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Abstract: Illness is a significant global societal issue in the 21st century. Forest, as an important
part of terrestrial ecosystem, holds substantial health and well-being benefits. People can gain
health benefits from interacting with forests, even for short periods. Unfortunately, there is a lack
of systematic concern regarding the beneficial elements that forest provides to humans. In this
study, a systematic review and meta-analysis were conducted following established guidelines,
comprehensively evaluating the beneficial elements of the forest environment. The results indicated
that the beneficial forest elements relevant to human health include beneficial substances (clean air,
high-quality freshwater, CO2/O2 balance, negative air ions, and phytoncides) and beneficial factors
(moderate thermal environment and biodiversity). These beneficial forest elements are products of
plant’s physiological processes. While their production pathways are relatively well understood,
the mechanisms by which these elements impact health are unclear. This review provided the
foundational data and theoretical insights for future research on the health benefits of forest elements.

Keywords: forest elements; forest therapy; urban forest; urban green space; human health and
well-being; mental health; health mechanism

1. Introduction

Significant global health challenges exist in the 21st century [1]. Illnesses such as
obesity, cardiovascular disease, insomnia, mood disorders, and cognitive disorders are
major societal problems worldwide. The world urbanization prospects: the 2018 revision:
highlights showed that 55% of the world’s population lived in urban areas in 2018; in
1950, 30% of the population was urban, and by 2050, 68% of the world’s population is
predicted to be urban [2]. These data showed that urbanization was accelerating and that
health challenges would become more severe in the future. Diseases in cities are caused by
a variety of factors. Previous research has confirmed a strong correlation between these
health issues, the absence of natural elements in urban environments, and the reduction in
people’s daily exposure to nature [3,4].

As an important part of the terrestrial ecosystem, forests are rich in material resources
and form a good ecological environment, which provides the basic survival guarantee for
the entire global terrestrial life [5]. In recent years, the health-promoting function of forest
environments has received people’s attention. Studies have confirmed consistent negative
associations between forest environments and human mortality, as well as violent behavior
and positive associations with attention, mood, sleep quality, and physical activity [6–10].
Furthermore, current research generally agrees that people gain health and well-being
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benefits from forests in various forms (such as nature exposure, nature connectedness, and
guided forest activities), even for short periods [11–13]. With the support of a number of
studies, many countries around the world have carried out alternative therapy activities
that benefit human health in forest environments. These activities are generally referred
to as forest therapy [14,15]. Forest therapy has currently played an important role in
improving human health, especially mental health. Moreover, it is noteworthy that the
forest ecosystem also faces some environmental problems, such as pollution, land use
change, natural disasters, etc. [16–18]. Obviously, the existence of these problems will
damage forests and then impact human health. A variety of research results have been
obtained in this field. The beneficial elements in forests have a more direct effect on human
health and well-being. Unfortunately, in the past, the attention in this field has primarily
focused on the function of forest ecosystems, and there has been an overlooking of the
elements themselves. There is a lack of awareness and systematic summary regarding the
beneficial elements that forest provides to human health. Although the function is a critical
aspect and evaluation basis of elements [5,19], a specific ecological function of forests is
frequently determined by particular elements or a combination of multiple elements. From
the perspective of forestry managers, clarifying the beneficial forest elements is essential
for better managing non-timber forest systems that provide ecological services.

Therefore, this study focuses on the forest elements that directly impact human health
and excludes the functions produced by these elements. First, the elements were identified,
and the available evidence was systematically reviewed. Moreover, the ways in which
these forest elements produce health effects were discussed, and their mechanism of action
was then explored. This review can provide the foundational data and theoretical insights
for future research on the health benefits of forest elements.

2. Materials and Methods

In this study, the beneficial forest elements were defined as the capacity of the forest
environment to provide ecological services that support life on Earth and contribute directly
or indirectly to human health and well-being. Based on the keywords, such as forests, urban
forests, urban parks, urban green spaces, health, health and well-being, psychological,
physical, health factors, health elements, health components, and health substances, a
systematic review and meta-analysis was conducted in March 2024. The searches were
restricted to the year between January 1990 and December 2023.

By searching for these terms independently or in combination in PubMed, Web of
Science, ScienceDirect, and Scopus databases, 158 articles were identified in the initial
database. In order to ensure the accuracy, reliability, and completeness of the literature,
we selected potentially relevant papers through the following procedures: (1) screening
the title, (2) screening the abstract, and (3) searching and screening the full text when the
abstract did not provide sufficient data or was unavailable, leaving 67 papers. In addition,
scientific readings were carried out, and the literature that studied only about forests, only
about health, or no control condition was excluded. A total of 31 papers were used in
this review.

The number of studies was too small to conduct a meta-analysis. After reviewing
the literature, the beneficial forest elements relevant to human health were divided into
two aspects: beneficial substances (clean air, high-quality freshwater, CO2/O2 balance,
negative air ions, and phytoncides) and beneficial factors (moderate thermal environment
and biodiversity).

3. Results
3.1. Beneficial Substances

The beneficial substances in the forest environment refer to the particular kind of
matter that positively affects human health and well-being, which absence or even slight
fluctuation can bear on human health. In the review, the beneficial substances include clean
air, high-quality freshwater, CO2/O2 balance, negative air ions, and phytoncides (Table 1).
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Table 1. Beneficial substances bearing on human health and well-being.

Beneficial Substances Ecological Services Pathway Citations

Clean air

Plants in the forest
environment play an
important role in ameliorating
air pollution and improving
human health.

(1) Affecting the diffusion of
air pollutants;
(2) Trapping particulate matter;
(3) Absorbing and storing
air pollution.

Nowak et al., 2014 [20]
Manes et al., 2016 [21]
Bagheri et al., 2017 [22]
Nowak et al., 2018 [23]
Almeida et al., 2020 [24]
Azwardi et al., 2021 [25]

High-quality
freshwater

Forests are natural water
purifiers, providing an
important ecological service
that improves human health.

(1) Filtering solid pollutants
in runoff;
(2) Precipitating and degrading
organic pollutants;
(3) Absorbing nutrient ions.

Cunha et al., 2016 [26]
Shah and Nisbet, 2019 [27]
Kumarasiri et al., 2021 [28]
Piaggio and Siikamki, 2021 [29]

CO2/O2 balance

Forest plants regulate the
balance between O2 and CO2
by absorbing CO2 and
releasing O2.

(1) Photosynthesis;
(2) Respiration.

Fang et al., 2001 [30]
Tang et al., 2018 [31]
Wen et al., 2018 [32]
Green and Keenan, 2022 [33]

Negative air ions
NAIs are known as “air
vitamins” and directly benefit
human health.

(1) Photosynthesis in forests’
canopies;
(2) Electrolysis of air from branches
and leaves;
(3) Air ionization from volatile
substances released by plants;
(4) Surviving for a long time in the
forest environment.

Yan et al., 2015 [34]
Miao et al., 2018 [35]
Wang et al., 2020 [36]

Phytoncides

Phytoncides are aromatic
volatile substances emitted by
the organs and tissues
of plants.

The release of phytoncides is closely
related to the physiological
activities of plants.

Yang et al., 2010 [37]
Li, 2013 [38]
Kim et al., 2020 [39]

3.1.1. Clean Air

Air pollution is a significant global problem affecting human health and well-being.
Common air pollutants include carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3),
sulfur dioxide (SO2), and particulate matter less than 2.5 µm (PM2.5) and 10 µm (PM10) [23].
In 2005, there were approximately 130,000 deaths related to PM2.5 pollution and around
4700 deaths related to O3 pollution in the United States [40].

Living plants in forest environments play an important role in ameliorating air pol-
lution. While it is true that the pollen of some plants can cause allergies, volatile organic
compounds (VOCs) released by some plants may contribute to the formation of other
pollutants, such as O3 and PM2.5 [23]. Studies indicate that plants have net benefits for air
quality. Trees can alter wind speed and direction, affecting the diffusion of air pollutants
while trapping particulate matter on their surfaces [24]. These trapped pollutants are then
washed to the ground with precipitation. Plants continuously absorb gaseous air pollution,
storing these compounds in their tissues through physiological metabolism. Tree canopies,
particularly those with hairy leaves or dense needles, play a crucial role in this process [41].

Much research has focused on the role of urban forests in mitigating air pollution and
improving human health. Almeida et al. found that over nine months, PM10 concentra-
tions (70.9 ± 10.3 µg m−3) and NO2 (34.3 ± 5.2 µg m−3) near heavily trafficked urban
roads were significantly higher than those in nearby urban forests (37.2 ± 4.2 µg m−3 and
18.1 ± 3.1 µg m−3) [24]. Epidemiological surveys indicated that the frequency of respiratory
symptoms among children was three times higher in schools near highways or roads than
in schools near urban parks. Using simulations based on local environmental data, Nowak
et al. estimated that trees and forests in the United States removed 17.4 million tonnes of air
pollutants in 2010, saving 6.8 billion U.S. dollars in health costs and preventing more than
850 incidences of human mortality and 670,000 incidences of acute respiratory symptoms.
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They also estimated that trees in 86 Canadian cities removed 16,500 tonnes of air pollutants in
2010, saving 227.2 million Canadian dollars in human health costs and preventing 30 deaths
and 22,000 incidents of acute respiratory symptoms [20,22]. Manes et al. estimated that in 2003,
periurban forests in 10 cities in Italy sequestered 7150 Mg PM10 and 30,014 Mg O3 valued at
47 million USD and 297 million USD, respectively [21].

Other studies have extended beyond simply urban forests to demonstrate the effects
of green vegetation on reducing pollution. Bagheri et al. found a significant negative
correlation between green patches and air pollution levels, indicating that the reduction of
green patches would exacerbate air pollution [22]. Another national-level study analyzed
the effect of forest area on air pollution in 33 Indonesian provinces from 2010 to 2017 and
found that forests reduced air pollution in all regions, with any increase in forest area
leading to improved air quality [25].

3.1.2. High-Quality Fresh Water

Freshwater resources around the world have faced significant pressure in recent
decades due to climate change and human activity. A study indicates that only 40% of
surface water bodies in Europe are in a good ecological state, including in boreal areas,
which hold a large share of the world’s freshwater wetlands [42]. Natural causes of water
quality decline are primarily attributed to sediment runoff and erosion from disturbances
such as high-intensity wildfires [28,43]. In anthropogenic environments, pollutants from
industrial wastewater, atmospheric deposition of waste gas, and agricultural chemicals
are the main contributors to water quality degradation. Human impacts on water quality
are also evident in the forest environment, which has been extensively altered by human
activities worldwide.

Artificial water purification often employs chemicals that can sometimes pollute
drinking water. In contrast, forests act as natural water purifiers, providing an essential
ecological service that enhances human health. Forests improve water quality by reducing
soil erosion, filtering solid pollutants in runoff, precipitating and degrading organic pollu-
tants, and absorbing nutrient ions such as nitrogen (N) and phosphorus (P) [29]. Pollutant
concentrations in runoff from forests are lower than those from industrial, urban, and
agricultural land use types [44]. A study conducted in Sao Paulo, Brazil, showed that the
average turbidity in forested watersheds was 5–6 times lower than in industrial/urban and
agriculture areas [26]. Kumarasiri et al. found a significant negative correlation between
forest cover and nitrate nitrogen level (r2 = 0.521, p = 0.008) in 12 water basins of the
Samanalawewa watershed in Sri Lanka [28]. Piaggio and Siikamki observed that forest
cover significantly improved water quality and reduced the amount of chemicals needed to
supply drinking water, based on six years of monthly samples from water treatment plants
in Costa Rica. They estimated that forests could provide water purification services worth
up to 9.50 USD per hectare per year, with the value of this service inversely proportional
to the catchment area. Another study found that deforestation increased levels of water
phosphate, dissolved organic carbon (DOC), and suspended sediment [27].

3.1.3. CO2/O2 Balance

As a crucial product of photosynthesis, oxygen (O2) is essential for the survival of all
aerobic life forms on Earth [45]. Evidence from paleogeological studies indicates that O2
was a significant driver of the evolution of life on Earth [46]. During the Great Oxidation
Event (GOE) between 2.45 and 2.22 billion years ago, aerobic organisms capable of aerobic
respiration gradually replaced anaerobic organisms that thrived without O2, becoming the
dominant life forms on Earth [47]. Aerobic respiration produces more energy, significantly
accelerating the rate of evolutionary processes [48,49]. A doubling of O2 levels around
205 million years ago facilitated the evolution of placental mammals [50]. Simultaneously,
CO2 levels in the Earth’s atmosphere were low, but CO2 was also critical for climate regula-
tion, ecological balance, and the evolution of life. Driven by the physiological processes of
photosynthesis and respiration, Earth’s ecosystem gradually stabilized, forming a relatively
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balanced state between O2 and CO2. This prolonged stability allowed life on Earth to
flourish, eventually leading to advanced civilizations, including humans.

Since the Industrial Revolution, the concentration of CO2 has been gradually in-
creasing. Carbon originally sequestered in fossil fuels has been rapidly released into the
atmosphere in the form of CO2. Meanwhile, the destruction of forests has significantly
limited the efficiency of carbon fixation [51]. CO2 is a greenhouse gas, and rising CO2
concentrations pose a series of environmental problems, including enhanced greenhouse
effect, climate warming, and sea level rise [52]. While it is true that plant growth may
increase as a result of higher CO2 levels due to improved photosynthetic efficiency and
potentially increased solar radiation from reduced cloud driven by climate change, this
effect is not sufficient to offset the broader negative impacts. Indeed, from 1982 to 1999,
net primary production (NPP) worldwide increased by 6% (3.4 Pg C) [53]. However, with
the acceleration of global urban expansion, the replacement of natural vegetation with
impervious surfaces, and alterations to biogeochemical cycles, it is likely that global land
NPP will decline. One study showed that urban sprawl resulted in a net loss of 22.4 Tg C
per year between 2000 and 2010 [54].

The disruption of the balance between O2 and CO2 can have serious effects on human
health and survival. Plants naturally regulate this balance by absorbing CO2 and releasing
O2 through photosynthesis and respiration [32,33]. A study on changes in forest biomass
carbon stocks in China between 1949 and 1998 showed that, since the late 1970s, carbon
stocks have increased from 4.38 Tg C to 4.75 Tg C in 1998, with an average annual Carbon
accumulation rate of 0.021 Tg C. This increase is mainly due to the national afforestation
program initiated in the mid-1970s [30]. Another survey of carbon stocks in China’s terres-
trial ecosystems from 2011 to 2015 indicated that the total carbon pool in forests, shrublands,
grasslands, and croplands was 79.24 ± 2.42 Pg C. It is estimated that 1.9–3.4 Pg C could be
sequestered in forest biomass over the next 10–20 years, assuming no removals, primarily
due to forest growth [31]. Therefore, it is evident that forests, through their energy flow
and material circulation processes, can maintain a balance between O2 and CO2 to some
extent, buffering human disturbances to biogeochemical processes.

3.1.4. Negative Air Ions (NAIs)

Abundant negative air ions (NAIs) exist in forest environments, especially in places
with a lot of splashing, such as waterfalls and mountain streams [34]. NAIs are known as
‘air vitamins’ because they absorb dust, clean air, and generally improve air quality [55].
NAIs were first discovered independently by Elster and Geitel in Germany and Thomson
in England at the end of the 19th century [56]. Over the next century of research, NAIs
were reported to trigger a variety of physiological and biochemical responses, including
altering the concentration of serotonin and cyclic nucleotides in the cerebral cortex of rats,
inhibiting the growth of microorganisms, and preventing the spread of diseases in animal
pens [55]. Many studies demonstrated that NAIs are directly beneficial for human health
by improving neuropsychological performance, enhancing cardiac autonomic nervous
function, and treating mood disorders [57,58]. A controlled trial was conducted at Hollins
University in Roanoke, USA, to evaluate the effectiveness of exposure to high-density NAIs
for 30 or 60 min a day over 18 days on symptoms of seasonal affective disorder (SAD).
The results showed exposure to high-density NAIs was superior to zero-density NAIs in
alleviating depression and the atypical symptoms of SAD. Both the short and long daily
exposure reduced SAD symptoms within the high-density treatment group [59].

In a forest environment, NAIs are mainly produced by the initial ionization of neutral
gas molecules. The energy required for this ionization mainly includes cosmic rays and
ultraviolet radiation, electrostatic force, photoemission, photosynthesis, waterfall impact,
storms, lighting excitation, and so on [55]. Forests often provide ideal conditions for the pro-
duction of NAIs due to photosynthesis in the forest canopy, electrolysis of air from branches
and leaves, and air ionization from volatile substances released by plants. NAIs can survive
for a relatively long time in a forest environment [34]. Conversely, environmental pollutants
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such as NOX, SO2, and PM2.5 found in urban environments decrease the concentration
of NAIs [34,35]. One study found that NAI concentrations in forests (2871 ions cm−3)
were significantly higher than those in open spaces (843 ions cm−3) [36]. It is interesting to
note that another study found that NAI concentration differed among forest types. The
average NAI concentration in natural forests was 3759 ions cm−3, with a maximum value
of 5000 ions cm−3. In contrast, the average NAI concentrations in economic forests and
greenbelts were all significantly lower (<1900 ions cm−3) [34].

3.1.5. Phytoncides

Phytoncides are aromatic volatile substances derived from trees, including monoter-
penes and sesquiterpenes, such as α- and β-pinene, 3-carene, limonene, and terpinene [60,61].
Phytoncides were first discovered in 1928 by Boris P. Tokin, a Russian biochemist [62].
These compounds not only protect plants from bacteria, fungi, parasites, and herbivores
but also have positive effects on human health [63,64]. One study found that tree-derived
phytoncides significantly increased natural killer (NK) cell activity and perforin content
in humans while significantly decreasing the percentage of T cells. Overall, phytoncides
significantly enhance human immune function [60,65]. In addition, α-Pinene, a phytoncide
from pine trees, was found to have a sleep-enhancing effect on mice by acting as a positive
modulator for the GABAA-BZD receptor [66]. Another phytoncide, 3-carene, exhibited
similar efficacy [61].

While the health benefits of phytoncides for humans are well established, the mech-
anism by which phytoncides improve human health remains unclear. Phytoncides are
gaseous organic substances emitted by the organs and tissues of forest plants in their natu-
ral state [39]. Most studies on the composition and efficacy of phytoncides have focused
on conifers, such as pines and cypress [37]. There are fewer studies on the efficacy of
phytoncides from broadleaf trees. Although phytoncides can be extracted from the bark,
branches, and leaves of trees, the effects of exposure to extracted phytoncides indoors
may differ from those of exposure to natural phytoncides in situ. Admittedly, there is
insufficient evidence to support the difference in the health effects of these two methods
(exposure to forest or indoor addition of essential oils). In a forest environment, the release
of phytoncides is generally believed to be closely related to the physiological activities of
plants. Therefore, the concentration of phytoncides will exhibit seasonal variations tracking
the growth and dormancy of plants and will be spatially concentrated toward the interior
of forests rather than at their edges [38]. In general, further systematic study is needed on
the spatio-temporal patterns of phytoncide production in a forest environment and the
mechanistic link between phytoncides and human health.

3.2. Beneficial Factors

The beneficial factors in the forest environment refer to non-material components that
contribute to human health and well-being, and their absence is equally important to health
as the beneficial substances. In this study, the beneficial factors include moderate thermal
environments and biodiversity (Table 2).

Table 2. Beneficial factors bearing on human health and well-being.

Beneficial Factors Ecological Services Pathway Citations

Moderate thermal
environment

A forest environment
dominated by trees has more
moderate temperatures.

(1) Shading;
(2) Cooling effects from
evapotranspiration;
(3) Low thermal conductivity of
biological materials.

USGCRP, 2017 [67]
Dimoudi et al., 2013 [68]
Huang et al., 2020 [69]
Yuan et al., 2020 [70]

Biodiversity
Biodiversity is critical to the
ability of ecosystems to
sustain society.

All of these life forms in forests together
make up the biodiversity of the Earth.

Marselle et al., 2021 [71]
Methorst et al., 2021 [72]
Wei et al., 2022 [73]
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3.2.1. Moderate Thermal Environment

Heat in the body arises from muscle activity and results from aerobic activity and
exercise intensity. Once produced by muscles, excess heat must be transferred from the
body to the environment [74]. In overly hot or cold environments, heat transmission is
hindered or reversed, causing discomfort for the human body.

Compared to man-made environments, forest environments dominated by trees tend
to have more moderate temperatures due to shading and cooling effects from evapotran-
spiration [75]. The USGCRP reported that daytime air temperatures in American cities
were 0.5~4.0 ◦C higher than those in the nearby rural areas and that nighttime air tempera-
tures were 1.0~2.5 ◦C higher [67]. An analysis of microclimates in urban street canyons in
Northern Greece showed that afternoon and night air temperatures were about 5.0 to 5.5 ◦C
higher than in suburban areas [68]. Another study in Wuhan, China, found that afternoon
air temperatures and mean radiant temperatures in streets with high tree canopy cover
were 3.3 ◦C and 13.9 ◦C lower than in similar streets with no tree shade [69].

Building materials in cities, such as asphalt and concrete, have high thermal conduc-
tivity and heat capacity. Combined with an urban configuration that affects shading and
airflow, this leads to heat being stored in building materials during the day and slowly re-
leased at night [76]. As a consequence, overall temperatures in urban environments remain
elevated. The use of indoor cooling equipment also aggravates the heat island phenomenon.
Moreover, the high thermal conductivity of non-biological materials causes the urban envi-
ronment to release more heat, resulting in larger daily and seasonal temperature variations
compared to urban green space [68,77]. For instance, one study showed that increasing tree
cover to about 80% could achieve an average cooling of 2.1 ◦C in Singapore [70].

3.2.2. Biodiversity

The diversity of life on Earth is extraordinary, encompassing nearly 9 million species [78].
All of these life forms, including humans, together constitute Earth’s biodiversity. The Con-
vention on Biological Diversity (CBD) defines biodiversity as ‘the variability among living
organisms from all sources including, inter alia, terrestrial, marine, and other aquatic ecosys-
tems and the ecological complexes of which they are part; this includes diversity within
species, between species, and of ecosystems’ [79]. Many scientists have declared that the
loss of biodiversity poses an existential threat to the ability of ecosystems to sustain society.
Furthermore, the potential threats of species extinction are difficult to estimate [80,81].

To date, the direct impacts of biodiversity on human health are still being characterized.
Marselle et al. argue that biodiversity is a cornerstone of human health and well-being,
presenting a conceptual framework linking biodiversity to human health via four path-
ways: (i) reducing harm, (ii) restoring capacities, (iii) building capacities, and (iv) causing
harm [71]. A cross-sectional analysis in Germany found a significant positive relationship
between plant and bird species richness and mental health [72]. Wei et al. found that
relatively more smiles were elicited in urban parks with diverse shrubs and herbs than in
urban parks with lower diversity [73]. These studies highlight the importance of species
diversity for mental health and well-being. However, it is worth noting that higher species
biodiversity does not necessarily mean greater density. Some studies suggest that dense
green spaces in highly urbanized areas by some people are dangerous due to providing
cover for criminal activity [82,83].

As mentioned above, forest environments contain multiple elements, and although
quantitative studies are somewhat deficient, there is sufficient research evidence to confirm
that the existence of the forest elements provides essential health support and even survival.
This aligns with traditional knowledge and existing research. The forest is the basis of
the terrestrial ecosystem, maintaining the material cycles and energy flows within the
entire Earth’s ecosystem. The role of forest elements in promoting human health is an
aspect of ecological function, and the extent of their health contributions is determined
through human evaluation rather than inherent properties. In addition, the various forest
elements that benefit human health are often by-products generated by plants to meet their



Forests 2024, 15, 1604 8 of 11

own survival needs or to adapt to stress. In other words, these elements are unintentional
gifts of forests. This perspective underscores the interdependence of people and nature,
highlighting the organic unity of the entire ecosystem.

4. Conclusions

Beneficial forest elements relevant to human health include beneficial substances
(clean air, high-quality freshwater, CO2/O2 balance, negative air ions, and phytoncides)
and beneficial factors (moderate thermal environment and biodiversity). These beneficial
forest elements are products of plant’s physiological processes, primarily aimed at their
own survival, yet they also play a significant role in human health. Additionally, existing
research has elucidated the mechanisms by which these beneficial forest elements are
produced. However, the exact processes through which these elements exert their health
effects remain unclear, and most studies have not assessed the health effects of combinations
of two or more elements. A further in-depth investigation is needed from the following
aspects: (1) the mechanism of how beneficial elements promote human health needs to
be further studied, (2) the health benefits produced by multiple combinations of different
elements need to be comprehensively evaluated, and (3) the dose of beneficial elements to
health benefits still needs to be quantified.
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Linkevičius, E.; et al. Significant increase in natural disturbance impacts on European forests since 1950. Glob. Change Biol. 2023,
29, 1359–1376.

19. Fang, N.; Yao, L.; Wu, D.; Zheng, X.; Luo, S. Assessment of Forest Ecological Function Levels Based on Multi-Source Data and
Machine Learning. Forests 2023, 14, 1630. [CrossRef]

20. Nowak, D.J.; Hirabayashi, S.; Bodine, A.; Greenfield, E. Tree and forest effects on air quality and human health in the United
States. Environ. Pollut. 2014, 193, 119–129. [CrossRef]

21. Manes, F.; Marando, F.; Capotorti, G.; Blasi, C.; Salvatori, E.; Fusaro, L.; Ciancarella, L.; Mircea, M.; Marchetti, M.; Chirici, G.; et al.
Regulating Ecosystem Services of forests in ten Italian Metropolitan Cities: Air quality improvement by PM10 and O3 removal.
Ecol. Indic. 2016, 67, 425–440.

22. Bagheri, Z.; Nadoushan, M.A.; Abari, M.F. Evaluation the effect of green space on air pollution dispersion using satellite images
and landscape metrics: A case study of Isfahan city. Fresenius Environ. Bull. 2017, 26, 8135–8145.

23. Nowak, D.J.; Hirabayashi, S.; Doyle, M.; McGovernc, M.; Pasherc, J. Air pollution removal by urban forests in Canada and its
effect on air quality and human health. Urban For. Urban Green. 2018, 29, 40–48. [CrossRef]

24. Almeida, L.O.; Favaro, A.; Raimundo-Costa, W.; Anhê, A.C.B.M.; Ferreira, D.C.; Blanes-Vidal, V.; Senhuk, A.P.M.S. Influence of
urban forest on traffic air pollution and children respiratory health. Environ. Monit. Assess. 2020, 192, 175. [CrossRef]

25. Azwardi, A.; Sukanto, S.; Igamo, A.M.; Kurniawan, A. Carbon Emissions, Economic Growth, Forest, Agricultural Land and Air
Pollution in Indonesia. Int. J. Energy Econ. Policy 2021, 11, 537–542. [CrossRef]

26. Cunha, D.G.F.; Sabogal-Paz, L.P.; Dodds, W.K. Land use influence on raw surface water quality and treatment costs for drinking
supply in So Paulo State (Brazil). Ecol. Eng. 2016, 94, 516–524. [CrossRef]

27. Shah, N.W.; Nisbet, T.R. The effects of forest clearance for peatland restoration on water quality. Sci. Total Environ. 2019, 693, 133617.
[CrossRef]

28. Kumarasiri, A.D.T.N.; Udayakumara, E.P.N.; Jayawardana, J.M.C.K. Impacts of soil erosion and forest quality on water quality in
Samanalawewa watershed, Sri Lanka. Model. Earth Syst. Environ. 2021, 8, 529–544. [CrossRef]

29. Piaggio, M.; Siikamki, J. The value of forest water purification ecosystem services in Costa Rica. Sci. Total Environ. 2021, 789, 147952.
[CrossRef]

30. Fang, J.; Chen, A.; Peng, C.; Zhao, S.; Ci, L. Changes in forest biomass carbon storage in China between 1949 and 1998. Science
2001, 292, 2320–2322. [CrossRef]

31. Tang, X.; Zhao, X.; Bai, Y.; Tang, Z.; Wang, W.; Zhao, Y.; Wan, H.; Xie, Z.; Shi, X.; Wu, B.; et al. Carbon pools in China’s terrestrial
ecosystems: New estimates based on an intensive field survey. Proc. Natl. Acad. Sci. USA 2018, 115, 4021–4026. [CrossRef]

32. Wen, Y.; Liu, X.; Pei, F.; Li, X.; Du, G. Non-uniform time-lag effects of terrestrial vegetation responses to asymmetric warming.
Agric. For. Meteorol. 2018, 252, 130–143. [CrossRef]

33. Green, J.K.; Keenan, T.F. The limits of forest carbon sequestration. Science 2022, 376, 692–693. [CrossRef] [PubMed]
34. Yan, X.; Wang, H.; Hou, Z.; Wang, S.; Zhang, D.; Xu, Q.; Tokola, T. Spatial analysis of the ecological effects of negative air ions in

urban vegetated areas: A case study in Maiji, China. Urban For. Urban Green. 2015, 14, 636–645. [CrossRef]
35. Miao, S.; Zhang, X.; Han, Y.; Sun, W.; Liu, C.; Yin, S. Random Forest Algorithm for the Relationship between Negative Air Ions

and Environmental Factors in an Urban Park. Atmosphere 2018, 9, 463. [CrossRef]
36. Wang, H.; Wang, B.; Niu, X.; Song, Q.; Li, M.; Luo, Y.; Liang, L.; Du, P.; Peng, W. Study on the change of negative air ion

concentration and its influencing factors at different spatio-temporal scales. Glob. Ecol. Conserv. 2020, 23, e01008. [CrossRef]
37. Yang, X.; Zhao, H.T.; Wang, J.; Meng, Q.; Zhang, H.; Yao, L.; Zhang, Y.C.; Dong, A.J.; Ma, Y.; Wang, Z.Y.; et al. Chemical

composition and antioxidant activity of essential oil of pine cones of Pinus armandii from the Southwest region of China. J. Med.
Plants Res. 2010, 4, 1668–1672.

38. Li, Q. Forest Medicine; Nova Science Publishers: New York, NY, USA, 2013.
39. Kim, S.-E.; Memon, A.; Kim, B.Y.; Jeon, H.; Lee, W.K.; Kang, S.C. Gastroprotective effect of phytoncide extract from Pinus

koraiensis pinecone in Helicobacter pylori infection. Sci. Rep. 2020, 10, 9547. [CrossRef]
40. Fann, N.; Lamson, A.D.; Anenberg, S.C.; Wesson, K.; Risley, D.; Hubbell, B.J. Estimating the National Public Health Burden

Associated with Exposure to Ambient PM2.5 and Ozone. Risk Anal. 2012, 32, 81–95. [CrossRef]
41. Alterio, E.; Cocozza, C.; Chirici, G.; Rizzi, A.; Sitzia, T. Preserving air pollution forest archives accessible through dendrochemistry.

J. Environ. Manag. 2020, 264, 110462.

https://www.ncbi.nlm.nih.gov/pubmed/36002363
https://doi.org/10.1016/j.ufug.2015.02.004
https://doi.org/10.3390/f14020336
https://doi.org/10.1016/j.marenvres.2023.106042
https://doi.org/10.3390/f14081630
https://doi.org/10.1016/j.envpol.2014.05.028
https://doi.org/10.1016/j.ufug.2017.10.019
https://doi.org/10.1007/s10661-020-8142-4
https://doi.org/10.32479/ijeep.11119
https://doi.org/10.1016/j.ecoleng.2016.06.063
https://doi.org/10.1016/j.scitotenv.2019.133617
https://doi.org/10.1007/s40808-021-01082-y
https://doi.org/10.1016/j.scitotenv.2021.147952
https://doi.org/10.1126/science.1058629
https://doi.org/10.1073/pnas.1700291115
https://doi.org/10.1016/j.agrformet.2018.01.016
https://doi.org/10.1126/science.abo6547
https://www.ncbi.nlm.nih.gov/pubmed/35549408
https://doi.org/10.1016/j.ufug.2015.06.010
https://doi.org/10.3390/atmos9120463
https://doi.org/10.1016/j.gecco.2020.e01008
https://doi.org/10.1038/s41598-020-66603-8
https://doi.org/10.1111/j.1539-6924.2011.01630.x


Forests 2024, 15, 1604 10 of 11

42. Holopainen, S.; Lehikoinen, A. Role of forest ditching and agriculture on water quality: Connecting the long-term physico-chemical
subsurface state of lakes with landscape and habitat structure information. Sci. Total Environ. 2022, 806, 151477. [CrossRef]

43. Hohner, A.K.; Rhoades, C.C.; Wilkerson, P.; Rosario-Ortiz, F.L. Wildfires Alter Forest Watersheds and Threaten Drinking Water
Quality. Acc. Chem. Res. 2019, 52, 1234–1244. [CrossRef] [PubMed]

44. Vincent, J.R.; Ahmad, I.; Adnan, N.; Burwell, W.B.; Pattanayak, S.K.; Tan-Soo, J.-S.; Thomas, K. Valuing Water Purification by
Forests: An Analysis of Malaysian Panel Data. Environ. Resour. Econ. 2015, 64, 59–80. [CrossRef]

45. Anbar, A.D.; Duan, Y.; Lyons, T.W.; Arnold, G.L.; Kendall, B.; Creaser, R.A.; Kaufman, A.J.; Gordon, G.W.; Scott, C.; Garvin, J.; et al.
A whiff of oxygen before the great oxidation event? Science 2007, 317, 1903–1906. [CrossRef]

46. Falkowski, P.G.; Isozaki, Y. The Story of O2. Science 2008, 322, 540–542. [CrossRef]
47. Baudouin-Cornu, P.; Thomas, D. Oxygen at life’s boundaries. Nature 2007, 445, 35–36. [CrossRef] [PubMed]
48. Brocks, J.J.; Logan, G.A.; Buick, R.; Summons, R.E. Archean molecular fossils and the early rise of eukaryotes. Science 1999,

285, 1033–1036. [CrossRef]
49. Knoll, A.H.; Carroll, S.B. Early animal evolution: Emerging views from comparative biology and geology. Science 1999,

284, 2129–2137. [CrossRef] [PubMed]
50. Falkowski, P.G.; Katz, M.E.; Milligan, A.J.; Fennel, K.; Cramer, B.S.; Aubry, M.P.; Berner, R.A.; Novacek, M.J.; Zapol, W.M. The

Rise of Oxygen over the Past 205 Million Years and the Evolution of Large Placental Mammals. Science 2005, 309, 2202–2204.
[CrossRef] [PubMed]

51. Kirschbaum, M.U.F.; Saggar, S.; Tate, K.R.; Thakur, K.P.; Giltrap, D.L. Quantifying the climate-change consequences of shifting
land use between forest and agriculture. Sci. Total Environ. 2013, 465, 314–324. [CrossRef]

52. Davis, S.; Caldeira, K.; Matthews, H.D. Future CO2 Emissions and Climate Change from Existing Energy Infrastructure. Science
2010, 329, 1330–1333. [CrossRef]

53. Nemani, R.R.; Keeling, C.D.; Hashimoto, H.; Jolly, W.M.; Piper, S.C.; Tucker, C.J.; Myneni, R.B.; Running, S.W. Climate-Driven
Increases in Global Terrestrial Net Primary Production from 1982 to 1999. Science 2003, 300, 1560–1563. [CrossRef] [PubMed]

54. Liu, X.; Pei, F.; Wen, Y.; Li, X.; Wang, S.; Wu, C.; Cai, Y.; Wu, J.; Chen, J.; Feng, K.; et al. Global urban expansion offsets
climate-driven increases in terrestrial net primary productivity. Nat. Commun. 2019, 10, 5558. [CrossRef] [PubMed]

55. Lin, H.-F.; Lin, J.-M. Generation and Determination of Negative Air Ions. J. Anal. Test. 2017, 1, 6. [CrossRef]
56. Krueger, A.P.; Reed, E.J. Biological Impact of Small Air Ions. Science 1976, 193, 1209–1213. [CrossRef] [PubMed]
57. Pino, O.; Ragione, F.L. There’s Something in the Air: Empirical Evidence for the Effects of Negative Air Ions (NAI) on Psychophys-

iological State and Performance. Am. Psychiatr. Assoc. 2013, 1, 48–53.
58. Liu, S.; Li, C.; Chu, M.; Zhang, W.; Wang, W.; Wang, Y.; Guo, X.; Deng, F. Associations of forest negative air ions exposure with

cardiac autonomic nervous function and the related metabolic linkages: A repeated-measure panel study. Sci. Total Environ. 2022,
850, 158019. [CrossRef]

59. Bowers, B.; Flory, R.; Ametepe, J.; Staley, L.; Patrick, A.; Carrington, H. Controlled trial evaluation of exposure duration to
negative air ions for the treatment of seasonal affective disorder. Psychiatry Res. 2018, 259, 7–14. [CrossRef]

60. Li, Q.; Kobayashi, M.; Wakayama, Y.; Inagaki, H.; Katsumata, M.; Hirata, Y.; Hirata, K.; Shimizu, T.; Kawada, T.; Park, B.; et al.
Effect of phytoncide from trees on human natural killer cell function. Int. J. Immunopathol. Pharmacol. 2009, 22, 951–959. [CrossRef]

61. Woo, J.; Yang, H.; Yoon, M.; Gadhe, C.G.; Pae, A.N.; Cho, S.; Lee, C.J. 3-Carene, a Phytoncide from Pine Tree Has a Sleep-enhancing
Effect by Targeting the GABAA-benzodiazepine Receptors. Exp. Neurobiol. 2019, 28, 593–601. [CrossRef]

62. Woo, J.; Lee, C.J. Sleep-enhancing Effects of Phytoncide Via Behavioral, Electrophysiological, and Molecular Modeling Approaches.
Exp. Neurobiol. 2020, 29, 120–129. [CrossRef]

63. Fujimori, H.; Hisama, M.; Shibayama, H.; Iwaki, M. Protecting effect of phytoncide solution, on normal human dermal fibroblasts
against reactive oxygen species. J. Oleo Sci. 2009, 58, 429–436. [CrossRef] [PubMed]

64. Tseliou, M.; Pirintsos, S.A.; Lionis, C.; Castanas, E.; Sourvinos, G. Antiviral effect of an essential oil combination derived from
three aromatic plants (Coridothymus capitatus (L.) Rchb. f., Origanum dictamnus L. and Salvia fruticosa Mill.) against viruses causing
infections of the upper respiratory tract. J. Herb. Med. 2019, 17, 100288. [CrossRef]

65. Li, Q.; Nakadai, A.; Matsushima, H.; Miyazaki, Y.; Krensky, A.M.; Kawada, T.; Morimoto, K. Phytoncides (Wood Essential Oils)
Induce Human Natural Killer Cell Activity. Immunopharmacol. Immunotoxicol. 2006, 28, 319–333. [CrossRef] [PubMed]

66. Yang, H.; Woo, J.; Pae, A.N.; Um, M.Y.; Cho, N.C.; Park, K.D.; Yoon, M.; Kim, J.; Lee, C.J.; Cho, S. α-Pinene, a Major Constituent of
Pine Tree Oils, Enhances Non-Rapid Eye Movement Sleep in Mice through GABAA-benzodiazepine Receptors. Mol. Pharmacol.
2016, 90, 530–539. [CrossRef] [PubMed]

67. USGCRP. Climate Science Special Report: Fourth National Climate Assessment; U.S. Global Change Research Program:
Washington, DC, USA, 2017.

68. Dimoudi, A.; Kantzioura, A.; Zoras, S.; Pallas, C.; Kosmopoulos, P. Investigation of urban microclimate parameters in an urban
center. Energy Build. 2013, 64, 1–9. [CrossRef]

69. Huang, Z.; Wu, C.; Teng, M.; Lin, Y. Impacts of Tree Canopy Cover on Microclimate and Human Thermal Comfort in a Shallow
Street Canyon in Wuhan, China. Atmosphere 2020, 11, 588. [CrossRef]

70. Yuan, C.; Adelia, A.S.; Mei, S.; He, W.; Li, X.-X.; Norford, L. Mitigating intensity of urban heat island by better understanding on
urban morphology and anthropogenic heat dispersion. Build. Environ. 2020, 176, 106876. [CrossRef]

https://doi.org/10.1016/j.scitotenv.2021.151477
https://doi.org/10.1021/acs.accounts.8b00670
https://www.ncbi.nlm.nih.gov/pubmed/31059225
https://doi.org/10.1007/s10640-015-9934-9
https://doi.org/10.1126/science.1140325
https://doi.org/10.1126/science.1162641
https://doi.org/10.1038/nature05521
https://www.ncbi.nlm.nih.gov/pubmed/17183263
https://doi.org/10.1126/science.285.5430.1033
https://doi.org/10.1126/science.284.5423.2129
https://www.ncbi.nlm.nih.gov/pubmed/10381872
https://doi.org/10.1126/science.1116047
https://www.ncbi.nlm.nih.gov/pubmed/16195457
https://doi.org/10.1016/j.scitotenv.2013.01.026
https://doi.org/10.1126/science.1188566
https://doi.org/10.1126/science.1082750
https://www.ncbi.nlm.nih.gov/pubmed/12791990
https://doi.org/10.1038/s41467-019-13462-1
https://www.ncbi.nlm.nih.gov/pubmed/31804470
https://doi.org/10.1007/s41664-017-0007-7
https://doi.org/10.1126/science.959834
https://www.ncbi.nlm.nih.gov/pubmed/959834
https://doi.org/10.1016/j.scitotenv.2022.158019
https://doi.org/10.1016/j.psychres.2017.08.040
https://doi.org/10.1177/039463200902200410
https://doi.org/10.5607/en.2019.28.5.593
https://doi.org/10.5607/en20013
https://doi.org/10.5650/jos.58.429
https://www.ncbi.nlm.nih.gov/pubmed/19584569
https://doi.org/10.1016/j.hermed.2019.100288
https://doi.org/10.1080/08923970600809439
https://www.ncbi.nlm.nih.gov/pubmed/16873099
https://doi.org/10.1124/mol.116.105080
https://www.ncbi.nlm.nih.gov/pubmed/27573669
https://doi.org/10.1016/j.enbuild.2013.04.014
https://doi.org/10.3390/atmos11060588
https://doi.org/10.1016/j.buildenv.2020.106876


Forests 2024, 15, 1604 11 of 11

71. Marselle, M.R.; Hartig, T.; Cox, D.T.; de Bell, S.; Knapp, S.; Lindley, S.; Triguero-Mas, M.; Böhning-Gaese, K.; Braubach, M.;
Cook, P.A.; et al. Pathways linking biodiversity to human health: A conceptual framework. Environ. Int. 2021, 150, 106420.
[CrossRef]

72. Methorst, J.; Bonn, A.; Marselle, M.; Böhning-Gaese, K.; Rehdanz, K. Species richness is positively related to mental
health—A study for Germany. Landsc. Urban Plan. 2021, 211, 104084. [CrossRef]

73. Wei, H.; Zhang, J.; Xu, Z.; Hui, T.; Guo, P.; Sun, Y. The association between plant diversity and perceived emotions for visitors in
urban forests: A pilot study across 49 parks in China. Urban For. Urban Green. 2022, 73, 127613. [CrossRef]

74. See, L.; Rasiah, R.L.; Laing, R.; Thompson, S.C. Considerations in planning physical activity for older adults in hot climates:
A narrative review. Int. J. Environ. Res. Public Health 2021, 18, 1331. [CrossRef]

75. Zhang, Z.; Dong, J.; He, Q.; Ye, B. The Temporal Variation of the Microclimate and Human Thermal Comfort in Urban Wetland
Parks: A Case Study of Xixi National Wetland Park, China. Forests 2021, 12, 1322. [CrossRef]

76. Hu, L.; Li, Q. Greenspace, bluespace, and their interactive influence on urban thermal environments. Environ. Res. Lett. 2020,
15, 034041. [CrossRef]

77. Aram, F.; García, E.H.; Solgi, E.; Mansournia, S. Urban green space cooling effect in cities. Heliyon 2019, 5, e01339. [CrossRef]
[PubMed]

78. Cardinale, B.J.; Duffy, J.E.; Gonzalez, A.; Hooper, D.U.; Perrings, C.; Venail, P.; Narwani, A.; Mace, G.M.; Tilman, D.;
Wardle, D.A.; et al. Biodiversity loss and its impact on humanity. Nature 2012, 489, 59–67. [CrossRef] [PubMed]

79. United Nations. Convention on Biological Diversity. 1992. Available online: https://www.cbd.int/doc/legal/cbd-en.pdf
(accessed on 24 May 2024).

80. Balvanera, P.; Pfisterer, A.B.; Buchmann, N.; He, J.-S.; Nakashizuka, T.; Raffaelli, D.; Schmid, B. Quantifying the evidence for
biodiversity effects on ecosystem functioning and services. Ecol. Lett. 2006, 9, 1146–1156. [CrossRef] [PubMed]

81. Mace, G.M.; Norris, K.; Fitter, A.H. Biodiversity and ecosystem services: A multilayered relationship. Trends Ecol. Evol. 2012,
27, 19–26. [CrossRef]

82. Herzog, T.R.; Chernick, K.K. Tranquility and danger in urban and natural settings. J. Environ. Psychol. 2000, 20, 29–39. [CrossRef]
83. Maas, J.; Spreeuwenberg, P. Is green space in the living environment associated with people’s feelings of social safety? Environ.

Plan. A 2009, 41, 1763–1777. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.envint.2021.106420
https://doi.org/10.1016/j.landurbplan.2021.104084
https://doi.org/10.1016/j.ufug.2022.127613
https://doi.org/10.3390/ijerph18031331
https://doi.org/10.3390/f12101322
https://doi.org/10.1088/1748-9326/ab6c30
https://doi.org/10.1016/j.heliyon.2019.e01339
https://www.ncbi.nlm.nih.gov/pubmed/31008380
https://doi.org/10.1038/nature11148
https://www.ncbi.nlm.nih.gov/pubmed/22678280
https://www.cbd.int/doc/legal/cbd-en.pdf
https://doi.org/10.1111/j.1461-0248.2006.00963.x
https://www.ncbi.nlm.nih.gov/pubmed/16972878
https://doi.org/10.1016/j.tree.2011.08.006
https://doi.org/10.1006/jevp.1999.0151
https://doi.org/10.1068/a4196

	Introduction 
	Materials and Methods 
	Results 
	Beneficial Substances 
	Clean Air 
	High-Quality Fresh Water 
	CO2/O2 Balance 
	Negative Air Ions (NAIs) 
	Phytoncides 

	Beneficial Factors 
	Moderate Thermal Environment 
	Biodiversity 


	Conclusions 
	References

