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• Soil is known to contribute to the con-
centrations of elements in moss.

• Protocols for atmospheric biomonitor-
ing with terrestrial mosses need to be
improved.

• We compared EF, PMF and another
technique for estimating soil contribu-
tion.

• Ti is not recommended as a reference
element.
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Although soil is known to contribute to the concentrations of elements inmoss, protocols for atmospheric biomon-
itoringwith terrestrial moss do not include recommendations on how to address this factor. As a result, researchers
indiscriminately use a wide range of detection/correction methods without considering whether the results are
equivalent. In this study, three of these methods were compared: i) use of the enrichment factor (EF) index; ii) cal-
culation of the ratios of different elements in soil andmoss, and subtraction of the contribution of soil concentrations
from the raw concentrations of elements in mosses (SCS); and iii) positive matrix factorization (PMF), a receptor
modelling method for source apportioning based on multivariate analysis techniques. The aim of the comparison
was to determine whether themethods produce equivalent results and, if not, whichmethod is the most appropri-
ate for use inmoss biomonitoring surveys. Thedata used corresponded to 146 samples of Pseudoscleropodiumpurum
collected from a regular sampling grid of 15 × 15 km in Galicia (NW Spain). Comparison of the methods revealed
that, although they yield relatively similar results, the corresponding interpretations are not equivalent and none
of the methods provides a reliable estimate of the soil contribution to the concentrations of elements in moss sam-
ples. Independently of the technique applied, use of Ti as a reference element is not recommended, because, at least
in this study, it was present at unusually high levels in moss. Given the absence of a reliable correction method and
the fact that most elements are present in fairly high amounts in the soil, we recommend using atmospheric bio-
monitoring with moss only for Cu, Zn and Cd, i.e. for those elements in moss for which the soil contributes very
low amounts and corrections are not therefore necessary.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Terrestrial mosses have been used for many years as biomonitors of
atmospheric pollution, but not all of the elements they contain are of at-
mospheric origin. As Aboal et al. (2010) pointed out (see reference for
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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more details), in general, there are three different types of inputs: atmo-
spheric (anthropogenic sources, including long-range atmospheric
transport or local point sources of metals and metalloids and natural
sources such as sea salts and biogenic emissions), plant (by leaching
from plant material of vascular plants) and edaphic.

Some authors have identified this last input, the edaphic contamina-
tion, as one of the main problems in the moss biomonitoring technique
(Wolterbeek and Bode, 1995; Steinnes, 1995). Moss chemistry some-
times appears to be largely dominated by inputs from local dust or air-
borne particulate matter, primarily reflecting local site geochemistry
rather than major differences in atmospheric chemistry (Bargagli
et al., 1995; Steinnes, 1995; Reimann et al., 2001, 2006). The edaphic in-
puts correspond to entrapped crustal materials, mainly windblown soil
dust, or to soluble compounds that are transported from the soil into the
moss tissues (i.e. by rain splash and capillary transport) during periods
when there is close contact between soil and water (Steinnes, 1995;
Berg and Steinnes, 1997). Field observations show the effect of rain
splash, which causes soil particles to become layered on moss surfaces.
Human activities such as open cast mining, transport and storage of ore
and ore productsmay also influence the amount of edaphic particles de-
posited on moss tissues (Caritat et al., 2001). According to the results of
factorial analysis (FA), these edaphic contributions involve numerous
elements such as: Al, As, Ba, Ca, Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd,
Ge, Hf, Ho, La, Li, Lu, Mn, Na, Nb, Nd, Ni, P, Pr, Rb, Sc, Si, Sm, Sr, Ta, Tb,
Ti, Th, Tm, U, V, Yb, Y and Zr (Berg et al., 1995; Kuik and Wolterbeek,
1995; Steinnes, 1995; Berg and Steinnes, 1997; Reimann et al., 1999;
Caritat et al., 2001). To this list we should probably add other elements
such as B, Cs, K,Mg, Pb, Sn and Tl, whose concentration in themossmay
have, at least partly, an edaphic origin. The existence of soil-derived par-
ticulate matter in moss has been demonstrated by direct observation of
theparticles inmoss transplants (which are less likely to entrap soil par-
ticles thannativemosses) by electronmicroscopy (i.e. scanning electron
microscopy [SEM] and energy dispersive spectrometry [EDS]), and it
was concluded that soil and rock dustwere themain sources of particles
adsorbed on moss tissues (Adamo et al., 2008).

The edaphic contribution to the total element load in mosses is an
important problemwhen interpreting the results of themoss technique
and has been recognized by various researchers. Soil-derived contami-
nants are difficult to remove (see Fernández et al., 2015 for cleaning
methods), because particulate matter cannot be completely detached
from moss surfaces (Spagnuolo et al., 2013). In addition, the level of
contamination may be relatively high for many elements of interest,
particularly in seasonally arid countries (Rühling, 1994). According to
Bargagli (1995), comparison of data from regional surveys should con-
sider only samples with comparable contents of Al, Ti or Fe (i.e. with a
similar degree of soil-derived contamination).

Various methods have been used to determine the soil contribution to
the concentration of elements inmoss or, where this is not possible, to es-
tablish the source, origin (natural or anthropogenic) type of deposition
(primary or secondary) of these elements: i) indices such as the enrich-
ment factor (EF) index (Bargagli, 1995; Bargagli et al., 1995), the contam-
ination factor (CF) index (e.g. Lazo et al., 2019), and the comparison index
(Klos et al., 2010); ii) ratios between elements (e.g. Shotyk et al., 2016) or
between isotopes of the same element (e.g. Xiang et al., 2017); iii) edaphic
correction of the raw data (Bargagli et al., 1995); iv) correlations between
the concentration of the elements in themoss (e.g. Lazo et al., 2018) or be-
tween moss and soil (e.g. Yan et al., 2016); and v) multivariate methods,
such as factorial analysis (FA) (e.g. Lazo et al., 2018), principal component
analysis (e.g. Qarri et al., 2015), cluster analysis (e.g. Qarri et al., 2015) and
positive matrix factorization (PMF) (e.g. Christensen et al., 2018). Tech-
niques that enable interpretation of the soil contribution in individual
samples are included in groups i, ii, iii and some group vmethods. In addi-
tion, some methods in groups i and iii require analysis of soil samples,
which is operationally more difficult and expensive.

Although dozens of studies have considered the edaphic contribu-
tions to the concentrations of elements inmosses, by the indiscriminate
2

or complementary use of the aforementioned methods, we have not
found any studies that directly compare the methods. The lack of com-
parative studies probably explains why edaphic correction is not in-
cluded in the moss biomonitoring protocols (see e.g. Fernández et al.,
2015; Frontasyeva et al., 2014), as no correction method has been se-
lected and/or standardized. Knowing whether soil samples should be
obtained as part of moss biomonitoring surveys is a necessary require-
ment for establishing the protocols. As the existence of the soil contribu-
tion has been confirmed, a correction method must be included in the
protocols to enable comparison of different studies or of data from bio-
monitoring networks. Three correction methods were compared: the
enrichment factor (EF) method; subtraction of the contribution of soil
from the raw concentrations of elements in mosses (SCS); and positive
matrix factorization (PMF). Soil samples were analysed in the first two
methods, but not in the third.

The objective of the study was to determine whether estimations of
the soil contribution of elements in individual moss samples by the
three differentmethods are equivalent and, if not, which of themethods
is the most appropriate.

2. Material and methods

2.1. Sampling and processing

Samples of the moss Pseudoscleropodium purum (Hedw.) M. Fleisch
were collected in March in 2014 from 146 sampling sites (SS) located
in Galicia (NW Spain). The SS are located at the nodes of a regular
15 × 15 km grid that covers the entire area of the region (for more de-
tails, see Boquete et al., 2009). Whenever possible, the samples were
collected at least 300 m from main roads, 100 m from small roads,
4 km from industries and 3 km from cities. The samples were collected
in open areas, orwhere thiswas not possible, in forest clearings, as far as
possible from trees, following the recommendations of Fernández et al.
(2015). A minimum of 30 subsamples of similar weight were collected
in each SS over an area of between 201 (circular area, Ø > 16 m) and
2500 m2 (50 × 50 m) (Fernández et al., 2015). The subsamples were
combined to form a single composite sample for each SS. Likewise, 10
subsamples of the first 5 cm of soil were collected in each SS and com-
bined to make a composite sample.

Once in the laboratory,moss sampleswere cleaned to remove remains
of adhered material, and the green parts were cut from the shoots. The
material was dried in an oven at 45 °C and homogenized in a metal-free
ultracentrifuge mill (Retsch ZM200, Retsch GmbH). Finally, the homoge-
nized material was stored in glass vials until analysis. The soil samples
were dried at room temperature and sieved with a 2 mm mesh sieve.
Theywere then homogenized in ametal-free agatemill (Retsch Planetary
Ball Mill PM 100) and stored in glass vials for analytical determination.

2.2. Chemical analysis

The moss and soil samples were digested in HNO3 (Hiperpur) and
H2O2, in amicrowave oven (Ethos-1,Milestone). An undigested fraction
of each moss sample was used to determine Hg, in a mercury analyzer
(Milestone DMA80). The concentrations of Al, As, Cd, Co, Cr, Cu, Fe, Hg
(soil only), Ni, Pb, Ti, V and Zn in the digested sampleswere determined
by inductively coupled plasmamass spectrometry (Agilent 7700×). The
determinations were carried out at the Research Support Services Unit
and the EcologyUnit, University of Santiago deCompostela. The concen-
trations of almost all elements were above the limits of quantification
(LOQ) of the analytical technique, except for Cu, in one sample and Cd
and Co in 7 samples. In these cases, the data was replaced by half the
corresponding LOQ.

To check the analytical quality, one sample of certified referencema-
terial (M2 and M3, Pleurozium schreberi, Steinnes et al., 1997) was
analysed for every twenty samples. Analytical blankswere also analysed
(one every ten samples) to test for possible contamination. The
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analytical quality of the processwas satisfactory; the overall percentage
error was between 3% and 6% in most cases (except for Hg: 12%). The
percentage recovery of the reference materials was between ca.
70–130% for Al, As, Cd, Cu, Fe, Ni, Hg, Pb, V and Zn. For Co and Cr, and
ca. 69% and 40% respectively. Low recovery of Cr is normal, as it tends
to be associated with silicates, which remain almost intact in the
HNO3 and H2O2 used in the digestion step. Ti is not certified in the ref-
erence material we have used because, as far as we know, there is no
reference material with moss matrix that certifies the concentration of
this element.

2.3. Statistical analysis

The methods compared were the calculation of enrichment factors,
the method involving subtraction of the contribution of soil from the
raw concentrations of elements inmosses (SCS) and positivematrix fac-
torization (PMF).

2.3.1. Calculation of enrichment factors (EFs)
Bargagli (1995) and Bargagli et al. (1995) proposed this approach to

deal with the problem of edaphic contamination. The raw concentra-
tions of elements are normalized relative to the soil to estimate the
edaphic contribution of metals present in mosses:

EF ¼
Xinterest½ �moss= Xref½ �moss

Xinterest½ �soil= Xref½ �soil
ð1Þ

where [Xinterest] is the concentration of the element of concern and [Xref]
is the concentration of a selected reference element (usually Al and Ti,
but also Fe, Li, Sc and rare earth elements). High EFs are expected for
both macronutrients and typical anthropogenic elements, whereas EFs
for lithophilic elements should approach a value of 1. This method as-
sumes that if the reference element contents in the moss samples are
derived completely from the soil, then an EF = 1 will correspond to
0% enrichment. EF values less than 1 are thus expected for elements that
are only present due to edaphic inputs.

2.3.2. Subtraction of the contribution of soil from the raw concentrations of
elements in mosses (SCS)

Edaphic correction was first described by Bargagli et al. (1995) and
involves subtracting the substratum contribution to the moss concen-
tration from the raw concentration of elements in mosses. In order to
do this, Bargagli et al. (1995) relied on the use of a reference element
characterized by having its main origin in the Earth's crust and limited
metabolic significance in organisms. These researchers then used the
following equations to estimate the substratum contribution to the con-
centration of an element in moss:

Xref
� �

background ¼ Xref
� �

min ð2Þ

Xref
� �

edaphic ¼ Xref
� �

moss− Xref
� �

background ð3Þ

Xinterest½ �edaphic ¼ Xref½ �edaphic
.

Xref½ �soil
� Xinterest½ �soil ð4Þ

where [Xref]min is the lowest concentration of the reference element in
thewhole set ofmoss samples, [Xref]background is the background concen-
tration of the reference element (i.e. the non-particulate fraction), [Xref]
moss is the concentration of the reference element in the moss, [Xref]
edaphic is the concentration of the reference element of edaphic origin
in the moss, [Xref]soil is the concentration of the reference element in
the soil, [Xinterest]soil is the concentration of the element of interest in
the soil, and [Xinterest]edaphic is the estimated substratum contribution
to the concentration of the element in moss.

After obtaining the estimated contribution of the substrate, this
value is deducted from the initial concentration, ([Xinterest]moss -
3

[Xinterest]edaphic), to yield a new data set that does not include soil
contamination.

The background concentration should be selected from an uncon-
taminated area that is not affected, or only slightly affected, by acid de-
position. The excess reference element higher than this value will then
correspond to the entrapped particles in each sample (i.e. the amount
of soil-derived elements contaminating the moss sample). The concen-
trations of other metals in moss are estimated by subtracting the
amount attributed to the soil from the total element concentration in
mosses, relative to the reference element, collected at the same sam-
pling location. Obviously, soil samples must be digested and analysed
by the same procedures as the moss samples.

In this study, Al and Ti were used as reference elements, as they are
the most commonly used in this type of study. All the Ti present in the
moss was assumed to be of edaphic origin ([Xref]background = 0).

2.3.3. Positive matrix factorization (PMF)
This technique, as far as we know, has only been used in two bio-

monitoring studies with terrestrial mosses (Christensen et al., 2018;
Olise et al., 2019). However, the technique has been widely used to
study air and water quality. Indeed, Hopke (2016) stated that PMF has
become the most widely used receptor model, and a sharp rise in use
occurred after release of the United States Environmental Protection
Agency (EPA) version of the PMF (Norris et al., 2014).

The PMF is a weighted factorization problem with non-negativity
constraints (Comero et al., 2009). It is a receptor model used to deter-
mine the sources of pollution, their profiles and their contributions to
the samples proposed by Paatero and Tapper (1994). Receptor models
are based on the mass balance principle, which is rooted in the law of
conservation ofmass. According to this, the concentration of an element
in a sample can be described by the following equation:

xij ¼ ∑
p

k−1
gikfkj ð5Þ

where xij is the concentration of the jth element in the ith sample, gik is
the contribution of the kth source to the ith sample, and fkj is the concen-
tration of the jth element in the emission of the kth source.When this re-
lationship is modelled, a new term eij (the residual for each sample/
element) is added to the expression.

The PMF produces the profiles of the sources and their contributions
to each sample by minimizing the Q function:

Q ¼ ∑
n

i¼1
∑
m

j¼1

xij−∑
p

k¼1
gikfkj

uij

2
6664

3
7775

2

ð6Þ

where uij is an estimate of the uncertainty for the jth element in the ith

sample. The technique allows individually weighted data points.
Furthermore, as previously mentioned, this technique enables esti-

mation of the real concentrations (Christensen et al., 2018), and there-
fore, in addition to detecting and interpreting the sources of
contamination, it enables correction of the raw data to account for the
edaphic contribution.

2.3.4. Implementation of statistical analysis
The SCS (Bargagli et al., 1995) and the EF (Bargagli, 1995; Bargagli

et al., 1995) were developed following the steps described by their au-
thors. The PMF, first proposed by Paatero and Tapper (1994), was devel-
oped following the indications of Norris et al. (2014).

For both the EFs and the estimates obtained by the SCS, the results
obtained were compared for the two reference elements selected (Al
and Ti). Moreover, as both techniques are based on the relationship be-
tween the elements of interest and reference elements of presumed
edaphic origin, the ranges of the SS obtained with the FEs were
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compared with the ranges of the SS according to the estimate obtained
using the SCS method. As the PMF and the SCS provide estimates of soil
input, these methods were also compared. In all comparisons, the
Spearman correlation coefficient was calculated, and its significance
determined.

In the comparison of the EF and the SCS, the SS classification/catego-
rization was also considered. In the EF method, SS was considered
enrichedwhen theEF valuewashigher than the established enrichment
threshold (in this case set at 1). In order to compare the two methods,
an enrichment threshold was established so that if the SCS value was
higher than the LOQ of the element of interest, the SS was considered
enriched by that element. McNemar's test (Martínez-González et al.,
2006) was used to detect any significant differences between the SS
ranks obtained by the two techniques.

The SCS and the EF methods were implemented in the R statistical
program (R Core Team, 2020), and the PMF method was implemented
using the EPA's PMF 5.0 software (Norris et al., 2014). For calculation
of the PMF, 16 SSs in which the concentrations of some elements were
outliers were first eliminated from the original data set.

3. Results

The summary statistics of the concentrations in mosses and soil can
be seen in Table A.1.

3.1. Enrichment factor

The rank of the SS changes according to the reference element con-
sidered (Fig. 1). The Spearman's correlation coefficients calculated for
the different elements were significant (p < 0.001) but, according to
the scale proposed by Mukaka (2012), they were low or moderate
(0.42–0.69), except for Cu, which was high (0.74). The number of SSs
classified as enrichedwasmuch higher when Al was used as a reference
element than when Ti was used. The classification of SS depending on
whether or not the EF is above the enrichment threshold (for a thresh-
old of 1) differed significantly (p< 0.01) depending on the reference el-
ement considered. Both the reference element and the enrichment
threshold can greatly affect the interpretation of a SS (Fig. A.1). In gen-
eral, the EF values calculated for Al as the reference elementwere higher
than when Ti was used as the reference element.

3.2. SCS

Similar to the EFs, the results of the SCS method also depend on the
element used as the reference element (Fig. A.2). The correlations, most
of which were statistically significant (p < 0.01; except for Ni with
p > 0.05 and rho = 0.04), were low to moderate (0.26–0.61). The SS
classification differed significantly (p< 0.001) for all elements: the esti-
mate made with Al as the reference element classified more SSs as
enriched than the estimate made with Ti as the reference element.

3.3. Positive matrix factorization

The PMF yielded five factors. After rotation, these factors were illus-
trated as factor fingerprints (Fig. 2), which represented the composition
of the emissions from the different sources (factors) detected by the
PMF. Two clearly soil-based sources were identified: Factors 1 and 4.
Factor 1 was dominated by Ti and also accounted for a large part of Al.
Factor 4 was dominated by the As, which in this case was originated
from the soil, as was also indicated by the EF and SCS methods. This
Fig. 1. Comparison of the ranks of the Enrichment Factors (EFs) obtained with Al and Ti as re
Spearman's rho, and associated significance, and the McNemar test χ2 statistic, and associated
the technique used are shown for each element (*: p < 0.05, **: p < 0.01, ***: p < 0.001). A
exceeded the enrichment threshold (set at 1). Green: both EFs are below the threshold; Red:
Ti EF is above the threshold. (For interpretation of the references to color in this figure legend,
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factor also seems to be the source of a large part of the Al and Fe, and
itwas thus categorized as an edaphic factor. Factors 3 and 5were clearly
of anthropogenic origin: the first was the main source of Cd and Pb and
the second the main source of Hg. Factor 2, which accounted for a large
part of the concentrations of V, Cr, Fe, Co, Ni and Cu, seems to be related
to contamination derived fromprocesses thatmobilize soil or rockyma-
terial (e.g. mining) or other anthropogenic sources of pollution.

3.4. Comparing the different techniques

For most of the elements under study, theMcNemar test did not de-
tect any significant differences between the results of the EF and the SCS
techniques when the same reference element was used. Both tech-
niques yielded very similar resultswhen Ti was used as the reference el-
ement (Fig. A.3), with high correlations in almost all cases and detection
of few significant differences in concentrations of elements in the SS
classification. When Al was used as the reference element (Fig. A.4),
high correlations were observed for those elements in which there
was a considerable soil input, but very low and sometimes not signifi-
cant correlations for those elements of predominantly anthropogenic
origin. Differences in SS classification were observed for those elements
for which the soil contributed large amounts. On the other hand, when
different reference elements were used to calculate the EFs and SCS
(Figs. A.5 and A.6), the correlations for all of the elements of interest
were moderate, low or even negligible, and in some cases were not sig-
nificant (p>0.05). In addition, the SS classification differed significantly
for all elements.

Comparison of the soil inputs estimated by the SCS and the PMF
methods showed that the SCS estimates were much higher than the
PMF estimates (sum of Factors 1 and 4) (Fig. 3 and Fig. A.7); however,
the estimates obtained when Al was used as the reference element
were closer to the one-to-one line and lower than those obtained with
Ti as the reference element. The Spearman's correlations for the com-
parison between both techniques were high or very high when Al was
used as the reference element (0.73–0.98) and moderate or low when
Ti was used (0.39–0.57) (Fig. 3).

The three techniques enabled classification of most of the elements
in three groups according to the edaphic contribution (Figs. A.1 and
4): i) Al, Fe and As, of largely edaphic origin; ii) Cu, Zn and Cd, of mainly
anthropogenic origin; and iii) elements for which the soil contribution
was intermediate (i.e. V, Cr, Co and Pb).

As mentioned in the previous comparisons, the estimates of soil
input obtained with Ti as the reference element were extremely high,
with percentages higher than 50,000% of the concentration observed
in the sample (Fig. 4). These anomalies can be explained by the fact
that the ratio between the concentration of Ti in moss and in the soil
was one order of magnitude higher than most of the elements analysed
in the study, especially those belonging to groups i and iii (Table 1).

4. Discussion

On the basis of our results, we conclude that the interpretations de-
rived from the application of the three methods used, although similar
and even complementary, are not equivalent. However, it was not pos-
sible to determinewhether one of themethods is superior to the others
and the choice will depend on the objective pursued by the researcher
and on the data and resources available. For example, researchers
might rule out the use of the EF and SCSmethods (both ofwhich require
data on the concentration of the elements in the soil) on the basis of cost
and opt for other less expensive methods. However, as the temporal
ference elements, for each element considered (ordered according to the atomic mass).
significance, carried out to determine if the classification of site as enriched depends on

color was assigned to each point (sampling site) to indicate whether the calculated EFs
both are above the threshold; Black: only the Al EF is above the threshold; Blue: only the
the reader is referred to the web version of this article.)
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Image of Fig. 1
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Fig. 2. Percentage of the concentration of each element that corresponds to each of the factors obtained with the Positive Matrix Factorization (PMF) method.
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variation in soil concentrations is generally low, the results of a single
soil sampling survey could be used to calculate EF and SCS over several
years. Other factors to consider are whether qualitative (EF) or quanti-
tative (SCS and PMF) analysis of the edaphic contributions of the ele-
ments in the moss is intended, or whether previous information is
available about the possible sources of contamination.
Fig. 3. Comparison of the soil contribution to element concentrations estimated using the Posit
elements (see text for further details). Spearman's rho value and the associated significance ar
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The EF method has been the most widely used, being frequent even
today (e.g. Ávila-Pérez et al., 2019; Svozilíková Krakovská et al., 2020).
This is because the calculations involved are simple and interpretation
is straightforward. The main difference between the EF method and
other index-based methods is that soil sampling is conducted adjacent
to the SSs where moss is sampled. Despite the higher cost involved,
ive Matrix Factorization (PMF) method (A) and the SCS, with Al (B) and Ti (C) as reference
e shown for each element, (*: p < 0.05, **: p < 0.01, ***: p < 0.001).

Image of Fig. 2
Image of Fig. 3


Fig. 4. Percentage of the total concentration of the elements in themoss corresponding to the soil contribution estimated by PositiveMatrix Factorization (PMF)method, SCS, with Al as the
reference element, and SCS, with Ti as the reference element (see text for further details).
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this allows more accurate normalization than with other indices which
use background concentrations as reference values (as in the CF), with-
out an effective method of determining them having been developed.
However, there is no consensus among researchers about the values
7

that should be used as enrichment thresholds, which vary between 1
(Jiang et al., 2018) and 10 (Dragović and Mihailović, 2009). Thus, the
same SS could be considered enriched by an element or not enriched
depending on the threshold selected (e.g. Co in Fig. A.1). This question

Image of Fig. 4


Table 1
Mean, median and range of ratios of the concentrations of different elements in moss and
soil. The values were calculated from all the samples used in the study (n = 146).

[element]moss/[element]soil Mean Median Range

Al 0.05 0.03 0.00–0.64
Ti 0.38 0.15 0.01–5.52
V 0.06 0.04 0.01–0.75
Cr 0.06 0.03 0.01–0.65
Fe 0.03 0.02 0.00–0.32
Co 0.06 0.04 0.01–0.41
Ni 0.14 0.10 0.02–0.73
Cu 0.43 0.29 0.04–1.97
Zn 0.52 0.40 0.08–2.65
As 0.03 0.02 0.00–0.28
Cd 1.06 0.79 0.06–6.97
Hg 1.06 0.66 0.13–12.97
Pb 0.07 0.06 0.00–0.35

P. Giráldez, Z. Varela, J.R. Aboal et al. Science of the Total Environment 778 (2021) 146332
remains unresolved, and careful interpretation of the results is required.
Furthermore, the results obtained are not quantitative, and if the objec-
tive of a study is to compare sampling sites, this method does not allow
comparison of levels of concentrations in different sites.

The concepts onwhich the calculation of EFs are based are very sim-
ilar to those onwhich the SCSmethod is based. Both require use of a ref-
erence element, which as demonstrated in this study, can greatly
modify the results obtained. As already mentioned, Ti and Al are the el-
ements most commonly used as reference elements. In general, the cal-
culations made relative to Ti produce higher estimates of the edaphic
contribution tomoss and, therefore, fewer SSs are classified as enriched.
The overestimation is obvious for all of the elements in Fig. 4, especially
for Fe and As (where it exceeds 40,000%), and is due to the fact that the
Timoss/Tisoil ratio is higher than the ratio of other elements of mainly
edaphic origin, even up to one order of magnitude higher (e.g. Table 1
shows that the mean values of the moss/soil ratio is 0.38 for Ti and
0.04 for Al). These unusually high levels may be attributed to the phys-
icochemical characteristics of Ti, specifically the ionic radius and cova-
lence index (Nieboer and Richardson, 1980), which cause this element
to have a higher affinity for binding sites on the moss surface than
other elements of edaphic origin. Therefore, and according to our re-
sults, when Ti is present in moss at unusually high concentrations, its
use as a reference element is not recommended, and other elements,
such as Al, should be used. Thus, for ratio obtained for a reference ele-
ment is lower (as with Al) than that obtained for Ti (due to unusually
high levels of Ti in moss), it could be interpreted (wrongly) that the Ti
in moss is not derived from the soil. However, even when Al was used
as the reference element the SCS tended to overestimate the soil contri-
bution (e.g. Fe andAs in Fig. 4B). In addition, the lowest concentration of
Al in the sample was used as the background concentration in the SCS
method, even this procedure has not been validated.

In the comparison of the EF and SCS methods, both calculated with
Al as the reference element (Fig. A.4), high correlations were obtained
for V, Fe, Co, Cr, As and Pb. These elements coincide with groups “i”
and “iii” identified in the results, i.e. those elements for which soil con-
tributions are high or moderate. On the other hand, the correlations for
elements belonging to group “ii” (Cu, Zn and Cd) and those that were
not clearly classified in any of the three groups (Ti, Ni and Hg) were
low or even non-significant. The high rank dispersion in the enriched
SSs (Fig. A.4) is probably due to the differences between the EF and
the SCS approaches. Thus, while the EF indicates the relationship be-
tween the concentrations of the elements, the SCS corrects the concen-
tration by eliminating the estimated contribution from soil. When the
soil contribution is high, the EFs are low (in this case less than or
equal to 1) and the SCSs are also low (the remaining concentration,
once the estimated soil input is eliminated, is low). However, when
the soil contribution is low or negligible, the EFs are high, but the SCSs
are not necessarily high. The SCSs may be low or high depending on
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the initial concentration of the element in the moss, so that the rank
of each SS varies depending on whether the EF or the SCS is applied. Al-
though the correlations for the comparison of the two methods were
low for elements with low soil input, both methods produced similar
classifications (almost all SSs were enriched). The difference occurs for
elements with large inputs from the soil, leading to significant differ-
ences in the classification of SSs, especially for those SSs which are
close to the enrichment thresholds. This is because there are no stan-
dardized criteria for selecting the EF threshold and the SCS is not de-
signed to have an enrichment threshold. In this study, the LOQ was
established as the threshold for the SCS to enable comparison between
the two techniques.

In addition, for application of the EF and SCS methods, the choice of
the depth at which soil should be sampled is also amatter of discussion.
Some authors (e.g. Kålås et al., 2000) consider that when the objective
of a study is to evaluate the influence of local geochemistry on the con-
centrations of somemetals, soil samplesmust be obtained at a relatively
deep depth (e.g. 60 cm), corresponding to the C-horizon. At this depth,
the influence of atmospheric deposition is negligible, whereas surface
soils will be strongly affected by airborne metals. Nevertheless, in all
of previous relevant studies, the upper 5 cm of soil was sampled
(Bargagli, 1995; Bargagli et al., 1995; Fernández and Carballeira, 2001;
Gerdol et al., 2002). At this depth, the samples could be influenced by
airborne metals and the soil correction would include atmospheric de-
position. In the present study, we wanted to take into account pollution
of edaphic origin and secondary atmospheric pollution, caused by con-
tamination of the moss by soil particles, which in turn would have
been contaminated via atmospheric deposition of particles. We thus
aimed to isolate the effect of primary air pollution on mosses by using
the upper 5 cmof soil. In addition, it should be noted that themoss sam-
ples were digested with HNO3 and H2O2, which incompletely digest the
soil particles in themoss, leaving the silicatematrix almost intact. As we
did not want to releasemore elements than those released from the soil
particles in the digested moss samples, the soil samples were also
digested with HNO3 and H2O2 (incomplete digestion).

Regarding the PMFmethod, this quantitative analysis has the advan-
tage of being considerably cheaper than the others (no soil sampling is
required) and it does not depend on the use of reference elements, thus
avoiding the previously described problems. Furthermore, the PMF is
very useful when the model assumptions are fulfilled, and it's applica-
tion has been reported in more than 1000 papers (see review article
by Hopke, 2016). Nevertheless, the model assumptions are more strin-
gent and restrictive, and like other statistical approaches, the method
has some disadvantages: i) a greater number of SSs than used in a
vast number of moss biomonitoring studies is required to produce ro-
bust results; ii) as deletion of SSswith outliers is a prerequisite for appli-
cation of the method, the soil correction cannot be applied to the data
from these SSs; iii) the PMF assumes that all SS are affected by common
sources of pollution, which is probably not true in studies of extensive
areas; iv) interpretation of the factors depends on the researcher; and
v) like other receptormodels, it is based on solving amass balance equa-
tion (based on the principle of conservation of mass) by usingmultivar-
iate analysis (Belis et al., 2014), and therefore it must be assumed that
mosses retain all the of the elements that reach them, which is not the
case (Aboal et al., 2010). The assumption of a common source would
not be a problem in this study, as all SSs were in areas far from sources
of pollution and included in a relatively small area (ca. 29,000 km2). The
number of SSs is also not problematical, as the study included 146 sites,
which is a large number for this type of study. However, the factors ob-
tained in the PMF method are similar to those obtained by Varela et al.
(2015) by means of Factorial Analysis. Thus, factor Fb1 identified by
Varela et al. (2015) was dominated by the same elements as Factor 2
in the present study (Co, Cr, Fe, Ni and V), factor Fb2 was equivalent to
Factors 3 and 5 (Cd, Pb, Zn, Hg and Cu) and factor Fb3 was equivalent
to Factors 1 and 4 (dominated by Al, As, Fe and, to a lesser extent, Co
and Cr). This may indicate that the physicochemical characteristics
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have a greater influence on the concentrations of the elements than
their source of origin.

Comparison of the quantitative methods (PMF and SCS) of estimat-
ing the soil contribution, with Ti as the reference element (Figs. 3 and
A.7), showed that SCS produced much higher estimates than PMF.
This can be explained by the unusually high concentrations of Ti in
moss. Although the estimates obtained when Al was used as the refer-
ence element are also higher than the PMF estimates (with the excep-
tions of Ti and Hg), they are much closer to the one-to-one line. For
those elements for which almost all of the total amount in moss is de-
rived from Factors 1 and 4 (identified as soil factors) or Factors 3 and
5 (anthropogenic factors), the SCS and PMF estimates (with Al as the
reference element) are similar. The greatest discrepancies in the esti-
mates produced by these two techniques involved the elements for
which Factor 2 makes an important contribution. This factor may be re-
lated to activities that mobilize soil and rocky material leading to it
being deposited on the soil surface. Given that in this study the upper
5 cmof the soil was sampled, the contribution by Factor 2would be con-
fusedwith the soil contribution in calculating the SCS (the same also ap-
plies to the EFs). This confusion could lead to overestimation of the soil
input. Nonetheless, moss acts as a selective filter and does not accumu-
late all elements in the sameway (Varela et al., 2015). In addition, moss
has an extremely high level of temporal variability in the concentrations
of different elements (Boquete et al., 2011). Quantitative interpretation
of the element loads (i.e. concentrations) in moss is therefore not rec-
ommended, and a qualitative approach that indicates whether the
moss is enriched/contaminated or not is more appropriate. Although
use of the EFmethodwith Al as a reference element might seem appro-
priate, this method provides an index and does not correct the concen-
trations. Moreover, this index does not take into account the overall
data. Qualitative treatment of the data would ideally be done on the
corrected concentrations, after elimination of the soil contribution.

On the basis of the study findings, we can conclude that none of the
threemethods used fully satisfies the requirements for applying the soil
correction to the different concentrations of elements in the moss, for
the following reasons: i) the results of the EFmethod depend on the ref-
erence element used. In addition, there is no standard enrichment
threshold and the technique does not allow application of a soil correc-
tion to the data; ii) the SCS shares some of the problems of the EF
method and tends to overestimate the soil contribution; and iii) the
PMF has very restrictive assumptions, and interpretation of the results
depends on the experience and prior knowledge of the researcher. Ap-
proximate estimates of the element content contributed by soil can be
obtained using these techniques. However, as the methods have not
been validated, we recommend applying all possible methods of esti-
mating the soil inputs inmoss samples in order to enable robust conclu-
sions to be reached.

As there is no accurate and reliable method for estimating the pro-
portion of elements in moss that are derived from soil, it is important
to identify those elements for which the estimates should be made. In
this study, most of the 13 elements considered were classified into
one of three groups depending on the importance of the soil as a source
of the element in the moss samples. The first group, in which the ele-
ments have a mainly edaphic origin, includes Al, As and Fe. Although
As may be of soil origin, it is often attributed to agriculture activities
and burning of fossil fuels (e.g. Khiem et al., 2020; Ștefănuț et al.,
2019). In this study, As was assumed to be of edaphic origin due to
the comparison of the PMF factors and the results obtained after the ap-
plication of the EF and the SCS. The last two techniques indicated that
the As in moss was of edaphic origin and, considering that Factor 4 of
the PMF also included a high percentage of the variability in Al, the ori-
gin of the As is clearly edaphic (as also observed by e.g. Kuik and
Wolterbeek, 1995). The second group, in which there is scarcely any
contribution from the soil, comprises Cu, Zn and Cd. Enrichment of
these elements was detected in all or almost all of the SSs, with very
low contributions from Factors 1 and 4 (Fig. 2). The third group is
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composed by V, Cr, Co and Pb, with intermediate contribution from
the soil, enrichment in some SSs and part of the variability being ex-
plained by Factors 1 and 4 of the PMF. Within this group, Pb is unusual
because it is generally associated with anthropogenic inputs (e.g. Lazo
et al., 2018). However, Ti, Ni and Hg did not clearly belong to any of
the groups. Titanium was present at unusually high levels in moss, but
the entire concentration in moss is known to be derived from the soil
(Bargagli, 1998). Nickel (Fig. A.4) enrichment was observed almost all
of the SSs, although the percentage of the estimated soil contribution
(SCS method) was not negligible (Fig. 4). A similar finding was found
for Hg, as enrichment of this element was detected in almost all of the
SSs, but the percentage of the estimated soil contribution (PMFmethod)
was not negligible.

On the basis of the above, we recommend use of the moss biomon-
itoring technique for those metals for which edaphic corrections are
not required, i.e. those elements in which the edaphic contribution is
negligible (Cu, Zn and Cd). Interestingly, Cd is one of the few elements
for which there is a correlation between bulk deposition andmoss con-
centrations, possibly because of the absence of soil inputs (Aboal et al.,
2010; Boquete et al., 2017). In fact, the most extensive studies of atmo-
spheric biomonitoring with mosses focus on Cd and Pb (e.g. Harmens
et al., 2012) and, although the Pb is one of the elements for which soil
contributions are intermediate, Cd clearly falls in the group of elements
with negligible contributions from the soil. Likely, there are more ele-
ments with a minimal edaphic contribution such as Ag, Bi, I, Pd, Pt, Rh,
Sb and Se, which are elements with low concentrations in nature and
they are released, in significant quantities, by anthropogenic sources.

5. Conclusions

Comparison of the EF, SCS, and PMF methods showed that the
edaphic contribution to element concentrations in moss can be
interpreted in different, not equivalent, ways. Although the interpreta-
tions may be relatively similar, none of the three methods are reliable,
validated techniques for determining the edaphic input of elements in
moss samples. Nonetheless, and regardless of the technique used, use
of Ti as a reference element is not recommended because, at least in
the present study, it is present at unusually high concentrations inmoss.

Given the absence of reliable techniques for correcting the generally
important edaphic contribution of elements in moss, we recommend
only using moss for atmospheric biomonitoring of those elements
with very low edaphic contribution in moss and for which corrections
are not necessary (Cu, Cd and Zn in this study).
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