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Rare earth were explored in current and herbarium lichens and mosses in France.
Rare earth patterns indicated a lithogenic origin from weathering of regional bedrock.
Herbarium data showed a converging regional inﬂuence over one century (1870–2010).
Bark substrate had no inﬂuence on REE content.
For timescale comparison, normalization was recommended instead of concentrations.
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a b s t r a c t
Rare earth elements (REE) are known to be powerful environmental tracers in natural biogeochemical
compartments. In this study, the atmospheric deposition of REE was investigated using various lichens and
mosses as well as herbarium samples from 1870 to 1998 from six major forested areas in France. The comparison
between the REE distribution patterns in organisms and bedrocks showed a regional uniformity inﬂuence from
dust particles originating from the bedrock and/or soil weathering that were entrapped by lichens and mosses.
These lithological signatures were consistent over the last century. The REE patterns of different organism species
allowed minor inﬂuence of the species to be highlighted compared to the regional lithology. This was even true
where the morphological features played a role in the bioaccumulation levels, which were related to the variable
efﬁciency in trapping atmospheric dust particles. A comparison between REE proﬁles in the organisms and bark
indicated a lack of inﬂuence of the substrate on lichen REE content. Lichens and mosses appear to be robust
passive monitors of REE atmospheric deposition over decades because the mineral data was preserved in
herbarium samples despite organic degradation being shown by carbon isotopes and SEM observations. To
overcome the bias of REE concentration that resulted from organic degradation, the use of a normalized method
is recommended to interpret the historical samples.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Natural and anthropogenic emissions contribute to the enrichment
of atmospheric trace element content (Rauch and Pacyna, 2009) and
lead to local/regional or long-range atmospheric deposition (Rosman
et al., 1994; Wolff et al., 1999). The atmospheric deposition of trace
metals is known to affect ecosystem health (Ulrich and Pankrath,
1983). Therefore, to ensure the protection of ecosystems, the contribution of these atmospheric elements on land surfaces must be assessed
(Nilsson and Grennfelt, 1988). Direct tentative evaluations of metal
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deposition by instrumental measurement have been performed
(Azimi et al., 2003; Gandois et al., 2010a; Garnaud et al., 1999); however, the process is complex and expensive. Thus, biological monitoring
has been developed over the past 30 years (Hawksworth and Rose,
1970; Swieboda and Kalemba, 1978) and has proven to be a good alternative tool (Loppi et al., 1997; Markert et al., 2003; Harmens et al.,
2010), particularly in the spatial evaluation of atmospheric deposition.
Lichens and mosses are known to be sensitive to atmospheric contaminants because of their biological features (Conti and Cecchetti, 2001;
Wolterbeek, 2002) that make them susceptible to accumulating trace
metals from the atmosphere (Rühling and Tyler, 1968; Loppi et al.,
1997). A major challenge remains in assessing the contribution of natural versus anthropogenic inputs of metals to ecosystems. Among the
trace metals, geochemical tracers such as rare earth elements (REE)
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have been demonstrated to be powerful tools to characterize the origin
of these accumulated elements (Carignan and Gariepy, 1995;
Chiarenzelli et al., 2001).
The chemical family of REE (also called lanthanides) includes 14
natural trace metallic components from La to Lu, which excludes Pm
(non-naturally occurring in a stable form); although some authors
include Sc and Y as well (Ichihashi et al., 1992; Pang et al., 2002).
These elements have robust chemical characteristics, such as the same
electronic structure, oxidation state and electronegativity (Henderson,
1984). REE can be subdivided into three groups: light rare earth elements (LREE) from La to Nd, medium rare earth elements (MREE)
from Sm to Dy and heavy rare earth elements (HREE) from Ho to Lu.
Despite their physicochemical similarities, LREE are more soluble
and less able to form complexes than HREE (Goldschmidt, 1937;
Henderson, 1984; Cantrell and Byrne, 1987) and Ce and Eu are characterized by double oxidation states (Ce3+/Ce4 + and Eu2 +/Eu3 +). The
REE groups are used as tracers in various geochemical ﬁelds such as
the surface geochemistry (Tricca et al., 1999; Aubert et al., 2001;
Laveuf and Cornu, 2009), or the geology of the earth or moon (Weill
and Drake, 1973; Taylor, 1982; Gromet and Silver, 1983).
Particularly, REE distribution patterns using lichen content analysis
have been demonstrated as efﬁcient in determining the origin of metals
compared to bulk precipitation or local lithology (Chiarenzelli et al.,
2001; Aubert et al., 2002, 2006; Rusu et al., 2006; Spickova et al.,
2010). Recently, Agnan et al. (2013) emphasized the lithologic inﬂuence
on lichen metal content in the southwest of France. Nevertheless, literature investigations are often focused on a single area or one speciﬁc
region, although different compartments (lichens, mosses, bark, soil or
deposition) are considered when accounting for REE behavior
(Markert and de Li, 1991; Rusu et al., 2006; Spickova et al., 2010). REE
investigations that consider various sites on a national scale remain
scarce, particularly when considering the entire REE pattern. Indeed,
few studies have considered the geochemical signatures, such as REE
anomalies, to characterize the origin of these elements. The inﬂuences
of various environmental parameters are poorly documented. Only
Chiarenzelli et al. (2001) have sought to characterize the role of the substrate using the terricolous lichen species Cladonia when considering
species inﬂuence. Furthermore, few historical data on REE are available
(peat and soil archives). The REE registered in lichens and mosses on a
century scale are rare; however, Agnan et al. (2013) have shown that
they could bring interesting comparisons between past and present
lichen samples.
In this study, we attempted to determine the concentration levels,
distribution patterns and geochemical anomalies of REE accumulated
in several species of corticolous lichens and mosses from various regions
of France (and neighboring countries) using present-day and historical
samples. There were a number of objectives: (i) evaluate the levels of
accumulated REE in organisms collected in the two periods in different
areas of the country, (ii) assess the temporal evolution of bioaccumulated REE by comparing standardized patterns in current and
herbarium samples, (iii) determine the respective inﬂuence of lithological erosion sources and tree bark substrates on bioaccumulated REE by
comparing the REE distribution patterns in regional bedrock and tree
bark, and (iv) evaluate the organism species inﬂuence on REE bioaccumulation using six lichen and three moss species.

Fig. 1. Studied area with the 21 sampling sites in various regions of France and neighboring
countries.

furfuracea (L.) Zopf., Usnea sp.) and 3 moss species (Hypnum
cupressiforme Hedw., Pleurozium schreberi (Brid.) Mitt., Scleropodium
purum (Hedw.) Limpr.). The samples were obtained from 21 sites located in various regions of France and neighboring countries (Belgium and
Switzerland) in forested conditions (pine, ﬁr, spruce, oak and beech) far
from any source of contamination (Fig. 1). The site selection was
conditioned by the presence of herbarium samples and different environmental contexts from various regions of France: the western region
has an oceanic climate; Massif Central, Vosges and Ardennes areas have
a semi-continental climate, and Alps and Pyrenean Mountains have a
mixed mountain and semi-continental climate. This study included
seven sites from the French monitoring network of forest ecosystems
RENECOFOR (Réseau National de suivi des Écosystèmes Forestiers: SP
11, EPC 63, EPC 74, HET 54a, EPC 08, PM 72 and CHS 35) that belong
to the International Co-operative Programme (ICP) forest network;
these sites have previously been investigated for atmospheric metal
contamination (Gandois et al., 2010b; Hernandez et al., 2003). The
sites (Table 1a) exhibited a wide regional diversity of lithology
from sedimentary (alluvium, limestone, sandstone) to magmatic rocks
(e.g., granite, basalt or schist). The samples included 25 herbarium specimens collected between 1870 and 1998 with 14 different species from
6 herbaria belonging to the University of Toulouse (Index Herbariorum:
TL) and a 1998 sample from Geneva (a gift from the French lichenologist Mr. Sussey). All of the details regarding the herbarium specimens
are presented in Table 1b. The locations mentioned in the herbarium
specimen labels were used to facilitate the current sampling at the
same sites.

2. Materials and methods

2.2. Sampling procedure

2.1. Study area and collected species

As described in Agnan et al. (2013), the present-day sampling considered an area of approximately 25,000 m2 and included 3–5 homogeneous sub-areas that were represented by a single data value from
several tens of thalli with a diameter greater than 2 cm, which indicated
an age and integration period of atmospheric deposition of several years
or decades. With the exception of the Saint-Dié-des-Vosges stations
(terricolous mosses), the sampling was performed on all sides of the
tree trunks to reduce the inﬂuence of micrometeorological parameters

This study used 218 samples, including 6 lichen species with 3
foliose lichens (Hypogymnia physodes (L.) Nyl., Parmelia sulcata Taylor
(and in some stations Flavoparmelia caperata (L.) Hale, Parmelina tiliacea
(Hoffm.) Hale, Punctelia borreri (Sm.) Krog and Hypotrachyna revoluta
(Flörke) Hale when P. sulcata was absent) and Xanthoria parietina (L.)
Th. Fr.) and 3 fruticose lichens (Evernia prunastri (L.) Ach., Pseudevernia
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Table 1
Description of sampling locations: a. for current samples and b. for herbarium samples (Ep: Evernia prunastri, Hc: Hypnum cupressiforme, Hp: Hypogymnia physodes, Pf: Pseudevernia
furfuracea, Ps: Parmelia sulcata, Psc: Pleurozium schreberi, Sp: Scleropodium purum, U: Usnea sp., Xp: Xanthoria parietina).
a
Region

Station

Code

Coordinates

Lithology

Species

Current samples

Midi-Pyrénées

SP 11
Toulouse
Albi
Hautpoul
Lacaune
EPC 63
Mont-Dore
Saint-Génis-Pouilly
EPC 74
BEX
Martigny
HET 54a
Saint-Dié-des-Vosges
EPC 08
Louette-Saint-Pierre
Preuilly-sur-Claise
PM 72
Bazoches-au-Houlme
CHS 35
Quimperlé
Plounéour-Ménez

SP 11
TOU
ALB
HAU
LAC
EPC 63
MTD
SGP
EPC 74
BEX
MAR
HET 54a
SDV
EPC 08
LSP
PSC
PM 72
BAH
CHS 35
QUI
PLM

2°05′40″E/42°52′15″N
1°28′15″E/43°33′25″N
2°10′20″E/43°55′50″N
2°22′30″E/43°28′20″N
2°41′20″E/43°43′25″N
2°58′05″E/45°45′00″N
2°48′40″E/45°33′10″N
6°01′00″E/46°16′05″N
6°21′00″E/46°13′30″N
6°58′30″E/46°13′00″N
6°05′05″E/46°07′25″N
6°43′10″E/48°30′50″N
6°58′15″E/48°17′30″N
4°47′50″E/49°57′00″N
4°55′35″E/49°57′20″N
0°54′25″E/46°51′30″N
0°20′00″E/47°44′25″N
0°18′00″E/48°48′55″N
1°32′50″W/48°10′10″N
3°33′15″W/47°49′15″N
3°55′55″W/48°24′05″N

Limestone/marble
Molasse
Molasse
Granite
Schist
Basalt
Basalt
Moraine
Sandstone/schist
Limestone/schist
Gneiss
Limestone
Sandstone
Clay loam
Siliceous alluvium
Chalk
Schist
Limestone
Clay
Granite
Schist/sandstone

Xp
Xp
Xp
Ps/Xp
Ps/Xp
Ps/Xp
Ps/Pf/U
Xp
Ps/Ep/Pf
Ps/Xp/Ep/Pf/U
Xp
Ps/Xp/Ep/Hc
Ps/Ep/Psc/Sp
Ps/Xp/Ep/Hc
Ps/Xp/Ep/Hc
Ps/Xp/Ep
Hp
Hp/Ps/Xp/Ep/Hc
Ps
Hp/Ps/U
Ps/Ep/U
Total:

5
8
16
8
5
8
14
5
13
15
5
14
8
7
8
8
4
18
5
8
11
218

Massif Central
Alps

Vosges
Ardennes
Armorican Massif

Herbarium samples

3
3
1
1
1
2
1
2
1
1
2
3
4
25

b
Region

Station

Species

Species code

Herbarium

Location

Year

Midi-Pyrénées

ALB

Xanthoria parietina
Xanthoria parietina
Xanthoria parietina
Xanthoria parietina
Parmelia sulcata
Parmelia sulcata
Parmelia sulcata
Pseudevernia furfuracea
Xanthoria parietina
Evernia prunastri
Pseudevernia furfuracea
Xanthoria parietina
Scleropodium purum
Pleurozium schreberi
Hypnum cupressiforme
Xanthoria parietina
Evernia prunastri
Hypnum cupressiforme
Hypogymnia physodes
Usnea subﬂorida
Usnea rubicunda
Parmelia saxatilis
Parmelia omphalodes
Usnea ﬂorida
Usnea ceratina

Xp
Xp
Xp
Xp
Ps
Ps
Ps
Pf
Xp
Ep
Pf
Xp
Sp
Psc
Hc
Xp
Ep
Hc
Hp
U
U
Ps
Ps
U
U

Sudre
Sudre
Sudre
Sudre
Sudre
Sudre
Sudre
Sudre
Sussey
Thomas
Thomas
Thomas
Husnot
Husnot
Husnot
Aristobile
Olivier
Husnot
Des Abbayes
Des Abbayes
Des Abbayes
Des Abbayes
Des Abbayes
Des Abbayes
Des Abbayes

In les Planques, on poplar
In le Séquestre
On walnut
On gneiss
On gneiss
On gneiss
In Ardoisières, on pine
–
In Pregnin, on walnut
In Devens
–
Between Martigny and Branson
Hedge and pasture
On the ground, in a dry wood
On beech
–
–
In front of the Berjou-Cachan station
In Carnoët forest, on bark
In Carnoët forest, on bark
In Carnoët forest, on bark
In Roc Trevezel, on rock
In Roc Trevezel, on rock
In Cranou forest
In Cranou forest, on bark

1900
1900
1900/1909
1909
1909
1909
1904
1901
1998
1870
1870
1870
1871
1871
1873
1916
1880
1873
1964
1964
1964
1964
1964
1964
1964

HAU

Massif Central
Alps

Vosges
Ardennes
Armorican Massif

LAC
MTD
SGP
BEX
MAR
SDV
LSP
PSC
BAH
QUI

PLM

(wind direction, exposition, light, temperature, humidity, intensity of
precipitations, etc.) and obtain a representative sampling of the lichen
growing in a given site. The specimens were collected from tree trunks
at a height of approximately 1.5 m to prevent potential contamination
by splashing of soil particles during rainfall using a ceramic knife and
latex gloves to avoid any metal contamination (Bargagli and Nimis,
2002). Various species of trees were included to limit the potential inﬂuence of substrate species on metal content (De Bruin and Hackenitz,
1986; Markert and de Li, 1991; Prussia and Killingbeck, 1991). The
objectives of this protocol were to restrict the intra-variability at each
station and increase the representativeness of each studied area
(Agnan et al., 2013), although the age of analyzed thalli may have
caused concentration variability (Garty, 2001). Dry lichen and moss
samples were kept in plastic bags prior to processing in preparation
for the experiments.

The historical samples were extracted from the herbarium sheets
with the same caution as described above. Particular care was taken to
avoid the parts of the samples that may have been in contact with glue.
In parallel to the current sampling of lichens, the bark of ash
(Fraxinus excelsior L.) was collected at three sites (ALB, EPC 63 and
PSC) close to the lichens and with the same protocols as described
above for lichens. Only the ﬁrst 2 cm of bark depth was considered.

2.3. Pre-analysis treatments and analytical procedure
After sampling, a portion of the chosen species (lichens and mosses)
was selected in the lab before drying at 30 °C. To avoid losing particles
trapped on the surface (Richardson, 1992; Bergamaschi et al., 2007)
the unwashed samples were ground in an agate mortar with liquid
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nitrogen, and the powdered samples were stored carefully in a plastic
tube until treatment.
The lichen and moss samples were digested in a cleanroom ISO 7 at
the Laboratoire écologie fonctionnelle et environnement (EcoLab,
Toulouse, France) using a mixture of suprapure acids (HNO3 and HF,
Fisher), H2O2 (Fisher) and high-purity water (18.2 MΩ cm) to evaluate
the total accumulation/deposition (Rusu, 2002). Following the procedure described in Agnan et al. (2013), a sample of approximately
100 mg of powder was digested using 0.5 mL of 68% HNO3 and 0.5 mL
of 50% HF at 90 °C in a teﬂon container for 48 h. After evaporation,
1 mL of H2O2 was added and evaporated at 50 °C. The ﬁnal mineralization step was performed after the addition of 1 mL of 68% HNO3 for
48 h at 90 °C. Finally, the samples were diluted by 1200 times to
obtain 2% HNO 3 solutions before the spectrometric analysis. For
each series, two replicates of certiﬁed lichen materials (lichen
IAEA-336) were added to evaluate the performance of the procedure. The blank sample analysis (b 1% of the sample concentrations) indicates an absence of contamination during the digestion
procedure.
The REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu)
were analyzed using ICP-MS analytical platforms ICP-QMS Agilent Technologies 7500 CE and HR-ICP-MS Thermo Scientiﬁc Element XR at the
OMP (Observatoire Midi-Pyrénées, Toulouse, France) and ICP-QMS
Thermo Scientiﬁc Element X-II (laboratory HSM, HydroSciences Montpellier, France). Terbium was not analyzed for the Vosges, Ardennes
and Armorican Massif regions because of its absence in the internal
standard used. The detection limits were b50 pg g−1.
During the ICP-MS analysis, 115In/187Re internal standards of a
known concentration were added to all of the samples and four quality
control samples were introduced following every eight samples to
correct for any analyzer deviation. The average recovery (Cmeasured /
Ccertiﬁed ∗ 100) calculated using the lichen IAEA-336 for each analyte
was approximately 82%: 90% to 100% for Sm and Eu, 80% to 90% for
Ce, Nd, Tb and Yb and 70% to 80% for La, Tm and Lu.
Carbon analyses were performed to characterize the organic matter
of 20 current and 20 historical lichen samples. The total carbon concentrations were measured by gas chromatography (IsoPrime vario
Micro cube, EcoLab, Toulouse, France) of CO2 that resulted from the
combustion (N 1,200 °C) of 0.5–0.8 mg powder samples introduced in
a tin capsule. The carbon isotopic analysis was performed by mass
spectrometry (IsoPrime 100 IRMS, EcoLab, Toulouse, France). Data
were normalized using internal standards (Pee Dee Belemnite). The σanalytical precision was ±0.15‰ for δ13C.
In parallel to these analyses, scanning electron microscopy (SEM)
observations of the current and historical samples were conducted
using a FEI ESEM Quanta 250 FEG (CMEAB, Toulouse, France). One
current and one historical X. parietina sample was observed with a
secondary electron detector in high vacuum (2.65 · 10− 3 Pa, 5 kV)
and low vacuum (161 Pa, 10 kV) mode, respectively.
2.4. Data treatment
To remove the Oddo–Harkins effect that affected the REE abundance,
the concentrations were normalized to PAAS (Post-Archean Australian
Shale) to obtain pattern proﬁles (Chiarenzelli et al., 2001; Aubert
et al., 2002) using data from Taylor and McLennan (1985). PAASnormalized anomalies were calculated by dividing the normalized
value by the expected value (noted with an asterisk); the latter was obtained by averaging the values of the elements immediately prior and
after (e.g., Sm and Gd for Eu).
Statistical treatments were preceded by data normality tests. When
the normality did not pass for all of the REE concentration data with the
Kolmogorov–Smirnov test, statistical analyses were performed on the
standard scores. A principal components analysis (PCA) was performed
on this dataset, which was previously normalized by the sum of REE
(ΣREE) using R software.

3. Results
3.1. REE concentration levels, carbon isotopes and SEM observations
3.1.1. Current samples
The REE levels of the current samples (n = 193), considering all of
the lichen and moss species, indicated the following order of abundance: Ce N La N Nd N Pr N Sm N Gd N Dy N Er N Yb N Eu N Tb N Ho
N Tm, Lu (Table 2); this order was found in all of the natural compartments (Taylor and McLennan, 1985). The concentrations were in the
same range as those of the lichen samples found in the literature
(Markert and de Li, 1991; Spickova et al., 2010). As previously observed
by Chiarenzelli et al. (2001), the standard deviations were as high as the
mean values. The Midi-Pyrénées region (LAC, TOU, HAU and SP 11)
contained lichens with the most enriched REE concentrations (regional
mean of ΣREE concentration without Tb: 6.68 ± 0.84 μg·g−1), whereas
the Armorican Massif and Ardennes generally exhibited the lowest
concentrations (regional ΣREE means: 2.50 ± 0.31 μg·g − 1 and
2.93 ± 0.36 μg·g−1, respectively); the samples from the Massif Central,
Vosges and Alps showed similar intermediate concentrations (regional
ΣREE means: 3.10 ± 0.40 μg·g− 1, 3.29 ± 0.41 μg·g− 1 and 3.31 ±
0.40 μg·g− 1, respectively) (see Supplementary data). The REE
concentrations differed among the groups of organisms and were in
the following order based on the ΣREE means: fruticose lichens
(1.75 ± 0.72 μg·g−1, n = 16) b foliose lichens (4.04 ± 2.27 μg·g−1,
n = 32) b mosses (4.78 ± 2.54 μg·g−1, n = 6). However, concentrations were in the same order of magnitude as those found in the
literature (Chiarenzelli et al., 2001; Dolegowska and Migaszewski,
2013). Despite this variability, the REE normalized distribution
patterns provided robustness for these elements as well as for the
herbarium samples (Agnan et al., 2013).
3.1.2. Herbarium samples
The herbarium samples (Table 2, n = 25) had higher mean concentrations than the current samples, and there was a strong variability
among the samples (SD exceeded the mean value), which explained
the non-signiﬁcant difference observed between these two groups for
the more concentrated REE (Kruskal–Wallis test). The highest values
were reached for X. parietina and P. sulcata in HAU (see Supplementary
data) for all of the REE, which was previously reported for the trace
metal content (Agnan et al., 2013). The historical REE/current REE
concentration ratio for a given site was relatively conserved among
the elements. For example, it was 26 ± 4 for P. sulcata in HAU, 2.3 ±
0.1 for X. parietina in PSC, and 4.7 ± 0.3 for H. physodes in QUI.
To evaluate the organism integrity over time, carbon isotope measurements and SEM observations were performed on the herbarium
and current lichens. Carbon isotope δ13C data (Fig. 2) of the current lichens from ten stations (−23.94 ± 1.05‰, n = 10) were comparable
to the literature data of German samples (Beck and Mayr, 2012), whereas the historical samples were less negative (−20.46 ± 1.07‰, n = 10).
Data from these two groups were signiﬁcantly different (p b 0.001,
t-test, α = 0.05), and the SEM observations of both current (2012)
and herbarium (1916) samples of X. parietina from PSC (Fig. 3) indicated a more condensed structure (55–60 μm versus 42–50 μm thick,
respectively) with a loss of algal cells in the 1916 sample.
3.2. REE distribution patterns
3.2.1. REE patterns in current samples
Fig. 4 shows the PAAS-normalized distribution patterns of the REE
proﬁles in lichens and mosses from the different regions. All of the
proﬁles were depleted 14 to 350 times compared to the PAAS, and
they exhibited a similar global trend with a relative MREE enrichment
(mean of GdN/LaN = 1.20 ± 0.15), a more pronounced HREE depletion
(mean of LaN/LuN = 1.47 ± 0.27 with the highest values for the Massif
Central) and a relative Ce impoverishment (from 0.86 to 0.97), which
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Table 2
Mean and standard deviation (SD) REE values for all of the current (n = 193) and herbarium samples (n = 25) and all of the species considered (*except Tb with 102 current and 12
historical samples, **sum of REE except Tb). The p-values of the Kruskal–Wallis test between current and historical concentrations are indicated for each REE (p-values b 0.05 are in bold).
Current samples
(n = 193)

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb*
Dy
Ho
Er
Tm
Yb
Lu
ΣREE**

Herbarium samples
(n = 25)

p-value
(Kruskal–Wallis)

Mean
(μg·g−1)

SD

Mean
(μg·g−1)

SD

0.774
1.470
0.167
0.647
0.124
0.027
0.117
0.019
0.082
0.015
0.044
0.006
0.040
0.006
3.689

0.602
1.210
0.139
0.535
0.102
0.019
0.096
0.013
0.066
0.012
0.035
0.005
0.032
0.005
2.882

3.335
7.505
0.754
2.875
0.538
0.096
0.532
0.131
0.349
0.061
0.172
0.023
0.148
0.021
15.994

6.775
16.300
1.498
5.601
1.037
0.170
1.039
0.200
0.674
0.115
0.313
0.041
0.255
0.035
33.939

was also observed by Spickova et al. (2010). Nonetheless, the sum of
REE (ΣREE) showed high standard deviations and the highest values
for the Midi-Pyrénées region. The REE regional anomalies, as shown in
Table 3, were (i) a relative Gd enrichment in LAC and HAU, (ii) positive
Eu anomaly in the Massif Central, Vosges and Ardennes, (iii) negative Eu
anomaly in the Armorican Massif (with the exception of CHS 35), (iv) Er
enrichment in the Vosges and Ardennes and (v) Tm enrichment in the
Armorican Massif and Massif Central. The Alps region did not show
any pronounced anomalies. Although various lichen and moss species
have been considered, the well-correlated REE proﬁles reﬂected a
regional scale effect within the ﬁve main groups: Midi-Pyrénées, Massif
Central, Alps, Vosges/Ardennes and Armorican Massif. Indeed, the
Massif Central and northeastern regions (Vosges and Ardennes)
showed high similarities in the patterns, particularly concerning the
LREE and MREE.
3.2.2. REE patterns in various species
The lichen and moss REE patterns of 5–6 current sample species and
herbarium specimens (with *) from the four stations BEX (a, Alps), SDV
(b, Vosges), BAH (c, Armorican Massif) and PLM (d, Armorican Massif)
were plotted in Fig. 5. The REE proﬁles of the different species were
quite similar and consistent with the distribution patterns previously
observed for the corresponding regions (Fig. 4) and with the same
order of magnitude among the thallus forms: fruticose lichens b foliose
lichens b mosses. This is particularly true for the Eu and Er relative enrichment in SDV (Fig. 5b) and for the Tm enrichment in BAH (Fig. 5c).
Nevertheless, some differences occurred among the species in the
intensities of the positive and negative anomalies, which did not allow
for the identiﬁcation of a generalized trend. For example, the Tm relative enrichment in E. prunastri was more pronounced in PLM than in
BAH. Similarly, lichens had a more accentuated Eu anomaly than the
mosses (Fig. 5b and c). The Eu anomaly in X. parietina and E. prunastri
has been related to the anomaly in P. sulcata (eight sites each, Fig. 6);
the results indicated a similarly positive pattern, and two speciﬁc slopes
of 0.61 and 0.83, respectively could be distinguished.
3.2.3. REE patterns in herbarium samples
The REE patterns from the herbarium samples ﬁt remarkably well
with the current data, which was shown for the seven considered specimens (Fig. 5a–c). As previously observed for concentrations, the patterns indicated a deviation of REE levels between the historical and
current samples. This was consistent with the ﬁrst results found in
the region to the south of the Massif Central (Agnan et al., 2013). Indeed,
the general trends and regional anomalies (Eu, Er and Tm) were

0.199
0.105
0.081
0.056
0.064
0.171
0.069
0.009
0.094
0.087
0.085
0.046
0.103
0.049

consistent with the historical specimens despite some differences: the
Eu and Ce anomalies were generally more and less positive,
respectively.
3.3. REE patterns in lichens compared with referential materials
3.3.1. Tree bark patterns
The inﬂuence of the tree bark substrate on the lichen REE signature
was evaluated by comparing the PAAS-normalized REE distribution
patterns of one selected cosmopolitan lichen species (X. parietina) and
its most frequent tree bark substrate (F. excelsior) at the three sites
ALB, EPC 63 and PSC (Fig. 7a). The bark REE patterns exhibited a higher
range (from 0.001 to 0.2) compared with those of the lichens (from
0.004 to 0.03). No obvious similarity in pattern was observed between
the lichen and its corresponding bark for a given site. The regional
pattern behaviors and speciﬁc anomalies observed in the lichens and
lithology were not observed in the bark (except for Tm enrichment in
EPC 63 and Ce and Ho impoverishments in PSC). The main example
was provided by the Eu anomaly, which was positive in the bark regardless of the considered station. Similarly, the Gd relative enrichment
observed in the lichen pattern in ALB was absent in the F. excelsior
bark. However, the anomalies observed in EPC 63 could potentially be
explained by Ba oxide interference; the high content of Ba could have
been involved in the artiﬁcial Eu and Sm anomalies, as previously
mentioned by Stille et al. (2009).
3.3.2. Lithology patterns
The REE distribution patterns of foliose lichen samples were compared with the REE proﬁles of local lithological substratum (Fig. 7b–
d). We considered two basalt samples from the Massif Central
(Chauvel and Jahn, 1984; Steinmann and Stille, 2008) in EPC 63 (a),
two river sediment samples from the Vosges region (Albarède and
Semhi, 1995) in SDV and HET 54a (b) and two leucogranite samples
(Bernard-Grifﬁths et al., 1985) in QUI and PLM (c).
The REE distribution patterns of the considered substratum found in
the literature above were of the same order of magnitude as the PAAS
(ratio of approximately 1). The REE substratum patterns correlated
well with the general REE lichen/moss patterns. Moreover, a converging
positive Eu anomaly can be found in the Massif Central and Vosges (although the Vosges substratum was not a bedrock but rather a bed load
sediment, i.e., a product of bedrock erosion composed of quartz and
feldspar (Albarède and Semhi, 1995)), negative Eu anomaly can be
found in the Armorican Massif (although the lichen distribution patterns were more ﬂattened) and Tm enrichment and a high LaN/LuN
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Fig. 2. The total carbon content vs δ13C of 10 current (in black) and 10 herbarium
(in white) lichen samples. Each data point corresponds to the mean of the two samples.

ratio (1.74 and 2.04 on average for basalts and lichens, respectively) can
be found in the Massif Central.
4. Discussion
4.1. Inﬂuence of lichen or moss species on REE pattern
In environmental studies, the inﬂuence of biological material on trace
metal bioaccumulation remains a matter of discussion (Szczepaniak and
Biziuk, 2003; Bergamaschi et al., 2007; Basile et al., 2008). The investigation of REE bioaccumulation by lichens has generally considered only
one or two species (Spickova et al., 2010; Aubert et al., 2002). However,
the inﬂuence of species on REE content was shown for higher plants
(Tyler, 2004; Ding et al., 2005; Miao et al., 2008). In this study, we considered several lichen and moss species to evaluate their inﬂuence on REE
patterns. Our results showed that although the concentration levels depend on the considered group differentiated mainly by morphological
criteria (foliose lichens, fruticose lichens and mosses), the species criteria
contributed only slightly to the speciﬁcity of the REE pattern proﬁles
(Fig. 5). A PCA was plotted using standard ΣREE normalized data from
all of the stations distinguishing foliose lichens (n = 131), fruticose lichens (n = 48) and mosses (n = 14) (Fig. 8a–b). Mosses were located
in between the foliose and fruticose lichens on the second axis (20% of
the data variance) driven by La on the positive side and by Nd and Pr

on the negative side. The Kruskal–Wallis test (α = 0.05) produced a
signiﬁcant difference but only for the minor component (axis 2)
between foliose and fruticose lichens (p = 0) and foliose lichens and
mosses (p = 0.023). This meant that the considered group had a limited
inﬂuence on REE accumulations, despite the different levels of concentration (normalized by the ΣREE). This was also illustrated by the Eu
anomaly in Fig. 6, which had a higher intensity for E. prunastri than for
X. parietina compared with P. sulcata. This most likely resulted from the
morphological effect of the lichen; in fruticose lichens, the threedimensional structure involved a higher biomass for a given volume to
trap atmospheric particles (Nieboer et al., 1978) and implied a dilution
effect compared with foliose lichens.
Consequently, the REE signal is essentially the same regardless of
the considered species. However, we recommend that the same species, or at least species that have the same morphologies, should be
sampled to ensure an accurate comparison between sites when possible. For all cases, the species criterion must be mentioned in biomonitoring studies.

4.2. Inﬂuence of tree bark on REE patterns in lichens
The REE distribution pattern found in the F. excelsior bark (Fig. 7a)
showed a complex behavior. Although the mechanisms governing the
compartmentalization of REE in plants are not completely known, the
metabolic processes appear to play a signiﬁcant role in the fractionation
of these elements in the different compartments; for example, roots are
more REE-enriched than wood and leaves (Stille et al., 2006). The few
similarities observed between the lichen and bark distribution patterns
(Tm enrichment in EPC 63 and Ho impoverishment in SGP) implied either a common source (atmospheric or a potential transfer from one
compartment to another), a similar geochemical behavior (e.g., substitution or redox processes), or a mixture of sources and behaviors. However, the positive Eu anomaly found in the bark regardless of the station,
even in areas characterized by depleted Eu lithology (Armorican Massif,
Fig. 7d), supports a distinct origin of REE among bark and lichens. This
anomalous consistency could be explained by a biological action because it has previously been found that lower ΣREE in wood and bark
corresponds with higher anomalies (Stille et al., 2006). A substitution
of Ca2 + for Eu3 + in bark (Zeng et al., 2003) may be hypothesized.
Indeed, calcium is known to be stored in plant tissues as an inactive
form, such as oxalate crystal (Franceschi and Horner, 1980), and plays
an important physiological role in the cambium layer (Fromm, 2010).

Fig. 3. SEM observations of current (a) and historical (b) X. parietina samples with 2.65 · 10−3 Pa/5 kV and 161 Pa/10 kV characteristics, respectively.
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Fig. 4. PAAS-normalized REE proﬁles of lichens and mosses from 19 stations distinguishing the 6 studied regions (see Fig. 1 for locations). Terbium was not analyzed for the Vosges,
Ardennes and Armorican Massif (absent from the ICP-MS internal standard). Note the y-axis logarithm scale.

This Eu signature in bark, which is most likely related to biological activities that are not found in lichens, suggests an absence of trace element
transfer from the bark to the lichen. Consequently, lichens were more
robust in registering atmospheric particles originating from bedrock
and/or soil erosion at the regional scale than bark that is sometimes
used for trace metal monitoring (Catinon et al., 2009).

4.3. Past and present origin of REE in lichens and mosses
The intra-station variability was lower than the variability between
the different regions (Fig. 4). The regional inﬂuence dominated the
REE distribution patterns and prevailed over the station scale effect
(e.g., Eu in CHS 35 in the Armorican Massif). The analogy between lichen

Table 3
REE characteristic values of current samples for all of the stations showing the Eu, Gd, Er, and Tm anomalies, La/Lu and sum of the REE without Tb (ΣREE). All of the species are considered.
The values in bold indicate the anomaly values N1.2 or LaN/LuN N1.5. The asterisks represent the expected values.
CeN/CeN*

EuN/EuN*

GdN/GdN*

ErN/ErN*

TmN/TmN*

ΣREE

LaN/LuN

Region

Station

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Midi-Pyrénées

SP 11
TOU
ALB
HAU
LAC
EPC 63
MTD
SGP
EPC 74
BEX
MAR
HET 54a
SDV
EPC 08
LSP
PSC
PM 72
BAH
CHS 35
QUI
PLM

0.94
0.95
0.97
0.91
0.95
0.95
0.95
0.93
0.95
0.86
0.94
0.94
0.94
0.90
0.86
0.97
0.93
0.89
0.91
0.95
0.91

0.01
0.01
0.04
0.08
0.00
0.06
0.03
0.02
0.04
0.02
0.02
0.02
0.06
0.03
0.08
0.01
0.01
0.05
0.02
0.03
0.03

0.94
0.92
1.03
0.94
0.99
1.41
1.18
0.91
1.13
1.05
0.97
1.59
2.10
1.62
1.60
0.88
0.91
0.85
1.30
0.83
0.88

0.07
0.03
0.10
0.25
0.08
0.19
0.15
0.07
0.19
0.11
0.04
0.65
1.04
0.56
0.39
0.08
0.07
0.11
0.25
0.12
0.07

1.11
1.25
1.19
1.29
1.21
0.90
0.97
1.13
1.02
1.08
1.10

0.03
0.05
0.08
0.20
0.06
0.08
0.07
0.04
0.14
0.08
0.02

0.98
1.01
1.01
0.98
1.02
0.93
0.94
0.95
0.97
0.98
0.99
1.06
1.07
1.07
1.09
0.90
0.93
0.98
0.93
0.95
0.90

0.08
0.02
0.09
0.06
0.02
0.07
0.12
0.13
0.14
0.08
0.03
0.04
0.08
0.06
0.06
0.10
0.18
0.07
0.10
0.04
0.07

1.05
1.03
1.05
1.02
1.03
1.14
1.16
1.02
1.09
1.03
1.04
1.01
1.01
0.99
1.00
1.21
1.22
1.09
1.13
1.14
1.16

0.07
0.06
0.21
0.06
0.04
0.13
0.27
0.16
0.24
0.16
0.05
0.04
0.10
0.05
0.07
0.12
0.37
0.10
0.16
0.09
0.15

1.32
1.54
1.45
2.01
1.38
2.15
1.80
1.31
1.27
1.50
1.27
1.27
1.46
1.48
1.55
1.16
1.34
1.60
1.10
1.54
1.65

0.12
0.15
0.22
0.66
0.10
0.67
0.50
0.30
0.27
0.30
0.14
0.14
0.22
0.19
0.27
0.23
0.32
0.33
0.25
0.40
0.29

6.25
8.02
4.48
5.05
7.90
3.45
2.95
3.95
2.24
2.74
8.39
1.99
2.83
2.03
2.25
2.16
1.17
4.21
1.19
0.95
3.43

2.84
5.20
2.04
1.86
2.33
0.67
2.15
2.24
1.36
1.01
2.79
1.31
2.72
1.03
1.68
1.19
0.17
3.56
0.61
0.40
2.68

Massif Central
Alps

Vosges
Ardennes
Armorican Massif
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Fig. 5. PAAS-normalized REE proﬁles in lichens and mosses at BEX (a), Saint-Dié-des-Vosges (b), Bazoches-au-Houlme (c) and Plounéour-Ménez (d), with the current species
distinguished by a solid line and herbarium samples* by a dotted line. Foliose lichens are in black, fruticose lichens are in dark gray and mosses are in light gray. Terbium was not analyzed
for the Vosges and Armorican Massif (absent from the ICP-MS internal standard). Note the y-axis logarithm scale.

and local bedrock proﬁles (Fig. 7) suggests an inﬂuence of the regional
lithology on the lichen REE content and conﬁrms the observations of
Rusu et al. (2006). The dry particles derived from bedrock chemical
and physical erosion (Sugimae, 1980) could be trapped by lichens during atmospheric deposition processes, e.g., wind and rain phenomena.
The REE from particles with oxi-hydroxide afﬁnity (Sholkovitz, 1995)
could thus be accumulated similar to other metal elements (Gandois
et al., 2010a). The positive Eu anomaly registered in lichens growing
in basaltic regions (Massif Central with 1.30) and negative Eu anomaly
in granitic environments (0.94 for HAU or 0.83 for QUI) obviously

Fig. 6. Relationship between the Eu anomaly in X. parietina (in black) or E. prunastri
(in white) and in P. sulcata.

supports this hypothesis. The Eu2+ ion is a compatible element dissimilar to the other trivalent REE that enables incorporation into minerals,
especially of calcic minerals such as plagioclase feldspars by the substitution of Eu2+ for Ca2+ (Weill and Drake, 1973). Thus, it is possible to
observe positive Eu anomalies in basalts and negative anomalies in
granitoids (Gromet and Silver, 1983), with mica groups characterized
by Eu depletion (Aubert et al., 2001). Two PCA were plotted, and they
considered the foliose lichens growing in magmatic rock regions
(Fig. 8c, n = 45) and those growing in sedimentary rock regions
(Fig. 8d, n = 86). In each case, the samples were grouped together depending on the rock: basalt, granite and schist for magmatic substrates
(Fig. 8c) and limestone, sandstone and alluvium for sedimentary substrates (Fig. 8d). Only REE in lichens from granite and schist regions
(axis 1), sandstone and alluvium (axis 1) and limestone and alluvium
(axis 2) were not signiﬁcantly different (p N 0.05, Kruskal–Wallis test,
α = 0.05). The most important difference in REE accumulated in lichens was between granite and basalt. The magmatic substrates could
better discriminate one station from another because of two principal
reasons. First, the magmatic bedrocks belonged to the same formations
(e.g., basalt from Quaternary volcanism in the Massif Central, Hercynian
granite in Armorican Massif), which led to a strong REE signature homogeneity; this result was in contrast to the sedimentary substrates,
which comprised many different rock types (limestone, sandstone,
chalk, alluvium, clay, moraine and molasse). Second, the magmatic
rocks containing higher REE than sedimentary substrates facilitated
the diffusion of their geochemical signatures (Condie, 1993; Plank and
Langmuir, 1998). Although magmatic substrates were more resistant
to weathering processes than sedimentary substrates, the minerals providing the geochemical signature (biotite and feldspar in granites and
basalts, respectively) were more susceptible to weathering in the

Y. Agnan et al. / Science of the Total Environment 487 (2014) 1–12

9

Fig. 7. Comparison between PAAS-normalized REE proﬁles in lichens and reference materials: local substratum for Massif Central (a), Vosges (b) and Armorican Massif (c) (1Chauvel and
Jahn, 1984; 2Steinmann and Stille, 2008; 3Albarède and Semhi, 1995; 4Condie, 1993; 5Bernard-Grifﬁths et al., 1985), and F. excelsior bark supporting X. parietina from four sites (d). Lichens
are in black on the left (ﬁrst y-axis) and the reference material is in gray on the right (second y-axis).

Bowen's reaction series (Bowen, 1922). This could also explain the
inﬂuence of the crystalline massifs to their geographical limits; for
example, the PSC near the Armorican Massif. In contrast, the Vosges
and Ardennes stations were both under the local geological inﬂuence
of the same origin (Early Triassic).
The robustness of the interpretation of such a natural geochemical
signature was conﬁrmed by the herbarium data. Only a natural pressure
could explain this consistency over one century. Thus, the Gd relative
enrichment in the Midi-Pyrénées region, as previously observed in
both the 1900 and 2010 samples (Agnan et al., 2013) and the soil layers
and sedimentary bedrock from the same region (Redon et al., in progress), could be explained by crustal inﬂuence rather than by anthropogenic contamination, which was dissimilar to the aquatic systems that
could be observed as a result of hospital activities (Bau and Dulski,
1996; Kümmerer and Helmers, 2000; Knappe et al., 2005; Rabiet et al.,
2009). The only noticeable change between the historical and current
samples was the REE content (Table 2 and Supplementary data),
which was obviously higher in the past. Apart from a hypothetic larger
historical dust deposition in the past, this difference could also be
explained by a possible biological damage to the herbarium samples,
such as organic degradation as a result of microbial activity that led to a
concentration of mineral elements (such as trace metals) for an equivalent weight. Indeed, the hypothesis of organic matter degradation was
sustained by the less negative δ13C in the historical samples (Fig. 2)
(Natelhoffer and Fry, 1988; Boström et al., 2007). The SEM observations
(Fig. 3) also supported this degradation. This conﬁrmed that the conservation state of organic tissues could inﬂuence the relative inorganic content.
Consequently, comparing the concentrations between past and
present was not adequate. It was worthwhile to use normalized data
such as the PAAS-normalization for REE to investigate and compare

the REE signatures. Considering these recommendations, the herbarium
samples were valuable tools to assess the characteristics of atmospheric
deposition in the past, namely when data were missing.
The REE in atmospheric bulk deposition were mainly found in particles (Heaton et al., 1990), which is explained by their afﬁnity for oxide
elements (Koeppenkastrop et al., 1991). Thus, aerosols derived from
local bedrock and/or soil weathering produced the regional lithologic
REE signatures in the lichen content, which was supported by our observations (Figs. 7b–d and 8c–d). Although we cannot locate the recorded
lithologic dust because of the use of total mineralization (thallus surface
deposition or incorporation into the thallus), the converging temporal
signatures conﬁrmed the robustness of lichens and mosses in integrating atmospheric dust at the regional scale. At the national scale, the
data supported REE bioaccumulation in lichens and mosses in remote
areas from atmospheric deposition with little or no inﬂuence from
anthropogenic inputs, which was illustrated by an absence of LREE enrichment that characterized the urban aerosols (Zhang and Liu, 2004).
Moreover, the inﬂuence of tree species, bark substrate or throughfall
chemical composition (Aubert et al., 2002; Spickova et al., 2010) was
not found. The non-signiﬁcant difference between the two coastal
stations (QUI and PLM in the Armorican Massif) and other Armorican
stations excluded the inﬂuence of sea-spray. Indeed, the seawater REE
patterns were characterized by a high negative Ce, and an Eu anomaly;
LREE enrichment was not observed in these sites (Elderﬁeld and
Greaves, 1982). This was related to the low REE content in seawater
compared with mineral REE concentrations. Moreover, the relative
depletion observed for HREE (La/Lu N 1) in all of the stations could be related to the crustal signature, in which the fractionation between LREE
and HREE depended on the particle sizes (Spickova et al., 2010; Suzuki
et al., 2011). Consequently, we proposed that these generalized patterns
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Fig. 8. Principal component analysis on standard ΣREE-normalized data for 193 current samples of lichens and mosses by variable (a) or observation (b), 45 current foliose lichens
developed in magmatic substratum regions (c), and 86 current foliose lichens developed in sedimentary substratum regions (d).

observed in lichens and mosses reﬂected a crustal signature prevailing
at the regional scale and were not a result of the preferential assimilation of HREE (Chiarenzelli et al., 2001) or leaching of LREE from atmospheric particles (Aubert et al., 2006), as hypothesized by these
authors. Moreover, the use of biomonitors allowed the seasonal variation measured in atmospheric deposition to be limited (Spickova
et al., 2010; Suzuki et al., 2011).
Through the REE investigations, we showed that the (i) registered
lithologic particle deposition was preserved in lichens and mosses
from the herbarium samples and (ii) in each region, the lithological
signature of the registered particles had not changed over time.
5. Conclusions
This REE study in various regions of France away from sources of
contamination aimed to investigate atmospheric deposition using a

variety of lichen and moss species as bioaccumulators. The registered
geochemical signatures (such as the general trend of REE distribution
patterns and Eu or Tm anomalies) after total digestion indicated a
regional lithological source of dust particles derived from bedrock
and/or soil weathering entrapped by lichens and mosses that erased
any anthropogenic inﬂuence. This implies that in remote areas, the
particles recorded in lichens and mosses were inﬂuenced mainly at
the regional scale. The use of herbarium specimens collected since
1870 conﬁrmed this observation in each of the corresponding sites.
Moreover, the species inﬂuence (between mosses and lichens or
between foliose lichens and fruticose lichens) appeared to be minor
against these regional inﬂuences, which were between foliose lichens.
Nevertheless, for comparison purposes, it was recommended to consider the same species or same thallus morphology whenever possible and
use normalized REE data to erase the concentration effect that occurs
because of organic matter degradation in historical samples. Indeed,
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both lichens and mosses are robust organisms for indicating presentday or past lithologic dust deposition because an inﬂuence of bark on
REE accumulation was not detected in the lichen samples.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2014.03.132.
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