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Abstract

Urban forests serve as critical green infrastructure for mitigating air pollution, enhancing human
health, and promoting climate resilience in rapidly urbanizing environments. This review
synthesizes biophysical mechanisms of pollutant removal, including direct absorption of gaseous
pollutants and interception of particulate matter (PM), alongside indirect benefits such as Urban
Heat Island (UHI) mitigation through shading and evapotranspiration. It addresses challenges like
biogenic volatile organic compound (BVOC) emissions, which can exacerbate ozone formation,
emphasizing strategic species selection and atmospheric modeling for optimization. Quantitative
valuation using tools like i-Tree and the Value of a Statistical Life (VSL) framework demonstrates
substantial economic returns, including billions in health savings from reduced morbidity and
mortality. Epidemiological evidence links urban greenery to lower mortality risks, improved
mental health, and immunological boosts via phytoncides. The paper advocates for equitable
policy integration, overcoming barriers like infrastructure conflicts and pollution stress, to ensure
resilient, multifunctional urban forests as essential public health assets.

Keywords: Urban Forestry, Air Quality, Human Health, Green Infrastructure, Pollutant Removal,
Urban Heat Island (UHI), Biogenic Volatile Organic Compounds (BVOCS), Ecosystem Services,
Climate Resilience, Environmental Equity

I. Introduction

The pervasive trend of global urbanization, characterized by sustained population growth and
economic development, has conferred numerous societal benefits, including advanced healthcare,
expanded employment opportunities, and improved communication networks. However, this rapid
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expansion, particularly in developing nations, has concurrently driven significant negative
externalities (Nowak et al., 2014). (Humbal et al., 2023). Unplanned urbanization results in land
cover changes, the expansion of impervious surfaces, natural resource depletion, and substantial
environmental degradation, imposing significant costs on global society (Thompson et al., 2024).
The consequence for residents is concentrated exposure to two primary public health threats:
pervasive air pollution, including particulate matter (PM), ozone (O3), and nitrogen oxides (NOx),
and the Urban Heat Island (UHI) effect, which severely modifies local energy balance (Escobedo
et al.,, 2011). Addressing these challenges requires moving beyond traditional point-source
pollution control methods toward mitigating human exposure at the receptor level. These
imperative places the urban forest the entirety of trees and vegetation within a city at the center of
public health strategy, necessitating a rigorous review of its role as a nature-based solution for
atmospheric remediation and health promotion. The collective urban forest of the United States
alone is quantified to remove approximately 711,000 tonnes of criteria air pollutants per year,
providing a direct basis for the valuation of avoided mortality and morbidity benefits (Markevych
et al., 2017).

Urban forestry is defined not merely as passive green space maintenance, but as the active care
and strategic management of single trees and tree populations within urban settings specifically
for the purpose of improving the urban environment. It is an integrated, interdisciplinary practice
that involves both meticulous planning and systematic management, including the programming
of long-term care and maintenance operations. A defining characteristic of urban forestry is its
intrinsic multifunctionality (Tong et al., 2020). It yields a vast array of ecosystem services
simultaneously, spanning economic, environmental, and sociocultural benefits. These services
range from providing crucial habitats and shelter for wildlife to delivering essential connectivity
for biodiversity and significant human health benefits. Critically, successful urban forestry
advocates for the recognition of the urban tree canopy as essential urban infrastructure. This
reclassification is crucial for strategic policy implementation. Trees, through mechanisms like dry
deposition, remove pollutants from the atmosphere, providing direct health co-benefits that justify
their strategic implementation within densely populated urban environments (Abhijjith et al.,
2017).

When trees are viewed purely as an aesthetic amenity, funding is often discretionary and
inconsistent. By contrast, classifying the urban forest as critical infrastructure analogous to road
networks or utility systems allows municipal governments to justify strategic, long-term capital
investment for management, maintenance, and expansion. This elevates urban forestry to a non-
negotiable component of essential city operations, providing sustained justification for
comprehensive management plans that ensure the urban forest is resilient and can deliver its full
range of ecosystem services effectively (Selmi et al., 2016). Furthermore, recognizing the green
space-health nexus requires exploring multiple pathways, including air quality mediation and the
psychological restoration capacity enabled by reduced environmental stressors (Idris et al., 2025).
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Figure 1.1 Role of Urban forestry in Improving Air Quality and Human Health
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2. Biophysical and Chemical Mechanisms of Atmospheric Remediation

Urban forests modulate atmospheric quality through sophisticated biophysical and chemical
interactions, which can be broadly categorized into direct removal mechanisms and indirect
atmospheric modifications. Table 1.1 summarizes the two main ways urban forests directly and
indirectly modify the atmosphere, including the pollutants affected and the long-term management

required.
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Table 1.1 Biophysical Mechanisms of Atmospheric Remediation
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Mechanism | Specific Pollutants/Effects | Process/Details Management
Category Mechanism | Addressed Consideration
Direct Gaseous Ozone (0?), | Pollutants are | High  pollutant
Removal Absorption | Nitrogen Oxides | absorbed through | levels can
(NOy), Sulfur | stomata during | compromise tree
Dioxide (SO») photosynthesis health and
reduce filtering
capacity
Direct Particulate | Particulate Matter | Particles "catch" and | PM retention is
Removal Interception | (PM), especially | deposit on leaf/stem | temporary;
PM?%3 surfaces Efficiency is | requires
higher with large Leaf | integrated
Area Index (LAI) | ground
and complex leaf | management
microstructures (permeable
pavements)  to
ensure
permanent
sequestration
(prevent
resuspension).
Indirect Urban Heat | High City | Achieved through | Reduces fossil
Modification | Island (UHI) | Temperatures shading and | fuel burning for
Mitigation Energy evapotranspiration | electricity,
Consumption lowering air | leading to
conditioning needs by | avoided
up to 30% emissions of
pollutants  and
greenhouse
gases

Direct Pollutant Removal: Capture and Absorption Kinetics
Gaseous air pollutants, including ozone (O3), nitrogen oxides (NOx), and sulfur dioxide (SO2),
are primarily removed from the atmosphere via absorption through the stomata of the tree foliage
during normal photosynthetic gas exchange (Thompson et al., 2024). This biological process is
highly effective under optimal conditions, leading to a significant net reduction in urban ozone
formation, a finding supported by multiple studies conducted by the USDA Forest Service
(Viippola et al., 2018). However, the efficacy of gaseous removal is highly sensitive to the
concentration and chemical identity of the pollutants themselves.
High ambient levels of pollutants, particularly O3 and NO2, can induce specific phytotoxic
responses in plants. These injuries include foliar damage, the loss of pigments, premature
senescence (aging), and a decrease in photosynthetic and growth rates. This creates a negative
feedback loop: the greater the pollution, the more the trees' health is compromised, consequently
reducing their capacity to filter air, thereby diminishing the long-term effectiveness of the urban
forest as a pollution sink (Roman et al., 2018). This phenomenon underscores the need for localized
assessments of pollutant stress to ensure the long-term viability of the urban forest as an
environmental remediator.
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Urban forests are highly effective at intercepting airborne particulate matter (PM), including the
highly hazardous fine particulate matter (PM2.5). Trees remove these particles by acting as
temporary filters, "catching" them as they are deposited onto the surfaces of leaves and stems. This
physical interception process is strongly influenced by the structure of the canopy, a critical design
parameter for urban planning (Nowak et al., 2013). The efficiency of PM removal is directly
correlated with the morphological and physiological features of the vegetation. Specifically, trees
with an extended total leaf area (high Leaf Area Index, or LAI) and complex microstructures on
the leaf surface tend to promote greater PM deposition, maximizing interception kinetics.

Once deposited, the particulates remain clinging to the surfaces. Crucially, PM retention by trees
is often temporary. Particulates can be resuspended into the atmosphere, particularly by wind,
allowing them to re-enter the breathable air. Alternatively, precipitation events (rain or snow)
dissolve the particulates, transferring them into the stormwater runoff or directly into the soil (Chen
et al., 2021). Quantitative modeling reinforces this understanding, with individual urban trees in
certain European case studies estimated to remove 0.7-1.4 kg of PM per year, a benefit which
requires permanent ground sequestration to prevent resuspension. (Idris et al., 2025).

For the air quality benefit to be maximized and sustained, urban forestry must be managed in
tandem with integrated land management. This requires combining specific tree species optimized
for PM interception with comprehensive ground-level strategies, such as permeable pavements
and soil management, to ensure the permanent sequestration of washed-off PM, preventing its
return to the atmosphere (Baré et al., 2014). Empirical measurements utilizing advanced
techniques like eddy covariance in urban micro-environments have confirmed the localized
efficacy, demonstrating PM reduction rates between 20-30% within urban street canyons. The
temporary nature of PM deposition creates a crucial causal link, mandating co-management
between green infrastructure (trees) and ground-level grey infrastructure (permeable
pavements/stormwater management) to ensure the permanence of the pollution removal benefit.

Indirect Atmospheric Modification and Climate Regulation

The most significant indirect air quality benefit provided by urban forestry is its role in mitigating
the Urban Heat Island (UHI) effect. The conversion of natural pervious surfaces to heat-absorbing
impervious urban structures significantly alters the local energy balance, driving up city
temperatures (Tzoulas et al., 2007). Urban forests combat the UHI effect through two primary
mechanisms: shading and evapotranspiration. This provides essential climate regulation services
that are becoming increasingly vital in the face of progressive global climate change and the rising
frequency of extreme heat days. The i-Tree software tools developed by the USDA Forest Service
allow for comprehensive national-scale health and climate valuations of these benefits, translating
ecological function into policy-relevant metrics. (Thompson et al., 2024)

Furthermore, shading provided by the urban canopy directly reduces the need for mechanical
cooling in buildings, lowering air conditioning needs by up to 30 percent. This reduction in energy
consumption correspondingly decreases the amount of fossil fuels burned to produce electricity
(Kabisch et al., 2016). This, in turn, achieves significant avoided emissions of criteria air pollutants
and greenhouse gases. The cooling benefit, which is external to the tree’s biological health and
stomatal conductance constraints, offers a reliable, indirect pollution control mechanism. This
combination of direct carbon storage in wood, carbon removal from the atmosphere, and the
cooling effect makes urban trees exceptionally efficient tools for pollution and climate mitigation
(Roy et al., 2012). For instance, the carbon storage capacity of urban and community trees in the
United States alone is estimated at 706 megatonnes (Mt).

The UHI mitigation provides a dual benefit: direct thermal stress reduction for human health and
indirect pollution control through energy savings. The magnitude of this indirect benefit reinforces
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the necessity of viewing urban forestry as bundled infrastructure that solves climate (C storage),
energy (cooling savings), and health (VSL) problems simultaneously.

3. Navigating the BVOC Trade-Off: Optimized Species Selection for Air Quality

The relationship between urban forests and air quality is complexified by the biogenic volatile
organic compound (BVOC) emissions profile of certain tree species. Addressing this nuance
requires moving beyond generalized greening efforts to highly strategic, chemistry-informed
planning (Eisenman et al., 2019).

The Atmospheric Chemistry of Biogenic Volatile Organic Compounds (BVOCs)

Trees naturally emit various BVOCs, primarily isoprene and terpenes, into the atmosphere. These
compounds are crucial factors in biosphere-atmosphere interactions and atmospheric chemistry.
However, BVOCs are highly reactive and act as precursors to the formation of secondary air
pollutants. When BVOCs are emitted in the gaseous phase, they are oxidized in the atmosphere,
forming more functionalized compounds that can condense into secondary organic aerosols,
contributing to fine particulate matter (PM2.5). More significantly, in urban areas characterized by
heavy traffic and industrial activity, the environment is typically rich in nitrogen oxides (NOx),
placing it in a "VOC-limited" photochemical regime (Twohig-Bennett & Jones, 2018).

Under these high NOx conditions, the oxidation of BVOCs reacts strongly with NOx to
significantly enhance the formation of ground-level ozone (O3). This contribution of BVOCs to
ozone formation challenges the simple assertion that all urban greening uniformly improves air
quality, particularly because O3 is a severe respiratory hazard (Thompson et al., 2024). Moreover,
the emission rate of BVOC:s is not static; it is influenced by environmental conditions, with higher
temperatures and existing pollution stress potentially exacerbating BVOC emissions (Gascon et
al., 2016). This interdependence necessitates advanced atmospheric modeling to predict the net
local air quality impact, demanding precise species selection. (Idris et al., 2025).

Strategic Management through Species Optimization

The potential for BVOC emissions to adversely impact O3 and PM2.5 air quality necessitates that
urban forestry planning shift its focus from maximizing total tree canopy to optimizing species
composition. This requires interdisciplinary collaboration between urban foresters, atmospheric
scientists, and public health officials, making species selection an exercise in localized atmospheric
modeling. Policy mandates for urban greening efforts must now include considering the BVOC
emission potential of candidate species, treating species selection as a critical risk management
function (Konijnendijk et al., 2023).

Scientific assessments have resulted in qualitative ratings—low, medium, or high—assigned to
species based on their ozone and PM2.5 formation potential. The difference in impact between
low and high emitters is substantial, illustrating the importance of precision in urban ecology
planning. Researchers have developed standardized tools, such as the urban tree air quality score,
to rank trees based on their potential net effect on urban air quality (Dadvand et al., 2022).
Therefore, policy recommendations must strongly advocate for a shift from planting based purely
on horticultural ease or aesthetics to planting based on atmospheric chemistry modeling, ensuring
that the infrastructure investment consistently yields a net positive outcome for human health.
The BVOC trade-off elevates urban forestry from a general 'greening' initiative to a field requiring
highly specific, model-driven, and local-scale atmospheric engineering. This technical
requirement mandates the use of atmospheric transport models (like those used in i-Tree or
specialized local models) before deployment to ensure the net air quality benefit is positive,
mitigating the risk of photochemical smog generation. (Idris et al., 2025).
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4. Quantification and Valuation: Establishing the Return on Investment (ROI)

To secure political feasibility for large-scale urban forestry initiatives, abstract ecological and
health benefits must be translated into quantifiable, monetized financial metrics, establishing a
verifiable Return on Investment (ROI). This translation is necessary to allow green infrastructure

to compete effectively against traditional grey infrastructure expenditures (McPherson et al.,
2022).

Modeling Ecosystem Services and Pollutant Removal

The i-Tree software suite, developed by the USDA Forest Service, provides a standardized, peer-
reviewed framework for assessing and valuing the urban forest resource. Tools like i-Tree Eco and
i-Tree Design facilitate data collection (via inventory or field evaluation) to quantify the dollar
value of annual environmental benefits. This modeling framework is essential for overcoming
implementation barriers that often plague urban nature-based solutions (Nowak et al., 2014).
i-Tree models quantify several critical benefits: air pollution removal (tonnage of hazardous
pollutants intercepted), carbon sequestration and storage, and energy conservation (savings from
reduced energy demand due to shading). The quantification of these benefits is vital for providing
political and financial justification. Global assessments, which systematically review urban tree
benefits, costs, and assessment methods across different climatic zones, confirm that proactive,
strategic planning is universally justified, demonstrating strong cost-benefit ratios across cities
(Escobedo et al., 2011).

Monetizing Health Outcomes: The VSL Framework

The most impactful economic metric for validating environmental policy is the quantification of
health benefits derived from reduced mortality risk. This is achieved using the Value of a Statistical
Life (VSL) framework. The VSL reflects the aggregated willingness-to-pay by a large population
for small reductions in their individual risk of death from environmental causes (Markevych et al.,
2017). The application of VSL provides policymakers with the methodology to quantify the
economic benefits of avoided fatalities caused by improved air quality. The calculation of the ROI
is crucial for political viability.

The monetary evidence is robust: meta-analyses summarizing the financial impact of air quality
improvement show that urban forests generate an estimated 6.8 billion per year in US health
savings derived from reduced morbidity and mortality. This significant economic benefit is directly
linked to the removal of hundreds of thousands of tonnes of criteria pollutants annually, as
established by national-scale modeling (Tong et al., 2020). The economic justification for urban
forestry must be viewed as bundled infrastructure that solves climate (C storage), energy (cooling
savings), and health (VSL) problems simultaneously. (Idris et al., 2025).

5. Multi-Pathway Human Health Impacts and Immunological Benefits

The benefits of urban forestry extend beyond atmospheric chemistry, providing a synergistic
defense against chronic and acute health risks. The overall net benefit of greenspaces is derived
from a complex range of environmental, social, psychological, and physiological effects.

Epidemiological Evidence: Reduced Morbidity and Mortality

Robust epidemiological evidence suggests that diminished exposure to air pollution is a primary
reason for the salutary effects of urban greenness on human health. By reducing ambient
concentrations of pollutants, urban forests mitigate the risk of adverse cardiovascular and
respiratory outcomes (Abhijith et al., 2017). Systematic reviews confirm that increased residential
greenspace exposure is associated with a reduction in mortality risk.
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Specific analyses, aggregating 20 studies, demonstrate a consistent finding of an approximate 12%
reduction in overall mortality associated with higher levels of nearby green space. These health
gains are compounded by increased proximity to green space, which facilitates healthier behaviors,
such as increased physical activity (Thompson et al., 2024). Furthermore, trees contribute
significantly to acoustic regulation, reducing unwanted sounds from traffic and other sources,
which is important given the negative impact of environmental noise on cardiovascular health
(Selmi et al., 2016). People often perceive noise reduction even from sparse planting strips,
indicating that the visual and acoustic aspects of urban vegetation interact to positively alter the
perception and evaluation of soundscapes.

Finally, the mitigation of the UHI effect through shading and evapotranspiration serves as a critical,
acute health defense mechanism. By preventing excessive temperature exposure, urban forests
directly reduce heat-related morbidity and mortality, an increasingly important function given
global climate change (Viippola et al., 2018). Cohort studies link greenspace proximity to
quantifiable longevity benefits, showing a gain of 0.5 years in life expectancy, offering a profound
validation of the public health investment.

Restoring Capacity and Active Health Promotion (The Phytoncide Pathway)

Urban forests provide crucial mechanisms for restoring mental capacity and promoting active
physiological health. Studies have demonstrated the positive impact of urban green space on
mental well-being, including reduction of perceived stress, improved sleep quality, and general
mental health restoration. These psychological benefits comprise a significant portion of the total
health impacts associated with tree exposure (Roman et al., 2018). A profound and often
underappreciated health mechanism involves chemical ecology: the emission of biogenic amines,
specifically phytoncides.

These organic compounds, which possess natural antibacterial and antifungal qualities that help
plants fight disease, are inhaled by humans exposed to the forest environment. When these
chemicals enter the human body, the immune system responds by increasing the number and
activity of Natural Killer (NK) cells. NK cells are a type of white blood cell that specifically targets
and eliminates tumor- and virus-infected cells (Nowak et al., 2013). The sustained nature of this
immunological boost is significant; research has indicated that increased NK cell activity resulting
from short forest bathing trips can persist for more than 30 days. This suggests that urban forest
exposure can be strategically framed as a preventative immunological treatment. The literature
confirms this broad range of mechanisms and recommends integration strategies based on these
holistic benefits.

The significant epidemiological evidence for mortality reduction (12%) and gains in life
expectancy (0.5 years) suggests a profound synergistic effect where environmental quality
mediators (clean air, cooling) combine with innate biological stimulants (phytoncides) and
psychological restoration. This combined effect establishes urban forestry as a comprehensive,
layered public health intervention that simultaneously remediates the environment and proactively
enhances human biological resilience (Chen et al., 2021).

6. Strategic Implementation, Policy Integration, and Environmental Equity

The strategic deployment and long-term maintenance of urban forests face substantial barriers,
particularly in dense, rapidly urbanizing environments. Success requires addressing policy and
planning conflicts comprehensively.

Addressing Implementation Barriers and Long-Term Resilience
Successful urban forestry requires addressing conflicts that arise from integrating living systems
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into highly anthropic areas. Infrastructure Conflicts: Interactions between trees and existing
utilities, roads, and buildings frequently occur, leading to damage to infrastructure and
compromised tree health. This necessitates careful planning regarding rooting space and canopy
clearance, ensuring that trees can thrive over the decades required for maximized ecosystem
service provision (Bar¢ et al., 2014).

Pollution Stress: Urban trees are exposed to chronic pollution (air and noise), which reduces their
overall health and diminishes their capacity to deliver full ecosystem services. Climate Change
Impacts: The effects of climate change, including increased heat, drought, and extreme weather,
pose a significant risk of tree mortality and reduce the long-term resilience of the urban forest.
Future management must prioritize the selection of climate-resilient species, utilizing green
infrastructure as a mechanism for climate change mitigation and adaptation (Tzoulas et al., 2007).
Maintenance Costs: The financial burden of ongoing care is considerable. If maintenance costs are
not fully budgeted for and covered, trees become neglected, which severely reduces the longevity
and effectiveness of the urban forest, underscoring the need for robust financial planning.

The Principle of Environmental Equity

Perhaps the most critical policy challenge is ensuring the equitable distribution of urban forest
benefits. The benefits of improved air quality, reduced heat, and psychological restoration are often
unequally distributed across a city's demographic landscape. Areas with low canopy cover,
frequently corresponding to low-income or marginalized communities, suffer disproportionately
higher exposure to environmental stressors (heat, air pollution, and noise). The unequal
distribution of tree benefits results in significant environmental injustice and disparities in the
quality of life, transforming the urban tree canopy into a core social determinant of public health
(Kabisch et al., 2016).

Therefore, effective urban forestry policy must explicitly address these inequities. Planners must
utilize spatial analysis tools, such as i-Tree Landscape, to identify and prioritize planting and
protection efforts in high-need neighborhoods. This environmental justice planning transforms
social responsibility into optimized resource allocation, as interventions in high-risk areas yield
the highest marginal health improvement and thus the largest VSL-derived ROI. Policy success
must be measured not simply by an increase in overall canopy percentage, but by the equitable
distribution of the canopy to ensure that all residents benefit from this essential public health
infrastructure, thereby maximizing public health returns (Roy et al., 2012).

Lessons from Global Implementation Successes

Mega-scale urban forestry initiatives worldwide confirm the political feasibility and efficacy of
large-scale green infrastructure deployment. Policy Integration: Success relies on robust policy
frameworks where the protection and enhancement of urban forests are embedded within city
planning, often leading to tangible economic valuations (Thompson et al., 2024). For instance,
integrated urban forest strategies in Barcelona demonstrated an annual ecosystem service valuation
of approximately €1.6 million, securing sustained municipal commitment (Eisenman et al., 2019).
Strategic Vision: Programs like New York City's Million Trees initiative demonstrate that urban
afforestation can be successfully implemented at a massive scale when recognized as a universal
challenge and an effective instrument for pollution control and climate resilience. The global
assessment of cost-benefit ratios further confirms that proactive, strategic planting is universally
justified across climatic zones. (Idris et al., 2025).
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7. Conclusion: Recommendations for Integrated Public Health and Urban Planning

The current body of research emphatically confirms the pivotal role of urban forestry as a non-
negotiable component of modern urban planning and public health strategy. The urban forest is a
multifunctional green infrastructure system that yields synergistic benefits essential for human
well-being, translating environmental improvements directly into physiological and psychological
health gains (Twohig-Bennett & Jones, 2018).

VIIL.A. Synthesis: Multifunctional Imperatives
The synthesis of findings highlights three core imperatives for strategic urban forest management:

1. Recognizing Chemical Complexity: The BVOC trade-off mandates data-driven species
selection to prevent unintended generation of secondary pollutants like O3 in NOx-rich
environments. Specialized selection ensures the net air quality impact is positive.

2. Quantifying ROI: Tools like i-Tree, coupled with VSL, are essential for translating
ecological services as the 711,000 tonnes per year pollutant removal—into demonstrable
financial benefits, including 6.8 billion in health savings derived from reduced morbidity
and mortality (Gascon et al., 2016).

3. Ensuring Synergy of Health Benefits: Urban forests provide layered defense,
encompassing physical filtration, climate stabilization (UHI mitigation, reducing heat-
related mortality), and active immunological boosting (phytoncides). This multi-pathway
defense delivers population-level benefits such as reduced mortality risk.

4.

Policy Recommendations for Optimized and Equitable Outcomes
Based on the synthesis of ecological, atmospheric, and epidemiological evidence, the following
recommendations are critical for advancing urban forestry as an optimal public health intervention:

1. Mandate Infrastructure Classification: Municipal planning must formally classify the
urban tree canopy as critical urban infrastructure, ensuring dedicated, sustained budgeting
for management, maintenance, and replacement, thereby reducing vulnerability to
budgetary shifts (Konijnendijk et al., 2023).

2. Establish BVOC-Informed Planning Guidelines: Require strategic species selection
based on localized atmospheric modeling to optimize air quality benefits and avoid O3
exacerbation, transforming species selection into a localized atmospheric engineering
function.

3. Prioritize Environmental Equity: Utilize spatial analysis tools (e.g., i-Tree Landscape)
to proactively target low-canopy neighborhoods, using green infrastructure as a direct
mechanism for reducing environmental injustice and maximizing the marginal health
return on investment (Dadvand et al., 2022).

4. Integrate Land Management: Combine urban forestry with ground-level strategies, such
as permeable pavements, to ensure permanent sequestration of intercepted particulate
matter, maximizing the benefit of dry deposition mechanisms confirmed through micro-
scale modeling and empirical measurement.

5.

Future Research Trajectories
While the ecological and health benefits are clearly established, future research must focus on
refining quantification methodologies and addressing emerging challenges:

1. Developing standardized, open-source frameworks that explicitly link modeled air
pollution removal (i-Tree Eco outputs) directly to comprehensive VSL-derived monetary
benefits, increasing transparency and political utility by making the financial case more
accessible to policymakers (McPherson et al., 2022).
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2. Investigating the long-term immunological and physiological effects of continuous, low-
level phytoncide exposure in diverse urban settings, establishing definitive guidelines for
"therapeutic" green space design beyond acute forest bathing studies.

3. Modeling the interactive effects of climate change (heat and drought stress) on BVOC
emissions and overall tree health, allowing cities to preemptively select the most climate-
resilient and low-emitting species mixes for future sustainability and pollution mitigation.
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