combined effects
of climatic conditions and emission sources. The
latter is necessary for understanding how chemical
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changes and cleanup procedures, which can be
either dry or wet, affect pollution levels. Bad weather
conditions that help or hamper pollutant distribution
are significantly responsible for city pollution
occurrences. To reduce global air pollution and
protect environmental sustainability, meteorology,
emission sources, and pollutant dispersal must
be understood."” Climate change-induced surface
cyclone frequency increases were projected to
worsen and extend regional air pollution events in
the Midwestern and northeastern US, especially for
black carbon and CO combustion.'® Several studies
suggest that localized mitigation measures and the
possibility of exceeding air quality requirements
affect how climate change affects other pollutants,
particularly PM and SO:." The movement of

pollutants across borders and air quality will be
impacted by changing global atmospheric circulation
patterns at both local and regional levels.?

Beyond temperature increases and ice cap melting,
human activity has a constant impact on Earth's
climate. Globalization and the buildup of air pollutants
are among the most alarming effects of climate
change.' These changes upset the natural systems'
ecological balance, which has a domino effect on
the ecosystem. Therefore, reducing the extensive
ecological and socioeconomic effects of pollution of
air and climatic change requires an understanding
of their intricate linkages.

Table 1: The table shows how main air pollutants and climate variables interact to affect
crop-pathogen systems

S. AirPollutant Climate Disease/ Crop Outcomes
No. Types Factor(s) Pathogen studied
Impact
1 Os Elevated COs, Altered Soyabean Elevated CO: partially
heat stress pathogen mitigated ozone damage,
resistance but increased foliar disease
incidence in high humidity
conditions.?'
2. PM,,, Drought Leaf blight Rice Aerosol deposition changed
Aerosols severity the leaf microenvironment
and aided pathogen growth
during drought stress.??
3. NO(X), Increased Rust and leaf Maize Pollutant-induced stomatal
SO: humidity and spot diseases damage promoted pathogen
extreme penetration under humid
rainfall climate situations.°
4 Os Elevated Increased Wheat Ozone-induced oxidative
temperature, susceptibility stress lowered plant immunity,
altered to fungal making fungal infections
precipitation pathogens more severe as temperatures
rose.?
5 PM, Temperature Aphid- Barley Warming increased pest
NOx rise in higher transmitted dispersal range, but pollution
latitudes viral diseases stress reduced host

resilience.®
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Sorghum

and Maize

Rice

Wheat

Millet

Soil degradation during
climate stress increased
sensitivity to soil-borne
illnesses.®

CO: fertilization led to
increased biomass, which
facilitated the growth of
blast pathogens.?

Climate-induced nitrogen
deposition increased canopy
density, hence expanding
disease microhabitats.?”

Reduced sun exposure
and changed canopy

55

SO, Extreme Root rot
Aerosols drought and pathogens
soil moisture

decline
Os Elevated CO:2 Blast disease

(CO2

fertilization

effect)
NHs, Heat waves Powdery
Secondary and evapo- mildew
aerosols transpiration
Atmospheric  Changing Fungal
Brown Cloud rainfall infection
(ABC) patterns frequency
Aerosols

humidity increased
pathogen sporulation.?

Global Climate Change's Immediate Implications
on the Production of Agriculture

When it comes to agricultural output, the effect of
farming cycles and climatic change and productivity
is one of the most urgent issues. The stability,
livelihoods, and sustainability of farmers are greatly
threatened by these concerns.

Climate Change's Effect on Crop Cycles

Climate changes have usually shortened agricultural
growth times and increased temperature swings,
which may result in crops accumulating insufficient
levels of nutrients. Crop growth will be constrained
by reduced sunlight, and variations in daylight hours
can impact agricultural growth cycles. Additionally,
crops’ flowering and grain-filling periods may be
impacted by climate change, leading to varied
degrees of drought and frost damage. It explored
how climate change affects agricultural development
cycles worldwide and the significance of flexible
management regarding planting schedules and
varieties. Additionally, this study discovered that
temperature is the primary factor affecting crop
development in latitudes above 30-S. Spring and
winter crop planting dates are usually dictated by
the commencement of the warm and cold seasons.
The research has examined the impacts of global
temperature alteration to the crop change on crop
development and the water cycle by growing
summer maize and winter wheat on the North China

Plain under rigorous management of irrigation. This
study examined how future climate change will affect
crop output and hydrology using estimates from
several global climate models (GCMs) in CMIP5
and CMIP6, along with an enhanced SWAT model.
Employing the dynamics of leaf area index (LAl) for
summer maize and winter wheat, both crops were
expected to start and mature earlier. This adjustment
increases ultimate output and daily total biomass.
This study examined how climate change influenced
irrigation needs and supplies for important cereal
crops in the Brahmaputra basins, Indus, Ganges of
South Asia. The study found that climate change will
dramatically reduce rice and wheat growing seasons
and disrupt crop growth phases.?

The Effects of Climate Change on Farming Output
Climate change presents intricate challenges for
global crop production. Rising temperatures lead
to increased evapotranspiration, which accelerates
the loss of water through evaporation and results
in drier soil, making it more difficult to obtain
water. All of these reduce agricultural production.
The study found that climate change has altered
compound heat-humidity stress factors, affecting
crop heat sensitivity and higher temperatures. This
study explores climate change, including increased
temperatures, disturbed precipitation patterns,
droughts, and elevated CO: levels. Climate change
may affect agricultural productivity sooner rather
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than later, as high-latitude areas may have higher
yields while low-latitude tropical regions may have
reductions. It examined how global climate change
affects wheat, maize, millet, sorghum, and rice yields
by increasing temperatures, carbon dioxide levels,
and water availability. This study says that if we don't
take steps to adapt, crop yields might drop by 7%
to 23% in the worst-case climate change scenarios.
The researchers also said that nitrogen control and
irrigation were regarded to be the best ways to adapt,
but their high cost might make them impossible in
locations where water is hard to come by. Due to
the multifaceted consequences the effect of climatic
change on farming output, overseeing the stability
of food on a regional and global scale will require a
detailed review of many factors.”

Global Climate Change's Secondary Implications
on Agricultural Production

Climate change-induced environmental alterations
substantially affect agriculture. Decreased soil
fertility, increased occurrence and severity of severe
weather events, and alterations in the transfer of
diseases and insects are among these changes.
Food security issues may arise as a result of these
unforeseen consequences, which may also reduce
agricultural production.

Climate Change's Effect on Unfavorable Climate
Occurrences

Agricultural systems are under significant danger
due to climate change-related increases in the
frequency and severity of extreme weather events.
These occurrences have the potential to seriously
harm crops, completely ruin harvests, and seriously
disrupt agricultural infrastructure, all of which
can lead to increased food costs and unstable
economies. Major commodities like coffee, maize,
and soybeans that are essential to the global
food supply chain are supplied by Brazil, one of
the world's top agricultural producers. Brazil's
agricultural output is extremely susceptible to
droughts, hailstorms, and frost occurrences,
according to analyses of past crop loss and extreme
weather data. In particular, protracted droughts
have drastically decreased the country's agricultural
output, disproportionately harming farming areas
that are economically and environmentally fragile.
Smallholder farmers, local and global commodity

markets, and agricultural finance and subsidy
systems have all been negatively impacted by these
losses.*® The yields of maize, barley, rapeseed, and
winter wheat have also been significantly impacted
by extreme weather events in Germany, such as
waterlogging, extreme summer temperatures, frost
episodes, and dry conditions. Three main compound
climate patterns that affect agricultural output have
been discovered by research, emphasizing both
past trends and anticipated increases in concurrent
extreme events. The findings emphasize that
drought remains the dominant threat to Germany’s
agricultural sector, causing considerable production
and financial losses.®' Extreme weather events
affect interrelated food supply chains in ways that
go beyond direct yield implications. Fruit, vegetable,
and livestock production are the industries most
impacted, although secondary sectors like logistics
and transportation also suffer major indirect effects.
In response, scientists have put forth creative
adaptation techniques meant to reduce hazards
associated with climate change and strengthen
resistance to compound catastrophic occurrences.
As a result, improving agricultural ecosystem
protection, restoration, and system adaptability has
emerged as a top concern in current agricultural
research and policy formulation.®'

Climate Change's implications on Soil

Climate change disrupts soil organic carbon reserves
due to rising temperatures and changing precipitation
patterns, which threatens soil biodiversity, fertility,
and structural integrity while worsening salinization.
The increasing occurrence of droughts, floods,
and other extreme weather events hastens the
breakdown of soil organic matter, which generates
nutrients depletion and lower soil productivity.?
These combined changes undermine soil fertility and
thereby limit crop growth and yield potential. Extreme
weather conditions also alter soil moisture dynamics
and its physicochemical properties, impacting both
soil structure and crop performance. Drought induced
by climate change has been demonstrated to modify
plant-soil interactions by diminishing photosynthetic
efficiency, reducing soil oxygen levels, and changing
soil microbial communities. Such alterations
disrupt root development and lower plant species
diversity, ultimately affecting ecosystem stability
and productivity. The importance of soil quality and
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condition in determining biomass production under
climate stress was further demonstrated by an Italian
case study. The study showed that soil deterioration
severely limits biomass output under changing
climatic circumstances by assessing material
qualities, structural elements, and soil management
techniques.®® At larger landscape scales, structural
modeling techniques also show that increasing
aridity and rising temperatures decrease agricultural
output and land multifunctionality.®?

Climate Change's Effects on Diseases and Pests
The developmental rates, geographic distribution,
and infection dynamics of insect pests and
plant pathogens are all significantly impacted
by temperature-driven climatic variations. As
ectotherms, insects are extremely sensitive to
temperature; warming increases their ability to feed,
reproduce, and disperse. For instance, modeling
studies indicate that for every degree Celsius of
warming, insect-induced yield losses in wheat, rice,
and maize could rise by 10-25%.3* One obvious
example is the spread of the autumn armyworm
(Spodoptera frugiperda) in maize (Zea mays), whose
range has expanded into formerly colder locations
as a result of rising temperatures, resulting in yield
losses in impacted areas of 15-30%.% In a similar
vein, warming has made it easier for the Colorado
potato beetle (Leptinotarsa decemlineata) to spread
poleward, which has increased pest pressure in
areas that grow potatoes. Climate-related factors
also have a significant impact on fungal infections.
In rice blast caused by Magnaporthe oryzae, higher
temperatures and humidity accelerate sporulation
and shorten infection cycles, resulting in 10-30%
yield losses under ideal epidemic circumstances.?’
Due to warming winters, Puccinia striiformis-caused
stripe rust in wheat (Triticum aestivum) has spread
to higher latitudes and altitudes, increasing disease
incidence in areas that were previously thought to
be low-risk.?* Another climate-sensitive disease is
Phytophthora infestans, which causes late blight
in potatoes (Solanum tuberosum). Increased
rainfall and mild warming prolong leaf wetness and
promote pathogen proliferation, hastening epidemic
breakouts and causing yield losses of more than
20-40% in harsh seasons.?® Similarly, soybean
productivity in tropical and subtropical locations is
threatened by soybean rust (Phakopsora pachyrhizi),

which exhibits increased survival and spread under
warmer, humid circumstances. Additionally, vector-
borne illness transmission is altered by climate
change. For instance, higher temperatures promote
aphid reproduction, which speeds up the spread of
the barley yellow dwarf virus (BYDV) in cereal crops,
increasing the frequency of infection and causing
yield instability.

Significantly, climate changes alter the phenological
synchronization between diseases and crops
in addition to increasing pest numbers. Longer
growing seasons in higher latitudes may lead to
a rise in pathogen pressure, although excessive
heat in tropical places may suppress certain
infections while intensifying others based on the
availability of moisture.?” These intricate regional
variations highlight the fact that rather than acting
as a consistent driver of disease epidemiology,
climate change functions as a dynamic regulator.
Global security of food is seriously threatened
by climate change, which dramatically increases
the risks of pests and diseases, according to
empirical and modeling data. Therefore, in warmer
scenarios, integrated pest management (IPM)
techniques, early-warning disease forecasting
systems, and climate-resilient crop breeding become
increasingly important.

Adverse Consequences of Air Pollution on
Crops and Plants are Altered by Atmospheric
Conditions

Plant growth is directly impacted by climate factors
like CO2, while plant adaptation to air pollution
is indirectly impacted. The negative impacts of
increased (Os) on several physiological, growth-
related, developmental, and yield indicators are
significantly mitigated by drought and increased
(CO2) levels. The advantages of increased CO:
levels appear to be somewhat superior to those of
drought. Crop responses to pollution may be altered
by management strategies, including increased
irrigation due to climate-related water stress, which
could enhance gas exchange. Growing seasons
would probably become warmer and drier due to
climate change, which could exacerbate the effects
of Os. The leaf area index (LAI) slightly increases as
CO:levels rise. This willimpact a number of elements
that affect plant development and productivity, such
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as canopy microclimate, Os deposition, and stress
in soil water. Temperature variations throughout
the year will have an impact on phenology, or the
growth period, which will alter the crops' growing
season and the degree of pollution to which they are
exposed. For example, extended growing seasons
with elevated Os concentrations may occur due to
increased temperatures, provided that heat stress
does not hinder growth and output. In contrast,
elevated temperatures may expedite plant growth,
hence diminishing the duration of crop exposure to
detrimental Os.3' Additionally, it was proposed that in
Northern Italy, milder winter temperatures and wetter
springs caused more noticeable wheat leaf damage.
Because farmers will select crops that can withstand
the unique combination of high temperatures, heat
stress, and droughts that are typical in their region,
climate change will also have an impact on where
crops are cultivated.

Mechanistic Analysis of Climate and Pollution
Interactions

Through interrelated physiological, biochemical, and
ecological mechanisms, air pollution and climate
change interact to increase crop sensitivity beyond
additive assumptions. Hydrogen peroxide (Hz02),
superoxide radicals (O2-), and hydroxyl radicals
((*OH), are among the reactive oxygen species
(ROS) that are produced when tropospheric (Os),
one of the most phytotoxic pollutants, enters leaves
through stomata. In the end, these ROS hinder
photosynthetic carbon assimilation by causing
lipid peroxidation, membrane instability, Rubisco
breakdown, and chlorophyll loss.”™3' In key crops
like wheat and soybean, long-term exposure to Os
has been demonstrated to lower photosynthetic
efficiency by 10-40% and grain yield by 5-30% in
field settings'™ (ISR) Induced systemic resistance
and (SAR) Systemic acquired resistance, are
weakened by oxidative stress's additional disruption
of phytohormonal defense pathways, specifically

salicylic acid (SA) and jasmonic acid (JA) signalling.
Rising global temperatures also change the dynamics
of pathogens and vectors. Under ideal humidity
regimes, higher temperatures decrease latent
infection times, speed up fungal growth cycles,
and increase sporulation rates by roughly 15—
50%.27-3% Additionally, warmer weather increases
the geographic distribution of insect vectors,
strengthening the transmission efficiency of viral
and bacterial pathogens. Synergistic interactions
arise when certain stresses co-occur. (Table 2) While
climatic change increases pathogen virulence,
reproductive rates, and infection pressure, Os-induced
impairment of stomatal function and antioxidant
systems lowers host resistance. According to
experimental research, the combined impacts of
heat and Os exposure can reduce yield by more
than 25-35%, which is higher than the total impact
of separate stressors'®'® This synergy results from
the fact that oxidative damage caused by pollutants
weakens plant immunity at the exact moment
when the climate encourages rapid pathogen
multiplication. Climate change also affects soil
moisture regimes, leaf wetness duration, and
canopy microclimate at the ecological scale, which
has an indirect impact on disease epidemiology.
Thus, the necessity for integrated multi-stressor
assessment frameworks is reinforced by the fact
that air contaminants and climate factors interact at
the molecular, physiological, and ecosystem levels.

Future Research Challenges

Barriers to Representing the Joint Impacts of
Airborne Pollution and Climatic Change

The literature analyzed in this study emphasizes
substantial challenges in evaluating the amalgamation
of consequences of air pollution and climatic change
on agricultural crops, which is essential for enhancing
predictions of future consequences associated with
variations in both factors. A summary of the key
encountered is presented in the following points:
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Table 2: The main combinations of pollution and climate stress that impact crop-pathogen
systems are compiled in this table

Stress
Combination

Crop-Pathogen
System

Mechanistic
Interaction

Quantitative Impact

Os+ Drought (Glycine max)
Soyabean- rust

(Phakopsora pachyrhizi)

High (Oryza sativa)
humidity Rice- Blast
+ Heat (Magnaporthe oryzae)

Elevated Os +
Heat Stress

(Triticum aestivum)
Wheat-Leaf rust
(Puccina triticina)

Drought + PM
(Aerosols)

(Zea mays) Maize

Elevated CO: +
Elevated Os

(Glycine max)
Soyabean —
Asian rust
(Phakopsora
pachyrhizi)

Oxidative stress impairs
root growth; stomatal
closure reduces

carbon assimilation

Shorter infection
cycles, increased
fungal sporulation

Accelerated pathogen
life cycle under warming
+0s- induced ROS
production

Soil moisture stress +
reduced stomatal
conductance + impaired
radiation penetration

Partial stomatal
closure under COz;
altered salicylic acid
signaling; modified
defense response

15-30% yield
reduced.'326

15-30% increase
in disease severity.?”

20-35% yield reduction
under dual exposure
conditions.%13

10-25% decline
in productivity
and biomass.”

Up to 30% yield
reduce depending
on exposure
duration.®3

Interactive and Confounding Impacts

Apart from the numerous other modifying factors,
the confusing and interaction effects of temperature
and other climatic parameters make it difficult to
distinguish their effects from those of air pollution.
Os and high temperatures can both hurt crop yields.
The presence of ozone and aerosols in the same
environment can produce contrasting impacts on
yields. The impacts of Os and climate change may be
far less critical than those of land use and agricultural
practices, including irrigation and the implementation
of hardy crop cultivars. Ultimately, changes in
management techniques meant to increase crop
yields may be counteracted by Os, which could have
an impact on productivity as well as other ecosystem
services like carbon sequestration.”

Modifications in System Scale

When combined, climate factors and air pollution
can either raise or decrease a plant's exposure to
air pollutants. This can alter a plant's availability to
resources (such solar radiation) or effective dosage.”

Time and Space Scales

Pollutants, including aerosols and Os, exhibit
significant spatial and temporal variability and exert
both primary and secondary consequences on
agricultural crops and human health through their
effect on temperature and various meteorological
factors. To assess the relative effects of air pollution and
climatic change on results, it is crucial to comprehend
temporal trends (for instance, over multiple years).”
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Discussion

This section will initially provide a comparative
analysis of quantitative data on yield reduction
ranges because to the coupled effects of air pollution
and changes in the environment, followed by a
mechanistic integration of how these stressors
synergistically influence plant defense systems and
disease progression (Fig. 3). This integration will
clarify how particular pollutants, such tropospheric
ozone, might render plants more susceptible by
modifying stomatal conductance and diminishing
photosynthetic rates, thereby undermining overall
plant vitality and defensive mechanisms.?*Moreover,
the biochemical pathways associated with stress
responses, including the shikimate pathway and
particular gene expressions, are significantly modified
by ozone exposure, frequently resembling the effects
of infections and leading to a multifaceted stress
response that can be leveraged by many pathogens.
Chronic ozone exposure can hinder a plant's
capacity to manage water loss, intensifying drought

impacts, while also prompting stomatal closure,
which may provide some drought protection depending
on the time and severity of exposure.® Climate change
factors, such as increased CO: and temperature,
exacerbate this propensity and can eitherindependently
or in combination alter host susceptibility and
pathogen virulence, resulting in different illness
outcomes based on the particular pathosystem.* For
instance, higher humidity linked to specific climate
change scenarios may encourage the growth of
hyphae and the creation of fungal spores, increasing
the pressure that fungal infections apply to host plants.
Therefore, anticipating future global plant productivity
and creating efficient farm planning and regional
policy changes require modeling methodologies that
incorporate climate-crop-disease dynamics. These
models, when combined with cutting-edge omics
technology, offer a vital basis for comprehending the
intricate physiological and ecological reactions of
plants to numerous simultaneous stresses, facilitating
the creation of strong, resilient agricultural systems.

Conceptual Framework of Synergistic
Interaction on Crop Diseases

Fig. 3: The figure illustrates how main air pollutants (Os, particulate matter, NOx, and SO:) and
climate change factors (increasing temperatures, changed precipitation, and extreme weather
events) interact to affect plant health. Together, they decrease plant immunity by causing
oxidative stress, lowering antioxidant defenses, and damaging stomata. These environmental
factors also increase vector populations, spore production, and pathogen severity, which
facilitates the spread of disease. Reduced crop yields, a drop in crop quality, and agricultural
instability are the end results of the interaction between weakening plant defenses and increased
pathogen activity.
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Conclusion

In agricultural systems, climatic change and air
pollution are interlinked. Stressors that have cascading
effects on plantimmunology, crop physiology, pathogen
dynamics, and yield stability. Recent research
demonstrates a number of significant findings.
First, by decreasing photosynthetic efficiency and
undermining plant defense mechanisms, high
concentrations of contaminants such as particulate
particles, (NOx), and (Os) affect plant physiology.
Second, pathogen life cycles and vector distribution
are affected by climate-driven changes, which raise
the risk of plant diseases. These changes include an
increase in the frequency of extreme weather events,
increasing temperature, and altered precipitation
patterns. Third, crop sensitivity is increased when
air pollution and climate factors combine to produce
synergistic effects that outweigh the impacts of
each stressor alone. Lastly, when exposed to both
pollution and climate change, important food crops
exhibit increased vulnerability to combined biotic
and abiotic pressures. All of these results point to
the necessity of integrated experimental strategies
and frameworks for predictive modeling that take into
account both pollution loads and climate projections.
Multi-stressor field experiments, mechanistic studies
of plant-pathogen-pollutant interactions, and region-
specific risk assessments should be given top
priority in future research. To protect long-term crop
productivity and global food security, effective policy
solutions must also coordinate climate mitigation
efforts, air quality control, and climate-resilient
agricultural practices.
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