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ABSTRACT

Globally, freshwater resources are severely constrained in both quantity and quality, and are increasingly
threatened by atmospheric pollutants resulting from anthropogenic activities such as industrialization,
urbanization, and intensive agriculture. Atmospheric emissions of heavy metals (Cd, Pb, Hg, etc.),
nitrogenous compounds (e.g., NOy, NHs), gaseous pollutants (SO, NOz, Os, CO) and particulate matter
(PMz.s, PMio, UFPo.1) are deposited into aquatic systems via dry and wet deposition pathways, thereby
altering the physicochemical composition of freshwater bodies and compromising the continuity of
essential ecosystem services. Notably, processes such as acid deposition, heavy metal accumulation, and
eutrophication contribute to biodiversity loss in surface waters, the extinction of sensitive species, and a
decline in overall water quality. These effects not only disrupt ecological integrity but also pose substantial
risks to public health and economic sustainability. This study comprehensively examines the incorporation
of atmospheric pollutants into hydrological systems through deposition mechanisms and reviews their
impacts on the structural and functional integrity of freshwater ecosystems. Furthermore, the ecological
functions of natural vegetation—particularly meadow and pasture ecosystems—as biological buffers and
filters are critically evaluated. These systems mitigate pollutant transport and soil erosion through dense
root networks, high vegetative cover, and biochemical interactions. Natural attenuation processes such as
phytoremediation enable the uptake, transformation, or sequestration of atmospheric contaminants,
highlighting the strategic hydrological and ecological value of such ecosystems. The findings underscore
the necessity of integrating nature-based solutions into land and water management frameworks to ensure
long-term environmental sustainability. In conclusion, meadow and pasture ecosystems serve not only
agricultural functions but also play a pivotal role in the conservation of freshwater resources and
environmental resilience. Protecting and managing these natural filtration systems is imperative for
mitigating the adverse impacts of atmospheric pollution and for advancing sustainable resource
governance.
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1. Introduction

lakes. However, the vast majority of this freshwater is stored in
polar ice caps (68.7%) and groundwater (30.1%), with only

The Earth has a total surface area of 510 million km?,
approximately 71% of which is covered by water bodies. The
total amount of water on Earth is 1.4 billion km?. Of these water
resources, 97.5% consists of salt water found in oceans and
seas, while 2.5% consists of fresh water found in rivers and
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1.2% found in surface water and the atmosphere. These figures
clearly demonstrate how limited and valuable a resource usable
water is on a global scale (Shiklomanov, 1993; MGM, 2017).
A large portion of the usable freshwater available on Earth is
essential for the sustainability and protection of ecosystems.
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Oceans and seas, which constitute the majority of saltwater
resources, are not suitable for directly meeting human life-
sustaining needs. Only 10% of terrestrial water resources are
usable freshwater. This amount represents approximately 0.3%
of the total water potential and is calculated to be approximately
5,500 km?. Considering that the total discharge of rivers on a
global scale is approximately 37,000 km?, this value represents
a significant proportion of 15%. This situation indicates that
meeting the water demand, which is expected to increase in the
future, will pose serious challenges (Denhez, 2007; Diindar
2007; Kiiglikklavuz, 2009).

The amount of water on Earth is largely constant and cannot
escape the Earth or atmosphere under natural conditions.
However, this water is in a state of constant motion due to the
effects of solar energy and gravity. The continuous circulation
of water between the lithosphere (Earth's crust), hydrosphere
(water bodies), and atmosphere (air sphere) is called the water
cycle or hydrological cycle. This cycle plays a fundamental role
in the continuity of ecosystems by enabling the transport of
water on Earth to different environments through physical state
changes (Kocatas, 1999; Schlesinger, 1997; Wisler & Brater,
1959). Each year, an average of 500,000 km3 of water
evaporates into the atmosphere. Continents receive 110,000
km? of water annually through precipitation, of which 70,000
km?® returns to the atmosphere through evaporation. In this
process, 40,000 km?® reaches rivers, seas, and lakes in closed
basins through surface runoff. On the other hand, only 9,000
km*® of this precipitation can be used technically and
economically (Diindar, 2007; Koluman, 2002). According to
the 2024 UN World Water Development Report, approximately
70% of freshwater use worldwide is in agriculture, followed by
slightly less than 20% in industry and around 12% in domestic
or municipal use (UNESCO, 2024).

When evaluated from Turkey's perspective, the average
annual rainfall is 544 mm, and the total amount of water
obtained from this rainfall is 450 billion m*. The economically
and technically usable portion of this water potential is stated
as 91.9 billion m* for surface water and 18.6 billion m* for
groundwater. Accordingly, Turkey's total technically and
economically usable water potential is 110.5 billion m?
annually on average. (DSI, 2023). According to data from the
Turkish Statistical Institute (TUIK), Turkey's population
reached 85,664,944 as of December 31, 2024. For a country to
be considered water-rich in terms of water potential, the annual
water amount per capita must exceed 1,700 m*. Considering the
amount of usable water in Turkey, the per capita amount is
1,289.91 m®/year. This situation clearly demonstrates that
Tiirkiye is a water-stressed country and underscores the critical
importance of its water resources.

Water is vital for all components of the biosphere and is an
indispensable resource for human health, environmental
balance, and the sustainability of freshwater ecosystems. Clean

and high-quality water resources not only meet basic
physiological needs but also play a vital role in agricultural
production, industry, energy production, and ecosystem
services. (Falkenmark & Rockstrom, 2004). Freshwater
ecosystems, with their biological diversity, not only contribute
to the preservation of ecological balance but also provide many
direct and indirect benefits for human well-being. (Dudgeon et
al., 2006). However, atmospheric pollutants, which are
increasing due to industrialization, agricultural activities, and
urbanization, threaten the chemical and biological quality of
these valuable water resources. In particular, heavy metals,
nitrogen compounds, and pesticide residues accumulated in the
atmosphere are transported to water resources through
precipitation, posing serious risks to human health and
weakening the functionality of freshwater ecosystems (Smith &
Schindler, 2009; Voérosmarty et al., 2010). This situation
threatens the right to access clean water while also causing
irreversible damage to the ecological balance.

In this context, the effects of global warming and climate
change on water resources, along with the contamination of
existing water resources through atmospheric pollutants due to
various environmental and anthropogenic factors, pose serious
threats to both human health and ecosystem balance.
Eliminating these threats, or at least mitigating their effects, has
become an inevitable necessity in terms of sustainable
environmental and water management policies.

2. Transport and Accumulation of Atmospheric
Pollutants

The atmosphere facilitates the transport of suspended
particles in solid, liquid, and gaseous form emitted from various
natural and anthropogenic sources. In this process, heavy
metals (Pb, Cd, Ni, As, Zn, Mn, Cu, Cr, Hg), particulate matter
(PMz.s, PMio, UFPq 1), and gaseous pollutants (SO2, NO2, Os,
CO) are among the main harmful components carried (WHO,
2021). These particles differ in size, shape, chemical
composition, and solubility and are generally -classified
according to aerodynamic diameter as PMio (coarse) (diameter
less than 10 um), PMo. s (fine) (diameter less than 2.5 um), and
UFP (ultrafine) (diameter less than 0.1 um). (Pope & Dockery,
2006) While natural sources include soil, sea salt, and volcanic
activity,  industrial  activities, agricultural  practices,
urbanization, traffic emissions, and fossil fuel combustion are
the most significant anthropogenic sources (Dalman, 2012;
Ghose & Majee, 2000; Kumari et al., 2024). PMz.s and UFP
particles, in particular, pose a serious threat to human and
environmental health because they can remain in the
atmosphere for long periods and reach organisms through
respiration. (Pope & Dockery, 2006). Atmospheric
accumulation processes play a critical role in the transport of
atmospheric pollutants and metals to terrestrial and aquatic
ecosystems. This deposition is defined by two main

291



Aktas and Arslan (2025). Journal of Agricultural Production, 6(4), 290-300

mechanisms: dry deposition, which occurs without snow or
rain, and wet deposition, which occurs with precipitation (Kara
et al., 2014; Miji¢ et al,, 2010; Yun et al., 2002). In dry
deposition, fine particles can travel longer distances, while
coarse particles settle more quickly. Industrial areas and areas
with heavy traffic are the main sources of trace metals in the
atmosphere through dry deposition. In addition, wind direction,
speed, seasonal changes, and topography are the main
meteorological factors affecting dry deposition rates. (Negral et
al., 2020) In wet deposition, atmospheric particles combine
with precipitation droplets and are transported to the ground.
This process depends on factors such as particle solubility,
rainwater pH, the form of atmospheric deposition, particle size,
and source. (Budiwati et al., 2016; Wuana & Okieimen, 2011;
Yang et al., 2023) Studies have shown that metals such as Cd,
Zn, Pb, and Cu are largely anthropogenic in origin and exhibit
high solubility rates. (Azimi et al., 2005; Duruibe et al., 2007,
Jiang et al., 2014; Khayan et al., 2019; Thiagarajan et al., 2024).
Although control measures implemented to reduce pollution
from industrial and traffic sources have led to significant
reductions in the load of trace metals in the atmosphere, the
transport and accumulation of atmospheric pollutants are
critical processes that must be monitored for global
environmental quality and ecosystem health.

3. The Effects of Air Pollutants on Human
Health

There is a constant exchange of matter and energy between
the air, soil, and water ecosystems found in nature. Due to this
dynamic structure, pollution occurring in one environment can
spread to other ecosystems, causing a chain reaction of negative
effects (Gogmez, 2006; Kocaer & Bagkaya, 2003).
Atmospheric pollutants, in particular, pose serious threats to
human health through both direct and indirect means, beyond
merely disrupting environmental balances. Air pollutants can
enter the human body directly through respiration, as well as
indirectly through the food chain, thereby affecting human
health.

These pollutants, which have multifaceted effects on human
health, cause damage to wvarious organs, primarily the
respiratory, cardiovascular, nervous, urinary, and digestive
systems. Respiratory diseases such as bronchoconstriction,
asthma, lung inflammation, and loss of function occur
particularly in those exposed to sulfur dioxide (SO-), nitrogen
oxides (NOy), and heavy metals (Balmes, 1987; Ghio & Huang,
2004; Kagawa, 1985; Uysal & Schapira, 2003). Carbon
monoxide (CO) affects heart and brain functions by reducing
hemoglobin's oxygen-carrying capacity (Badman & Jaffe,
1996). Particulate matter increases the risk of blood clotting in
the blood vessels (Vermylen et al., 2005), while heavy metals
such as mercury, lead, and arsenic cause cognitive impairment
in the nervous system and damage to the glutamate and

dopamine systems (Ewan & Pamphlett, 1996; Lasley & Gilbert,
2000). In addition, dioxins have been found to adversely affect
mental development in children (Thomke, 1999). Impaired
kidney function, stone formation, and cancer risk are among the
effects of heavy metals on the urinary system (Jarup, 2003),
while dioxins can cause cell damage in the digestive system and
liver cancer (Mandal, 2005).

4. The Effect of Atmospheric Pollutants on
Water Resources

Atmospheric pollutants exert significant and multifaceted
impacts on freshwater resources through both wet and dry
deposition processes. When transported onto terrestrial surfaces
or directly into aquatic bodies, these pollutants alter the
physicochemical properties of water systems, thereby
disrupting ecological balance and threatening both ecosystem
health and the efficient and sustainable use of water resources
(Gruber & Galloway, 2008; Jickells et al., 2017; Rockstrom et
al., 2009). Nitrogen oxides (NOy) and sulfur dioxide (SO2),
released into the atmosphere primarily from fossil fuel
combustion and industrial activities, transform into nitric and
sulfuric acids and are subsequently deposited via precipitation,
accelerating severe acidification processes. The resulting
decline in pH reduces biological diversity, negatively affects
fish reproduction, and increases the solubility and mobility of
toxic metals in sediments (Dereli et al., 2017; Feyzioglu &
Ogiit, 2005). Similarly, atmospheric nitrogen deposition
contributes substantially to eutrophication. Excess nitrogen
derived from NOyx and ammonia (NHs) emissions elevates
nutrient loads in lakes, reservoirs, and coastal waters. This
process promotes algal blooms, depletes dissolved oxygen, and
leads to fish deaths, the disappearance of sensitive species,
shifts in species composition, and the degradation of aquatic
habitats (Bui et al., 2020; Gross & Hagy, 2017; Hudnell et al.,
2008; Lapointe et al., 2018; Lapointe et al., 2020; Li et al.,
2020; M. H. Yu et al., 2011; Zhou et al., 2019).

Another major threat is the accumulation of heavy metals
such as mercury (Hg), lead (Pb), and cadmium (Cd) in aquatic
ecosystems through atmospheric transport. These metals are
capable of traveling long distances in the atmosphere before
settling into freshwater systems. Mercury, in particular,
undergoes microbial methylation in sediments, transforming
into highly toxic methylmercury, which biomagnifies through
the food web (Bravo et al., 2017; Schartup et al., 2013; Tang et
al., 2020; W. Zhao et al., 2024). In addition, atmospheric
pollutants alter key chemical characteristics of water—such as
conductivity, alkalinity, ionic composition, and buffering
capacity—thereby disrupting biogeochemical cycles and
reducing ecosystem resilience to other environmental stressors.
The long-range transport of atmospheric pollutants indicates
that water bodies far from emission sources may still be
subjected to significant contamination. This underscores the
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transboundary nature of atmospheric pollution and highlights
the necessity of integrated regional and global management
strategies (Desboeufs et al., 2022; He et al., 2023; Keresztesi et
al., 2020; Ruiz-Fernandez et al., 2014). Consequently,
acidification driven by NOx and SO, nitrogen-induced
eutrophication, and heavy metal fluxes collectively contribute
to declines in species richness and increase the risk of extinction
for particularly sensitive taxa within aquatic ecosystems
(Bennama, 2006; Eren, 2006; M. H. Yu et al., 2011).

5. The Natural Filtering Role of Plants Against
Atmospheric Pollutants

Plants play a significant regulatory role in the
environmental transport processes of pollutants found in the
atmosphere. In particular, the retention and transformation
effects of plants in the transport of pollutants to river systems
through wet and dry deposition play an important role in the
protection and sustainability of water resources. In this context,
the physical surface properties and biochemical activities of
plants function as key mechanisms that reduce the transport of
atmospheric pollutants to the soil and, consequently, to aquatic
ecosystems (Brooker 2006; Hui et al., 2023; S. H. Lee et al,,
2023; Shah et al.,2024; Su et al., 2022).

Plants play an effective protective role in reducing
atmospheric pollutants through both physical and biochemical
mechanisms. The physical barrier process allows pollutant-
laden water to accumulate on the soil surface through wet
deposition, and plant cover also increases soil infiltration by
reducing surface runoff. In addition, plants act as windbreaks,
preventing the spread of pollutants through dry deposition and
contributing to the prevention of soil and sand erosion (Guan et
al., 2000). Another way of physical trapping occurs through the
retention of pollutants, particularly in the stomata and
epidermis of leaves. In this process, gaseous pollutants and
particulate matter are mechanically adsorbed onto the leaf
surface or removed from the atmosphere by sticking to it
(Kulshreshtha et al., 2009). Furthermore, morphological
characteristics such as the hairy surface structure of leaves, the
wax layer, and the large leaf area increase the retention capacity
of pollutants, thereby supporting the effectiveness of this
physical barrier mechanism.

The biochemical mechanism involves plants contributing to
environmental cleanup by taking up, transforming, or
accumulating pollutants through their metabolic and enzymatic
activities. Phytoremediation is an important example of this
mechanism, encompassing the processes of separation,
degradation, stabilization, or removal of pollutants within
plants (Dhir et al., 2009; Gatidou et al., 2017; Gatliff et al.,
2016; J. H. Lee, 2013; J. Pandey et al., 2019, N. Pandey et al.,
2021; Reichenauer & Germida, 2008). The absorption of
pollutants mainly occurs in the above-ground parts of plants,
mostly in leaf stomata. The degradation of pollutants occurs

through their breakdown by plant metabolites, such as
enzymatic activities. Therefore, plants contribute to the
removal of pollutants such as hazardous compounds, heavy
metals, organic compounds, carbon dioxide (CO2), and
methane (CH4) from the atmosphere during their growth
processes (Fischer et al., 2009; Loépez et al., 2013; Wei &
Wang, 2020). Furthermore, when sulfur dioxide (SO2) is
absorbed through plant stomata, it is reduced to substances
beneficial for plant growth and development, while nitrogen
oxides (NOx) are converted into compounds necessary for plant
growth (Arena et al., 2014; Wang et al., 2019; Weyens et al.,
2015).

6. The Protective Function of Meadow and
Pasture Ecosystems for Water Resources

In today's environmental conditions, we face multifaceted
environmental pollution problems that have profound effects on
the integrity of ecosystems, human health, and economic
development. These challenges are particularly exacerbated by
anthropogenic factors such as rapid industrialization and
urbanization, which increase the spread of atmospheric
pollutants and make the pressures on water and soil ecosystems
more complex. Methods used to combat pollution, such as
mechanical cleaning and chemical treatment, generate
additional environmental and economic burdens in the form of
secondary pollution, high energy consumption, and high costs.
Therefore, there is a growing need for new strategies that are
environmentally compatible, economically feasible, and
prioritize sustainability (Han et al., 2022; S. H. Lee et al., 2023;
Su et al., 2022).

Meadow and pasture plants are widely found, especially in
rural areas, semi-natural ecosystems, mountain foothills and
valley floors, forest clearings and forest edges, plateaus, and
water catchment areas. They are plant communities that
contribute in various ways to the protection of water resources,
providing significant support for both ecological balance and
sustainable land use. These plants act as natural filters, reducing
the transport of atmospheric pollutants into soil and water
ecosystems thanks to their dense root systems at different
depths, short but dense structures, and biochemical properties
(Altin et al., 2011; Brooker, 2006; B. Liu et al., 2015; Ratté-
Fortin et al., 2019; C. Yu et al., 2019; Yuan et al., 2009).

The protective function of meadow and pasture ecosystems
on water resources is a holistic mechanism that emerges
through the interrelated processes of the biotic and abiotic
elements that make up the ecosystem. These ecosystems have
multifaceted ecological functions, such as trapping atmospheric
pollutants, regulating soil-water interactions, and transforming
pollutants through natural processes. Both living organisms and
physical-chemical environmental factors play a critical role in
maintaining the physical, chemical, and biological quality of
water resources. Therefore, fully understanding the water
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conservation capacity of pastures requires an integrated
assessment of the roles of biotic and abiotic ecosystem
components, which are not independent but complementary.
Furthermore, in the face of increasing environmental pressures,
ecologically based approaches such as phytoremediation,
which utilize natural processes, are becoming increasingly
important in sustainable water management. In this context, the
use of plants in environmental management offers a significant
advantage (Rychnovska, 2007; K. Liu & Shao, 2024).

Abiotic factors are key determinants in preserving the
physical and chemical integrity of water resources in meadow
and pasture ecosystems. Soil structure and high organic matter
content limit the transfer of heavy metals and other atmospheric
pollutants to groundwater and surface water by facilitating their
adsorption. Porous soil texture increases infiltration, reduces
surface runoff, and prevents pollutants carried by precipitation
from being transported into waterways. Sunlight and
temperature accelerate the photodegradation of organic
pollutants, reducing their toxicity, while wind prevents
pollutants from concentrating in one area in open rural areas,
reducing atmospheric accumulation. Moisture level and soil pH
are decisive factors in the solubility and mobility of pollutants,
contributing to the retention of toxic substances in the soil
before they reach the water. When all these abiotic processes
are considered together, it is evident that meadow and pasture
areas act as a natural physicochemical filter, protecting water
quality  (Fageria, 2012;  Jankowska-Huflejt,  2006;
Kwiatkowska-Malina, 2015; McDowell & Wilcock, 2008;
Nortjé & Laker 2021; Novak et al., 2020; Yang et al., 2020; J.
Zhao et al., 2005).

Biotic factors play a complementary role in the protection
of water resources by forming the living components of
ecological processes. Plants, as producers, trap atmospheric
particles on their leaves and stems, preventing pollutants from
being carried into water by rainfall. In addition, their dense and
deep root systems increase soil stability, reducing erosion and
surface runoff. Consumer organisms ensure the renewal of
plant cover, thereby preserving the continuity of the ecosystem
and contributing to the uninterrupted continuation of the
filtration function. Decomposing soil invertebrates, fungi, and
bacteria accelerate the biochemical breakdown of organic
pollutants, converting toxic compounds into less harmful
forms. The continuity of vegetation cover, the activity of soil
organisms, and the mutual interaction of living communities
increase soil stability in pasture areas, reduce pollutant
transport, and preserve the physical, chemical, and biological
quality of water. In this respect, biotic factors are the
fundamental ecological components that transform pastures
into indispensable natural buffer zones for water catchment
areas (Altin et al., 2021; Bano et al., 2021; Bano et al., 2022;
Dong et al., 2023; Gheorghe & Ion, 2011; Gokkus, 2024; Serin
& Tan 2001; Sjoqvist et al., 2020; Sun et al., 2022; Wroblewska
& Jeong 2021; Zehnle et al., 2023; Zhang et al., 2023).

Phytoremediation utilizes the capacity of plants to
accumulate, absorb, transform, or render pollutants inert
through their physiological and metabolic mechanisms. Beyond
direct pollution reduction, the phytoremediation method also
provides numerous benefits, such as restoring natural habitats,
conserving biodiversity, improving landscape integrity, and
enhancing ecosystem services. This approach, which utilizes
plants as one of the most important components of the natural
cycle, stands out as a low-cost, sustainable, and
environmentally compatible solution (Bortoloti & Baron 2022;
Shah et al., 2024).

Within phytoremediation, different mechanisms such as
phytoextraction, rhizofiltration, phytovolatilization, and
phytostabilization can intervene against many pollution factors.
For example, phytoextraction allows plants to accumulate
pollutants in their above-ground parts and remove them from
the system, while rhizofiltration ensures that pollutants in water
are retained by roots. Phytovolatilization allows plants to
release harmful compounds into the atmosphere by converting
them into less toxic forms, while phytostabilization reduces the
mobility of pollutants, thereby decreasing their bioavailability.
All of these processes utilize plants' natural adaptations for
defense against environmental stress conditions (Alvarenga et
al., 2009; Hallett & Bengough, 2013). This general framework
of phytoremediation highlights how critical roles natural and
semi-natural vegetation cover, spread over large areas, can play
in controlling environmental pollutants.

In conclusion, meadow and pasture ecosystems have a
multi-layered ecological structure where physical, chemical,
and biological processes operate simultaneously, and this
structure plays a unique role in the protection of water
resources. Thanks to both abiotic filtration processes and biotic
decomposition, retention, and transformation mechanisms,
these ecosystems form a sustainable and effective protective
barrier against both natural and anthropogenic pollutants.
Therefore, meadows and pastures, due to their structural and
functional characteristics, hold a strategic position as
indispensable natural infrastructure components for water
quality management, protection, and the sustainability of
ecosystem health.

7. Conclusion

Meadow and pasture ecosystems are of multifaceted and
strategic importance not only for agricultural production and
livestock farming, but also for the protection of water resources,
ecological balance, the continuity of biological diversity, and
human health. These ecosystems act as a natural filter that
prevents atmospheric pollutants from reaching water resources,
forming an important gateway for the protection of water
quality. Preventing or reducing atmospheric pollutants not only
improves water quality but also contributes to the revitalization
of habitats, the conservation of species diversity, and the
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sustainability of ecosystem services. Clean water sources also
generate economic benefits in areas such as drinking water
supply, fishing, tourism, and recreation. This highlights the
importance of meadow and pasture areas for ecosystem
conservation at both the environmental and socio-economic
levels. Furthermore, meadow and pasture areas, which are
home to numerous plant species with different morphological
characteristics, are directly exposed to rainfall. The plants
covering the soil in these areas increase infiltration through the
galleries they form with their dense root structures reaching
different depths in the soil profile, allowing surface water to
seep into the soil and contributing to the replenishment of
freshwater sources.

In this context, the protection and sustainable management
of meadow and pasture areas is an absolute necessity in terms
of reducing pressure on water resources and combating
atmospheric pollution. It also contributes to the indirect
protection of human health. Assessing ecosystem services with
a holistic approach and considering these areas not only for
their economic but also their ecological value will be an
important step in preventing future water crises and reducing
environmental risks. Therefore, the protection of meadow and
pasture areas should be addressed not only as an environmental
issue but also as a matter of public health, food security, and
national water policy.
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