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Abstract: Forests provide a wide range of ecosystem services essential for human well-being, including 

provisioning, regulating, and cultural benefits. Among these, the emission of biogenic volatile organic 

compounds (BVOCs) by trees has emerged as a key factor mediating physiological and psychological 

health effects. BVOCs, particularly terpenes and phytoncides, influence immune function, reduce 

stress, support cardiovascular and respiratory health, and contribute to mental well-being. Forest-

based therapeutic practices, such as Shinrin-Yoku (forest bathing): capitalize on these natural 

compounds, demonstrating measurable improvements in mood, stress hormone levels, and immune 

parameters. Beyond direct health benefits, BVOCs interact with atmospheric chemistry, affecting air 

quality and urban environmental conditions. Despite growing evidence, the mechanisms linking 

specific tree species and BVOC profiles to health outcomes remain insufficiently understood, and 

interdisciplinary collaboration between forestry, medical sciences, and urban planning is limited. This 

review synthesizes current knowledge on forest ecosystem services and BVOCs in the context of human 

health, highlighting chemical ecology, therapeutic applications, and potential risks in urban 

environments. It further identifies knowledge gaps and outlines future research directions to guide 

forest management, urban green space design, and public health strategies. By integrating ecological, 

physiological, and environmental perspectives, forests and their volatile compounds can be effectively 

leveraged as nature-based tools to promote sustainable health and well-being. 
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1. Introduction 

 

Human survival has always been intertwined with the gifts of nature-water, nutrient cycles, and 

the sustenance provided by food. For centuries, societies lived in close harmony with natural 

environments, drawing both material resources and a sense of balance from them. The rise of 

industrialization, however, marked a turning point: rapid urbanization drew people into densely 

populated, polluted, and increasingly artificial surroundings. This detachment from nature is now 

closely associated with the rise of so-called 'modern diseases,' ranging from mental health challenges 
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such as stress and depression to physical conditions including hypertension and cancer (Nilsson et al. 

2011; Balwan and Kour, 2021). This health decline underscores the growing importance of ecosystem 

services (ES): which offer nature-based solutions to mitigate these modern ailments and enhance 

human well-being (Boyd and Banzhaf, 2007; MEA, 2005). Since the Millennium Ecosystem Assessment 

(MEA, 2005) and The Economics of Ecosystems and Biodiversity (TEEB): ES have become central to 

valuing biodiversity in sustainable development (TEEB, 2010). As major providers of these services, 

forests-which cover ~31% of global land-play a vital role by offering provisioning, regulating, and 

cultural benefits, including biodiversity conservation, carbon sequestration, water regulation, and 

health improvements (Orlović et al. 2012; Jenkins and Schaap, 2018). Scientific evidence indicates that 

forests exert measurable positive effects on human health, in part through biogenic volatile organic 

compounds (BVOCs) such as terpenes, which can modulate immune function, support cardiovascular 

and respiratory health, and alleviate psychological stress (Cho et al. 2017; Antonelli et al. 2020; Wolf et 

al. 2020). Forest-based interventions, including Shinrin-Yoku (immersive nature exposure): are 

increasingly recognized as non-invasive approaches with quantifiable health benefits (Larenas-

Linnemann et al. 2020; Antonelli et al. 2022). Yet, the mechanisms linking specific tree species and 

BVOCs to health outcomes are not fully understood, limiting targeted application and forest 

management for health (Doimo et al. 2020; Bach Pages et al. 2020). BVOCs also influence atmospheric 

chemistry, affecting ozone formation and particulate matter in urban air, thereby indirectly impacting 

human health (Calfapietra et al. 2013; Mei et al. 2021). Terpenes, the most chemically diverse plant 

metabolites, show species-, genotype-, and environment-dependent patterns, with their profiles 

varying across time and space (Kesselmeier and Staudt, 1999; Ashour et al. 2018; Kopaczyk et al. 2020). 

This complexity demands detailed BVOC characterization to understand their ecological and 

therapeutic roles. Significant gaps remain in identifying beneficial tree species/genotypes and optimal 

conditions for maximizing BVOC health benefits. Limited interdisciplinary collaboration between 

forestry and medical sciences hinders progress in translating ecological insights into preventive 

healthcare and urban greening (Bach Pages et al. 2020; Doimo et al. 2020). This review synthesizes 

current knowledge on forests and their biogenic BVOCs in human health promotion, highlights forest 

therapy and BVOC chemical ecology research, and calls for interdisciplinary approaches to guide 

future studies and design therapeutic green spaces to improve public health. 

 

2. Forest ecosystem services 

 

Blew (1996) noted that the term “ecosystem” varies depending on focus - organisms, ecological 

processes, or geographic areas with distinct soil, climate, and biosphere conditions. More recent 

definitions view ecosystems as dynamic, complex systems where plants, animals, microorganisms, and 

humans interact continuously (MEA, 2005). Humans have long relied on ecosystem components, now 

conceptualized as ecosystem services (ES): defined as all benefits derived from nature that enhance 

well-being and quality of life (Boyd and Banzhaf, 2007). As a key bioeconomic factor, ES transform 

natural resources - plants, animals, soil, water, air - into goods and services vital to human societies 

(D’Amato et al. 2020). However, intensified resource use from rapid societal development has caused 

widespread degradation, biodiversity loss, and habitat disruption, prompting new management 

frameworks including in forestry (Rapport et al. 1998; Regier et al. 1996; Ruokamo et al. 2023). The ES 

concept emerged in the late 1960s but gained momentum in the late 1990s and 2000s, driven by the 

need to raise awareness about biodiversity’s importance for human survival (Mengist and Soromessa, 

2019). The Millennium Ecosystem Assessment (MEA, 2005) was the first major global evaluation, 

highlighting complex ecosystem interactions and trade-offs, such as between provisioning and 

regulating services. The Economics of Ecosystems and Biodiversity (TEEB, 2010) further emphasized 

economic valuation to promote conservation. Recently, Intergovernmental Science-Policy Platform on 

Biodiversity and Ecosystem Services (IPBES, 2019) advanced scientific understanding and policy 

relevance of ES globally, informing biodiversity conservation and sustainable development. The EU 

Forest Strategy (European Commission, 2021) integrates ES into forest policies to enhance biodiversity, 
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climate mitigation, and human well-being through sustainable forestry. The Millennium Ecosystem 

Assessment (2005) defines ecosystem services as the benefits that people obtain from ecosystems, 

encompassing provisioning, regulating, cultural, and supporting services (Reid et al. 2005). These 

sustain biodiversity and produce goods like seafood, timber, pharmaceuticals, and maintain ecosystem 

functions essential for humans (Daily, 1997; Costanza et al. 1997). However, as humans increasingly 

dominate and rapidly alter ecosystems – particularly anthropogenic ones (Vitousek et al. 1997) – 

understanding and preserving forest ecosystem services becomes ever more critical. 

Forests provide diverse goods and services globally, regionally, and locally, such as timber, 

wood products, and many others contributing to human well-being (MEA, 2005). European forests 

supply provisioning services like timber, but also crucial regulating services such as soil protection, 

water and air purification, and climate regulation (Jenkins and Schaap, 2018; Forest Europe, 2020). 

Forests also support cultural and spiritual values (Jenkins and Schaap, 2018). Vizzarri et al. (2014) 

highlight forests as primary ES sources foundational for human life and society. Key services include 

timber and non-wood products, biodiversity conservation, water and soil protection, carbon 

sequestration, natural disaster protection, recreation, relaxation, and education (Dodev et al. 2020). 

Forest ES can be direct – obtained or used directly – or indirect, which are not spatially limited (Mengist 

and Soromessa, 2019; Haefele et al. 2016). Direct services include timber, fibers, bioenergy, clean water, 

traditional medicines, and cultural values such as landscape aesthetics and ecotourism (Mengist and 

Soromessa, 2019). Regulating services derive from ecosystem processes like erosion control, climate 

regulation, pollination, and protection from hazards like floods. Cultural services provide intangible 

benefits influencing well-being, aesthetics, spiritual values, recreation, and education. Supporting 

services sustain life via soil formation, nutrient cycling, photosynthesis, and habitat provision (MEA, 

2005; De Groot et al. 2012; Englund et al. 2017; Mengist and Soromessa, 2019). Forests also represent 

income sources for owners and users relying on sustainable management for profits (Romeiro et al. 

2022). Responsible forest management mitigates climate change impacts and improves quality of life. 

Forests host over 80% of terrestrial species and provide food, raw materials for pharmaceuticals, 

drinking water, and support recreational, cultural, and spiritual activities for millions worldwide 

(Jenkins and Schaap, 2018). Li et al. (2019) report the global forest sector employs over 18 million people 

directly and supports more than 45 million jobs indirectly, contributing over USD 1.29 trillion to global 

GDP. Despite this, approximately 40% of original forests have been lost due to agriculture and 

industrialization, with remaining forests fragmented and degraded (MEA, 2005; Matthews et al. 2000; 

Wade et al. 2003). Europe’s approach has shifted from exploitation to sustainable use with growing 

recognition of intangible forest goods and services (Aldous, 2006; Fuller et al. 2010). 

 

3. Therapeutic and health benefits of forests 

 

Forests and trees play a critical role in supporting human health and well-being, offering benefits 

that are both direct – through the use of natural resources – and indirect, through psychological and 

physiological effects of exposure to forest environments. These benefits are increasingly acknowledged 

in medical literature and are driving the development of forest-based therapeutic practices worldwide. 

 

3.1. Forest-based therapeutic practices 

 

Therapeutic engagement with forest environments can occur through casual contact or 

structured programs. A range of nature-based practices has emerged in recent decades, including forest 

therapy, forest bathing (Shinrin-Yoku): and integrative methods such as Kneipp therapy when 

combined with forest exposure (Tsunetsugu et al. 2010; Schuh and Immich, 2022). All these approaches 

emphasize the immersive presence of individuals in forested environments, though they differ in 

formality, infrastructure, and clinical integration. One of the most prominent and widely studied 

methods is Shinrin-Yoku, which literally translates to “forest bathing” or “bathing in the forest 

atmosphere.” Developed by Japan’s Forestry Agency in 1982, the practice was part of a national health 
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strategy aimed at combating rising levels of stress and chronic disease associated with rapid 

technological advancement and urbanization (Tsunetsugu et al. 2010). It was officially introduced into 

Japanese medicine during the 1980s and is now embedded within public health promotion (Park et al. 

2007; Hansen et al. 2017).  Shinrin-Yoku involves slow, mindful walking through forested areas with 

deliberate engagement of all five senses-touch, sight, hearing, smell, and taste. This sensory interaction 

is believed to foster deep relaxation and physiological regulation. The practice does not require physical 

exertion or specialized equipment and can be adapted to people of all ages and health conditions. The 

institutionalization of forest therapy varies globally. Japan, South Korea, and Germany have formally 

integrated forest-based therapies into their healthcare systems, supported by infrastructure, trained 

guides, and medical professionals (Zhang and Ye, 2022). In contrast, in countries like China and the 

United States, forest bathing tends to be a more informal activity, usually practiced independently or 

guided by non-medical professionals. Despite these differences, all approaches share the 

understanding that human interaction with forests contributes to overall well-being. 

 

3.2. Physiological and immune system benefits 

 

A substantial number of empirical studies have confirmed the wide-ranging physiological 

benefits of forest exposure. Among the most frequently reported effects are reductions in 

cardiovascular and stress-related markers. Exposure to forest environments has been shown to reduce 

blood pressure, heart rate, and levels of salivary cortisol – a hormone closely associated with stress 

response (Li, 2010; Park et al. 2010; Lee et al. 2011; Li et al. 2011; Lee et al. 2014; Ochiai et al. 2015; Han 

et al. 2016; Song et al. 2017; Li, 2022). These responses have been consistently observed in both healthy 

individuals and those with pre-existing conditions. Another important area of research relates to the 

immune system. Several studies have demonstrated that time spent in forests can enhance the activity 

and count of Natural Killer (NK) cells, a type of lymphocyte involved in the body’s defence against 

infections and tumors (Li et al. 2008; Li et al. 2009; Han et al. 2016; Sunjaya and Sunjaya, 2018). NK cell 

activity increased significantly after forest therapy sessions, and the effects were observed to persist for 

several days post-exposure. Further physiological improvements have been observed in metabolic 

function. In a landmark study by Ohtsuka et al. (1998): patients with non-insulin-dependent diabetes 

who engaged in forest walks of 3 to 6 kilometers exhibited marked reductions in blood glucose levels. 

These results suggest that forest-based interventions may serve as complementary strategies in the 

management of chronic conditions such as diabetes and cardiovascular diseases. In addition to the 

physiological outcomes, forest exposure has been linked to improved respiratory function and 

enhanced air quality. Forests reduce airborne pollutants and produce beneficial biogenic volatile 

organic compounds (BVOCs): some of which – such as phytoncides – are thought to have anti-

inflammatory and antimicrobial effects (Mazzoleni et al. 2024). Thus, forest air may contribute to 

respiratory health, particularly in urbanized settings where air pollution is a major public health 

concern. 

Beyond physical health, the mental and emotional benefits of forests are increasingly recognized. 

Nature exposure is associated with reductions in anxiety, depression, anger, and stress, as well as 

improved mood, attention, and emotional resilience. These outcomes are particularly relevant in light 

of the growing mental health crisis in urban populations. Forest exposure has been shown to reduce 

symptoms of anxiety in both clinical and non-clinical populations (Tsunetsugu et al. 2011; Lee et al. 

2014; Kobayashi et al. 2015). Decreases in salivary cortisol after forest walks reflect a downregulation 

of the stress response system (Tsunetsugu et al. 2010; Li, 2022). Improvements in emotional state have 

also been documented, including reductions in negative emotions such as anger, fatigue, and confusion 

(Park et al. 2011; Song et al. 2018). Several studies point to the therapeutic value of forests for individuals 

with depressive symptoms. Morita et al. (2007; 2011) found that forest exposure significantly alleviated 

symptoms of depression and contributed to enhanced feelings of vitality and well-being. Similarly, 

Ulrich et al. (1991) and Pretty et al. (2007) highlighted the role of natural environments in reducing 

psychological distress and fostering positive affect. Cognitive benefits have also been observed. Forest 



Topola/Poplar 2025, 216, 27-40                                                                                                                             www.ilfe.org 
 

 

31 

 

settings appear to support attention restoration and cognitive recovery from mental fatigue, which may 

be particularly beneficial for people living in high-stress urban contexts or working in cognitively 

demanding professions. Improved sleep quality and overall life satisfaction have been reported 

following regular forest visits (Song et al. 2019). The COVID-19 pandemic has further underscored the 

importance of access to green spaces. During periods of lockdown and restricted mobility, people 

increasingly sought refuge in forests and peri-urban green areas, using nature as a coping mechanism 

for stress and isolation (McCunn, 2021). This shift has reignited public interest in nature-based healing 

and prompted calls for improved integration of green infrastructure in urban planning. 

Despite the abundant evidence supporting the positive health effects of forests, many of the 

underlying mechanisms remain insufficiently explored. A review by Doimo et al. (2020) concluded that 

the forest-health relationship is still under-researched and called for more targeted studies to identify 

forest-specific factors responsible for physiological and psychological benefits. Understanding the 

contribution of specific environmental parameters – such as biodiversity, tree species composition, 

forest structure, and emitted VOCs – is crucial for developing effective nature-based interventions. 

Additionally, there is a need for standardized protocols in forest therapy research, including consistent 

exposure durations, participant profiles, and measurement techniques. Such standardization would 

facilitate cross-study comparisons and provide stronger scientific foundations for integrating forest 

therapy into formal healthcare practices. As climate change and urbanization continue to pose health 

challenges, forests offer a promising, nature-based resource for improving population health. Future 

forest management strategies should consider the therapeutic potential of green spaces, particularly in 

urban and peri-urban contexts where access to nature is limited. Integrating scientific knowledge of 

forest-human interactions into public health and urban planning policies could lead to more resilient, 

healthier communities (Bach Pagès et al. 2020). 

 

4. VOCs  

 

Biogenic volatile organic compounds (BVOCs) emitted by trees are recognized as key forest 

parameters contributing to human health improvement (Li, 2010). Besides their direct health benefits, 

BVOCs also influence air quality (Grote et al. 2016): indirectly affecting human well-being. Previous 

studies have analyzed tree-derived BVOCs for their role in urban ozone formation (Calfapietra et al. 

2013; Fitzky et al. 2019) and their capacity to reduce harmful particulate matter (PM) in urban air (Mei 

et al. 2021). BVOCs encompass diverse volatile organic substances, excluding CO₂ and CO, including 

terpenes, alkanes, alkenes, aldehydes, ketones, alcohols, esters, ethers, and acids (Kesselmeier and 

Staudt, 1999). Plants produce hundreds of thousands of low-molecular-weight compounds, classified 

as primary metabolites (common to all organisms) and secondary metabolites, the latter being 

biosynthesized only in specific plant groups (Pichersky and Gang, 2000). Secondary metabolites, 

including volatile organic compounds, play vital roles in plant reproduction, defence, inter-species 

interactions, and exhibit bioactivities such as antimicrobial, anti-inflammatory, antioxidant, 

antidiabetic, and anticancer effects (Mun and Townley, 2021). These compounds are produced in 

various plant organs like flowers, fruits, leaves, stems, and roots (Farré-Armengol et al. 2016). The 

biosynthesis of secondary metabolites is complex and regulated temporally and spatially by plant 

genetics and environmental factors (Picazo-Aragonés et al. 2020). Although many biosynthetic 

pathways remain unclear, numerous enzymes are involved (Pichersky and Gang, 2000). Epigenetic 

studies are increasingly important to elucidate these pathways (Picazo-Aragonés et al. 2020). Volatile 

organic compounds are also valuable as chemotaxonomic markers in plant systematics, with their 

chemical profiles reflecting geographic and environmental interactions that impact surrounding 

ecosystems (Picazo-Aragonés et al. 2020). 
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4.1. Role of BVOC 

 

Volatile organic compounds (VOCs) produced by plants result from their adaptation to 

environmental conditions and interactions with abiotic and biotic factors (Dudareva et al. 2013; Picazo-

Aragonés et al. 2020). Plants activate VOC biosynthesis in response to stresses such as pathogens, 

mechanical injury, or extreme temperatures (Ueda et al. 2012). Besides stress responses, VOCs are also 

synthesized to attract pollinators, signal injury within the plant, and communicate warnings to 

neighbouring plants and organisms. Although VOC profiles are generally species-specific, their 

composition can vary among individuals and depends strongly on the plant’s developmental stage 

(Gibney and Nolan, 2010; Kopaczyk et al. 2020). VOCs play a crucial role in defense against pathogens 

and enhance resistance to abiotic stress (Heil and Silva Bueno, 2007; Koornneef and Pieterse, 2008; 

Dudareva et al. 2013; Salam et al. 2023). Upon stress exposure, plants increase VOC biosynthesis not 

only to protect themselves but also to warn neighbours of potential threats (Brosset and Blande, 2021; 

Darragh et al. 2021; Salam et al. 2023). Plants possess a complex immune signalling system where 

pathogen attacks activate systemic acquired resistance (SAR): with VOCs-mainly monoterpenes-acting 

as communication modulators within and between plants (Eccleston et al. 2022). This plant-to-plant 

communication, originally termed allelopathy by de Candolle in 1832, refers to reciprocal biochemical 

interactions. Baldwin and Schultz (1983) showed that plants use secondary metabolites to alert others 

to damage or pathogens. Upon uptake of VOCs, plants may synthesize new compounds that influence 

photosynthesis, nutrient uptake, and metabolism, affecting their physiological state (Brosset and 

Blande, 2022). Beyond plant interactions, VOCs also affect human health. Numerous studies have 

documented positive health effects of VOCs (Cho et al. 2017; Antonelli et al. 2020; Wolf et al. 2020). 

However, some research warns of potential negative impacts caused by photochemical reactions of 

VOCs in urban atmospheres, where plant-derived VOCs can react with pollutants to form harmful 

compounds (Jaars et al. 2018). 

 

4.2. Terpenes 

 

Terpenes, also known as isoprenoids or terpenoids, are secondary plant metabolites whose 

primary function is protection against stress, damage, and pathogenic microorganisms (Milić, 1997; 

Kebert et al. 2022). They represent the most diverse class of plant secondary metabolites, with over 

55,000 compounds identified to date and approximately 1,000 new structures added annually (Ashour 

et al. 2018; Ninkuu et al. 2021). Terpenes possess a characteristic carbon skeleton composed of five-

carbon isoprene units (C₅H₈) and are classified based on the number of these units according to the 

isoprene rule first proposed by Wallach in 1887 (Milić, 1997; Ninkuu, 2021). The main classes include 

hemiterpenes (C₅H₈): monoterpenes (C₁₀H₁₆): sesquiterpenes (C₁₅H₂₄): diterpenes (C₂₀H₃₂): 

sesterterpenes (C₂₅H₄₀): triterpenes (C₃₀H₄₈): tetraterpenes or carotenoids (C₄₀H₅₆): and polyterpenes 

(C₅H₈)_x (Milić, 1997). The biosynthesis of terpenes was demonstrated in 1956 by isolating mevalonic 

acid, a key intermediate in their production. Terpene biosynthesis begins with acetyl-CoA, which is 

converted into mevalonic acid, followed by the formation of isopentenyl pyrophosphate (IPP) and 

dimethylallyl pyrophosphate (DMAPP): the precursors of terpenes (Ninkuu, 2021). Terpenes are 

mostly assembled by linking isoprene units “head-to-tail,” although exceptions exist (Milić, 1997). 

Forests are a major source of terpenes, particularly monoterpenes and sesquiterpenes (Šimpraga et al. 

2019; Hodzic et al. 2016). Monoterpenes consist of two isoprene units and are structurally classified as 

acyclic, monocyclic, or bicyclic. Sesquiterpenes, containing three isoprene units, are categorized into 

acyclic, monocyclic, bicyclic, and tricyclic types (Ninkuu, 2021). Some terpenes, including mono- and 

sesquiterpenes, are volatile, while others like diterpenes are partially volatile or non-volatile depending 

on the number of isoprene units (Ninkuu, 2021). Once emitted into the atmosphere, these compounds 

are highly reactive, and their concentrations vary with environmental factors such as temperature, 

sunlight, presence of other compounds, and seasonal changes. Additionally, subterranean and aerial 
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allelopathic interactions within ecosystems influence their atmospheric composition (Kesselmeier and 

Staudt, 1999; Wang, 2018; Hellén et al. 2018; Kopaczyk et al. 2020). 

 

4.3. BVOCs and human health and wellbeing 

 

Volatile organic compounds (VOCs) of plant origin-particularly those emitted by trees-represent 

a crucial interface between forest ecosystems and human health. These compounds encompass a broad 

range of chemical classes, including terpenes, aldehydes, ketones, alcohols, and others, and are released 

from various plant organs into the atmosphere. Once airborne, VOCs interact with environmental 

factors such as temperature, sunlight, and air pollutants, influencing not only ecological dynamics but 

also human health both directly and indirectly. 

Numerous studies have demonstrated that VOCs emitted in natural environments, particularly 

forests, positively influence human physiological and psychological parameters. Exposure to forest air 

enriched with biogenic VOCs is linked to reductions in stress hormones such as cortisol, lowered blood 

pressure, enhanced immune function, and improved mood (Li, 2010; Song et al. 2017). In this way, 

VOCs are key contributors to the health benefits observed during nature exposure and forest therapy. 

However, in urban environments with high anthropogenic pollution, plant-emitted VOCs may react 

photochemically with nitrogen oxides (NOₓ): leading to the formation of ground-level ozone and 

secondary organic aerosols (SOAs): both detrimental to human health (Calfapietra et al. 2013; Jaars et 

al. 2018). Thus, while VOCs mediate important plant–environment and plant–human interactions, their 

effects depend heavily on environmental context and air quality. It is essential to differentiate VOCs 

from phytoncides, a subset of plant-emitted VOCs with specific bioactive properties such as 

antimicrobial and anti-inflammatory effects. Whereas VOCs encompass a broad range of compounds 

involved in ecological signalling, plant defence, and air chemistry, phytoncides refer specifically to 

VOCs with therapeutic potential. Recognizing this dual role of plant VOCs – as both health-promoting 

agents and possible air pollutants – underlines the need for context-specific research and careful 

planning of urban greening and forest-based health interventions. 

 

4.4. Phytoncides 

 

The term phytoncides derives from the Greek words phyto (plant) and cide (to kill) and refers to 

volatile organic compounds produced by plants that act as defence mechanisms against pathogens and 

pests, including bacteria, fungi, and insects (Tokin, 1980). Forest-derived VOCs, primarily mono- and 

sesquiterpenes, function as phytoncides and are key forest parameters linked to positive human health 

effects (Cheng et al. 2009; Li et al. 2011). Certain terpenes in trees, such as α-pinene and β-pinene, exhibit 

anti-inflammatory, anticancer, and sedative activities (Paduch et al. 2007; Salehi et al. 2019; Khoshnazar 

et al. 2019). Limonene and linalool also show anticancer, anti-inflammatory, antimicrobial, and sedative 

effects (Hafidh et al. 2018; Kim et al. 2019; Iwasaki et al. 2016; Lee et al. 2018; Liu et al. 2020). Other 

phytoncidal terpenes include terpinolene, camphene, camphor, and α-cadinol (Wen et al. 2007; 

Sokolova et al. 2014; Vallianou and Hadzopoulou-Cladaras, 2016; Kim et al. 2019). Regarding human 

health, these compounds can improve conditions such as Parkinson’s disease, multiple sclerosis, 

allergic reactions, asthma, and aging symptoms (Sunjaya and Sunjaya, 2018). Italian studies suggest 

lower COVID-19 mortality in southern Italy may relate to exposure to antiviral plant-derived VOCs 

(Roviello and Roviello, 2021). Phytoncides stimulate the olfactory sense, which is connected to instincts 

and emotions, and are believed to exert a stronger influence on humans during forest therapy than 

other forest parameters (Tsunetsugu et al. 2010). Coniferous species release higher concentrations of 

VOCs than deciduous trees, making them more effective in emitting these compounds (Meneguzzo et 

al. 2019). 
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5. Future perspectives 

 

The investigation of biogenic volatile organic compounds (BVOCs) and their multifaceted effects 

on human health and the environment represents a complex scientific endeavour that necessitates close 

collaboration among diverse disciplines. Despite the increasing recognition of the significant role that 

BVOCs play in linking forest ecology, atmospheric processes, and public health, a persistent challenge 

remains: the insufficient integration and cooperation between forestry researchers, atmospheric 

scientists, medical professionals, and urban planners. Addressing this challenge requires the 

establishment of collaborative research platforms and the integration of ecological knowledge into 

urban planning and public health strategies. 

Forests and their emitted biogenic volatile organic compounds (BVOCs) have a profound and 

multifaceted impact on human health. The current body of research underscores that exposure to forest 

environments and inhalation of BVOCs can contribute significantly to the prevention and mitigation 

of various diseases, including respiratory, cardiovascular, metabolic, and mental health disorders. 

These natural ecosystems provide both direct and indirect health benefits, ranging from improved 

immune function and reduced stress hormone levels to enhanced psychological well-being. The 

preventive potential of forests extends beyond individual health, encompassing public health and 

community resilience, especially within the context of rapid urbanization and global environmental 

change. By preserving and integrating forest ecosystems and urban green spaces into city landscapes, 

societies can harness the therapeutic properties of BVOCs and forest environments as natural, cost-

effective complements to conventional healthcare strategies. To fully realize this potential, coordinated 

efforts are required across multiple sectors. Future research should prioritize interdisciplinary 

approaches that bring together urban planners, medical researchers, and forestry experts. Such 

collaboration is crucial to develop evidence-based guidelines for urban green infrastructure design, 

forest management, and public health policies that optimize BVOC exposure and forest accessibility. 

Moreover, there is a need for enhanced monitoring and analytical tools to better understand the 

variability of BVOC emissions and their physiological effects across diverse populations and 

environments. Long-term epidemiological studies and controlled clinical trials are also essential to 

substantiate the causal links between forest exposure, BVOC inhalation, and health outcomes.  

In practice, urban planners should incorporate knowledge about BVOC-emitting vegetation into 

green space design to maximize health benefits while minimizing potential adverse effects, such as 

ozone formation. Forestry specialists must continue to balance sustainable forest management with 

ecosystem service delivery, ensuring the maintenance of high-quality forest environments that support 

both biodiversity and human health. In conclusion, fostering interdisciplinary collaboration not only 

advances scientific discovery, but also catalyzes the translation of complex ecological interactions into 

tangible societal benefits. Forests and their volatile organic compounds represent vital natural 

resources for advancing public health and well-being. The future success in leveraging these benefits 

lies in overcoming disciplinary boundaries, embracing integrative research, and embedding ecological 

knowledge into health and urban policies to promote sustainable, health-supportive human-

environment interactions. 
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