
Tracking atmospheric trace elements in a historically impacted region using 
lichens as biomonitors: past trends and spatial contrast
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A B S T R A C T

Atmospheric trace element contamination remains a major concern, particularly in historically industrialized 
regions where present-day levels reflect both ongoing emissions and legacy pollution. However, long-term trends 
and spatial variability are poorly constrained due to limited data and sparse monitoring networks. To address 
these gaps, herbarium and contemporary samples of the lichen Xanthoria parietina were combined to reconstruct 
multi-decadal trends and characterize current spatial patterns of atmospheric trace element deposition in Wal
lonia (southern Belgium), a region shaped by intense 19th–20th century industrialization. Comparisons between 
historical and contemporary samples revealed a marked but element-specific decline in enrichment. Cadmium, 
As, Pb, and Zn exhibited high enrichment in herbarium samples (median enrichment factor of 41–196), whereas 
contemporary levels were substantially lower (6–56). The largest declines (3 to 6 times lower) were observed for 
Pb, As, and Cd, consistent with the reduction of emissions from coal combustion and leaded gasoline. In contrast, 
elements such as Cu showed little temporal change, indicating the persistence of non-exhaust traffic sources. 
Extensive contemporary sampling revealed limited contrasts in concentrations, whereas enrichment factors 
showed strong anthropogenic gradients, particularly for Cd, Zn, and Pb. Positive matrix factorization further 
identified industrial activities, non-exhaust traffic emissions, and dust resuspension as the dominant current 
contributors. This dual historical–contemporary approach demonstrates the value of lichen biomonitoring for 
assessing atmospheric contamination in historically impacted landscapes.

1. Introduction

Air pollution remains a major environmental and public health 
concern worldwide, causing several million premature deaths each year, 
largely driven by exposure to particulate matter (PM; World Health 
Organization, 2021). While the adverse health effects of PM mass con
centration and particle size are well established (Orellano et al., 2020; 
Zanobetti and Schwartz, 2009), growing evidence highlights the 
importance of PM chemical composition in modulating toxicity 
(Carvalho-Oliveira et al., 2015; Park et al., 2018). Trace ele
ments—including metals and metalloids such as As, Cd, and 
Pb—embedded in airborne particles pose a major concern due to their 
persistence in the environment, bioaccumulative behavior, and 
long-term effects on ecosystems and human health (Broomandi et al., 
2023; Guo et al., 2022; Jena and Singh, 2017).

These issues are especially relevant in Europe, where intense 
industrialization during the 19th and 20th centuries led to widespread 
emissions of trace elements from coal combustion, metallurgy, and 
heavy industry. These emissions peaked between the 1950s and the 
early 1980s before declining following the introduction of environ
mental regulations and technological improvements (Berg et al., 2008; 
Sen and Peucker-Ehrenbrink, 2012). Despite this decline, the legacy of 
historical pollution remains detectable in soils across many European 
regions (Binner et al., 2023; Panagos et al., 2013). However, direct in
formation on past atmospheric trace element levels is scarce, hindering 
the reconstruction of long-term trends and limiting our understanding of 
how current exposure patterns relate to past emissions.

Beyond this historical gap, assessing atmospheric trace element 
contamination remains challenging. Ambient concentrations are typi
cally low, spatially heterogeneous, and arise from complex mixtures of 
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diffuse and point sources, including traffic, industry, and resuspension of 
contaminated soils (Fakayode and Olu-Owolabi, 2003; Liu et al., 2024; 
Minguillón et al., 2014). Moreover, conventional instrumental moni
toring relies on costly infrastructure, limiting spatial coverage, sampling 
density, and the number of monitored elements (Snyder et al., 2013). As 
a result, regulatory monitoring often provides a fragmented view of 
atmospheric trace element contamination, particularly outside major 
urban centers and industrial hotspots. This limitation is particularly 
critical in historically industrialized regions, where atmospheric trace 
element concentrations reflects the combined influence legacy soil 
contamination and contemporary sources, leading to pronounced spatial 
heterogeneity (Monaci and Baroni, 2025).

In this context, biological monitoring offers a cost-effective com
plement to instrumental measurements, particularly for improving 
spatial resolution (Schröder and Nickel, 2019; Wolterbeek, 2002). 
Among biomonitors, epiphytic lichens are widely used as passive sam
plers of atmospheric trace element deposition (Conti and Cecchetti, 
2001). Their lack of roots and cuticle enables efficient accumulation of 
airborne elements, providing an integrated signal of atmospheric 
contamination over periods of months to years (Kularatne and de Frei
tas, 2013; Zhao et al., 2019). Owing their wide distribution across 
diverse environments, lichen biomonitoring supports high-density 
sampling and can resolve fine-scale concentration gradients, revealing 
localized emission sources that are not captured by sparse monitoring 
networks (Niepsch et al., 2024; Pollard et al., 2015; Sloof and Wolter
beek, 1991).

Beyond contemporary monitoring, historical lichen specimens pre
served in herbaria offer a unique opportunity to retrospectively inves
tigate past atmospheric contamination. Previous studies have 
successfully used herbarium mosses or lichens to reconstruct temporal 
trends in trace element deposition over several decades (Agnan et al., 
2015; Minganti et al., 2014; Wu et al., 2021). However, most 

reconstructions have relied on specimens collected in relatively remote 
or environmentally protected settings (e.g. mountainous or forested 
areas), which primarily reflect large-scale background signals. As a 
result, little is known about how atmospheric trace element contami
nation in rural areas has evolved in the vicinity of major historical 
emission sources, where diffuse exposure likely persisted despite 
declining emissions.

In this context, the present study investigated both past and present 
atmospheric trace element contamination at a regional scale in Wallo
nia, southern Belgium, using epiphytic lichens (Xanthoria parietina) as 
biomonitors. This region constitutes a representative case study of Eu
ropean territories that experienced intense industrialization throughout 
the 19th and 20th centuries and associated high emissions of trace ele
ments. Our objectives were twofold: (1) to reconstruct, for the first time 
in a historical emission hotspot, regional temporal trends of atmospheric 
trace element contamination in rural environments from the industrial 
peak (i.e., the 1950s–1980s) to the present by comparing historical 
herbarium specimens with contemporary samples collected at the same 
locations; and (2) to assess current atmospheric trace element levels and 
identify their dominant sources across a heterogeneous regional land
scape—including urban, agricultural, and semi-natural areas—through 
extensive contemporary sampling. We hypothesize that, despite the 
overall decline in emissions, residual legacy signatures of past industrial 
activities may still be detectable in present-day trace element patterns, 
with a stronger imprint expected in urban areas.

2. Materials and methods

2.1. Study area

The study was conducted in Wallonia, southern Belgium 
(~16,900 km2, ~3.7 million inhabitants), one of Europe's earliest and 

Fig. 1. Location of the 130 sampling sites of Xanthoria parietina in Wallonia (southern Belgium) and adjacent regions (Flanders, France, and Luxembourg), including 
40 paired sites for historical comparison (i.e., historical herbarium specimens and their contemporary counterparts collected at the same locations) and 90 
contemporary sampling sites grouped within 15 municipalities. “n” indicates the number of sites per municipality. Municipality categories (cities, towns and semi- 
dense areas, and rural areas) follow the European DEGURBA classification (European Commission, 2021).
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most intensively industrialized regions (Fig. 1). From the 19th century, 
the region developed rapidly due to coal mining, iron and steel pro
duction, and non-ferrous metallurgy, the latter having left a marked 
legacy of soil contamination (Liénard and Colinet, 2016). Such activities 
were mainly concentrated along the Sambre–Meuse valley (i.e., a major 
urban–industrial corridor following the Sambre and Meuse rivers; 
Fig. 1), which also became the demographic and economic core of the 
region.

These industrial development peaked in the mid-20th century before 
declining with the restructuring of the metallurgical sector (Reid and 
Musyck, 2000). Today, the Sambre–Meuse valley still concentrates the 
main industrial and urban centers, notably Charleroi and Liège (Fig. 1), 
contrasting with the predominantly agricultural areas in the north and 
the sparsely populated rural and forested areas in the south.

2.2. Sampling

We used the epiphytic lichen Xanthoria parietina (L.) Th. Fr. as a 
biomonitor for this study. This choice was based on its: (1) documented 
tolerance to metal pollution, ensuring its survival in contaminated areas 
(Dzubaj et al., 2008; Pawlik-Skowrońska et al., 2002); (2) widespread 
occurrence across both rural and urban environments in Wallonia 
(Sérusiaux et al., 2004); and (3) extensive use in European bio
monitoring studies, which facilitates comparative analysis (Brunialti 
and Frati, 2014).

To investigate both temporal trends and current regional patterns of 
trace element contamination, samples of this species were obtained 
through two complementary approaches: (1) the collection of historical 
herbarium specimens; and (2) a contemporary field sampling campaign.

2.2.1. Historical herbarium samples
We selected historical specimens of Xanthoria parietina from the 

herbaria of Jacques Lambinon (ULiège, Liège) and Jacques de Sloover 
(UCLouvain, Louvain-la-Neuve) based on sufficient biomass for chemi
cal analysis and the availability of precise collection metadata (i.e., 
sampling date and location). This yielded 40 samples from rural Wal
lonia or its immediate vicinity (i.e., five sites in Flanders and one in 
northern France; Fig. 1), collected between 1959 and 1986, predomi
nantly (70%) during 1962–1964 (detailed sample metadata in Supple
mentary material 1).

Throughout their conservation history, all selected specimens were 
stored in individual zip-lock plastic bags, ensuring homogeneous long- 
term storage and minimizing the risk of post-collection contamination.

2.2.2. Contemporary sampling
Contemporary sampling was conducted between 2023 and 2025, 

with most samples (74%) collected between May and September. At 
each site, three independent replicates were collected from three 
different trees located within a 50 m radius. For each replicate, 
approximately 15–20 intact Xanthoria parietina thalli were removed 
from the tree trunk at ≥1 m above ground level to minimize soil influ
ence. Samples were collected using a ceramic knife and immediately 
stored in individual plastic bags to prevent metal contamination. Sites 
were characterized by open canopy conditions, and sampling targeted 
trees with a circumference >50 cm, prioritizing lime trees (Tilia spp.; 
73%) when available, to ensure standardization and limit potential ef
fects on bioaccumulation.

To enable temporal comparisons of trace element contamination, 40 
contemporary samples were collected in 2023 at the same locations as 
the herbarium specimens, according to label information. To charac
terize present-day regional patterns of trace element contamination, the 
historical dataset—largely representative of rural background con
ditions—was complemented with an extended contemporary sampling 
designed to capture urban and local-scale variability across Wallonia. 
These sites were selected along an urbanization gradient following the 
DEGURBA level 1 classification (European Commission, 2021). This 

stratified design encompassed three distinct settlement types: (1) four 
major cities (Charleroi, Liège, Mons, and Namur); (2) four towns and 
semi-dense areas (Arlon, Marche-en-Famenne, Tournai, and Wavre); 
and (3) seven rural areas (Bertrix, Florenville, Havelange, Honelles, 
Orp-Jauche, Vielsalm, and Viroinval). The selection of those additional 
rural municipalities aimed to capture a representative range of the re
gion's diverse agricultural and semi-natural areas.

Within each municipality, several sites were sampled in contrasting 
local environments (e.g., roadside trees, urban parks, residential 
neighborhoods, and industrial areas, where present) to reflect the di
versity of potential emission sources. The number of sampling sites was 
intentionally higher in urban areas (3–10 sites) than in rural ones (1–4 
sites). The exact number of sites depended on both municipality size and 
the local availability of suitable tree stands (i.e., groups of at least three 
trees hosting sufficient Xanthoria parietina for sampling). This resulted in 
a total of 90 additional contemporary sites.

2.3. Samples preparation and analytical procedure

Immediately after collection, samples were air-dried at ambient 
temperature (~20 ◦C) in a drying room for one week. Macroscopic 
foreign material on lichen surfaces (e.g., mosses, other lichen species, 
bark fragments) was removed using plastic tweezers and a ceramic knife 
under a stereomicroscope, without washing to preserve particulate 
matter trapped on the thalli (Boonpeng et al., 2021). Samples were 
subsequently ground to a fine powder using a ceramic mortar and pestle 
with liquid nitrogen.

Powdered lichen samples (typically ~100 mg; minimum 20 mg for 
limited herbarium specimens) were digested in Teflon vessels within an 
ISO 6 cleanroom (Earth and Life Institute, UCLouvain, Belgium). The 
digestion followed a four-step procedure adapted from Agnan et al. 
(2013), utilizing suprapure H2O2, HF, HNO3, and HCl. Heating plate 
temperature was maintained at 90 ◦C for heating steps (at least for 48 h) 
and 40 ◦C for evaporation steps. All cleaning and analytical protocols 
utilized high-purity Milli-Q water (18.2 MΩ cm). Final digests were 
diluted 1200-fold in a 2% HNO3 solution before analysis.

Concentrations of 15 trace elements (Al, As, Ba, Cd, Co, Cr, Cu, Fe, 
Mn, Ni, Pb, Sr, Ti, V, and Zn) were determined by ICP-MS (iCAP Q ICP- 
MS, Thermo Fisher Scientific, Waltham, MA, USA) at the Earth and Life 
Institute analytical platform (MOCA, UCLouvain, Belgium). Certified 
reference material (IAEA-336) was analyzed for quality control. The 
average recoveries (i.e., Cmeasured/Ccertified × 100) were within 
100 ± 20% for all elements, except Ni (54%), which nonetheless showed 
high repeatability between analytical series. Procedural blanks (n = 2 
per series) represented <1% of the mean sample concentration for all 
elements, except for As, Sr, and Zn (<2%). Limits of detection were 
<10 μg kg− 1, except for As, Ni, and Zn (<100 μg kg− 1), and Al, Fe, and Ti 
(<1 mg kg− 1). All samples showed concentrations above the analytical 
limits of detection for all measured elements.

2.4. Data processing and statistical analyses

For each contemporary site, mean concentrations and standard de
viations were calculated from the three independent lichen subsamples 
and used in all subsequent analyses. Herbarium samples consisted of 
single composite specimens and were treated individually. Enrichment 
factors, multivariate analyses, and regression models were performed in 
R version 4.4.1 (R Core Team, 2024). Data distributions were assessed 
using Shapiro–Wilk tests and were non-normal; consequently, 
non-parametric statistical tests were applied. Differences among groups 
were assessed using Kruskal–Wallis tests (α = 0.05) followed by Dunn's 
post hoc comparisons with Benjamini–Hochberg correction. Paired 
comparisons between herbarium and contemporary samples were per
formed using Wilcoxon signed-rank tests.
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2.4.1. Enrichment factors
We calculated enrichment factors (EFs; Loska et al., 1997) to assess 

anthropogenic contributions. For each sample and each element X, an EF 
was computed using Al as a reference and normalized to the upper 
continental crust (UCC; Taylor and McLennan, 1985), following com
mon practice in atmospheric deposition studies (Agnan et al., 2015; Wu 
et al., 2021): 

EFsample(X)=
(X/Al)sample

(X/Al)UCC 

EFs provide a standardized metric of element enrichment, allowing 
comparison across sites and elements while highlighting anthropogenic 
contributions. Values close to 1 indicate a predominantly natural origin, 
while values below 1 reflect depletion relative to the reference crust. 
Increasing EF values denote growing anthropogenic influence, with 
values above 10 indicating a dominant (i.e., >90%) anthropogenic 
contribution.

2.4.2. Source apportionment by positive matrix factorization
Source apportionment of trace element concentrations measured at 

the 130 contemporary sites was performed via positive matrix factor
ization (PMF) with the EPA PMF version 5.0 software (U.S. Environ
mental Protection Agency, 2014). PMF is a multivariate receptor model 
that decomposes the observed concentration matrix (X) into two posi
tive matrices: factor profiles (F), representing the chemical signature of 
the potential emission sources, and factor contributions (G), quantifying 
the influence of each source at each sampling site. The PMF model can 
be expressed as: 

Xij =
∑p

k=1
GikFkj + Eij 

where: i denotes the sampling site, j the chemical element, k the factor 
index, p the number of factors, and Eij the residual term.

This approach enables the identification of dominant contamination 
sources and the assessment of their relative importance across the study 
area (Contardo et al., 2020; Guan et al., 2018). In PMF, the number of 
factors is selected by the user to balance model adequacy and inter
pretability while avoiding overfitting (Brown et al., 2015). A four-factor 
solution was selected after testing several PMF configurations, based on 
a multi-criteria evaluation including model goodness-of-fit (Q param
eter), solution stability (bootstrap and displacement analyses), and the 
geochemical interpretability of the resulting factor profiles (more details 
in Supplementary material 2).

2.4.3. Multivariate and regression analyses
To explore relationships among elements and identify patterns in 

historical contamination, a principal component analysis (PCA; Facto
MineR package) was performed on clr-transformed concentrations 
(compositions package) to account for the compositional nature of the 
data.

To assess the environmental consistency of the sources identified by 
PMF, factor contributions at each site were related to environmental 
variables using generalized linear mixed models (GLMMs; lme4 pack
age). Models were fitted with a Gamma error distribution and a log link, 
appropriate for positive and right-skewed factor contribution data. 
Candidate explanatory variables were selected to test the source-related 
hypotheses suggested by the PMF results. These included population 
density (Global Human Settlement Layer; Pesaresi et al., 2024) and 
land-cover proportions (i.e., artificial surfaces and croplands; CLC +
Backbone; Probeck et al., 2021), calculated within a 1000 m radius 
circular buffer. This radius was selected as a representative compromise 
of the surrounding environmental context, as alternative buffer radii 

(500-2000 m) yielded similar results (data not shown). Additional pre
dictors consisted of Euclidean distances (in meters) from each sampling 
site to major potential trace element emission sources. These included 
limestone quarries, industrial facilities emitting trace elements (as listed 
in the European Pollutant Release and Transfer Register; European 
Parliament, 2006), and traffic-related infrastructures (i.e., major roads 
and braking zones, defined as roundabouts and traffic lights) derived 
from OpenStreetMap. To account for dominant atmospheric transport 
patterns, distances were calculated both isotropically and directionally 
by restricting source influence to a 90◦ sector aligned with the prevailing 
south-westerly winds. All distance metrics were also log-transformed 
prior to modelling to account for the expected exponential decrease of 
concentrations with increasing distance from potential sources (Dupont 
et al., 2025; Wang et al., 2017).

To limit multicollinearity, Spearman's rank correlation coefficients 
were computed among candidate explanatory variables and between 
these variables and PMF factor contributions (Supplementary material 
2, Fig. S1–S2), leading to the selection of five non-redundant predictors. 
Separate GLMMs were fitted for each PMF factor using the same set of 
predictors. with municipality included as a random intercept to account 
for the hierarchical sampling design. Residual spatial autocorrelation 
was assessed using Moran's I and was found to be non-significant.

3. Results and discussion

3.1. Temporal evolution of rural atmospheric trace element 
contamination

Results presented in this section are based on paired historical 
(1959–1986) and contemporary (2023) samples collected at the same 
locations in rural open areas.

3.1.1. Concentrations in historical comparison sites
Trace element concentrations in herbarium samples (statistical 

summary in Supplementary material 3) followed a decreasing order of 
median values: Al (5500 μg g− 1) > Fe > Ti > Zn >Mn > Pb > Ba > Sr >
Cu >V > Cr >Ni >As > Co > Cd (1.3 μg g− 1). Contemporary samples 
exhibited lower median concentrations for all elements, with a modified 
ranking: Al (1900 μg g− 1) > Fe > Ti > Zn >Mn > Ba > Cu > Sr > Cr > Pb  
>V >Ni >As > Co > Cd (0.2 μg g− 1). Herbarium-to-contemporary ra
tios, calculated from paired median concentration data, were consis
tently >1, though their magnitudes varied among elements: ratios were 
low (1–3) for Al, Ba, Cr, Cu, Mn, Sr, and Ti; intermediate (3–6) for Co, Fe, 
Ni, V, and Zn; and reached the maximum for Cd (8.2), As (9.6), and Pb 
(17.0). These results indicate a strong decline in atmospheric trace 
element concentrations since the mid-20th century, particularly for As, 
Cd, and Pb, which were hallmarks of historical industrial and traffic- 
related emissions (Berg et al., 2008; Liang et al., 2022).

Concentrations measured in the herbarium samples exceed those 
reported in most previous retrospective studies conducted over com
parable periods (Agnan et al., 2015; Paoli et al., 2025; Purvis et al., 
2007). This difference likely reflects contrasting environmental con
texts: while previous research primarily focused on lichens from remote 
or protected areas (e.g., forests or mountainous regions), our samples 
originate from rural open areas in the vicinity of a historically indus
trialized region.

However, these comparisons must be treated with caution. Apparent 
concentration shifts may partly reflect the degradation of the lichen's 
organic matrix over time (Agnan et al., 2014), while inter-study com
parisons are further complicated by the use of different lichen species 
with distinct accumulation capacities (Cecconi et al., 2019; Nimis et al., 
2001). Consequently, normalization and multivariate approaches are 
required to robustly assess temporal trends and source signatures.
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3.1.2. Elemental associations in historical comparison sites
To explore temporal patterns in relative trace element composition, 

we performed a PCA on paired herbarium and contemporary samples 
(Fig. 2). The first two axes explained 71.0% of the total variance. The 
first axis (PC1, 55.4%) clearly separated herbarium samples (positive 
scores) from contemporary samples (negative scores). Elements with 
high positive loadings on PC1 (i.e., As, Cd, and Pb) are characteristic of 

historical industrial emissions from coal combustion and non-ferrous 
metallurgy (Sen and Peucker-Ehrenbrink, 2012), with Pb further 
reflecting the legacy of leaded gasoline (von Storch et al., 2003). 
Conversely, elements with negative loadings (i.e., Ti, Cr, Al, Cu, Sr, and 
Mn) are typically linked to lithogenic or mixed-origin inputs (Rauch and 
Pacyna, 2009; Sen and Peucker-Ehrenbrink, 2012). PC1 thus captures a 
temporal shift, with herbarium samples showing strong anthropogenic 
enrichment, whereas contemporary samples reflect a greater relative 
contribution of lithogenic elements as industrial signatures decline.

The second axis (PC2; 15.6%) reflected spatial variability rather than 
temporal differences. It opposed lithogenic tracers (i.e., Ti and V; 
Nriagu, 1989; Sen and Peucker-Ehrenbrink, 2012) to elements associ
ated with industrial and traffic-related sources (i.e., Zn, Cu, and Cd; 
Councell et al., 2004; Denier van der Gon et al., 2007). Interestingly, 
paired samples from the same location generally occupied similar po
sitions along PC2 (labels not shown for clarity). Although a small but 
significant mean shift was detected (i.e., with contemporary samples 
scoring 0.27 ± 0.76 units lower; paired t-test, p < 0.05), this was 
negligible compared to the overall axis dispersion. This suggests that 
spatial contrasts among sites have remained largely consistent over the 
decades.

Overall, the PCA results distinguished between legacy-dominated 
elements (As, Pb), whose influence has collapsed over time, and 
persistent elements (Cu, Zn), whose spatial patterns endure. However, 
some elements such as Cd exhibited intermediate behavior, contributing 
to both the dominant temporal contrast and the persistent spatial 
gradient.

3.1.3. Enrichment factors in historical comparison sites
To quantify changes in the magnitude of anthropogenic enrichment 

over time, enrichment factors (EFs) were calculated for both historical 

Fig. 2. Principal component analysis biplot of clr-transformed trace element 
concentrations in Xanthoria parietina from 40 historical comparison sites: her
barium (1959–1986) vs contemporary samples (2023).

Fig. 3. Enrichment factors (EFs) of trace elements in Xanthoria parietina from the 40 paired historical comparison sites. Panels (a) and (b) show the distribution of EFs 
for herbarium (1959–1986) and contemporary (2023) samples, respectively. Panel (c) shows the distribution of the paired ratios (EFherbarium/EFcontemporary) 
calculated for each of the 40 historical comparison sites. EF ratios >1 indicate higher anthropogenic enrichment in the past, while ratios <1 indicate higher 
enrichment at present. Stars indicate statistically significant differences between herbarium and contemporary EFs based on Wilcoxon signed-rank tests (*p < 0.05, 
**p < 0.01, ***p < 0.001).
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and contemporary samples (Fig. 3; statistical summary in Supplemen
tary material 3). In herbarium specimens, Cd (median EF = 196), As 
(64), Pb (51), and Zn (41) exhibited consistently high enrichment factors 
(EF > 10 at all sites), reflecting the intense anthropogenic pressure 
during the mid-20th century (Fig. 3a). Moderate enrichment (median 
EF = 5–10) was observed for Cu, Cr, and Ni, while Sr was the only 
element with a median EF slightly below 1, confirming its predomi
nantly lithogenic origin.

In contemporary samples, EFs were generally lower and displayed a 
reconfigured relative ranking (Fig. 3b). Cadmium remained the most 
enriched element (median EF = 56), followed by Zn, As, Cu, Cr, and Pb 
(median EF = 6–24). Paired comparisons revealed significantly higher 
enrichment in herbarium samples for most elements (p < 0.05). 
Conversely, no significant temporal change was observed for Cu, Mn, 
and Sr, while Ti and Cr exhibited slightly higher median EFs in the 
contemporary samples (p < 0.05), although Ti remained near baseline 
levels (EF close to 2) and Cr only occasionally approached EF of 10.

The magnitude of these shifts, summarized by herbarium-to- 
contemporary EF ratios (Fig. 3c), showed the most pronounced de
clines for Pb (median ratio of 6.1), As (4.0), Cd (2.6), and Co (2.2). These 
trends align with the broad European emission reductions (Purvis et al., 
2007; Wu et al., 2021). However, our results highlighted regional 
specificities: unlike previous studies in rural western France that found 
stable Cd and Zn levels (Agnan et al., 2015), our data showed significant 
declines for both. This suggests the concomitant influence of: (1) a 
widespread background atmospheric signal linked to historical coal 
combustion and leaded gasoline (Petit et al., 2015); and (2) a distinct 
regional signature associated with intense industrial legacy.

Despite this general decline, the persistent enrichment of several 
elements raises a critical question of whether present-day atmospheric 
inputs are driven by ongoing emissions or by the secondary remobili
zation of historically contaminated soils. Resolving this requires 
extending the spatial scope to urban and industrial hotspots, where 
contemporary sources can be more precisely constrained.

3.2. Contemporary spatial patterns and source apportionment of 
atmospheric trace elements

Results presented in this section are based on the complete present- 
day dataset (2023–2025), including the 40 contemporary samples from 
the historical comparison sites complemented by 90 additional urban 
and rural sites distributed across Wallonia (Fig. 1).

3.2.1. Concentrations in contemporary sites
Contemporary lichen samples showed substantial variability in trace 

element concentrations across sampling sites (statistical summary in 
Supplementary material 3). Median concentrations followed a similar 
order to that observed in the contemporary rural samples used for his
torical comparison, but were lower for all elements, ranging from 
1100 μg g− 1 (Al) to 0.1 μg g− 1 (Cd). More specifically, lithogenic ele
ments (e.g., Al, Ba, Ti, and V) were 1.5- to 2-fold higher in rural sites, 
whereas anthropogenic elements (e.g., Cd, Cu, Pb, and Zn) showed 
similar median concentrations across urban and rural areas. More pro
nounced contrasts emerged at the municipal scale: Liège and Charleroi, 
the two most densely populated and industrialized cities, showed 
elevated Cd, Pb, and Zn levels, with median values 1.3- to 2.8-fold 
higher than rural sites.

To further interpret these concentrations, we used the naturality/ 
alteration scale proposed by Bargagli and Nimis (2002), which classifies 
sites based on their deviation from natural background concentrations. 
More than half of the contemporary samples fell within the “high” or 
“very high naturality” classes for anthropogenic elements (i.e., Cd, Cu, 
Ni, Pb, and Zn). In contrast, lithogenic or mixed-origin elements (i.e., Al, 
Ba, Cr, and Fe) showed higher proportion of sites (>25%) classified as 

“high” to “very high alteration”. This apparent discrepancy highlights 
the limitations of using absolute concentration thresholds to detect 
anthropogenic influence and motivates the use of enrichment factors 
(Cecconi et al., 2019; Garty and Garty-Spitz, 2015).

3.2.2. Enrichment factors in contemporary sites
At the municipal scale, EFs (statistical summary in Supplementary 

material 3) revealed a clear anthropogenic gradient from industrial 
cities (i.e., Liège and Charleroi) to other urban areas and to rural sites 
(Fig. 4). This gradient affected not only typical anthropogenic elements 
(e.g., Cd, Zn, and Pb) but also several elements of mixed origin (e.g., Fe, 
Co, and V). Although these differences were not always statistically 
significant, this pattern suggests that major industrial activities, rather 
than urbanization alone, remain the primary driver of present-day at
mospheric enrichment.

Notably, for Cd, Zn, and Pb, current EFs in Liège and Charleroi were 
of the same order of magnitude as those observed in rural herbarium 
samples from the 1950s–1980s. This indicates that current anthropo
genic contributions in industrial areas remain comparable to historical 
levels previously observed in rural environments during the industrial 
peak. In contrast, As did not follow this industrial gradient. EFs 
remained consistently high across all contemporary sites (EF > 10; 
Fig. 4), but median values were approximately twofold lower than in 
historical rural samples (Fig. 3a). This pattern suggests a decline in 
primary As emissions (Zevenhoven et al., 2007), while indicating that 
present-day As is likely dominated by spatially diffuse sources. This may 
include the resuspension of legacy-contaminated soils (Monaci and 
Baroni, 2025; Vandeuren et al., 2023).

EFs also revealed site-specific metallurgical fingerprints. Charleroi 
showed higher median Ni and Cr enrichment than Liège (Fig. 4), likely 
reflecting its specialization in stainless steel production and scrap 
recycling, processes known to release these elements during alloy 
formulation and handling (Liu et al., 2024; Pokorná et al., 2016). 
Consistently, such metallurgical activities have largely ceased in Liège 
since the early 2010s, a trend corroborated by recent air quality moni
toring (ISSeP, 2024). These findings illustrate that industrial cities are 
not a homogeneous category.

Similarly, rural sites displayed substantial spatial variability, with 
some exhibiting Cd and Zn enrichments comparable to industrial cities 
(Fig. 4). Among the highest values, some sites (e.g., Feluy, Mar
iembourg, and Saint-Remy) showed EFs ranging from 182 to 325 for Cd 
and from 63 to 105 for Zn. The first two sites are located a few hundred 
meters downwind of industrial areas, while the latter is situated in close 
proximity to a slag heap, suggesting the influence of localized current or 
legacy sources. Overall, these results show that present-day atmospheric 
trace element enrichment is shaped not only by the presence of major 
industrial centers but also by element-specific behaviors and local 
source configurations (Monaci and Baroni, 2025). This heterogeneity 
highlights the need of source apportionment approaches to disentangle 
industrial, urban, and lithogenic contributions.

3.2.3. Source apportionment in contemporary sites
The PMF resulted in a four-factor solution representing the main 

sources of present-day atmospheric trace elements at the regional scale. 
The chemical profiles of these factors (Fig. 5a) form the basis for source 
attribution, while their contributions quantify the relative importance of 
each source across sampling sites. When averaged by municipality 
(Fig. 5b), these contributions revealed spatial patterns that align with 
source profiles, providing a coherent assessment of both source identity 
and spatial influence.

To validate the environmental plausibility of these sources, factor 
contributions were related to environmental variables using GLMMs. 
Following the preliminary screening (Supplementary material SM2, 
Fig. S2–S3), five environmental predictors were retained: proportion of 
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cropland (1 km radius), distance to the nearest limestone quarry, dis
tance to the nearest industrial facility emitting trace elements, distance 
to the nearest major road, and distance to the nearest braking area (i.e., 
roundabouts or traffic lights). Standardized regression coefficients 
(Table 1) were used to assess the direction and relative strength of these 
effects.

Factor 1 accounted for a dominant share of Pb (73%) and substantial 
contribution to Cd, Fe, Cr, Ni, and Zn (>35%; Fig. 5a). This composition 
is consistent with metallurgical and urban-industrial sources (Pacyna 
and Pacyna, 2001). This factor represented the highest relative contri
bution in Charleroi and Liège (~58%; Fig. 5b). GLMM results supported 
this interpretation, with a significant negative relationship with distance 

Fig. 4. Enrichment factor (EFs) of trace elements in Xanthoria parietina from 130 contemporary sites distributed across eight municipalities and rural areas. Groups 
labelled by a different letter are significantly different (Dunn's post hoc test following Kruskal–Wallis, p < 0.05). For Ti, no significant differences among munici
palities were detected (Kruskal–Wallis test, n.s.), and no post hoc comparisons are shown. The y-axis is displayed on a logarithmic scale for all elements; y-axis ranges 
are shared within rows but differ within columns to reflect element-specific EF distributions.
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to industrial facilities (Table 1). A weaker but significant negative as
sociation with braking areas (Table 1) likely reflects the spatial overlap 
of industry and dense urban infrastructure in Charleroi and Liège—
where braking zones, roads, and industrial sites are closely inter
woven—rather than traffic-related source. Interestingly, while EFs 
captured the distinct industrial fingerprints between Liège and Charleroi 
based on their metallurgical history, the PMF industrial factor merged 
them into a singular source profile. This contrast underscores the 
complementarity of the two methods: EFs provide high resolution for 
specific tracers, whereas PMF identifies broader, multi-elemental source 
contributions (Dörter et al., 2020; Guan et al., 2018; Wu et al., 2021).

Factor 2 was the primary contributor to reconstructed Sr concen
trations (66%; Fig. 5a), with secondary contributions to As, Co, and V. 
Given the predominantly lithogenic nature of Sr (i.e., low EFs; Fig. 4) 
and its strong association with carbonate minerals (Pathak et al., 2020), 
Factor 2 likely reflects a calcareous dust signal (Purvis et al., 2005). 
Spatially, its relative contributions peaked in Tournai (34%; Fig. 5b), a 
municipality hosting several large limestone quarries with a combined 
annual production exceeding 20 million tons (Tshibangu et al., 2004). 
Notably, one site located less than 1 km downwind of a major quarry 
showed a particularly high contribution of this factor (73%), supporting 
a local carbonate dust influence. However, GLMM results showed no 
significant relationship with quarry proximity despite weak effects in 
the expected directions (Table 1). This lack of statistical significance 
likely reflects the diffuse and highly variable nature of carbonate dust 
emissions, which depends more on site-specific operational conditions 

and dust mitigation practices than on simple distance- or 
land-cover-based predictors.

Factor 3 was characterized by strong contributions to Cu (54%), Zn 
(50%), and Cd (39%), a profile typical of non-exhaust traffic emissions 
(Fig. 5a; Duong and Lee, 2011; Mastin et al., 2023; Wang et al., 2017). 
Copper is primarily associated with brake wear (i.e., >50% of atmo
spheric Cu emissions in Western Europe; Denier van der Gon et al., 
2007), while Zn is released through tire wear and road surface abrasion 
(Councell et al., 2004; Gustafsson et al., 2008). Although distinct, these 
two processes occur simultaneously during braking, leading PMF to 
group them into a single factor. GLMMs further supported this source 
attribution, with Factor 3 showing a significant negative relationship 
with distance to braking areas (Table 1). These findings align with the 
historical patterns captured by PC2 (Fig. 2), indicating a stable, 
long-term spatial imprint of non-exhaust emissions.

Factor 4 contributed mainly to Al and Ti (~70%), and to a lesser 
extent to As, Ba, Co, Cr, Fe, Ni, Mn, and V (35-60%), clearly identifying a 
lithogenic source dominated by soil-derived particles (Fig. 5a). GLMM 
results further support this interpretation, showing a significant positive 
association with cropland proportion, consistent with enhanced dust 
resuspension from farming activities (Chen et al., 2023; Zhang et al., 
2025). The substantial contribution of this factor to As (Fig. 5a) suggests 
that present-day atmospheric As is largely associated with soil-derived 
material, potentially reflecting a combination of natural background 
and the remobilization of legacy contamination, a hypothesis supported 
by the persistently high EFs (>10) across all sites (Fig. 4) and the past 

Fig. 5. Results of the positive matrix factorization (PMF) analysis: (a) chemical profiles of the four PMF factors, expressed as their relative contributions to the 
reconstructed concentrations of each element, and (b) mean relative contributions of the four factors to the total reconstructed trace element concentrations across 
municipalities.

Table 1 
Standardized fixed-effect coefficients from the generalized linear mixed models relating PMF factor contributions to five environmental predictors: proportion of 
agricultural land within a 1 km radius, downwind distance to the nearest limestone quarry, downwind distance to the nearest industrial facility emitting trace ele
ments, distances to the nearest major road, and distance to the nearest braking area (i.e., roundabouts or traffic lights). All predictors were centered and scaled prior to 
analysis to allow for a direct comparison of their relative effects within each model. Stars indicate the significance level of each coefficient (*p < 0.05, **p < 0.01, ***p 
< 0.001).

Model Proportion of 
cropland

Downwind distance to limestone 
quarry

Downwind distance to industrial 
facility

Distance to major 
road

Distance to braking 
zone

Factor 1 industrial 
emissions

0.11 0.04 − 0.31*** − 0.12 − 0.17*

Factor 2 calcareous dust 0.10 − 0.01 − 0.08 − 0.17** 0.08
Factor 3 non-exhaust 

emissions
− 0.02 0.00 0.05 − 0.06 − 0.16**

Factor 4 lithogenic dust 0.17* 0.12 0.04 − 0.30*** − 0.07
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rural contamination of this element (Fig. 3). However, disentangling 
current emissions from legacy contamination remains challenging and 
would require complementary approaches such as isotopic ratios or 
specific geochemical tracers (Agnan et al., 2014; Graney et al., 2017; 
Véron et al., 1999).

Interestingly, both dust-related factors (Factors 2 and 4) showed 
significant negative associations with distance to major roads (Table 1). 
This suggests that roads act not as primary sources, but as drivers of 
particle resuspension via vehicle-induced turbulence (Rienda and Alves, 
2021; Vern, 2022). These results highlight a shift in traffic-related im
pacts, from historically dominant exhaust emissions (e.g., Pb), to 
non-exhaust processes (i.e., brake and tire wear; Factor 3) and soil dust 
resuspension (Factors 2 and 4).

In conclusion, the combined PMF-GLMMs approach demonstrates 
that present-day atmospheric trace element patterns across Wallonia 
result from a complex interplay of persistent industrial emissions, 
widespread traffic sources, and heterogeneous dust inputs. While 
GLMMs effectively corroborate industrial and traffic attributions, dust- 
dominated factors remain less constrained due to their diffuse nature 
and dependence on local soil-use dynamics.

4. Conclusions

By combining herbarium lichen specimens with an extensive 
contemporary sampling, this study substantially improved the temporal 
depth and spatial resolution of atmospheric trace element assessment in 
a historically industrialized region.

Historical comparison documented a substantial, yet element- 
specific, decline in regional rural atmospheric contamination since the 
mid-20th century. Pronounced decreases were observed for elements 
linked to legacy diffuse sources (i.e., coal combustion and leaded gaso
line), whereas industrial and non-exhaust traffic emissions showed little 
to no decline, indicating the persistence of these sources despite broader 
pollution reduction efforts.

Analysis of contemporary samples across urban and rural environ
ments further revealed pronounced spatial heterogeneity in present-day 
trace element patterns. EFs, PMF, and GLMMs consistently identified 
industrial activities, non-exhaust traffic emissions, and both carbonate- 
rich and lithogenic dust as the dominant contributors, with their relative 
importance varying significantly between municipalities. A key finding 
is that modern traffic-related impacts are primarily driven by non- 
exhaust processes and the resuspension of soil-derived particles rather 
than fuel combustion.

Overall, these findings demonstrate that lichen biomonitoring is a 
robust approach for assessing atmospheric trace element contamination 
across heterogeneous and historically contaminated landscapes, pro
vided that concentration data are interpreted beyond absolute values. 
The combined use of EFs and multivariate source apportionment proved 
essential for disentangling present-day sources and their spatial foot
prints. However, distinguishing ongoing emissions from the remobili
zation of legacy contamination remains challenging. Future studies 
could address this by combining lichen biomonitoring with comple
mentary approaches, such as isotopic signatures or rare earth elements 
applied at selected sites.

Funding

This work was supported by Fonds pour la Formation ̀a la Recherche 
dans l‘Industrie et dans l‘Agriculture (FRIA) from the Fonds de la 
Recherche Scientifique (F.R.S.-FNRS).

CRediT authorship contribution statement

Hugo Counoy: Conceptualization, Formal analysis, Funding acqui
sition, Investigation, Methodology, Validation, Visualization, Writing – 
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