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Abstract

Atmospheric heavy metals are persistent, bioaccumulative, and toxic pollutants capable of long-range
transport, posing significant ecological and public health risks. This review synthesizes five decades of
research (1973-2024) on emission sources, transport mechanisms, deposition pathways, and monitor-
ing approaches, supported by a bibliometric analysis of 1642 Scopus-indexed articles. Anthropogenic
activities, including industrial operations, mining and smelting, vehicular emissions, and agricultural
inputs, remain dominant contributors, while volcanic eruptions, geothermal activity, sea-spray aerosols,
and soil-dust resuspension constitute important natural sources. Once emitted, metals associate with
particulate matter (e.g., PMa5, PMjg), undergo atmospheric circulation, and are deposited through
dry and wet processes, enabling transfer from urban centers to agricultural systems and remote envi-
ronments. Urban areas exhibit the highest deposition loads, agricultural landscapes show substantial
foliar uptake, and remote ecosystems display clear signatures of transboundary transport. Advances in
analytical and biomonitoring techniques, including Atomic Absorption Spectroscopy, Inductively Cou-
pled Plasma Mass Spectrometry, X-Ray Fluorescence, and moss-based bioindicators, have improved
detection sensitivity. Mosses enhance sensitivity by acting as natural, long-term integrators of atmo-
spheric deposition: their high surface-area-to-mass ratio, absence of cuticles and root systems, and
direct uptake from precipitation and aerosols enable efficient accumulation of trace metals, revealing
low-level and chronic deposition signals often missed by short-term instrumental air sampling. Bib-
liometric results reveal exponential growth in publications and strong collaboration networks centered
in Asia, Europe, and North America, with underrepresentation in Africa, South America, and Central
Asia. Key research gaps include limited long-term health assessments, insufficient real-time and low-
cost monitoring technologies, low-resolution source apportionment, and minimal attention to emerging
contaminants globally.
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1. Introduction

Heavy metals are metallic elements characterized by high atomic weights and densities [1],
and they have emerged as pollutants of global concern due to their persistence, toxicity, and ten-
dency to bioaccumulate in environmental and biological systems [2]. Although anthropogenic
activities dominate modern emissions, potentially toxic elements also originate from natural
geological and atmospheric processes, namely volcanic eruptions, sea-spray aerosols, soil-dust
resuspension, and rock weathering, which can release lead (Pb), cadmium (Cd), mercury (Hg),
chromium (Cr), and metalloids such as arsenic (As) into the atmosphere without human in-
volvement [3].

In contemporary landscapes, however, atmospheric pollution has become the principal path-
way through which heavy metals are dispersed, especially in rapidly urbanizing and industrial
regions [4]. Industrial activities, smelting operations, coal combustion, and mining release large
quantities of metals through high-temperature processes and dust disturbance [5-7|, while ur-
ban transportation systems contribute additional emissions via exhaust gases, tire and brake
wear, engine corrosion, and road surface abrasion [4]. Once emitted, heavy metals readily bind
to fine particulate matter (PMas and PM;g) [8], enabling long-range atmospheric transport
before depositing onto soils, vegetation, water bodies, and food sources [9]. This airborne mo-
bility makes atmospheric pathways particularly critical for understanding exposure risks and
environmental impacts.

The importance of air pollution as a research focus lies in its immediate and far-reaching im-
plications for public health, national economies, and long-term sustainability. Airborne heavy
metals contribute to the global burden of disease by increasing risks of respiratory illnesses [10],
cardiovascular disease, systemic organ damage |11], neurotoxicity [12]|, and developmental im-
pairments in children [13]. Countries with high ambient air pollution face significant economic
losses through reduced labor productivity, increased healthcare expenditures, diminished agri-
cultural output [14], and premature mortality [15]. According to the World Health Organiza-
tion, approximately 4.2 million deaths were attributable to outdoor air pollution in 2016. In
Europe, air pollution is regarded as one of the leading contributors to premature death and
disease and remains the most critical environmental health risk that can be mitigated through
targeted interventions and regulation [15].

Environmental impacts are equally severe. Heavy metals deposited from the atmosphere
infiltrate soils and food webs, bioaccumulate across trophic levels, and disrupt ecological pro-
cesses, ultimately threatening biodiversity and ecosystem services [16]. Their non-biodegradable
nature allows them to persist and recirculate through air—soil-water systems for decades, em-
phasizing the need for targeted monitoring and policy intervention [17, 18|.

Given accelerating industrialization, urban expansion, and rising public awareness, heavy
metals are now recognized as emerging atmospheric pollutants with broad implications for
environmental management, human health, and economic stability [19-21]. Understanding
their sources, atmospheric behavior, deposition patterns, and ecological and health risks is
therefore essential for developing evidence-based strategies to mitigate their impacts.
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The primary objectives of this review are to i) conduct an in-depth evaluation of studies on
heavy metal presence and distribution in the atmospheric environment, ii) provide a bibliometric
analysis of atmospheric heavy metal pollution research from 1973 to 2024, and iii) address
significant knowledge gaps within this field. For the bibliometric analysis, the review aims to
map the evolution of research trends, identify influential contributors, such as key authors,
institutions, and countries, and examine thematic clusters, including environmental impacts,
health risks, and mitigation strategies. By conducting this analysis, the study seeks not only
to reveal patterns of research collaboration and emerging focal points, but also to highlight
areas that require further investigation. This review is significant for its potential to guide
future studies by identifying underresearched areas, fostering interdisciplinary collaboration,
and ultimately enhancing our understanding of the complex challenges posed by atmospheric
heavy metal pollution. Such insights are essential for developing effective policies and strategies
to mitigate the adverse effects of these pollutants on both human health and the environment.

2. Methods

2.1. Data source and search strategy

This study conducted a comprehensive bibliometric analysis of atmospheric heavy metal
research using Scopus, selected for its broad disciplinary coverage, structured metadata, and
strong compatibility with bibliometric tools. Scopus was preferred over Web of Science and
Google Scholar because it indexes a wide range of peer-reviewed environmental science journals
and provides detailed citation, affiliation, and authorship information essential for quantitative
analysis [22], although its English-language emphasis and indexing biases are acknowledged
as limitations. The search covered the period 1973-2024 to capture both foundational de-
velopments and contemporary research trends. The final search was executed on 27 October
2024 using the explicit query string: TITLE-ABS-KEY (“heavy metal”’) AND TITLE-ABS-
KEY (“atmospheric deposition”) AND (LIMIT-TO(LANGUAGE, “English”)) AND (LIMIT-
TO(DOCTYPE, “ar”)). This query was chosen because it aligns directly with the study’s focus
on atmospheric heavy metals and ensures the retrieval of articles explicitly addressing heavy
metal deposition in atmospheric contexts.

2.2. Screening, inclusion and exclusion criteria

The initial search retrieved 2071 records, which were screened through a structured, multi-
stage workflow summarized in Figure 1. The PRISMA flowchart illustrates each step of the
identification, screening, eligibility assessment, and final inclusion process. Inclusion criteria
required that studies be peer-reviewed original research articles, written in English, and directly
focused on atmospheric heavy metals, aerosols, or deposition processes. Exclusion criteria re-
moved conference papers, review articles, book chapters, editorials, notes, and non-English
publications (231 + 198). Additional exclusions targeted studies unrelated to atmospheric
pathways (e.g., soil-only or sediment-only assessments), duplicates, and entries with incom-
plete metadata. After applying all criteria, 1642 articles met the eligibility requirements and
were retained for bibliometric analysis (Supplementary data). This screening process ensured
that the final dataset aligned with the conceptual scope and temporal boundaries of the study.

2.3. Bibliometric analysis procedures

Bibliometric analyses were conducted using Bibliometrix/Biblioshiny for R (version 4.2.1)
and VOSviewer (version 1.6.20), following established methodologies for evaluating scientific
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Figure 1. The PRISMA flowchart presenting the results and screening process of the original searches
of research on heavy metals as emerging atmospheric pollutants, using the keywords “heavy metal” and
“atmospheric deposition”.

production, intellectual structure, and thematic evolution [23-27]. Bibliometrics, broadly de-
fined, is the quantitative analysis of scholarly publications used to assess research performance,
map scientific landscapes, and identify emerging themes within a field. The final curated dataset
was exported in CSV format for processing across multiple platforms. Bibliometrix was used
to compute descriptive indicators such as annual publication output, citation patterns, author
productivity, and international collaboration metrics. Temporal trends were examined through
time-series visualizations and the fitting of an exponential growth model to characterize long-
term changes in research output.

2.4. Network mapping and thematic analysis

Network mapping was performed using VOSviewer’s co-authorship and keyword co-occur-
rence algorithms. Co-authorship networks illuminated collaborative patterns across countries,
institutions, and researchers. Keyword co-occurrence analysis, implemented using VOSviewer’s
full counting method, identified dominant themes and emerging research topics. Comparative
analyses between early-period (1973-1999) and recent-period (2000-2024) keyword networks al-
lowed thematic evolution to be assessed, highlighting shifts in scientific focus and the emergence
of new research pathways.

2.5. Validation and replicability measures

To enhance transparency and replicability, this methodology explicitly details the search
strategy, screening criteria, and software versions. The integration of multiple bibliometric
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indicators ensures analytic robustness, while manual verification steps reduce errors from auto-
mated text-mining tools that may misclassify entries or fail to detect metadata inconsistencies.
By documenting each step, this study provides a replicable framework for future bibliometric
assessments of atmospheric pollutants.

3. Key findings
3.1. Atmospheric sources, transport and deposition of heavy metals

Atmospheric heavy metals originate from a wide range of anthropogenic and natural sources
that differ in emission intensity, spatial distribution, and chemical form, shaping their environ-
mental behavior and potential ecological and human health impacts. Among human-driven con-
tributors, industrial activities, including metal smelting, steel and cement manufacturing, coal
combustion, and waste incineration, represent major emission sectors, collectively releasing ap-
proximately 78 653 tons of metal-enriched particulate matter annually [28]. Mining operations,
particularly open-pit and coal mining, add substantial quantities of metal-rich dust through
blasting, crushing, and ore transportation, emitting Fe, Cu, Zn, Mn, Pb, Cr, Cd, Ni, and
As [29]. Traffic-related emissions further contribute Pb, Cd, Cu, Ni, and Zn through vehicular
exhaust, brake wear, tire abrasion, and road-surface erosion [1, 30|, while agricultural prac-
tices, including the application of fertilizers and pesticides, introduce additional trace metals
to soils that may later re-enter the atmosphere via dust resuspension and erosion [31]|. Natural
processes, particularly volcanic eruptions, also contribute substantial metal loads to the atmo-
sphere. Volcanic plumes carry S, T1, As, Cd, Cu, Se, and Bi as aerosols and ash particles [32],
exemplified by the 1783-1784 Laki eruption, which deposited an estimated 1 ton of Pb and
Cd and 40 tons of Zn across the Greenland ice cap [33]. Sea-spray aerosols, rock weathering,
and soil dust resuspension further supply crustal metals to the atmospheric background [1, 34].
Together, these anthropogenic and natural processes form the emission inputs into the atmo-
spheric system, which are subsequently transported and deposited through multiple pathways
illustrated in Figure 2.

Once emitted, heavy metals undergo a series of physical and chemical transport processes
that determine their mobility, residence time, and deposition trajectories. Metals may be re-
leased as gases or as constituents of particulate matter of varying size, with fine particles (e.g.,
PM, 5) capable of remaining suspended for long periods and undergoing long-range transport,
while coarse particles settle more rapidly under gravity. Dry deposition occurs through gravita-
tional settling and impaction, whereas wet deposition involves scavenging by rainfall, snow, or
fog and often dominates long-distance movement due to the efficiency of precipitation in captur-
ing fine aerosols. Atmospheric residence time strongly governs transport potential; Pb persists
for approximately 2.9 days in the lower troposphere and up to 6.3 days in the upper troposphere,
enabling regional and continental dispersion [35]. Monsoon-driven atmospheric circulation con-
tributes to the long-range propagation of anthropogenic metals, as observed above the East
China Sea where Pb, Se, and Zn in fine aerosols originate from inland industrial regions [36].
Particle size further influences transport behavior, with coarse dust depositing near sources and
fine aerosols traveling hundreds to thousands of kilometers. Secondary emissions from resus-
pension also significantly increase airborne metal concentrations. Legacy contamination from
historic industrial activities, residual leaded gasoline, construction debris, and contaminated
roadside soils can be re-entrained by wind erosion, pedestrian movement, and vehicle-induced
turbulence — an important yet underrepresented component of emission inventories [37-39|.
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Figure 2. Schematic model showing pathway of heavy metals (HMs) in the atmosphere.

Deposition patterns vary across land-use types and environmental compartments due to
differences in emission density, meteorological conditions, and surface characteristics. Urban
environments exhibit some of the highest deposition rates, integrating emissions from traffic,
industrial facilities, domestic heating, construction dust, and resuspended soils. Metals such as
Cu, Ni, Pb, Cd, and Mn are deposited onto impervious surfaces via both dry and wet path-
ways [40]. Cu and Zn frequently accumulate in high concentrations because of their association
with particulate matter and high solubility, enhancing wet deposition [40, 41]. Cr, largely emit-
ted from industrial activities and heavy-duty vehicles, deposits primarily through dry processes
due to low solubility, while Mn and Pb are strongly influenced by the resuspension of contami-
nated roadside soils [41]. Urban deposition patterns are additionally shaped by traffic volume,
street geometry, industrial proximity, and vegetation cover [42].

In agricultural landscapes, deposition patterns reflect both regional industrial emissions and
local agricultural activities. Areas near fossil-fuel-intensive industries or mining regions often
receive elevated atmospheric inputs of Hg, Pb, and Cd [43-46]|. Leafy vegetables efficiently
capture airborne particulates, and metal concentrations in leaves commonly exceed those in
roots, indicating that atmospheric deposition is a dominant contamination pathway [47]. Pb-
bearing dust substantially elevates Pb levels in vegetables through foliar deposition [48, 49].
Atmospheric inputs of Hg, Pb, and Cd in wheat grains further underscore air-to-plant transfer
as a major route of contamination [46-48|.

Even remote and pristine regions are affected by long-range atmospheric transport. Wet
deposition dominates these areas because precipitation efficiently scavenges fine aerosols. Ex-
amples include Cu and Pb deposition in the Daihai Lake region of Inner Mongolia due to
monsoon-driven transport [50], long-distance inputs to the Mongolian-Manchurian grasslands
and the East China Sea [36, 51|, and seasonal deposition peaks in northern Russia, where up to
45% of annual deposition occurs in winter [52]. Antarctica also receives metal inputs via hemi-
spheric atmospheric circulation, with deposition patterns reflecting seasonal snow accumulation
and aerosol loading [53].
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Mining and smelting operations act as concentrated point sources that substantially elevate
metal deposition at local and regional scales. In the Kelly Lake watershed in Sudbury, Canada,
atmospheric emissions from mining activities deposit approximately 1.4 kg of Ni per day, with
80% entering lakes via runoff and 20% leaching into deeper soils [54]. In Laoyingshan, China, Cd
contamination from lead—zinc mining correlates closely with total suspended particles (TSP),
confirming atmospheric dispersion as the primary mechanism influencing soil contamination
patterns [55]. Smelting facilities in central China emit Cu, Zn, Cd, and Pb in windborne
particulates, while Sb and As bind to fine aerosols transported by prevailing wind directions [56].
Hg, due to its high volatility, is dispersed especially efficiently through the atmosphere before
deposition [44].

Volcanic activity contributes intermittently large but geographically extensive heavy metal
loads to the atmosphere. Volcanic plumes emit S, T1, As, Cd, Cu, Se, and Bi, which condense
onto ash and aerosols that can travel long distances depending on plume height, wind fields,
and atmospheric stability [32]. Major eruptions such as the 1783-1784 Laki event demonstrate
the magnitude of volcanic inputs, depositing substantial quantities of Pb, Cd, and Zn across
Greenland [33]|. Beyond major eruptions, continuous low-level degassing and geothermal activ-
ity also influence heavy metal levels in the atmosphere. Studies from LUSI (Lumpur Sidoarjo)
mud-volcano regions revealed very unhealthy air quality, with PMs 5 reaching 399.9 ug/m? and
elevated Pb, Cr, and Cd [57]. Similarly, the Holuhraun volcanic eruption produced plumes in
which PM concentrations exceeded air-quality standards and were enriched with heavy metals
and sulfate aerosols [58]. Monitoring in Indonesian cities showed that PM, 5 frequently ex-
ceeded national standards, with Fe, Zn, and Pb elevated near industrial and geothermal project
sites [59, 60]. Additional studies identified health risks associated with heavy-metal-enriched
urban air pollution [61] and contributions from long-range aerosol transport, including biomass
burning and volcanic degassing, to elevated Cr, Mn, Cd, and Ni levels in Colombia [62]. A sum-
mary of representative studies evaluating air quality in relation to atmospheric heavy metals
from volcanic, geothermal, biomass-burning and mixed anthropogenic sources is presented in
Table 1.

3.2. Sampling and analytical techniques for monitoring atmospheric heavy metals

Monitoring atmospheric heavy metals requires an integrated approach that combines ap-
propriate sampling strategies with sensitive analytical techniques capable of detecting metals
across a wide range of concentrations. Sampling methods determine how representative and
reliable the collected material is, whereas analytical techniques govern detection limits, preci-
sion, and the range of elements quantified. Clear differentiation between these components is
essential for interpreting air-quality data and comparing results across studies.

3.2.1. Sampling techniques

Filter-based active samplers are among the most widely used tools for atmospheric heavy
metal monitoring because they efficiently capture particulate matter (PMs s, PMjo) and allow
quantitative analysis of metal content using multiple analytical instruments. Their ability to
process known air volumes enables robust comparisons across sites and time periods, making
them particularly suitable for assessing spatial and temporal variations in air quality. For
example, Wan et al. [64] used filter sampling to characterize settled dust across distinct urban
functional zones, demonstrating its utility in identifying pollution gradients. However, active
samplers require electrical power, regular maintenance, and can be costly to operate over large
spatial networks or extended monitoring periods.
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Table 1. Summary of studies evaluating air quality in relation to heavy metals.

Key focus Heavy metals analyzed Findings Reference
Evaluated air Pb, Cr, Cd PMs 5 ranged from 24.0 to [57]
pollution from LUSI 399.9 pg/m3; Pb: 2.6-37.34 ug/m3;
mud-volcanic Cr: 0.14-12.8 pg/m?;
emissions Cd: 0.78-4.16 pug/m3. AQI indicated
‘very unhealthy’ air quality.

Characterized plumes Trace heavy metals The eruption emitted [58]
from the Holuhraun (associated with ~ 11 Tg of SO9 over six months.
volcanic eruption sulphate-rich PM) Hourly SO; exceeded 350 pg/m3
(Iceland) and their 88 times in Reykjahlid and 34 times
impact on air quality in Reykjavik. Volcanic PM was

sulphate-rich (~ 90% of PM mass)

and dominated by fine particles
(75-80% PMys5).
Long-term Fe, Zn, Pb (with major ~PMa 5 exceeded the annual standard — [59]
assessment of urban elements Si, S, K) (15 pug/m3) at several Java sites and
air quality and PM the daily limit (65 pg/m?) during
composition across 2015 fires. Black carbon comprised
major Indonesian 15-26% of PMs 5, with elevated Fe,
cities (2010-2017) Zn, and Pb at industrial locations.
Air quality Airborne heavy metals Emissions from construction and [60]
assessment and (deposition), HaS geothermal operations were modeled
impact modeling for using U.S. EPA dispersion tools.
the Newberry Predicted heavy metal deposition and
Geothermal Pilot HsS impacts on nearby watersheds
Project (Oregon, and protected areas were low,
USA) indicating acceptable air quality.
Health risks Mixed heavy metals Urban air pollution, largely driven by  [61]
associated with transport emissions, poses acute and
urban air pollution chronic respiratory and systemic
from natural and health risks, highlighting the need for
anthropogenic pollution control and worker
sources protection.
Influence of Cr, Mn, Cd, Ni Long-range transport from biomass [62]
long-range aerosol burning, dust, and volcanic degassing
transport on urban affected up to 13% of days and
PMa 5 composition in increased PMy 5 (up to ~ 11 pg/m?),
the Aburra Valley, with elevated Cr, Mn, Cd, and
Colombia Ni during biomass-burning and
volcanic events.

Comprehensive Heavy metals, volatile  Reviewed sources and distribution of  [63]

review of outdoor air
pollutants, their
sources, health
impacts, and
regulatory
considerations

organic compounds
(VOCs), polycyclic
aromatic hydrocarbons

(PAHs)

outdoor air pollutants from
anthropogenic and natural origins
highlight health impacts, monitoring
approaches, and the need to manage
noncriteria pollutants, including
heavy metals, for effective air quality
protection.




W. Sawangproh, C. Phaenark, A. Bridhikitti Natural Sci. Rev. 3 100601 (2026)

Passive samplers rely on natural diffusion or gravitational settling rather than mechanical
pumping and therefore provide a cost-effective alternative for long-term monitoring. They are
particularly useful in regions with limited infrastructure or where pollutant concentrations are
low. Li et al. [65] applied passive sampling to assess heavy metal deposition in urban envi-
ronments, highlighting their suitability for chronic exposure assessments. The main limitation
of passive samplers is their lower temporal resolution and reduced precision for short-term
pollution events compared with active sampling.

Biomonitoring represents a complementary sampling approach that uses living organisms
to assess the presence, distribution, and long-term accumulation of atmospheric heavy metals.
A wide range of organisms has been employed, including mosses [66], lichens [67], ectomycor-
rhizal fungi [68], leaves [69] or bark [70] of flowering plants, bird tissues [71|, feathers [72],
eggshells [73], and fish muscle [74]. These organisms integrate pollutant exposure over extended
periods and provide spatially integrated information that is often difficult to obtain through
short-term instrumental sampling alone.

Among biomonitors, mosses and lichens are particularly effective because they rely directly
on atmospheric inputs for water and nutrients [75], making them highly responsive to airborne
contaminants. Moss-based biomonitoring further improves detection sensitivity by acting as a
natural, long-term integrator of atmospheric deposition [76]. Their high surface-area-to-mass
ratio, absence of cuticles and true root systems, and direct uptake of nutrients from precipitation
and aerosols enable efficient accumulation of trace metals [77]. As a result, mosses can record
low-level and chronic atmospheric metal inputs that may fall below instrumental detection limits
in short-term air sampling [78|. This integrative capacity allows moss biomonitoring to resolve
fine-scale spatial gradients and long-term deposition trends that are frequently underestimated
by conventional filter-based approaches [78].

Fish are also widely used as indirect bioindicators of heavy metal pollution in aquatic sys-
tems, including those affected by atmospheric inputs, because they efficiently accumulate metals
and integrate exposure over space and time [79, 80]. Metals deposited from the atmosphere
can enter surface waters through wet and dry deposition, precipitation and runoff, and are
then transported via rivers to lakes, estuaries and coastal zones [81]. Once in surface waters,
these metals often accumulate in sediments, which act as both a long-term sink and a sec-
ondary source of exposure to the overlying water and biota [82, 83]. Metals taken up from
water, sediments, and diet then bioaccumulate in fish tissues, with distinct patterns among
organs such as liver, kidney, gills and muscle, and with higher burdens generally in predatory
species [84]. Analysis of fish muscle and organs therefore provides insights into the integrated
effects of deposition, watershed transport, and food-web transfer over time [85], and is widely
used for environmental monitoring and human health risk assessment [84]. This approach is
especially valuable for assessing chronic exposure and long-range transport of metals such as
Hg and Pb, which persist in sediments and move through aquatic food webs [82|. However, its
interpretation is influenced by species-specific traits, including trophic position, growth rate,
age, and habitat use, which modulate metal uptake and internal distribution [77, 84].

Prasetia et al. [86] demonstrated that the bark of Mangifera indica effectively retains heavy
metals, offering fine-scale resolution of localized pollution. Across studies summarized in Ta-
ble S1, bryophytes, particularly Hylocomium splendens and Pleurozium schreberi, dominate
biomonitoring applications (72% of studies), followed by lichens (10%) and angiosperms (12%),
with gymnosperms and fauna used less frequently (< 4%) (Figure 3). This preference re-
flects the high sensitivity and consistency of bryophytes in responding to atmospheric deposi-
tion [87].
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Figure 3. The percentage of biomonitoring species data available in the Scopus database.

3.2.2. Analytical techniques

Once samples are collected, heavy metals are typically quantified using Atomic Absorption
Spectroscopy (AAS), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and X-Ray
Fluorescence (XRF), each offering distinct strengths and limitations.

AAS remains widely used due to its relatively low cost, high accuracy for single-element
quantification, and suitability for routine monitoring. Behera et al. [88] used AAS to analyze
PM, 5-bound metals in Paradip city, India, identifying seasonal dominance of Fe, Al, Zn, and
Pb in winter aerosols. Adegunwa et al. [89] applied AAS to rainwater samples in southwestern
Nigeria and showed that metal speciation varied among land-use types. Despite its reliability,
AAS is limited by single-element analysis and reduced sensitivity for ultratrace concentrations
unless preconcentration steps are applied.

ICP-MS provides simultaneous multi-element detection at extremely low concentrations
(ng/L to pg/L), making it one of the most powerful tools for atmospheric metal analysis.
Ammann [90] emphasized its precision and suitability for complex environmental matrices.
Shahrukh et al. [91] applied ICP-MS to quantify leaf-deposited metals in Dhaka, Bangladesh,
revealing species-specific tolerance patterns. The primary limitations of ICP-MS are high in-
strument cost and the need for specialized technical expertise.

XRF offers rapid, nondestructive analysis of solid samples such as dust, soil, and filter-
collected particles, with minimal sample preparation. Although less sensitive for light elements,
XRF allows sample preservation and repeated measurements. Ye et al. [92] demonstrated that
automated systems like AMMS-100 can achieve relative errors below 10% for metals such as
Pb and Fe, supporting near-real-time monitoring applications.

3.2.3. Integrated monitoring approaches

Overall, combining complementary sampling strategies with appropriate analytical tech-
niques provides a comprehensive toolkit for detecting, quantifying and interpreting atmospheric
heavy metals. Instrument-based sampling captures short-term pollution events with high pre-
cision, while biomonitoring, particularly using mosses, enhances sensitivity to low-level and
chronic deposition. Their combined application improves source attribution, spatial resolution,
and long-term trend detection, thereby supporting robust air-quality assessment and effective
pollution mitigation strategies.
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3.3. Bibliometric analysis of heavy metal research in the atmosphere

3.3.1. Global research trends and collaborative efforts in atmospheric heavy metals (19753-2024)

A shift in publication volume is a key indicator of the developmental trajectory of a scientific
field, and the growth of atmospheric heavy metal research clearly reflects this progression.
Analysis of Scopus-indexed publications from 1973 to 2024 shows a marked long-term increase,
totaling 1642 articles from 385 sources, demonstrating a consistently active and expanding
research domain (Table 2). Publication counts remained low and sporadic during the 1970s and
1980s, but began accelerating in the 1990s and rose sharply after 2000, with peak outputs of 119
articles in 2022 and over 100 articles annually in 2023-2024 (Figure 4). Fitting an exponential
growth model to the dataset yielded the function y = 8.42 - 107° %% corresponding to
an approximate annual growth rate of 7.03%, indicating that research output has increased
exponentially over the past five decades. The strong fit of this model, particularly post-1990,
highlights the expanding scientific and policy-driven attention to atmospheric heavy metals.
The bibliometric indicators reinforce this pattern: the field exhibits a high average citation
rate (41.53) and a relatively young average document age (11.3 yr), signaling both scholarly
impact and rapid evolution. The breadth of keywords (9588 Keywords Plus and 3416 Author’s
Keywords) reflects diverse research directions, while the involvement of 5207 authors and an
average of 5.2 co-authors per paper demonstrates a high degree of collaboration. International
co-authorship (25.33%) further underscores the global relevance of atmospheric heavy metal
research. Collectively, these trends show that this field is rapidly growing, highly collaborative,
and globally impactful, driven by urgent scientific and environmental concerns (Table 2).

Table 2. Main information on publications in atmospheric heavy metal studies.

Description Results

Main information about data

TimeSpan 1973-2024
Sources (journals, books, etc.) 385
Documents 1642
Annual growth rate, % 0
Document average age, yr 11.3
Average citations per publication 41.53
References 0

Document contents

Keywords Plus (ID) 9588
Author’s Keywords (DE) 3416
Authors 5207
Authors of single-authored publications 66

Authors collaboration

Single-authored publications 71
Co-authors per publication 5.2
International co-authorship, % 25.33

Document types

Article 1642
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Figure 4. Long-term publication trend and exponential model fit for atmospheric heavy metal studies
(1973-2024).

3.3.2. Leading subject areas in atmospheric heavy metal research

Figure 5 presents a circular bar chart of publications on atmospheric heavy metals across
subject areas, based on data from Scopus. The top five fields include Environmental Science
(1371 publications), which leads due to its focus on pollution impacts, followed by Earth and
Planetary Sciences (311), covering atmospheric systems and pollutant transport. Agricultural
and Biological Sciences (270) ranks third, examining ecosystem and health impacts, while Phar-
macology, Toxicology and Pharmaceutics (165) emphasizes toxicology and respiratory health
effects. Medicine (158) completes the top 5, focusing on pollutant composition and reactions.
The chart also highlights multidisciplinary contributions, including Chemical Engineering (26),
Decision Sciences (15), Computer Science (14), and Physics and Astronomy (11), which provide
insights into pollutant processes, policy, and modeling.

Number of publications on atmospheric
heavy metals by subject area

Physics and Astronomy
| Computer Science
su s kDecision Sciences
SN “@Multidiseiplinary
\ ~ B Chemical Engineering
T AN B . m Energy
T N4 Engineering
.-’ Social Sciences . .
B Biochemistry, Genetics and Molecular Biology
\\ Chemistry
Medicine
Pharmacology, Toxicology and Pharmaceutics
Agricultural and Biological Sciences
Earth and Planetary Sciences
Environmental Science V VizzLo

Figure 5. The distribution of atmospheric heavy metal research across scientific disciplines, with each
publication potentially categorized into more than one research field.
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3.3.3. Key journals in atmospheric heavy metal research

Figure 6 presents the top 10 most relevant sources for articles on atmospheric heavy metals
in Scopus, reflecting high-quality journals with significant contributions to this research field.
Leading the list, Science of the Total Environment (162 articles, Q1) from the Netherlands
and Environmental Pollution (111 articles, Q1) from the UK rank highest, both known for
their global impact on environmental science. Other prominent sources include Environmental
Science and Pollution Research (91 articles, Q1, Germany) and Water, Air, and Soil Pollution
(73 articles, Q2, Switzerland), which also focus on pollution impacts. Mid-ranked journals such
as Chemosphere (63 articles, Q1, UK) and Environmental Monitoring and Assessment (51 arti-
cles, Q2, Germany) contribute substantially to understanding pollution effects on ecosystems.
Journals like Atmospheric Environment (58 articles, Q1, UK) and Ecotozicology and Environ-
mental Safety (35 articles, Q1, USA) address atmospheric and ecotoxicology safety, while the
Journal of Hazardous Materials (34 articles, Q1, Netherlands) and the International Journal of
Environmental Research and Public Health (32 articles, Q2, Switzerland) focus on public health
and environmental hazards, underscoring the multidisciplinary relevance of this research area.

Most relevant sources

International Journal of Environmental Research and Public Health
Journal of Hazardous Materials

Ecotoxicology and Environmental Safety

Environmental Monitoring and Assessment

Atmospheric Environment

Chemosphere

Water, Air, and Soil Pollution

Environmental Science and Pollution Research

Environmental Pollution

Science of the Total Environment

Journals

0 40 80 120 160
Number of articles

Figure 6. Top 10 sources of Scopus-indexed articles on atmospheric heavy metal research.

3.8.4. Trends in author productivity and influence in atmospheric heavy metal research

Figure 7 visually represents the publication output and citation impact of the top 10 authors
in atmospheric heavy metal research, indexed in Scopus. Analyzed using the bibliometric tool
Bibliometrix, the figure displays author names on the left and spans the years 1980 to 2024
along the horizontal axis. Each circle’s size reflects the number of publications per author per
year, with larger circles indicating higher output, while color intensity signifies total citations,
with darker shades representing greater citation counts. This visualization captures trends in
publication activity, revealing that some authors have maintained steady output, while others
have fluctuated over time. The color intensity further highlights each author’s citation impact,
with darker circles marking highly influential contributions. By comparing circle size and color
across authors, key contributors who have been both productive and highly cited are easily
identified, offering insights into leading figures and evolving expertise in atmospheric heavy
metal research. Notably, Steinnes E. pioneered research in this field, publishing a landmark
article in 1980 in the Journal of Radioanalytical Chemistry. His study analyzed moss samples
from various parts of Norway to determine atmospheric deposition of 28 trace elements, finding
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Figure 7. Publication and citation trends of the top 10 researchers in atmospheric heavy metal
studies. Circle size represents the number of articles published per year, while color intensity indicates
the total number of citations received in that year.

higher concentrations of lead (Pb), antimony (Sb), vanadium (V), and cadmium (Cd) in south-
ern Norway compared to the northern regions. This indicated that sources to the south and
southwest of Scandinavia significantly contribute to heavy metal deposition in Norway [93].

3.8.5. Bibliometric analysis of the co-authorship

Table 3 ranks the top 10 authors by citations and total link strength, indicators of academic
influence and collaborative potential. Higher total link strength reflects not only prolific output,
but also an author’s centrality in the research network. This interconnectedness suggests that
these authors play a crucial role in shaping research directions and fostering collaborations,
which are essential for advancing atmospheric heavy metal studies. For example, Schroder W.
has published 24 articles, with 362 citations and a total link strength of 45, while Steinnes E.
has authored 22 articles with 1550 citations and a total link strength of 37. These metrics
indicate that both authors have collaborated extensively in atmospheric heavy metal research.

The VOSviewer co-authorship network visualization reveals that 6668 prolific authors con-
tributed to 1642 publications on atmospheric heavy metals. Of these, only 67 authors published
at least five articles. The largest group of connected authors includes these 67 individuals, or-
ganized into five distinct clusters of co-authorship, each represented by a different color in
Figure 8. The collaboration patterns among researchers in atmospheric heavy metal studies
are visualized with different colors, indicating clusters of closely collaborating authors. Larger
nodes, such as Steinnes E. and Schroder W., signify these authors’ central roles in their clusters,
reflecting significant influence and strong collaborative ties. Thick lines between nodes, partic-
ularly between Steinnes E. and Schroder W., highlight frequent co-authorship and suggest that
these authors play pivotal roles in fostering research partnerships. The presence of cross-cluster
connections, such as between Steinnes E. in the green cluster and Frontasyeva M. V. in the yel-
low cluster, indicates interdisciplinary collaborations, while isolated clusters like the blue one
suggest specialized research areas. Overall, the network highlights a collaborative landscape in
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Table 3. Summary of the bibliometric analysis of the top 10 authors contributing to research on
atmospheric heavy metals, based on citations, number of publications, and total link strength.

. e No. o Total
Author Aftiliated institution of docurments Citations link strength
Schroder W. University of Vechta (Germany) 24 362 45
Steinnes E. University of Trondheim (Norway) 22 1550 37
Zhou Jun Chinese Academy of Sciences (China) 17 907 54
Nickel S. University of Vechta (Germany) 14 176 26
Sajn R. Geological Survey of Slovenia (Slovenia) 13 326 35
Huang B. Chinese Academy of Sciences (China) 13 1124 35
Lazo P. University of Tirana (Albania) 12 260 46
Qarri F. University of Vlora (Albania) 10 241 37
Zhou Jing Chinese Academy of Sciences (China) 11 424 30
Stafilov T. University of Ss. Cyril and Methodius 8 220 30
(North Macedonia)
frontasyeva, m.v.
steinnes, e.
maiikovska, blanka
-
frontasyeva, marina v.
vergel, k@nstantin peschiffoland nick‘efan
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qarriglora-{

barandovski, lambe
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atmospheric heavy metal research, with key authors serving as hubs for knowledge exchange
and shaping research directions within and across clusters.

Figure 8. Co-authorship network.

3.3.6. Global distribution and collaboration patterns in atmospheric heavy metal research

Global research output on atmospheric heavy metals shows a distinctly uneven yet geograph-
ically widespread pattern, as illustrated in Figure 9. The regional frequency map highlights the
dominant role of Asia, where China alone contributes 3217 publications, far surpassing all other
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Figure 9. Global publication frequency on atmospheric heavy metal research across major world
regions.

countries. Asia’s next leading contributors — India (196) and Iran (75) — also appear promi-
nently but remain considerably behind China’s exceptional research productivity. In North
America, the USA (475) leads regional output, followed by Canada (216) and Mexico (44),
while Europe forms the second-largest research bloc globally. Europe’s top contributors —
Spain (296), Italy (295), and the UK (269) — are complemented by strong participation from
Germany, France, Poland, and Norway, demonstrating a broad and mature research landscape.
In South America, Brazil (66) leads, followed by Chile (26) and Argentina (22). Africa shows in-
creasing engagement through Nigeria (55), South Africa (35), and Egypt (26), and in Oceania,
Australia (126) and New Zealand (31) serve as major contributors, with Fiji (1) represent-
ing emerging regional participation. Collectively, these patterns reveal a global but uneven
distribution of research capacity, concentrated primarily in Asia, Europe, and North America.
Figure 10 further illustrates global collaboration patterns using Single-Country Publications
(SCPs) and Multiple-Country Publications (MCPs). Each bar represents a country’s publica-
tion output, with teal indicating SCPs and coral indicating MCPs. China again leads in total
output and shows strong international engagement, producing the highest number of MCPs
and reflecting intensive participation in global research networks. The USA, Germany, and
Italy also exhibit substantial collaborative productivity, with Germany in particular showing
a high MCP proportion, indicating strong integration into international research consortia.
Countries such as Spain, France, and India contribute meaningfully to cross-border collabo-
rations, while smaller research nations, including North Macedonia, Saudi Arabia, Singapore,
Israel, Morocco, Tunisia, and the UAE, produce 100% MCPs, indicating complete reliance on
international partnerships. Conversely, countries such as Portugal, Algeria, Latvia, Vietnam,
and several others produce only SCPs, signaling emerging but still isolated research activity.
The prominence of MCPs across leading nations underscores the inherently global and
transboundary nature of atmospheric heavy metal research. It highlights the increasing reliance
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Figure 10. Top 20 countries/territories of publication based on corresponding author.

on international scientific cooperation to address shared environmental challenges, while also
revealing disparities in collaborative capacity and research infrastructure among countries and
regions.

3.3.7. Leading and emerging nations/territories in atmospheric heavy metal research

The analysis of countries contributing to global research on atmospheric heavy metals, as
measured by total citations and average citations per article (see Table S2), indicates that
China leads with the highest total citations (20681), although its average citations per article
are moderate (42.1). In contrast, the United Kingdom, despite having fewer total citations
(3471), boasts the highest average citation rate (102.1), suggesting that its research is highly
influential. Other significant contributors include the USA, France, and Norway, each with high
citation counts and averages above 50, reflecting the impact of their publications. Emerging
contributors, such as Jordan and Argentina, also show impressive average citations (104.2 and
90.2, respectively), signaling their growing influence in the field. Additionally, smaller countries
such as Hong Kong and Croatia stand out with exceptionally high average citations (140.3 and
139.7, respectively), which reflects high-impact studies despite their lower publication volumes.
This analysis underscores both established leaders and emerging countries in atmospheric heavy
metal research, highlighting the importance of global collaboration and knowledge exchange
in this field. Countries such as Jordan, Argentina, Hong Kong, and Croatia are emerging
contributors and may play a significant role in shaping future research trends.

3.3.8. Key insights from high-impact research on atmospheric heavy metals

Table 4 presents the top 10 most-cited articles on atmospheric heavy metals published in
Scopus, highlighting key studies that investigate the sources and impacts of metals such as
mercury (Hg), cadmium (Cd), lead (Pb), zinc (Zn), copper (Cu), and nickel (Ni) in various
environments. Notable contributors include Nicholson F.A., who identifies atmospheric de-
position as a major source of heavy metals in agricultural soils in England and Wales, while
Zheng N. reveals significant contamination in street dust in China, primarily affecting children’s
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health. Lindqvist O. discusses increased mercury pollution in remote lakes due to long-range
transport, emphasizing the need for substantial emission reductions, whereas Obrist D. reviews
the global mercury cycle, noting human activities as key sources. Shi G. focuses on pollution
hotspots in Shanghai, linking heavy metal concentrations to traffic and industrial activities,

Table 4. Top 10 most-cited articles on atmospheric heavy metals published in Scopus.

Total TC
Author Journal Year citations per Key findings
(TC) year
Nichol- Science of 2003 1078 49.00  The study inventories metal(loid) inputs
son F. A. the Total (Zn, Cu, Ni, Pb, Cd, Cr, As, and Hg) to
[94] Environ- agricultural soils in England and Wales in
ment (Q1, 2000, highlighting atmospheric deposition
Netherlands) as the main source, contributing 25-85%
of total inputs. Livestock manures and
sewage sludge were also significant, pro-
viding about 37-40% of total zinc and
8-17% of total copper inputs. At the field
level, sewage sludge, livestock manures,
and industrial wastes can be the predom-
inant sources.
Zheng N. Science of 2010 756 50.40 A study of street dust contamination from
[95] the Total metal smelting in Huludao city in China
Environ- revealed high levels of Hg, Pb, Cd, Zn,
ment (Q1, and Cu, especially near the Huludao zinc
Netherlands) plant, with atmospheric deposition as the
main source. Health assessments indi-
cated increased noncancer risks for chil-
dren and adults, primarily from dust in-
gestion, while inhalation risks were neg-
ligible. Children faced higher potential
health risks from Pb and near-threshold
risks from Cd, though cancer risk from Cd
inhalation was low.
Lindg- Water, Air, 1991 674 19.82 Recent studies reveal a marked increase in
vist O. and Soil mercury (Hg) pollution in remote Scan-
[96] Pollution dinavian and North American lakes, pri-
(Q2, marily due to widespread air pollution and
Switzerland) long-range transport. In Sweden, around

10000 lakes exceed the national Hg limit
for pike, with fish levels 2-6 times above
background levels. Remedial measures
have reduced Hg in fish by 20-30% within
two years, but achieving a long-term so-
lution requires an 80% reduction in atmo-
spheric Hg emissions to mitigate contam-
ination in fish and forest soils effectively.
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Continuation of Table 4.

Total TC
citations per
(TC) year

Author Journal Year

Key findings

Obrist D. Ambio

[97] (QL,
Netherlands)

2018 543 77.57

Recent findings on global mercury (Hg)
cycling indicate that major reservoirs —
atmosphere (4.4-5.3 Gt), soils (250—
1000 Gg), and oceans (270-450 Gg) — are
affected by human activities. While Hg
emissions have decreased in Europe and
the United States, they are rising in East
Asia. Terrestrial areas are now seen as
net sinks for atmospheric Hg due to plant
uptake, and significant freshwater Hg re-
leases originate from artisanal gold mining
in China and India. Future changes in Hg
cycling are expected due to shifts in emis-
sions, land use, and climate.

Shi G. Environ-
[98] mental

Pollution
(Q1, UK)

2008 477 28.06

A study in Shanghai assessed the contam-
ination of potentially toxic metals (Pb,
Zn, Cu, Cr, Cd, and Ni) in 273 soil and
dust samples. Findings revealed signif-
icant metal concentrations, particularly
in roadside dust. Geostatistical analysis
identified pollution hotspots linked to the
city core, major road junctions, and indus-
trial areas. Source analysis indicated that
Pb, Zn, and Cu were primarily from traf-
fic, while Cd was associated with indus-
trial pollution. Soil Ni was related to nat-
ural concentrations, and Cr and Ni in dust
were largely linked to atmospheric deposi-
tion.

Liang J. Environ- 2017 476 59.50
[99] mental
Pollution

(Q1, UK)

A study in Lianyuan, Hunan Province,
analyzed 6078 soil samples for heavy
metal pollution. Most metals were be-
low China’s Grade II Soil Quality Stan-
dards, except for Hg, but many exceeded
local background levels. Differences in
metal concentrations were linked to an-
thropogenic sources, with spatial variation
assessed using GIS. The PMF model re-
vealed source contributions of 33.6% from
natural sources, 26.05% from atmospheric
deposition, 23.44% from industrial activi-
ties, and 16.91% from agricultural activi-
ties.
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Continuation of Table 4.

Total TC
Author Journal Year citations per Key findings
(TC) year
Hernan- Science of 2003 470 21.36 This study examines heavy metal distri-
dez L. the Total bution in French nonpolluted forest soils,
[100] Environ- finding Cr, Zn, Pb, Ni, Cu, and Co in
ment (Q1, the order of abundance. Some soils ex-
Netherlands) ceed European thresholds for Pb, Cr, and
Ni, with higher concentrations in calcaric
cambisol and mollic andosol. Lead iso-
topes reveal significant anthropogenic con-
tributions from atmospheric pollution, es-
pecially from leaded gasoline, particularly
in northern France.
HuangS.S.  Chemo- 2007 446 24.78 This study assessed atmospheric heavy
[101] sphere metals/metalloids (Hg, Cd, Pb, Zn, Cu,
(Q1, UK) As, Ni, and Cr) in soil, cereals, and veg-
etables from Yangzhong district, China.
Topsoils showed higher concentrations of
these metals compared to subsoils, partic-
ularly in urban areas. Increases in Cd and
Hg since 1990 are attributed to agrochem-
ical use, while Cr and Ni levels remained
stable. Atmospheric deposition from ur-
ban sources also contributed to slight in-
creases in As, Cu, Pb, and Zn, impacting
the quality of agricultural products.
Lu A. Science of 2012 446 34.31 This study analyzed atmospheric heavy
[102] the Total metals/metalloids (As, Cd, Cu, Hg, Pb,
Environ- and Zn) in agricultural soils in Shunyi,
ment (Q1, Beijing, using 412 samples. Most metal
Netherlands) concentrations were slightly above back-

ground levels but below Chinese environ-
mental guidelines. Cd, Cu, and Zn con-
tamination primarily stemmed from agri-
cultural practices, while As and Pb were
from soil parent materials, and Hg re-
sulted from atmospheric deposits. Identi-
fying these sources is crucial for soil qual-
ity protection.
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Continuation of Table 4.

Total TC
Author Journal Year citations per Key findings
(TC) year
Miraglia M.  Food and 2009 439 27.44  This review explores the effects of cli-
[103] Chemical mate change on food safety in Europe, em-
Tozxicology phasizing atmospheric heavy metals. It
(Q1, UK) highlights issues such as mycotoxin for-

mation, pesticide residues from changing
pest pressures, and heavy metals in crops
linked to soil conditions. The review
also addresses concerns about polycyclic
aromatic hydrocarbons, marine biotox-
ins from harmful algal blooms, and in-
creased pathogenic bacteria due to ex-
treme weather.

while Liang J. correlates elevated soil metal levels in Hunan Province to atmospheric deposi-
tion and industry. Hernandez L. finds significant anthropogenic contributions to heavy metals
in French forest soils, and Huang S.S. assesses the impact of urban deposition on agricultural
products in Yangzhong district, China. Lu A. analyzes heavy metal sources in Shunyi, Beijing,
attributing contamination to agricultural practices and atmospheric inputs, and Miraglia M.
reviews the effects of climate change on food safety in Europe, emphasizing the relevance of
atmospheric heavy metals on crops. Collectively, these studies highlight the critical role of
atmospheric deposition in heavy metal contamination and its implications for environmental
and public health.

3.3.9. Global research collaborations: key partnerships and trends

The collaboration frequency data presented in Figure 11 and Table S3 highlight significant
international research partnerships, with China and the USA leading with 38 collaborations, in-
dicating a particularly strong bilateral research connection. Several collaborations also involve

Country collaboration map

Longitude

Latitude

Figure 11. International collaboration in atmospheric heavy metal research.
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European countries, reflecting active regional research networks. Notably, partnerships involv-
ing North Macedonia and Slovenia show substantial collaboration intensity, with a frequency
of 21. Other European countries, including Germany, the United Kingdom, and Norway, also
demonstrate strong collaborative ties, frequently partnering with nations such as Sweden and
Poland.

As suggested by Cisneros et al. [104], collaboration among researchers enhances information
exchange and boosts research efficiency by reducing costs. Furthermore, promoting partnerships
among authors, agencies, and countries can lead to a greater number of published authors and
improved research outcomes in the field [105]. Therefore, fostering international cooperation is
essential for advancing studies on atmospheric heavy metals.

The analysis further reveals a tendency for European countries to form regional alliances,
likely facilitated by geographic proximity, shared regulatory frameworks, and common research
priorities, particularly within the European Union context [105]. Overall, these findings un-
derscore the global nature of scientific collaboration, with countries from multiple regions, in-
cluding China, the USA, and Europe, actively contributing to knowledge advancement. At the
same time, the results highlight a notable gap in collaborative research involving low-income
countries, where environmental pollution burdens are often high but international research
engagement remains limited.

3.3.10. Research theme analysis

The thematic map analysis, constructed using Keywords Plus in Bibliometrix for atmo-
spheric heavy metal research, reveals key insights into the research landscape (Figure 12).
The z-axis indicates relevance (centrality), reflecting each theme’s importance in the overall
field, while the y-axis represents development (density), showing the extent of active research.
Themes in the top right quadrant, including a large cluster around “heavy metal”, “atmospheric
deposition”, and “article”, are both central and actively researched, marking them as motor
themes that drive current investigations. Conversely, themes like “air pollution”, “nonhuman”,
and “atmospheric pollution” form a small cluster between niche and emerging (or declining)
themes; while these areas are established and referenced in a notable number of articles, they
remain less explored, suggesting potential for revisiting and expanding established knowledge.

Similarly, topics like “soil pollution”, “China”, and “soil”, positioned between the lower left and

Niche 1 Motor themes
iche themes
heavy metal

atmospheric deposition
article

air pollution

nonhuman
atmospheric pollution

Development degree
(density)

soil poflution
AR Chjna

l:111(,1g11}1g‘ il
(or declining) themes Basic themes

Relevance degree
(centrality)

Figure 12. Visualization of thematic mapping of atmospheric heavy metal studies.
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lower right quadrants, show limited relevance, fitting the profile of basic themes that offer foun-
dational knowledge without recent development. Overall, the map underscores the significance
of motor themes like “heavy metal”, “atmospheric deposition”, and “article” while highlighting
emerging trends and areas, such as “soil pollution”, “China”, “soil”, “nonhuman”, and “atmo-
spheric pollution”, that warrant further exploration in atmospheric heavy metal research.

3.3.11. Research trend analysis

The word cloud analysis of the most frequently used keywords in publications related to
atmospheric heavy metals, as shown in Figure 13, highlights the key terms discussed. “Heavy
metal” leads with 1743 mentions, followed by “atmospheric deposition” (1386) and “lead” (1159).
Other prominent terms include “environmental monitoring” (1143), “cadmium” (1047), and
“China” (976), which reflect a geographic focus. Additionally, keywords such as “article” (889),
“zine” (835), “soil pollution” (775), and “copper” (756) indicate a range of metals studied and
the monitoring of pollution levels in various environmental media.

metals heavy ...
atmospheric depositions
heavy metals SIIII llﬂ“lluﬂn-"'-
W "l' c rnm um

atmosnnerlc deposition
=heavym Glﬂ =

aarcielgad |

risk assessment =
meteorological problems

Figure 13. Word clouds depicting the 50 most frequently used keywords in articles on atmospheric
heavy metals. The font size is positively correlated with the frequency of word usage.

3.83.12. Co-keyword network analysis and dominant themes in atmospheric heavy metal research

Analyzing the frequency of co-keywords in publications to create a co-keyword network
facilitated the identification of internal structures and trends within a research field [106]. Ta-
ble 5 presents the top 10 co-occurring keywords from publications on atmospheric heavy metals,
detailing their occurrences and link strengths. The term “heavy metal” leads with 1221 occur-
rences and a total link strength of 35861, closely followed by “atmospheric deposition”, which
has 1163 occurrences and a link strength of 35807. Other notable keywords include “arti-
cle” (878 occurrences, link strength 31945), “lead” (762 occurrences, link strength 26 909), and
“cadmium” (676 occurrences, link strength 23 970). Additional keywords such as “environmental

YR RNA4 YARNA4 YRR 13

monitoring”, “zinc”, “copper”, “soil pollution”, and “China” further illustrate key research areas
in the field.

This robust research landscape reflects a growing concern and active inquiry into atmo-
spheric heavy metals and their implications. In contrast, terms such as “niobium”, “dyspro-
sium”; and “radium-226" received very little attention, with occurrences of fewer than six (data
not shown here), highlighting a disparity that suggests that while heavy metals dominate the
research focus, other potentially significant elements and issues remain underexplored. Identi-
fying these understudied areas presents a valuable opportunity for future research to broaden
the understanding of heavy metal contamination and its implications, particularly regarding
less common elements that may pose risks to human health and the environment.
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Table 5. Top 10 co-occurring keywords from publications on atmospheric heavy metals.

Keyword Occurrences Total link strength
Heavy metal 1221 35861
Atmospheric deposition 1163 35807
Article 878 31945
Lead 762 26909
Cadmium 676 23970
Environmental monitoring 632 23799
Zinc 618 22810
Copper 573 21503
Soil pollution 478 14910
China 438 15495

The analysis of 11240 keywords in the field of atmospheric heavy metal research yielded
822 terms that met the minimum occurrence threshold of 10 and were selected for visualization
in Figure 14, a. This comprehensive keyword analysis identified five major clusters, each high-
lighting distinct thematic focuses that reveal critical areas for future study and policymaking.
The identification and categorization of these clusters provide insights into the current research
landscape and underline the interconnected nature of various subfields in atmospheric heavy
metal pollution.

Cluster 1 (red): Broad ecological and chemical perspectives. Cluster 1, the largest
with 317 items, encompasses keywords with an overarching focus on the ecological and chemical
analysis of heavy metals. Prominent terms such as “heavy metals”, “trace metals”, “ecosystem”,
“river pollution”, and “sediment” underscore the cluster’s emphasis on the environmental im-
pact of heavy metals in various aquatic and terrestrial systems. The presence of terms like
“anthropogenic source” and “atmospheric deposition” highlights the human-driven origins of
these pollutants and their deposition processes. Mining and industrial activities are major
contributors to heavy metal contamination, leading to detrimental effects on water quality and
sediment composition [107]. Research has shown that heavy metals emitted into the atmosphere
from both natural and anthropogenic sources can be deposited through various mechanisms,
including dry deposition (where pollutants settle onto surfaces directly from the air without
precipitation) and wet deposition (where pollutants are captured by precipitation such as rain
or snow and deposited on the Earth’s surface, leading to potential contamination of water, soil,
and vegetation) [108, 109]. This cluster’s composition reflects an integrative approach that
connects pollution sources to ecosystem responses, highlighting the importance of studying
pollutant pathways and impacts on water bodies and sediment.

Cluster 2 (green): Monitoring, health risk, and spatial analysis. Cluster 2, con-
sisting of 158 items, focuses on environmental monitoring and the assessment of health risks
associated with heavy metals. Key terms include “environmental monitoring”, “mercury”, “risk
assessment”; and “health risk”, indicating a strong connection to human health and public safety.
Assessing these risks is essential, as heavy metals can lead to severe health issues, including
chronic diseases and acute poisoning [110]. The inclusion of terms like “principal component
analysis” and “spatial distribution” suggests a methodological emphasis on geographic and sta-
tistical analyses, with specific reference to regions such as “China”, a significant case study
in heavy metal pollution research. The methodological focus on geographic and statistical
analyses, particularly in regions like China, underscores the importance of localized studies in
understanding heavy metal pollution dynamics. Research has shown that heavy metal contam-
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Figure 14. a) The co-occurrence analysis of all keywords in atmospheric heavy metal publications
revealing patterns in keyword relationships. The size of each node indicates the frequency of a key-
word’s occurrences across publications, while the lines connecting nodes represent their co-occurrence
within the same publication. Closer proximity between two nodes indicates a higher frequency of co-
occurrence. b) The research focus of global atmospheric heavy metal studies over time, with earlier
years shown in blue and more recent years in yellow.
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ination in soil and crops can significantly impact food safety and human health, necessitating
comprehensive risk assessments to evaluate exposure pathways [111, 112|. Overall, this cluster
emphasizes the need for comprehensive monitoring frameworks and risk assessment models to
mitigate health hazards related to heavy metal exposure.

Cluster 3 (blue): Elemental analysis and air quality. Cluster 3, comprising 137
items, emphasizes specific trace elements and their role in atmospheric and air quality studies.
Keywords such as “zinc”, “chromium”, “arsenic”’, and “air pollution” highlight the analysis of
metal(loid)s that contribute to air quality degradation. The inclusion of keywords related to
air pollution signifies a significant concern regarding how these trace metals impact air quality
and the potential health risks associated with exposure. Studies have shown that trace elements
in airborne particulate matter can have serious health implications, including respiratory issues
and other chronic diseases [113]. The mention of “biomonitoring” and “Bryophyta” (moss) in
the cluster indicates the use of natural organisms to monitor and assess atmospheric pollution
levels. Biomonitoring is an effective approach to evaluate air quality, as these organisms can
accumulate heavy metals from the air, reflecting the environmental quality of their surround-
ings [114]. Research has demonstrated that mosses can serve as reliable indicators of air quality,
particularly in urban areas where industrial activities contribute to elevated levels of trace met-
als [115]. The geographic references to “Europe” and “Eurasia” also highlight key regions where
these studies are concentrated. This cluster is crucial for advancing knowledge about the be-
havior of trace elements in the atmosphere and their implications for human and environmental
health. A study by Moreno et al. [116] in Spain illustrated the complex chemical composition
of urban aerosols, revealing significant variations in trace metal content across different towns.
Similarly, research in heavily polluted regions of China has documented the spatiotemporal
variations of trace elements in the atmosphere, linking them to industrial emissions and other
anthropogenic activities [117]. These findings emphasize the need for comprehensive monitor-
ing frameworks to effectively track air quality and assess the associated health risks from trace
metal exposure. Overall, this cluster provides a comprehensive overview of elemental analysis
and air quality concerning trace metals. The integration of biomonitoring approaches, geo-
graphic studies, and health risk assessments is essential for advancing knowledge in this field
and addressing the challenges posed by air pollution.

Cluster 4 (yellow): Atmospheric pollutants. Cluster 4 encompasses a significant body
of research focusing on “cadmium”, “bioaccumulation”, and “soil pollution”, highlighting the in-
tricate relationships between terrestrial environments and pollutant behavior in soil matrices.
The studies within this cluster emphasize the importance of understanding how heavy met-
als, particularly cadmium, accumulate and move within soil systems. Other keywords such as
“controlled study”, “chemistry”, and “contamination” reflect the experimental approaches used
to analyze heavy metal accumulation and mobility within soils. The emphasis on “atmospheric
deposition” ties this cluster to the transference of pollutants from air to land, underscoring the
cross-compartmental movement of heavy metals. Stewart et al. [118] demonstrate that quan-
tum dots, which contain cadmium, exhibit less bioaccumulation in earthworms compared to
free cadmium ions, suggesting that the form of cadmium influences its bioavailability and accu-
mulation in soil organisms. This finding underscores the necessity of considering the chemical
form of pollutants when evaluating their ecological impacts. The mobility of cadmium in soils
is also influenced by various factors, including organic acids produced by soil microorganisms.
Navarro et al. [119] discuss how these organic acids can enhance the release of heavy metal
contaminants from soils, thereby affecting their mobility and bioavailability. This relationship
is critical for understanding the dynamics of cadmium in soil environments, particularly in the
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context of atmospheric deposition, which can introduce cadmium into terrestrial systems from
airborne sources [120]. The atmospheric deposition of cadmium is a significant concern, as it
contributes to soil contamination and poses risks to both ecological and human health [121].
This cluster thus suggests a vital area of study for understanding how atmospheric pollutants
contribute to soil contamination and subsequent ecological effects.

Cluster 5 (violet): Urban and industrial impact. The smallest cluster, Cluster 5, with
76 items, centers on “copper”; “pollution”, and “atmospheric chemistry”, highlighting research
that focuses on urban and industrial sources of heavy metal pollution. The presence of terms
like “urban area”, “rural”, “forest”, “dust”, and “particulate matter” emphasizes the diverse envi-
ronments impacted by industrial emissions and exhaust gases. Isinkaralar and Bayraktar [122]
assert that traffic is a primary source of copper pollutants in urban areas, underscoring the need
for effective urban planning strategies to mitigate these emissions. The atmospheric chemistry
of urban environments is complex, as noted by Harrison [123|, who emphasizes the unique char-
acteristics of urban atmospheric chemistry that necessitate specialized study. The interactions
of various pollutants, including particulate matter and volatile organic compounds, contribute
to the overall air quality and health risks associated with urban pollution. This complexity
is compounded by the findings of Boynard et al. [124], who discuss how industrialization and
increased vehicle ownership in urban centers lead to significant air quality challenges, partic-
ularly in regions like North China. The inclusion of “India” in the cluster suggests regional
studies addressing pollution challenges specific to the country and similar contexts. The tem-
porary reduction in fine particulate matter during the COVID-19 lockdown, illustrates how
anthropogenic activities directly influence air quality in Indian cities, as documented by Ku-
mar et al. [125]. Overall, this cluster underscores the importance of studying the dispersion
of pollutants in various settings and the interactions between urban-industrial activities and

surrounding ecosystems.

3.3.13. Evolution of global research focus on atmospheric heavy metal pollution: shifts in themes,
regions, and health implications

Figure 14, b illustrates the evolving focus of global atmospheric heavy metal research over
time, particularly highlighting shifts in thematic emphasis. Prior to 2013, studies predominantly
concentrated on air pollution, trace metals, aerosols, and pollutant transport, with significant
regional focus on Europe, Furasia, the United States, and Scandinavia. This period also fea-
tured research on biological monitoring using moss species such as Hypnum cupressiforme,
Pleurozium schreberi, and Hylocomium splendens, which are recognized as effective bioindica-
tors for assessing atmospheric metal deposition [126-129]. The use of mosses as bioindicators
of metal deposition has been widely accepted in environmental monitoring. Mosses can reflect
atmospheric inputs of heavy metals, although they may also accumulate metals from non-
atmospheric sources such as soil dust and root uptake [130]. This highlights the complexity
of interpreting moss data in relation to atmospheric pollution. Jiang et al. [131] demonstrate
that mosses are superior to vascular plants for monitoring atmospheric heavy metal pollution,
as their simpler uptake mechanisms allow for clearer correlations with atmospheric deposition.
This is particularly relevant in urban areas where heavy metal concentrations can be signifi-
cantly elevated due to industrial emissions.

Between 2014 and 2018, research interests in atmospheric heavy metal pollution expanded
significantly, encompassing a broader array of pollutants, particularly cadmium (Cd), nickel (Ni),
and copper (Cu). This period marked a notable shift towards addressing soil pollution, bioac-
cumulation, and the role of anthropogenic sources in metal emissions. The growing focus on
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atmospheric chemistry and environmental monitoring reflects heightened concerns regarding
the complex interactions between heavy metals and various environmental media. Research
by Amadi et al. [132] highlights the use of pollution indices to assess soil quality, revealing
significant contamination with heavy metals such as Cd and Pb in mining areas. Their findings
underscore the anthropogenic contributions to soil pollution, particularly in regions impacted by
industrial activities. Similarly, Banerjee et al. [133] provide evidence of heavy metal contamina-
tion in aquatic ecosystems, emphasizing bioaccumulation of metals in plankton, mollusks, and
fish — processes influenced by water quality and sediment composition. This study illustrates
the interconnectedness of soil and water pollution and its implications for food chains.

From 2018 to the present, the research landscape regarding heavy metal pollution has shifted
significantly, emphasizing the human and ecological risks associated with these contaminants.
This period has seen an increased focus on risk assessment, health implications, particularly
for children, and source identification and apportionment. China has emerged as a significant
focal point due to its rapid industrial growth and the associated environmental challenges. Re-
search has broadened to encompass agricultural land and the impact of metal concentrations
on human health, highlighting a multidisciplinary approach that integrates public health, en-
vironmental science, and policy considerations. Li et al. [134] discusses the establishment of
geochemical baselines and source-oriented ecological risk assessments for heavy metals in agri-
cultural soils, emphasizing the importance of understanding both the sources of contamination
and their potential health impacts. This study reflects the growing recognition of the need for
comprehensive risk assessments that consider the specific toxicities of different metals, which
is crucial for effective environmental management. A literature review by Xiao et al. [135]
highlights the pathways through which heavy metals affect human health, particularly through
the food chain, and notes the limited research on the health implications of heavy metal expo-
sure. Their findings underscore the urgent need for further studies to explore the health risks
associated with heavy metal contamination in agricultural settings, particularly for vulnerable
populations such as children.

4. Research gaps and future directions in atmospheric heavy metal studies

Although research on atmospheric heavy metals has grown markedly over the past five
decades, the bibliometric analysis reveals several high-priority gaps that must be addressed
to improve exposure assessment, strengthen monitoring capacity, and support effective policy
action. These gaps are organized below by urgency, highlighting areas where progress would
yield the greatest scientific and societal benefits.

Priority 1: Monitoring and protecting vulnerable populations. Long-term, cohort-
based studies on chronic exposure among vulnerable groups remain critically lacking. Most
existing research is cross-sectional, with limited focus on children, pregnant women, and the
elderly, despite well-documented evidence of heightened susceptibility to heavy metal toxic-
ity [136]. Studies show that children face substantially higher hazard indices and carcinogenic
risks from atmospheric metals, underscoring the need for targeted, long-term monitoring and
the integration of biomonitoring tools [137]. Future work should prioritize cohort studies, link
biomonitoring with atmospheric measurements, and adopt multipathway exposure assessments
that incorporate inhalation, dietary intake, and dermal routes. Programs such as the U.S.
EPA AirNow network [138] and the EU Human Biomonitoring Initiative (HBM4EU) [139] offer
scalable frameworks that could be adapted for vulnerable populations.

Priority 2: Real-time, field-deployable and low-cost monitoring technologies.
A major limitation in current monitoring is the continued reliance on laboratory-based AAS,
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ICP-MS, and XRF analyses [140], which restrict temporal resolution and delay early warn-
ings. Recent advances in portable spectrometers, autonomous XRF systems, Internet-of-
Things (IoT)-enabled low-cost sensors, and drone-based atmospheric surveillance [141, 142]
offer promising alternatives. Microsensing platforms used in programs such as AirNow and Pur-
pleAir could be adapted for heavy metal aerosols with metal-oxide nanocoating technologies.
Real-time systems are crucial for detecting acute pollution episodes from industrial accidents,
volcanic eruptions, and biomass-burning events.

Priority 3: Higher-resolution source apportionment and atmospheric transport
modelling. Most studies still rely on bulk concentration data, limiting the ability to differen-
tiate among industrial, traffic, volcanic, biomass-burning and resuspension sources. Machine-
learning approaches show strong potential to improve resolution. Dong et al. [143] used Random
Forest and LightGBM to map Cr, Cd, As and Pb emissions across 367 Chinese municipali-
ties, achieving high predictive accuracy (R* = 0.58—0.84). Zheng et al. [144] combined Self-
Organizing Map (SOM), Positive Matrix Factorization (PMF), and Gradient Boosted Decision
Tree (GBDT) to reduce subjectivity in source apportionment, revealing traffic and atmospheric
deposition as major Pb contributors and identifying sewage irrigation as a key source of Cd
and Zn. These advances demonstrate the need to integrate machine learning with emission
inventories, meteorological data, and land-use parameters to generate high-resolution source
attribution maps and accurately predict deposition hotspots.

Priority 4: Reducing geographic disparities and strengthening monitoring net-
works. Research output remains geographically imbalanced, dominated by China, Europe,
and North America. Although global networks such as the Global Atmospheric Passive Sam-
pling (GAPS) are beginning to address these disparities [145], large regions, including parts of
Africa, South America, and Central Asia, remain underrepresented. Expanding international
monitoring networks and building local capacity are crucial steps toward more equitable global
assessments.

Priority 5: Investigating emerging and understudied metal species. Research con-
tinues to focus primarily on Pb, Cd, Hg, Zn, and Cu, while rare earth elements, nanoparticle-
bound metals, and organometallic compounds remain substantially understudied. Recent re-
views highlight the need for advanced speciation methods and expanded investigation into these
emerging contaminants [146].

Priority 6: Linking atmospheric inputs to soil-plant—water systems. Few studies
integrate monitoring across air, soil, vegetation, and water, despite the critical role of atmo-
spheric deposition in food-chain contamination and ecosystem risk. Cross-compartment anal-
yses and isotopic tracing approaches are needed to better quantify the fate and transport of
metals in coupled environmental systems [147].

Priority 7: Standardizing methods, QA /QC protocols, and data reporting. Sub-
stantial methodological heterogeneity persists in sampling, sample preparation, digestion proto-
cols, and reporting practices, impeding cross-study comparisons. Reviews emphasize the need
for harmonized global protocols and strengthened long-term monitoring networks, particularly
in developing regions [145-148|.

Priority 8: Integrating socio-economic, requlatory and policy dimensions. Only
a small proportion of studies assess the effectiveness of emission controls, economic costs of
exposure, or public perception of heavy metal risks. Greater interdisciplinary research connect-
ing environmental science with policy, economics, and social sciences is essential for developing
effective and equitable mitigation strategies [148].

29



W. Sawangproh, C. Phaenark, A. Bridhikitti Natural Sci. Rev. 3 100601 (2026)

5. Implications for practice

The findings of this systematic review and bibliometric analysis have several important im-
plications for environmental management, public health protection, and regulatory practice.
First, the strong evidence for persistent and spatially heterogeneous atmospheric heavy metal
deposition underscores the need for expanded and harmonized monitoring networks, particu-
larly in rapidly urbanizing and industrializing regions. Environmental agencies should integrate
conventional instrumental monitoring (e.g., PMy 5 /PM;o metal analysis) with biomonitoring ap-
proaches, especially moss-based monitoring, to improve detection sensitivity for low-level and
chronic deposition that may not be captured by short-term air sampling.

Second, public health authorities should prioritize vulnerable populations, including chil-
dren, pregnant women, and occupationally exposed groups, by linking atmospheric monitoring
data with targeted biomonitoring and exposure assessments. Integrating atmospheric deposi-
tion data into urban health surveillance systems can support early identification of high-risk
areas and guide localized interventions, such as traffic management, zoning restrictions, and
emission controls near schools and residential areas.

Third, the demonstrated importance of long-range transport highlights the need for regional
and transboundary cooperation. Atmospheric heavy metals do not respect political boundaries;
therefore, regional organizations and international frameworks should promote standardized
sampling protocols, Quality Assurance and Quality Control (QA/QC) procedures, and shared
databases. Such harmonization would improve comparability among studies and strengthen
cross-border pollution assessments, particularly in regions affected by biomass burning, dust
transport, or volcanic activity.

Fourth, urban and industrial planning can benefit from high-resolution source attribution
tools that combine atmospheric measurements with meteorological data and machine-learning
approaches. These tools can help decision-makers identify dominant emission sources, evalu-
ate the effectiveness of mitigation measures, and prioritize interventions near traffic corridors,
smelting facilities, mining areas, and geothermal installations.

Finally, disaster-risk management and climate-adaptation strategies should explicitly incor-
porate atmospheric heavy metal monitoring. Volcanic eruptions, dust storms, and large-scale
biomass-burning events can rapidly elevate airborne metal concentrations, posing acute health
risks. Integrating metal monitoring into early-warning systems and emergency response plans
would improve preparedness and reduce exposure during extreme events.

Overall, translating advances in atmospheric heavy metal research into practice requires
closer integration between scientists, regulators, and public health practitioners. By combining
improved monitoring technologies, biomonitoring tools, regional cooperation, and evidence-
based policy design, atmospheric heavy metal research can more effectively inform mitigation
strategies and protect both ecosystems and human health.

6. Conclusion

This review synthesizes current knowledge on atmospheric heavy metals by integrating ev-
idence from monitoring studies, analytical techniques, and biomonitoring approaches across
diverse environments. The findings highlight that atmospheric heavy metal pollution remains
a persistent and spatially heterogeneous challenge, shaped by complex interactions among
emission sources, transport processes, and environmental sinks. Advances in sampling and
analytical methods, combined with the growing use of biological indicators such as mosses,
lichens, and aquatic organisms, have improved detection sensitivity and our understanding of
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long-term deposition patterns. However, substantial gaps remain, particularly in standardized
methodologies, long-term and multicompartment assessments, and research coverage in low-
and middle-income regions. Addressing these gaps through coordinated monitoring strategies,
methodological harmonization, and strengthened international collaboration is essential for im-
proving exposure assessment, informing policy, and mitigating the ecological and human health
risks associated with atmospheric heavy metal contamination.
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Table S2. Most-cited countries in atmospheric heavy

metal studies. Continuation of Table S2.
Total Avel.“age Total Average
Country o article Country . article
citations . citations
citations citations

China 20681 42.10 Portugal 112 18.70
USA 3782 51.80 Ireland 104 20.80
United Kingdom 3471 102.10 South Africa 99 14.10
France 2898 76.30 Romania 87 8.70
Italy 1840 40.90 Ghana 86 28.70
Spain 1724 44.20 Kuwait 69 69.00
India 1594 37.10 Singapore 61 30.50
Germany 1469 28.80 Malaysia 57 11.40
Australia 1413 58.90 Cyprus 48 48.00
Norway 1241 82.70 Bulgaria 45 6.40
Sweden 1168 77.90 Morocco 40 40.00
Belgium 1027 68.50 Nigeria 40 4.00
Canada 1002 33.40 Monaco 37 37.00
Poland 949 25.60 Tunisia 37 37.00
Czech Republic 795 49.70 Latvia 34 11.30
Switzerland 702 63.80 Iraq 33 16.50
Finland 638 45.60 Egypt 31 10.30
Turkey 612 23.50 Syria 28 28.00
Japan 594 49.50 Kazakhstan 27 27.00
Jordan 521 104.20 Algeria 26 8.70
Argentina 451 90.20 Israel 25 25.00
New Zealand 430 61.40 Vietnam 18 9.00
Hong Kong 421 140.30 Colombia 15 5.00
Croatia 419 139.70 Thailand 14 4.70
Austria 418 46.40 Zimbabwe 9 9.00
Serbia 399 44.30 Estonia 8 8.00
Iran 390 21.70 United Arab Emirates 6 6.00
Hungary 338 42.20 Belarus 4 4.00
North Macedonia 298 27.10 Bosnia 4 4.00
Chile 292 48.70 Peru 4 4.00
Albania 242 22.00 Azerbaijan 3 3.00
Bangladesh 235 47.00 Georgia 1 0.50
Netherlands 208 29.70 Ethiopia 0 0.00
Sri Lanka 187 37.40

Korea 169 16.90

Lithuania 164 54.70

Pakistan 152 19.00

Slovakia 152 12.70

Denmark 144 24.00

Greece 144 24.00

Mexico 135 16.90

Brazil 129 12.90

Saudi Arabia 120 24.00

Slovenia 113 22.60
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Table S3. Collaboration between countries based on

publication frequency. Continuation of Table S3.

From To Frequency From To Frequency
China USA 38 Spain Norway 10
North Macedonia Slovenia 21 Spain Poland 10
Germany Norway 17 Sweden Finland 10
Albania North Macedonia 14 United Kingdom Estonia 10
Norway Austria 14 United Kingdom Switzerland 10
United Kingdom Sweden 14 Austria Estonia 9
Romania Slovenia 13 Austria Slovakia 9
United Kingdom Norway 13 Belgium Estonia 9
China Australia 12 Belgium Finland 9
China Canada 12 Belgium Slovakia 9
France Belgium 12 Belgium Slovenia 9
France Switzerland 12 China Korea 9
Germany Belgium 12 Czech Republic Austria 9
Italy France 12 Czech Republic Estonia 9
Italy Germany 12 Finland Austria 9
Italy United Kingdom 12 Finland Estonia 9
Norway Sweden 12 Finland Slovakia 9
Spain France 12 Finland Slovenia 9
USA Canada 12 France Estonia 9
Czech Republic Slovakia 11 France Finland 9
France Austria 11 France Slovakia 9
France Norway 11 France Slovenia 9
Germany Austria 11 Germany Slovakia 9
Italy Switzerland 11 Germany Switzerland 9
Norway Belgium 11 Ttaly Austria 9
Norway Finland 11 Ttaly Norway 9
Poland Norway 11 Ttaly Sweden 9
Romania North Macedonia 11 Norway Croatia 9
United Kingdom Czech Republic 11 Norway Estonia 9
United Kingdom Germany 11 Norway Romania 9
United Kingdom  North Macedonia 11 Norway Slovakia 9
United Kingdom Poland 11 Norway Slovenia 9
Austria Slovenia 10 Poland Belgium 9
Belgium Austria 10 Poland Czech Republic 9
China Germany 10 Poland Estonia 9
China Hong Kong 10 Poland Slovakia 9
Finland Switzerland 10 Poland Slovenia 9
France Poland 10 Slovakia Estonia 9
Germany Finland 10 Slovakia Slovenia 9
Germany Poland 10 Slovenia Croatia 9
Italy Slovakia 10 Slovenia Estonia 9
North Macedonia Croatia 10 Spain Austria 9
Norway North Macedonia 10 Spain Belgium 9
Poland Austria 10 Spain Estonia 9
Poland Finland 10 Spain Finland 9
Spain Italy 10 Spain Slovakia 9
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Continuation of Table S3. Continuation of Table S3.
From To Frequency From To Frequency
Spain Slovenia 9 Italy Slovenia 8
Spain United Kingdom 9 North Macedonia Estonia 8
Sweden Austria 9 Norway Czech Republic 8
Sweden Switzerland 9 Norway Iceland 8
United Kingdom Albania 9 Norway Switzerland 8
United Kingdom Austria 9 Norway Ukraine 8
United Kingdom Belgium 9 Poland Croatia 8
United Kingdom Finland 9 Poland Iceland 8
United Kingdom France 9 Poland North Macedonia 8
United Kingdom Slovakia 9 Poland Netherlands 8
United Kingdom Slovenia 9 Poland Sweden 8
Austria Croatia 8 Poland Switzerland 8
Austria Iceland 8 Poland Ukraine 8
Austria North Macedonia 8 Slovakia Croatia 8
Austria Ukraine 8 Slovakia Iceland 8
Belgium Croatia 8 Slovakia North Macedonia 8
Belgium Iceland 8 Slovakia Ukraine 8
Belgium North Macedonia 8 Slovenia Iceland 8
Belgium Switzerland 8 Slovenia Ukraine 8
Belgium Ukraine 8 Spain Croatia 8
China Pakistan 8 Spain Czech Republic 8
Czech Republic Belgium 8 Spain Germany 8
Czech Republic Finland 8 Spain Iceland 8
Czech Republic Slovenia 8 Spain North Macedonia 8
Czech Republic Ukraine 8 Spain Sweden 8
Estonia Croatia 8 Spain Switzerland 8
Estonia Iceland 8 Spain Ukraine 8
Estonia Ukraine 8 Sweden Belgium 8
Finland Croatia 8 Sweden Czech Republic 8
Finland Iceland 8 Sweden Estonia 8
Finland North Macedonia 8 Sweden Iceland 8
Finland Ukraine 8 Sweden Slovakia 8
France Croatia 8 Sweden Slovenia 8
France Czech Republic 8 Switzerland Austria 8
France Germany 8 Switzerland Estonia 8
France Iceland 8 Switzerland Iceland 8
France North Macedonia 8 Switzerland Slovakia 8
France Sweden 8 Switzerland Slovenia 8
France Ukraine 8 Switzerland Ukraine 8
Germany Estonia 8 United Kingdom Croatia 8
Germany Netherlands 8 United Kingdom Iceland 8
Germany Slovenia 8 United Kingdom Ukraine 8
Germany Sweden 8 Austria Belarus 7
Italy Belgium 8 Austria Bulgaria 7
Ttaly Estonia 8 Belarus Iceland 7
Italy Finland 8 Belgium Belarus 7
Italy Iceland 8 Belgium Netherlands 7
Ttaly Poland 8 China Japan 7
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Continuation of Table S3.

Continuation of Table S3.

From To Frequency From To Frequency
China United Kingdom 7 Germany Romania 6
Croatia Iceland 7 Italy Romania 6
Croatia Ukraine 7 North Macedonia Belarus 6
Czech Republic Croatia 7 Norway Albania 6
Czech Republic Iceland 7 Norway Bulgaria 6
Czech Republic North Macedonia 7 Poland Lithuania 6
Czech Republic Switzerland 7 Poland Romania 6
Estonia Belarus 7 Romania Belgium 6
Finland Belarus 7 Romania Estonia 6
France Belarus 7 Romania Finland 6
Germany Croatia 7 Romania Slovakia 6
Germany Czech Republic 7 Serbia North Macedonia 6
Germany Iceland 7 Serbia Slovenia 6
Germany North Macedonia 7 Slovenia Bulgaria 6
Germany Ukraine 7 Spain Romania 6
Ttaly Belarus 7 Turkey Bulgaria 6
Ttaly Croatia 7 United Kingdom Bulgaria 6
Ttaly Czech Republic 7 United Kingdom Romania 6
Italy North Macedonia 7 USA France 6
Italy Ukraine 7 Albania Estonia 5
North Macedonia Iceland 7 Austria Albania 5
North Macedonia Ukraine 7 Belgium Bulgaria 5
Norway Belarus 7 Belgium Serbia 5
Poland Belarus 7 Bulgaria Estonia 5
Romania Austria 7 Bulgaria Iceland 5
Romania Czech Republic 7 Bulgaria Ukraine 5
Slovakia Belarus 7 China France 5
Slovenia Belarus 7 Czech Republic Lithuania 5
Spain Belarus 7 Egypt Saudi Arabia 5
Sweden Belarus 7 Finland Albania 5
Sweden Croatia 7 Finland Bulgaria 5
Sweden North Macedonia 7 Finland Lithuania 5
Sweden Ukraine 7 France Albania 5
Switzerland Belarus 7 France Bulgaria 5
Switzerland Bulgaria 7 Germany Bulgaria 5
Switzerland Croatia 7 Italy Bulgaria 5
Switzerland North Macedonia 7 Netherlands Austria 5
Ukraine Iceland 7 Norway Lithuania b)
United Kingdom Belarus 7 Norway Turkey b)
Albania Croatia 6 Poland Albania 5
Albania Slovenia 6 Poland Bulgaria 5
Belarus Ukraine 6 Poland Turkey 5
Belgium Albania 6 Romania Albania 5
Croatia Belarus 6 Romania Belarus 5
Czech Republic Belarus 6 Romania Croatia 5
Czech Republic Bulgaria 6 Romania Iceland 5
France Romania 6 Romania Sweden 5
Germany Belarus 6 Romania Switzerland 5
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Continuation of Table S3.

Continuation of Table S3.

From To Frequency From To Frequency
Romania Ukraine 5 Ttaly Turkey 4
Slovakia Albania 5 Latvia Iceland 4
Slovakia Bulgaria 5 Latvia Ukraine 4
Spain Albania 5 Lithuania Iceland 4
Spain Bulgaria 5 Lithuania Latvia 4
Sweden Bulgaria 5 Lithuania Ukraine 4
Sweden Lithuania 5 North Macedonia Bulgaria 4
Turkey Austria 5 Norway Latvia 4
United Kingdom Serbia 5 Norway Netherlands 4
USA Austria 5 Norway Serbia 4
USA Italy 5 Pakistan Saudi Arabia 4
Albania Belarus 4 Poland Denmark 4
Albania Iceland 4 Poland Latvia 4
Albania Ukraine 4 Poland Serbia 4
Austria Latvia 4 Romania Bulgaria 4
Austria Lithuania 4 Serbia Croatia 4
Austria Serbia 4 Serbia Estonia 4
Belgium Latvia 4 Serbia Iceland 4
Belgium Lithuania 4 Serbia Ukraine 4
Bulgaria Belarus 4 Slovakia Latvia 4
Bulgaria Croatia 4 Slovakia Lithuania 4
Bulgaria Latvia 4 Slovakia Serbia 4
Bulgaria Lithuania 4 Slovenia Hungary 4
China Egypt 4 Slovenia Latvia 4
Czech Republic Albania 4 Slovenia, Lithuania 4
Czech Republic Latvia 4 Spain Latvia 4
Czech Republic Serbia 4 Spain Lithuania 4
Czech Republic Turkey 4 Spain Netherlands 4
Estonia Latvia 4 Spain Serbia 4
Estonia Lithuania 4 Spain Turkey 4
Finland Latvia 4 Sweden Albania 4
Finland Serbia 4 Sweden Latvia 4
France Denmark 4 Sweden Serbia 4
France Korea 4 Sweden Turkey 4
France Latvia 4 Switzerland Albania 4
France Lithuania 4 Switzerland Latvia 4
France Serbia 4 Switzerland Lithuania 4
France Turkey 4 Switzerland Serbia 4
Germany Albania 4 Turkey Belgium 4
Germany Latvia 4 Turkey Estonia 4
Germany Lithuania 4 Turkey Finland 4
Germany Serbia 4 Turkey Iceland 4
Germany Turkey 4 Turkey Latvia 4
Italy Albania 4 Turkey Lithuania 4
Italy Canada 4 Turkey Slovakia 4
Ttaly Latvia 4 Turkey Slovenia 4
ITtaly Lithuania 4 Turkey Switzerland 4
Italy Serbia 4 Turkey Ukraine 4
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Continuation of Table S3.

Continuation of Table S3.

From To Frequency From To Frequency
United Kingdom Latvia 4 United Kingdom Hungary 3
United Kingdom Lithuania 4 United Kingdom India 3
United Kingdom Netherlands 4 United Kingdom Ireland 3
United Kingdom Turkey 4 United Kingdom Portugal 3
USA Australia 4 USA Spain 3
USA Germany 4 Albania Serbia 2
Australia New Zealand 3 Australia Bangladesh 2
Australia Sri Lanka 3 Australia Egypt 2
Austria Hungary 3 Australia Greece 2
Belgium Hungary 3 Australia Ireland 2
China Italy 3 Austria Denmark 2
China Sweden 3 Austria Portugal 2
Czech Republic Netherlands 3 Bangladesh Saudi Arabia 2
Denmark Lithuania 3 Belgium Denmark 2
Finland Denmark 3 Belgium Korea 2
Finland Netherlands 3 Belgium Portugal 2
France Canada 3 Bulgaria Portugal 2
France Hungary 3 Canada Ghana 2
France Netherlands 3 Canada Iran 2
Germany Brazil 3 Canada Norway 2
Hungary Bulgaria 3 China Denmark 2
India Korea 3 China Greece 2
Italy Netherlands 3 China Malaysia 2
Italy Portugal 3 China Nepal 2
Latvia Belarus 3 China Netherlands 2
Latvia Croatia 3 China Norway 2
Lithuania Belarus 3 China Saudi Arabia 2
Lithuania Croatia 3 China Turkey 2
Netherlands Estonia 3 Czech Republic Denmark 2
Netherlands Slovakia 3 Czech Republic Hungary 2
Netherlands Slovenia 3 Czech Republic Portugal 2
Netherlands Ukraine 3 Denmark Belarus 2
North Macedonia Latvia 3 Denmark Bulgaria 2
North Macedonia Lithuania 3 Denmark Estonia 2
Romania Netherlands 3 Denmark Iceland 2
Serbia Belarus 3 Denmark Latvia 2
Serbia Bulgaria 3 Denmark Ukraine 2
Serbia Latvia 3 Finland Hungary 2
Serbia Lithuania 3 Finland Portugal 2
Spain Canada 3 France Algeria 2
Spain Colombia 3 France Lebanon 2
Spain Greece 3 France Portugal 2
Sweden Portugal 3 France Tunisia 2
Switzerland Netherlands 3 Germany Argentina 2
Turkey Belarus 3 Germany Canada 2
Turkey Croatia 3 Germany Denmark 2
Turkey North Macedonia 3 Germany Hungary 2
Turkey Serbia 3 Germany Korea 2
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Continuation of Table S3.

Continuation of Table S3.

From To Frequency From To Frequency
Germany Portugal 2 Switzerland Portugal 2
Greece Egypt 2 Turkey Denmark 2
Hungary Estonia 2 Turkey Hungary 2
Hungary Iceland 2 Turkey Portugal 2
Hungary Latvia 2 United Kingdom Australia 2
Hungary Lithuania 2 United Kingdom Canada 2
Hungary Portugal 2 United Kingdom Denmark 2
Hungary Ukraine 2 United Kingdom Malaysia 2
India Saudi Arabia 2 United Kingdom Nigeria 2
India Sri Lanka 2 United Kingdom Saudi Arabia 2
Italy Denmark 2 USA Belgium 2
Italy Hungary 2 USA Brazil 2
Korea Egypt 2 USA Chile 2
Korea Hong Kong 2 USA Czech Republic 2
Netherlands Albania 2 USA India 2
Netherlands Belarus 2 USA Netherlands 2
Netherlands Bulgaria 2 USA New Zealand 2
Netherlands Croatia 2 USA Norway 2
Netherlands Iceland 2 USA Sweden 2
Netherlands ~ North Macedonia 2 USA United Kingdom 2
Nigeria Malaysia 2 Albania Bulgaria 1
Nigeria Saudi Arabia 2 Australia Chile 1
Norway Denmark 2 Australia Denmark 1
Norway Hungary 2 Australia Korea 1
Norway Portugal 2 Australia Malaysia 1
Poland Hungary 2 Australia Nigeria 1
Poland Portugal 2 Australia Saudi Arabia 1
Portugal Estonia 2 Australia Singapore 1
Portugal Iceland 2 Australia Sweden 1
Portugal Latvia 2 Australia Switzerland 1
Portugal Lithuania 2 Austria Brazil 1
Portugal Ukraine 2 Austria Georgia 1
Romania Hungary 2 Bangladesh Fiji 1
Romania Turkey 2 Bangladesh Thailand 1
Slovakia Denmark 2 Belgium Mexico 1
Slovakia Hungary 2 Brazil Bulgaria 1
Slovakia Portugal 2 Brazil Cuba 1
Slovenia Denmark 2 Brazil Ecuador 1
Slovenia Portugal 2 Canada Australia 1
Spain Denmark 2 Canada Austria 1
Spain Hungary 2 Canada Brazil 1
Spain Iran 2 Canada Czech Republic 1
Spain Portugal 2 Canada Ecuador 1
Sweden Denmark 2 Canada Jordan 1
Sweden Hungary 2 Canada Netherlands 1
Sweden Netherlands 2 Canada Serbia 1
Switzerland Denmark 2 Canada Sweden 1
Switzerland Hungary 2 Canada Uganda 1
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Continuation of Table S3. Continuation of Table S3.

From To Frequency From To Frequency
Chile Colombia 1 Hungary Croatia 1
Chile Indonesia 1 Hungary Denmark 1
China Brazil 1 Hungary Thailand 1
China Chile 1 India Australia 1
China Czech Republic 1 India Bangladesh 1
China Ghana 1 India New Zealand 1
China Hungary 1 India Romania 1
China India 1 India Thailand 1
China Indonesia 1 India Turkey 1
China Iran 1 India United Arab Emirates 1
China Iraq 1 Iran Korea 1
China Ireland 1 Israel Uzbekistan 1
China Kenya 1 Ttaly Argentina 1
China New Zealand 1 Ttaly Australia 1
China Qatar 1 Italy Chile 1
China Slovakia 1 Italy Iran 1
China Spain 1 Italy Korea 1
China Sri Lanka 1 Ttaly Saudi Arabia 1
China Switzerland 1 Japan Bangladesh 1
Czech Republic Ireland 1 Japan Ghana 1
Denmark Croatia 1 Japan South Africa 1
Denmark Egypt 1 Korea Denmark 1
Denmark Ghana 1 Korea Greece 1
Denmark Lebanon 1 Korea Pakistan 1
Denmark Portugal 1 Korea Saudi Arabia 1
Denmark Tunisia 1 Lithuania Ireland 1
Egypt Georgia 1 Malaysia Bangladesh 1
Estonia Ireland 1 Malaysia Chile 1
Finland Ireland 1 Malaysia Indonesia 1
France Australia 1 Malaysia Saudi Arabia 1
France Bolivia 1 Malaysia Singapore 1
France Brazil 1 Mexico Egypt 1
France Egypt 1 Netherlands Brazil 1
France India 1 Netherlands Denmark 1
France Mexico 1 Netherlands Hungary 1
France Morocco 1 Netherlands Iran 1
France South Africa 1 Netherlands Latvia 1
France United Arab Emirates 1 Netherlands Lithuania 1
Germany Australia 1 Netherlands Portugal 1
Germany Egypt 1 Netherlands Serbia 1
Germany Greece 1 New Zealand Sri Lanka 1
Germany Hong Kong 1 New Zealand Thailand 1
Germany Nigeria 1 Nigeria Bangladesh 1
Germany Uzbekistan 1 North Macedonia Denmark 1
Greece Bulgaria 1 North Macedonia Hungary 1
Greece Denmark 1 North Macedonia Portugal 1
Greece Kazakhstan 1 Norway Brazil 1
Hungary Belarus 1 Pakistan Chile 1
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Continuation of Table S3. Continuation of Table S3.

From To Frequency From To Frequency
Pakistan Indonesia 1 USA Hong Kong 1
Pakistan Malaysia 1 USA Iran 1
Poland Kazakhstan 1 USA Japan 1
Poland Korea 1 USA Kazakhstan 1
Poland United Arab Emirates 1 USA Malaysia 1
Portugal Belarus 1 USA Mexico 1
Portugal Croatia 1 USA Morocco 1
Romania Bangladesh 1 USA Poland 1
Romania Denmark 1 USA Saudi Arabia 1
Romania Egypt 1 USA Singapore 1
Romania Georgia 1 USA Sri Lanka 1
Romania Latvia 1 USA Turkey 1
Romania Lithuania 1 USA  United Arab Emirates 1
Romania, Portugal 1 USA Venezuela 1
Romania Serbia 1

Romania Thailand 1

Serbia Denmark 1

Serbia Hungary 1

Serbia Portugal 1

Singapore Thailand 1

South Africa Ghana 1

Spain Australia 1

Spain Chile 1

Spain Japan 1

Spain Kenya 1

Spain Mexico 1

Spain Monaco 1

Spain Tunisia 1

Sweden Pakistan 1

Sweden Saudi Arabia 1

Tunisia Lebanon 1

Turkey Egypt 1

Turkey Greece 1

Turkey Iraq 1

Turkey Korea 1

Turkey Netherlands 1

Turkey Nigeria 1

Turkey Thailand 1

United Kingdom Bangladesh 1

United Kingdom Brazil 1

United Kingdom Greece 1

United Kingdom Singapore 1

United Kingdom South Africa 1

United Kingdom Sri Lanka 1

United Kingdom Uganda 1

USA Bangladesh 1

USA Ecuador 1

USA Greece 1
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