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17  Abstract

18  Transplanted mosses have been widely shown to be excellent tools for biomonitoring air
19 pollution; howevert, it is not clear how the functional groups present on their surfaces affect
20  the uptake of metal cations. In the present study, we examined differences in trace metal
21 accumulation in two terrestrial and one aquatic moss species, and investigated whether the
22 differences depended on their physico-chemical characteristics. In the laboratory, we
23 determined C, N and H contents in their tissues and obtained the ATR-FTIR spectra (to
24 identify the presence of functional groups). We also conducted surface acid-base titrations

25  and metal adsorption assays with Cd, Cu and Pb. In the field, we exposed transplants of each
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species near different air-polluting industries, and determined the mosses enrichment of Al
Cd, Co, Cr, Cu, Fe, Ni, Pb and V. Laboratory results demonstrated higher metal uptake
capacity in the terrestrial mosses Sphagnum palustre and Pseudoscleropodinm purum, compared to
that in the aquatic moss Fontinalis antipyretica, which can be attributed to a greater abundance
of acidic functional groups (i.e. negatively charged binding sites) on the surface of the
terrestrial mosses. The affinity of moss for certain elements depends on the abundance and
nature of surface functional groups. Accordingly, the metal concentrations generally reached
higher levels in §. palustre transplants compared to the other species, except for the uptake of
Hg, which was higher in F. antipyretica. However, the findings also suggest an interaction
between the type of environment (terrestrial or aquatic) and the moss characteristics that
may influence the abovementioned trend. Thus, irrespective of the physico-chemical
characteristics, metal uptake varied depending on the environment of origin of the mosses
“l.e. atmospheric or aquatic’. In other words, the findings suggest that species that
accumulate more metals in terrestrial environments will accumulate lower amounts of metals

in aquatic environments and vice versa.

Keywords: active biomonitoring, air pollution, moss bags, Psexdoscleropodinm purum, Sphagnum:

palustre, Fontinalis antipyretica
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1. Introduction

Air pollution in urban and industrial areas constitutes a major environmental and human
health problem (Shahid et al., 2017; Xue et al., 2022). Despite technological advances in air
pollution monitoring, biomonitoring remains an excellent option for evaluating atmospheric
deposition of pollutants, largely due to its low cost and the possibility of generating high
spatial resolution maps. Thus, in recent years, biomonitoring with mosses has made it
possible to detect previously unknown sources of pollution by certain elements (Donovan
et al., 20106) associated with important environmental health problems (Comess et al., 2021).
The spatial resolution that can be obtained makes these biomonitors particularly attractive
for use in urban environments, especially in the form of transplants (i.e. moss bags).
Maximising the uptake capacity of the biomonitor used in the moss bags transplant technique
is essential for optimizing this methodology. Thus, higher concentrations of pollutants can
be retained in the moss tissues, which facilitates their analysis and allows for shorter exposure
times. The exposure periods required when using moss bags as air biomonitors are currently
very long (usually 4-12 weeks; Ares et al., 2012, 2014; Capozzi et al., 2016), which detracts
from the temporal resolution of the technique. To further reduce the exposure period and
improve the temporal resolution, different approaches have been evaluated in recent years
(Ares et al., 2012): i) maximising the carrying capacity by pre-exposure washing (e.g. Di Palma
et al., 2010); ii) using devitalisation treatments (Giordano et al., 2009); and iii) selecting more
efficient species as biomonitors (e.g. Gonzalez and Pokrovsky, 2014). Behind these
methodological issues lies, perhaps more importantly, the generation of knowledge about
moss pollutant uptake processes. Although hundreds of studies have been conducted using
mosses as biomonitors, we are still far from having a good understanding of the processes
involved.

In relation to selection of the particular species used as biomonitors, one of the most

important criteria is that the structural and physico-chemical characteristics of the moss allow
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efficient uptake of elements (Ares et al., 2012). Whereas the thallus morphology determines
the capacity to accumulate particles and associated trace metals (Varela et al., 2023), the
cation exchange capacity (CEC) -which in turn depends on the specific surface area- and the
nature and density of functional groups present on the moss surface affect the adsorption
and uptake of cations (Varela et al., 2023).

Recent studies have indicated that Sphagnum sp., rather than other terrestrial moss species
such as e.g. Hypnum sp., Pseudoscleropodium purum and Brachytecinm rutabulum, was the best
candidate of those tested for use in the moss bag technique (except for monitoring Hg) based
on its physico-chemical characteristics (Gonzalez and Pokrovsky, 2014) relative to those of
P. purum (Ares et al., 2014, Capozzi et al. 2017). In recent studies (Debén et al., 2016, 2017)
the suitability of terrestrial Sphagnum sp. for biomonitoring aquatic ecosystems was tested and
its performance was compared with that of Fontinalis antipyretica, the aquatic moss species
most commonly used for biomonitoring aquatic systems. Surprisingly, the bioaccumulated
concentrations of most of the elements studied (e.g. Al, Fe, Hg, Pb, Zn, etc.) were higher in
the aquatic moss than in the terrestrial moss. Hence, there are two possible explanations for
the higher loadings observed in F. antipyretica: 1) the importance of the accumulation of
adhered particles in the uptake process, with F. antipyretica being more efficient in this respect
due to its morphological characteristics, ii) a higher density of functional groups responsible
for the biosorption of these elements in F. antipyretica, and iii) the environment of origin of
the mosses (atmospheric or aquatic) prior to its use as a biomonitor.

Based on preliminary findings, we hypothesize that higher metal loads will be reached in F.
antipyretica than in Sphagnum sp. and P. purum, unless there is a first-order interaction between
species and environment (i.e. atmospheric or aquatic) that affects the loads. To test this
hypothesis, we compared the efficiency as biomonitors of metal pollution of the aquatic
moss F. antipyretica with that of species of the genus Sphagnum (as previously mentioned, the

best candidate within the terrestrial mosses) and P. purum within the same environment of
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exposure, i.e. atmospheric. For this purpose, mosses should first be devitalized, as metal
loading is affected by moss metabolism. As demonstrated for both terrestrial and aquatic
mosses, devitalization results in a constant level of retention, as the retention capacity is
mainly due to uptake processes that are independent of the moss vitality (Adamo et al., 2007;
Giordano et al., 2009; Debén et al., 2016).

The main objective of the present study was to ascertain whether the aquatic moss F.
antipyretica, commonly used to biomonitor inland water quality, could be used to biomonitor
air pollution. We also evaluated whether the aquatic moss produced better results in
atmospheric environment than two terrestrial mosses commonly used as air biomonitors, i.e.
S. palustre and P. purum. Further, the study aimed to verify the possible effect of a first-order
interaction between species and environment (atmospheric or aquatic) on metal uptake
(related to particle adhesion and metal cation adsorption processes). For this purpose, a field
experiment was carried out to compare the accumulation capacity of several potentially toxic
elements in the aquatic moss F. antipyretica and the terrestrial mosses S. palustre and P. purum.
In addition, a detailed metal binding study was conducted in the laboratory with Cd, Cu and
Pb as target trace metals, in order to explore the mechanisms underlying metal adsorption
on the surface of the three mosses. These elements were selected because they exhibit high
affinity for reactive environmental (bio)surfaces (Davis et al., 2003; He and Chen, 2014;
Priyadarshanee and Das, 2021), and good correlations between atmospheric deposition and
moss metal content have also been obtained (Aboal et al., 2010).

2. Material and methods

2.1. Moss samples

The species selected for the study were the terrestrial moss Pseudoscleropodium purum (Hedw.)
M. Fleisch., the peat moss Sphagnum palustre L., and the aquatic moss Fontinalis antipyretica
Hedw. Samples of P. purum and F. antipyretica were collected from unpolluted sites in Galicia

(NW Spain), far from known sources of pollution. Briefly, P. purum was collected in a rural
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area with low pollution levels (X = 549690; Y = 4733662; UTM 29 N WGS84) and far from
main roads and population centres (Carvajal et al., 2010), whereas F. antipyretica was collected
from a small unpolluted stream (X = 530461; Y = 4740421; UTM 29 N WGS84). The species
S. palustrewas propagated by cloning from samples originally collected in the south of Sweden
and 7 vitro cultured (Beike et al., 2015; Di Palma et al., 2016) at the University of Santiago de
Compostela (Spain). Propagules of this species were grown in 5 L. bioreactors (Applikon
Biobundle) under axenic conditions until mature shoots were obtained. Under these
conditions, the moss material is grown free of contaminants (see Beike et al., 2015 for more
information).

Green apical parts of P. purum (Ares et al., 2012) and F. antipyretica (Debén et al., 2017) were
separated by hand for use in the experiments. However, whole shoots of S. palustre were
used, as all of the plant tissue was green and physiologically active (Beike et al., 2015). The
moss material was washed three times with bidistilled water (10 L H,O for each 100 g dry
weight — d.w.) and once with 10 mM EDTA (1 L of solution per 200 g d.w.), always with
shaking (20 min, 100 rpm). After blotting on filter paper to remove excess moisture, the
moss was devitalized by oven-drying in consecutive cycles (each of 8 h in duration) at 50, 80
and 100 °C (Ares et al., 2012; Debén et al., 2016), as bioconcentration of contaminants mainly
involves passive uptake processes that are independent of the vitality of the moss (Giordano
et al., 2009; Fernandez et al., 2010). The devitalized moss samples were used for physico-
chemical characterization of the moss surface and in field experiments, as explained below.
2.2. Physico-chemical characterization of the moss surface

In order to better understand metal accumulation and adsorption processes, the main
physico-chemical characteristics of the different moss species, including the chemical
composition, nature of the functional groups and surface charge, were determined.

2.2.1. Chemical characterization
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The C, N and H contents in the moss were determined using a LECO TruSpec CHN-1000
analyzer. To identify the presence of the different functional groups that characterise the
moss surface, ATR-FTIR spectra were collected over the wavenumber range 4000-600 cm®
', with a JASCO FT/IR-4200 spectrophotometer. Samples were ground, mixed
homogeneously and placed on a ZnSe ATR crystal plate to facilitate collection of the spectra.
For each sample, the spectra were obtained at a resolution of 1 cm™, from at least 50 co-
added scans. For F. antipyretica, the spectra were also collected after Cu”" and Cd*" adsorption.

2.2.2. Surface acid-base titrations

Acid-base titrations of the mosses were conducted at room temperature (~20 °C) at pH 3-
11 under an N atmosphere, following the protocol established by Gonzalez and Pokrovsky
(2014). Briefly, the potentiometric acid-base titrations were performed automatically in two
steps (acid and basic regions) with a Crison micropH 2002 pH meter, a Crison microBU
2030 burette and a Radiometer GK2401C combination pH electrode, which was calibrated
with Crison pH buffers prior to each titration. For the basic titration, 0.2 M NaOH was used
as the titrant solution, and for the acid titration, 0.05 M HNO;was used. For all titrations, 1
g d.w. L' moss suspensions were prepared in 50 mL of 0.01 M NaNOs. The centrifuged,
filtered supernatant collected after conditioning for 1 h was used as the reference solution,
and the excess of charge was calculated as the difference between the acid/base
concentration in the suspension and in the reference solution (Gonzalez and Pokrovsky,
2014).

Acid-base titration curves were obtained by plotting pH against the volume of titrant added
to the moss suspension. Surface charge curves were obtained by plotting surface charge (Q
in mmol per g of moss) against pH after correction of the blank (mmol of titrant consumed
by the supernatant after equilibration of the moss in the electrolyte solution for 1 h). The
point of zero charge (PZC) can be read from the surface charge curves at the pH where the

net charge on the moss surface equals zero.
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As an alternative to the Linear Programming Model (LPM), previously used to determine the
proton binding constants of bacteria and natural mosses (Pokrovsky et al., 2008; Gonzalez
and Pokrovsky, 2014), the charging behaviour (Q, surface charge in mmol g'') was simulated
in the present study according to a 2-site Langmuir-Freundlich type model (LF-2pos)
(Gondar et al.,, 2005). While the LPM model considers a large number of proton binding
sites, which increases the number of fitting parameters required, the LF-2pos model

considers a bimodal distribution (7 = 2) of the proton binding affinity to the surface:

= S ([HHK)™
0043 SUHIED

LT+ (HTR)™ W

where Oy (mmol g") is a parameter needed to account for the position of the surface charge
curves on the y-axis, i.e. the initial charge of the surface; S, is the abundance of the acidic
functional groups, in mmol g'; K; is the mean value of the proton binding affinity
distributions; and 7 defines the heterogeneity of the surface so that a value of 1 leads to a
Langmuir type equation. As the distribution is bimodal, the total abundance of acidic
functional groups was calculated as the sum of the abundance of the two types of groups: §;
+ 5> (mmol g™).

2.2.3. Metal adsorption

Moss suspensions (1 g L") were prepared in 0.01M NaNOj and aliquots of stock metal
solutions, i.e. 0.02M Cu(NO3)2, Pb(NO:s), or Cd(NOs3), were added and allowed to equilibrate

after buffering with 0.1 M NaOH or HNO; to pH 5. The metal concentrations used in the

experiments ranged between approximately 1.5%107 and 1.2 mM for Cu*", 2x10” and 0.4

mM for Pb**, and 4x10” and 0.4 mM for Cd*". Previous kinetic expetiments established the
equilibration time between consecutive additions at 5 — 15 min, depending on the
concentration of the metal ion and the type of moss (Di Palma et al., 2016). The pH was
measured with a Radiometer GK2401C electrode, which was calibrated using buffer

solutions. The free metal concentration in solution after adsorption was measured with ion
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selective electrodes (ISE) (ELIT Cu 2774; ELIT Cd 3893; ELIT Pb 3886; ELIT 003N LIAC
60651) connected to a Crison 2002 pH meter. Routine ISE calibrations were performed

using standard solutions of Cu*", Cd*" and Pb*" over a wide range of metal concentrations,

>
prior to each adsorption experiment, to test the Nernstian response of the electrodes. The
concentration of adsorbed metal was determined as the difference between the total amount
of metal added initially and the free metal concentration measured in solution. All
experiments were replicated (n = 2 or 3) to ensure reproducibility.

The results of the metal adsorption experiments were then analysed using empirical models,

such as the isotherm equations of Langmuir and Langmuir-Freundlich:

K C
Langmuir model (L): o = (ffwlzxc e) o
e
1
K rC
Langmuir-Freundlich model (L-F): .= Qmax (KLrCe)n o)

1+ (KypCom
where ¢. is the concentration of metal adsorbed on the moss per unit of mass (mg g); C. is
the concentration of metal in solution (mg L"); O, is the maximum adsorption capacity of
the moss species (mg g"); K. and Ky are the Langmuir and Langmuir-Freundlich adsorption
constants, respectively, which are related to the affinity of the metal for the binding sites on
the moss surface; and 7 is an empirical parameter defining the heterogeneity of the system.
Although these adsorption isotherms do not consider ion-exchange as a possible mechanism,
they are commonly used in biosorption because interpretable constants can be easily
incorporated and provide a broad framework for comparison of different biosorbents
(Lodeiro et al., 2004).

2.3. Field experiment

2.3.1. Preparation of moss transplants

Devitalized moss samples were used to prepare the transplants. Rectangular flat bags (6 x 4

cm) were made from glass fibre mesh (2 mm), previously washed with 30% HNO; (24 h) to
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eliminate any trace contaminants. The moss was placed in the bags (720 mg d.w. and sample
density, 15 mg cm™), which were then sewn with nylon thread, to prevent displacement of
the moss inside the bag while minimizing overlapping and compression of the moss (Ares et
al., 2012; 2014). The transplants were stored in vacuum-sealed bags until exposure. Three
aliquots of moss material from each species were stored for subsequent determination of the
initial concentration of the pollutants prior to exposure (to) (Couto et al., 2004). Additionally,
three transplants of each type (controls) were vacuum sealed and transported to the field to
check for contamination during recovery and transportation of the bags at the end of the
exposure period.

2.3.2. Sampling set-up

The study was carried out at eight sampling sites (SS) located in the surroundings of five
industrial sites in Galicia (NW Spain) (Fig. 1 and Table SM1, Supporting Material). The sites
are characterized as sources of emission of Al, Cd, Cr, Cu, Fe, Hg, Ni, Pb and V to the
environment (Varela et al., 2014; Garcia-Seoane et al., 2019). At each SS, three replicates of
each type of transplant (i.e. of each moss species, 3 x 3 = 9) were suspended from a fibreglass
pole, held perpendicularly over street lamps at 4 m height (following the procedure
recommended by Ares et al., 2012). The experiment was carried out between November
2016 and January 2017 (exposure period, 8 weeks), i.e. for a long enough period to ensure
detection of consistent trace metal uptake in the moss (Capozzi et al., 2016). The exposed
transplants were then removed from the poles and immediately stored in plastic bags and
transported to the laboratory.

2.3.3. Chemical analysis

The moss samples were oven dried at 40 °C, homogenized in an ultracentrifugal mill (Retsch
MM400) inside zirconium vessels and stored in glass vials until chemical analysis. Samples
were oven-dried again (40 °C) before analysis and 0.2 g d.w. aliquots were digested with 8

mL of HNO; (Hiperpur) and 2 mL of H>O: (30%, Sigma Aldrich) in Teflon bombs in a

10
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microwave oven (Ethos-1 Milestone). The concentrations of Al, Cd, Co, Cr, Cu, Fe, Ni, Pb
and V were determined by inductively coupled plasma mass spectrometry (ICP-MS Agilent
7700x). In addition, 0.2 g d.w aliquots of samples were used to determine Hg concentrations
in an elemental analyser (Milestone DMASO).

Standard reference materials M2 and M3 (terrestrial moss Pleuroginm schreberi; Steinnes et al.
1997) were analysed for quality control of the measurements (once every ten samples). To
calculate the percentage error in the analysis, one analytical replicate was also analysed every
10 samples. To control for any possible contamination in the analytical process, one blank
was included every 10 samples. The analytical quality of data was generally satisfactory.
Recovery levels for reference material M2 were 95-105% for Al, Hg and V, 70-95% for Cd,
Cr, Ni and Fe, and 55-75% for Co and Pb. For reference material M3, the recovery levels
were 95-120% for Al, Fe, Hg and V, 70-95% for Cd and Ni, and 50-70% for Co, Cr, Cu and
Pb. The concentrations obtained were always above the limits of quantification (LOQ). The
percentage difference between analytical replicates was always less than 10% for each
element. The unexposed moss material (to and controls) was analysed following the same
procedure as the samples.

2.3.4. Data treatment

Prior to data analysis, contamination during the transportation process and handling of the
bags was checked by comparing the initial concentration of each element in unexposed moss
samples (ty) with control bags using the non-parametric Mann-Whitney U test.

Lilliefor’s modification of the Kolmogorov-Smirnov and Levene tests were used to check
the normality of the data distribution and homogeneity of variances, respectively. As the data
were not normally distributed, the non-parametric Scheirer-Ray-Hare test (equivalent to a
Two-Way ANOVA; Dytham, 1999) was used to determine whether the concentrations of
the different elements varied significantly (»<0.05) between sampling sites and moss species.

Sampling sites, moss species, as well as their interaction were used as predictors in the

11
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following model: Concentration ~ Sampling site X Species. When significant differences
were detected, non-parametric Kruskal-Wallis and Bonferroni post-hoc tests were used to
identify homogeneous subgroups. Differences between moss species were further examined
in sampling sites classified as “contaminated”. Briefly, density distributions were estimated
for the concentrations of each element (n = 72) by kernel smoothing. Values on the left side
of the modal value (mode) calculated for each distribution were used to generate the values
on the right side of a symmetrical distribution. A unimodal distribution was obtained for the
subset of data with the lowest concentrations (i.e. unpolluted SS). The 0.99 percentile was
subsequently calculated for this new dataset and used as a cut-off value for each element;
thus, when elemental concentrations in the samples (for the three moss species) were higher
than this value, the SS was categorised as “contaminated”. Details of the procedure for
selection of contaminated SS can be found in Garcia-Seoane et al. (2019). Statistical analysis
was performed in R-3.4.0 statistical software (R Core Team, 2020) using the “FSA” (Ogle et
al., 2019), “KernSmooth” (Wand and Ripley, 2006) and “rcompanion” (Mangiafico, 2018)
packages. Enrichment of the different contaminants in the transplants was calculated as net
enrichment (NE), defined as the difference between the concentrations at the end of the
exposure period and the initial concentrations in the moss (to) (Couto et al., 2004; Ares et al.,
2012).

3. Results

3.1. Chemical characterization

According to the elemental analysis, the S. palustre samples contained less C than the P. purum
and F. antipyretica samples (41.2, 44.3 and 44.9%, respectively). No considerable differences
in the H content of the mosses were observed (6.44, 6.26 and 6.50%, respectively), although
the aquatic species F. antipyretica contained almost three times more N (3.70%) than the

terrestrial P. purum and S. palustre (1.14 and 1.31%, respectively).
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Comparison of the ATR-FTIR spectra of the three mosses (Fig. 2) revealed that most bands
are common to all species, which indicates the similarity of the functional groups (see band
assignation in Table SM2, Supporting Material). Comparison of the F. antipyretica spectra
collected before and after adsorption of Cu** and Cd** (Fig. SM1, Supporting Material)
revealed a slight shift in the wavenumber in some specific bands, which can be attributed to
the interaction between functional groups on the surface of the mosses and the heavy metals
(Table 1). The bands generated by the vibration of single bonds involving O atoms (alcohols
or carboxylic groups) were equally shifted after Cu and Cd adsorption, indicating that these
functional groups participate in the adsorption of both metals. On the other hand, bands due
to aliphatic C—H vibrations are not affected by the adsorption process, indicating that these
groups do not participate in the process.

3.2. Surface charge behaviour

The acid-base titration curves and the corresponding PZC values for the different moss
species are shown in Fig. 3. The PZC values obtained for the studied species ranged in a
narrow pH interval (0.24 pH units): F. antipyretica (4.51); P. purum (4.60) and S. palustre (4.75).
Among the different moss species, S. palustre showed a greater change in the surface charge
in the pH range studied, while F. antipyretica showed the lowest change in the surface charge.
The change in the surface charge was calculated as the sum, in absolute values, of the highest
and the lowest values of the charge for each moss in the surface charge curve at pH 3-10.
The following approximate values were obtained (mmol g"): S. palustre (~0.74) > P. purum
(~0.62) > F. antipyretica (~0.30).

As indicated above, the surface charge curves (Fig. 3) were simulated using the 2-site
Langmuir-Freundlich equation (equation 1). From the fitting results (Table 2), the total
abundance of acidic functional groups in the mosses differed in the following decreasing
otrder: S. patustre (1.93) > P. purum (1.68) > F. antipyretica (0.41). The log K; values ranged

between 2.67 and 3.97, and the /g K> values ranged between 7.86 and 11.08, with S. palustre
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showing the highest values for both constants. The abundance of functional groups was also
calculated by the LPM model, which included 8 to 9 functional groups and 17 to 19 fitting
parameters (whereas the simplified LF-2pos model only included 2 functional groups and 7
fitting parameters). The total abundance of functional groups calculated using both models
was different, normally higher with the LF-2pos model, but there was a good linear
correlation between the models (#* = 0.9998, p<0.01). In addition, the total concentration of
acidic binding sites (57 + S2, equation 1) was directly related to the PZC in the mosses.

3.3. Metal adsorption isotherms

The adsorption experiments conducted in aqueous media showed the same trend in the
retention capacity of Cu, Cd and Pb at pH 5 in all mosses for (Fig. 4): S. palustre > P. purum
> F. antipyretica. As observed from the surface charge of the mosses, S. palustre exhibited the
highest absolute and negative surface charge, which makes it the most efficient adsorbent
for metal cations, since it has the highest density of negatively charged sites on the surface.
By contrast, F. antipyretica, which has the lowest absolute and negative surface charge, should
be the poorest metal cation adsorbent. As observed in Table 3, comparison of the maximum
adsorption capacity (O...) of a given moss for the three metals shows that the general trend
followed the order Pb > Cu > Cd (Table 3 and Fig. SM2, Supporting Material), although in
S. palustre the highest Q.. corresponded to Cu. Finally, the aquatic moss (F. antipyretica)
showed a lower capacity than the terrestrial mosses to adsorb the selected trace metals.
Another significant relationship between the abundance of proton binding sites on the
mosses surface and the corresponding adsorption capacity to remove metals from aqueous
systems can be established (Fig. SM3, Supporting Material). This effect appeared to be more
pronounced for Cu (y = 12.859x + 17.023; »» = 0.885, p<0.1), with a slope which is
approximately 5 times the Cd slope (y = 2.724x + 6.110; 7 = 0.894, p<0.1) and 2 times the
Pb slope (y = 7.781x + 28.014; * = 0.948, p<0.05).

3.4. Field experiment
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The Mann-Whitney U test did not indicate any significant differences (p<<0.05) between to
(see initial concentrations in the moss in Table SM3, Supporting Material) and control bags,
and there was therefore no evidence of sample contamination during transportation and
handling (Table SM4, Supporting Material).

The results (Fig.1) showed net enrichment of the different elements determined in the three
moss species at each sampling site. At the end of the exposure period, metal enrichment was
observed at all sites, except for Co in F. antipyretica (in SS2-SS8) and Ni in the same species
(in SS7 and SS8). The Scheirer-Ray-Hare test showed that there was no significant first-order
Sampling site x Species interaction (p>0.05) (Table SM5, Supporting Material). However,
significant differences were detected between SS for all the elements measured (p<0.05;
Table SM5, Supporting Material). Significant differences between the three moss species
(p<0.05) were also found for net enrichment of Cd, Co, Hg and Ni (Fig. 1; Table SM5,
Supporting Material). No significant differences between species were found for the other
elements. A more detailed evaluation of the net enrichment (Fig. 1) revealed that, although
not always significant, the elements displayed the same inter-species differences in most of
the sampling sites: 1) S. palustre > P. purum > F. antipyretica (Al, Cd, Co, Fe and Ni); ii) S. palustre
> P. purum = F. antipyretica (Cr, Cu and Pb); and iii) F. antipyretica >>> P. purum = S. palustre
(Hg). No clear differences between species were observed for V. The 0.99 percentile values
calculated for each element are also shown (Fig. 1). In all three moss species, net enrichment
exceeded the percentile value calculated for Al (in SS1 and S§4), Cd (SS1 and §S86), Co (SS1),
Cr (SS5 and SS6), Pb (SS1, SS5 and SS6) and V (SS4), thus distinguishing these SS as the
most polluted by these elements. Except for Pb in S§1 and V in 854, net enrichment in these
polluted sites was highest in S. palustre.

4. Discussion

Regarding the practical objective of using F. antipyretica to monitor air pollution, the clear

conclusion reached from the results of both the laboratory and field experiments is that,
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except for monitoring Hg (for which using this species is recommended), we encourage to
use preferably one of the two terrestrial mosses. The ranking of the species regarding the
concentrations reached was generally the same (i.e. S. palustre > P. purum > F. antipyretica),
both in laboratory experiments (adsorption of Cd, Cu and Pb conducted in aqueous medium)
and in the field experiments, for most of the elements (significantly for Cd, Co and Ni in S.
palustre > F. antipyretica), except Hg (discussed later). However, although the previous
sequence was altered in the surroundings of certain industries, the order was maintained for
elements such as Al, Cu and Fe regardless of the level of pollution detected. In addition, Cr
and Pb concentrations were higher in S. palustre than in the other species, while for V the
results are not clear.

A possible explanation for these results is that the species are ranked in the same way in
relation to i) PZC (Fig. 3), ii) change in the surface charge in the pH range studied (Fig. 3),
iif) abundance of functional groups with acidic character (Table 2) and iv) the values obtained
for log K; and for /log K> (with the exception of /g K, the value of which was higher in F.
antipyretica than in P. purum). The results of the acid-base titrations are similar to those
obtained by Gonzalez and Pokrovsky (2014) and Gonzalez et al. (2016). The PZC and the
abundance of proton binding sites obtained by these authors for P. purum were 4.96 and 0.55
mmol g, respectively. Whereas Gonzalez and Pokrovsky (2014) and Gonzilez et al. (2016)
used a non-linear fit (LPM), the present study used a simplified model (LF-2pos), supported
by the information extracted from the ATR-FTIR spectra. This technique suggests that
oxygenated groups including carboxylic and alcoholic or phenolic functional groups are the
main groups participating in metal binding. Previous studies confirmed that these groups
participated in Cu binding in Sphagnum peat mosses (Gardea-Torresdey et al., 1996; Tipping
et al., 2008; Gonzalez and Pokrovsky, 2014). Brown (1982) attributed an array of surface
binding sites in bryophytes similar to that used for humic substances, i.e. carboxylic acid

groups and weaker oxygen-based ligands such as phenolic ligands. Considering these
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similarities, use of humic acids as surrogates to describe bryophyte binding sites is valid
(Tipping et al., 2008) and application of a model previously used for humic and fulvic acids,
L.e. the LF-2pos equation (Gondar et al., 2005), seems appropriate for explaining the acid-
base reactions in moss tissues. The advantage of this model over the LPM is that it can be
used even when the number of data points in the acid-base titration of the moss tissue is
limited. The good linear correlation between both models indicates that the comparison is
teasible. The aquatic moss F. antipyretica falls in the lower range of the total concentration of
acidic binding sites (57 + S, equation 1) and the PZC. Although the PZC was similar in all
the mosses, the aquatic and terrestrial mosses differ in regard to the abundance of proton
binding sites, with the terrestrial species shifting towards higher values. The first protonation
constant was similar in the aquatic and terrestrial mosses, but F. antipyretica showed a much
lower log K; value (7.806) than the terrestrial species (approximately 11). This difference may
also be related to the different metal binding behaviour observed for this aquatic species.

Although the Langmuir and Langmuir-Freundlich isotherm models were equally valid for
describing metal binding on the mosses, according to the correlation coefficient and RMSE
values (Table 3 and Table SM6, Supporting Material), the logarithmic plot of the adsorbed
against solution concentrations provided a better fit at low metal loadings when the
Langmuir-Freundlich equation is used (Fig. SM4, Supporting Material). This indicates that
the moss surface shows intermediate behaviour between purely Langmuir and purely
Freundlich models (Koopal et al., 2020). The metal binding capacity varies according to the
moss species and the targeted trace metal. Thus, the maximum adsorption capacity (mg g™)
ranged from 23.1-45.2, 31.0-42.7 and 7.39-12.1, for Cu, Pb and Cd respectively. These values
are similar to those determined in other studies with terrestrial and aquatic mosses (Vazquez
et al., 1999; Martins et al., 2004; Sari et al., 2008; Gonzalez et al., 2016; Di Palma et al., 2019).
Gonzalez and Pokrovsky (2014) reported a similar trend regarding the relative binding

capacity of mosses for these metals. In general, Cd showed lower affinity for the moss
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surface, while Cu and Pb showed similar affinities. Among the studied mosses, F. antipyretica
showed lower metal binding capacity, which is consistent with the surface charge behaviour
of this moss species, i.e. lower total surface charge and lower abundance of proton binding
sites. In biomonitoring studies using mosses, the strongest relationships between
atmospheric deposition and moss metals content were obtained for Cd and Pb (Aboal et al.,
2010), which probably explains why these metals are included in many studies. In the case of
S. palustre, which belongs to the genus most commonly used in biomonitoring, these two
elements show the highest affinities based on the values of the /&g Kir (Table 3); this also
happens for F. antipyretica and similarly for P. purum (although in this case the affinity constant
of Cu is similar to that of Cd). However, the results obtained for the maximum adsorption
capacity (On.) cannot be explained in this way because for all moss species the binding
capacity was higher for Cu than for Cd.

Exceptionally, for Hg, the order of the concentrations reached in the field seems to be the
opposite of the aforementioned trend (i.e. F. antipyretica > P. purum > S. palustre), as previously
observed in comparisons of species of the genus Sphagnum with P. purum (Ares et al., 2014;
Capozzi et al., 2017). This element differs from the other metals studied given its electronic
characteristics, such as its ionic radius and especially its very high covalent index, which
makes it a Class B element (nitrogen/sulphur-secking metal ions; for further detail see
Nieboer and Richardson, 1980). Unlike the other elements (mostly bordetline, intermediate
preference, except for Al, which is a Class A, oxygen-seeking metal ion) in which the
adsorption process seems to be almost exclusively due to the carboxylic and alcoholic or
phenolic groups, adsorption of Hg is due to other groups. Pérez-Llamazares et al. (2009)
verified the very strong affinity of the -SH group for this element in P. purum, although it
could also be due to amine (the N concentration is three times higher in F. antipyretica than

in the other two species) and polyphenol binding sites. Unfortunately, no differences were
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found between the moss species in the ATR-FTIR spectra at the wavelengths corresponding
to these groups.

The tendency of Sphagnum species to display a higher uptake capacity than P. purum under
tield conditions has already been reported. Ares et al. (2014) observed this by comparing the
uptake capacity of S. denticulatum and P. purum for Cd, Cu and Pb, obtaining less clear results
for Zn. Capozzi et al. (2017) also showed this trend with the same species used in the present
study, concluding that S. pa/ustre has a greater loading capacity for Al, Ba, Cu, Hg, Pb and Sr.
However, this is a generalization, and biomonitoring results always reveal exceptions in
different industrial environments. The reason for the difference between the results of the
laboratory and some of the field experiments -in relation to the order in which the species
are ranked- is that in the latter case, in addition to the adsorption processes, the amount of
particulate material that these species are able to retain on their surfaces also plays a role. In
this experiment the mosses were devitalised, so that differences in metabolic contribution or
intracellular transport can be disregarded.

On the other hand, it is important to consider that field experiments involve a
multicomponent system in which the different metal cations are competing for the same
binding sites on the moss surface, whereas only single-cation adsorption systems have been
monitored in laboratory experiments. Thus, there is clearly an interaction between the
characteristics of the pollutants (e.g. dissolved metals, particulate matter, and the fingerprint
of the metal concentration that would affect competition) and the moss species. This would
explain why Debén et al. (2017) obtained higher metal concentrations in F. antipyretica than
in S. denticulatum in aquatic environments, despite the lower adsorption capacity of the former
species in the laboratory, as it has recently been proven that particulate material largely
contributes to metal concentrations in F. antipyretica, sometimes more than 40% of the total
in the moss (Real et al., 2021). From a methodological point of view, distinguishing the

contribution made by particles and adsorbed material to moss metal loads is still far from
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being resolved (Pérez-Llamazares et al., 2013; Spagnuolo et al., 2013) and appears complex,
since the capacity to retain particles may be related to the specific surface area which, in turn,
may depend on the number of binding sites. Thus, it is difficult to differentiate the metal
load due to particle retention from that due to adsorption, as species with a larger specific
surface area (e.g. S. palustre) will have more binding sites.

5. Conclusions

The moss species studied differ in their affinity for the elements considered (i.e. related to
atomic properties and the solution chemistry of metal ions, grouping metal ions according
to their binding preferences). In the atmospheric environment, S. palustre (but also P. purum)
seem to be the best choices for biomonitoring Class A elements (oxygen-seeking metal ions)
or borderline elements (intermediate preference for O- and N- or S- ligands), while F.
antipyretica is the most suitable for biomonitoring Hg (classified as Class B, nitrogen/sulphut-
seeking metal ion). This is due to differences in physico-chemical characteristics, especially
the density of ligands, with much greater numbers of oxygenated groups involving carboxylic
and alcoholic or phenolic functional groups in . palustre, followed by P. purum. Thiol, amine
and polyphenol groups are probably more abundant in F. antipyretica, although further
research is required to clarify this.

The results of the laboratory experiments (acid-base titrations and metal adsorption
experiments) highlichted the relationship between metal concentrations and moss
characteristics: i) point of zero charge; ii) change in the surface charge in the pH range
studied; iii) abundance of functional groups with acidic character; and iv) the values obtained
for /og Ky and for /og K>. Furthermore, the LF-2pos equation (model previously used for humic
and fulvic acids) provided optimal results for simulating proton binding in mosses.

The concentrations reached in the exposed mosses indicate that metal uptake processes not
only depend on the physico-chemical characteristics of the mosses, but are also influenced

by the specific characteristics of the industrial scenario and maybe also by the environment
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of origin of the mosses, ie. terrestrial or aquatic. The underlying causes may include
competition between different metal cations for the moss surface binding sites, the nature
of the metal cations (particulate or dissolved) or both. In addition, the relationship between
the amount of metal retained by the mosses and the abundance of surface sites confirms that
proton/metal competition is a major driver of metal bioconcentration in bryophytes.
Laboratory experiments should be extended to a wider range of metals in order to assess the
usefulness of this correlation as a tool for predicting the metal uptake capacity of different

mosses.
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708
709  Tables
710  Table 1. Comparison of some characteristic wavenumbers of the Fontinalis antipyretica ATR—
711  FTIR spectra before and after Cu®* or Cd** adsorption. Shift—-Me indicates the shift in
712 wavenumber before and after Cu®" or Cd** adsorption; A(Cu—Cd) shift represents the
713 difference between the shifts in the wavenumbers observed after Cu and Cd adsorption.
714
Wavenumber (cm™)
Before After Cu After Cd Shift— Shift— A(Cu- Assignation
adsorption adsorption adsorption Cu Cd Cd) shift
3344 3334 3334 10 10 0 O-H, N-H
2922 2920 2924 2 -2 -4 C-H in CH; and CH»
1543 1542 1539 1 4 3 C=0
1372 1372 1373 0 -1 -1 Aliphatic C-H
1239 1243 1243 -4 -4 0 C-Cand C-O
1028 1025 1025 3 3 0 O-H, C-Oin secondary

alcohols and ethers

715
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716  Table 2. Acid-base fitting parameters of the 2-position Langmuir-Freundlich model for

TVT  Sphagnum palustre, Pseudoscleropodium purum and Fontinalis antipyretica. d.w.: dry weight.

718
S. palustre  P. purum  F. antipyretica
log K, 3.97 2.67 3.72
log K> 11.08 10.98 7.86
S; (mmol g"' d.w.) 1.04 0.75 0.16
S> (mmol g d.w.) 0.89 0.93 0.25
i 0.28 0.57 0.95
vz 0.98 0.23 0.48
R? 0.998 0.999 0.998
RMSE 0.019 0.002 8x10-4
719
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720  Table 3. Langmuir-Freundlich fitting parameters for the adsorption of Cu, Cd and Pb by

721 Sphagnum palustre, Psendoscleropodinm purum and Fontinalis antipyretica.

722
S. palustre P. purum F. antipyretica
Cu log Ky r 0.12 0.20 0.05
O (mg g™ 45.2 34.6 23.1
n 1.64 1.55 2.58
R’ 0.99 0.98 0.98
RMSE 26.9 48.02 21.1
Cd log Ky r 0.31 0.18 0.19
O (mg g™ 121 9.87 7.39
n 1.04 1.02 1.10
R’ 0.99 0.99 0.99
RMSE 2.178 2.659 0.641
Pb log K r 0.28 0.29 0.23
O (mg g7 40.7 42.7 31.0
n 1.11 0.80 0.94
R? 0.98 0.99 0.97
RMSE 102.2 34.5 113.2
723
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745
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Figure captions

Fig. 1. Net enrichment * SE (#»=3) of Al, Cd, Co, Cr, Cu, Fe, Hg, Ni, Pb and V found in
moss transplants of the species Sphagnum palustre (Sp, light grey bars), Pseudoscleropodiunm: purum
(Pp, black bars) and Fontinalis antipyretica (Fa, white bars) exposed in the sampling sites (1-8)
under study. Enrichment of Al and Fe is expressed in mg g ' dry weight (d.w.), while
enrichment of Cd, Co, Cr, Cu, Hg, Ni, Pb and V is expressed in pg ¢”' d.w. Horizontal
dashed lines correspond to the 0.99 percentile value calculated for each element (see section
2.3.4.). Vertical dashed lines group the SS by their proximity to the 5 industries under study
(further details in Table SM1). Asterisks indicate significant differences between species
according to the Bonferroni post-hoc test (*: p<<0.05). Note: vertical axes have been cut off
in Cd, Co, Cr, Fe, Pb and V plots to facilitate interpretation of the data. At the bottom of
this figure, map showing the location of the study area in NW Spain and the eight selected
sampling sites affected by different degrees of industrial contamination (A): FS, ferrous-
smelter; CF, ceramic factory; PW, paper and wood production with cogeneration; and PP,
coal-fired power plant. (1) and (ii) refer to two different industries with the same activity (to
facilitate interpretation of the colours used in this figure legend, see the online version of this
article).

Fig. 2. ATR-FTIR spectra of the three native mosses Sphagnum palustre, Pseudoscleropodium
purum and Fontinalis antipyretica in the region 1800 — 900 cm™ showing the main peaks
assignation.

Fig. 3. Surface charge vs. pH curves derived from the acid-base titration of the moss species
Sphagnum palustre, Psendoscleropodinm purnm and Fontinalis antipyretica in 0.01 M NaNOj; using 1
g dry weight L. biomass. The lines represent the fits of the 2-site Langmuir-Freundlich model

(see text for further details).

32



748  Fig. 4. Metal adsorption on the moss species Sphagnun palustre, Psendoscleropodinm purum and
749 Fontinalis antipyretica at pH 5: A) Cu; B) Cd and C) Pb. Symbols represent experimental data,

750  and lines represent the Langmuir-Freundlich isotherm fits.
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Tables

727  Table 1. Comparison of some characteristic wavenumbers of the Fontinalis antipyretica
728  ATR-FTIR spectra before and after Cu** or Cd*" adsorption. Shift—-Me indicates the shift
729  in wavenumber before and after Cu*" or Cd*" adsorption; A(Cu—Cd) shift represents the
730 difference between the shifts in the wavenumbers observed after Cu and Cd adsorption.
731
Wavenumber (cm™)
Before After Cu After Cd Shift— Shift— A(Cu—- Assignation
adsorption adsorption adsorption Cu Cd Cd) shift

3344 3334 3334 10 10 0 O-H,N-H

2922 2920 2924 2 -2 —4 C-H in CH; and CH,

1543 1542 1539 1 4 3 C=0

1372 1372 1373 0 -1 -1 Aliphatic C-H

1239 1243 1243 -4 -4 0 C-Cand C-O

1028 1025 1025 3 3 0 O-H, C-O in secondary

alcohols and ethers
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733 Table 2. Acid-base fitting parameters of the 2-position Langmuir-Freundlich model for

734 Sphagnum palustre, Pseundoscleropodium purum and Fontinalis antipyretica. d.w.: dry weight.

735
S. palustre  P. purum  F. antipyretica
log K, 3.97 2.67 3.72
log K> 11.08 10.98 7.86
S; (mmol g"' d.w.) 1.04 0.75 0.16
S> (mmol g d.w.) 0.89 0.93 0.25
i 0.28 0.57 0.95
vz 0.98 0.23 0.48
R? 0.998 0.999 0.998
RMSE 0.019 0.002 8x10-4
736
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737  Table 3. Langmuir-Freundlich fitting parameters for the adsorption of Cu, Cd and Pb by

738 Sphagnum palustre, Psendoscleropodinm purum and Fontinalis antipyretica.

739
S. palustre P. purum F. antipyretica
Cu log Ky r 0.12 0.20 0.05
O (mg g™ 45.2 34.6 23.1
n 1.04 1.55 2.58
R’ 0.99 0.98 0.98
RMSE 26.9 48.02 21.1
Cd log Ky r 0.31 0.18 0.19
O (mg g™ 121 9.87 7.39
n 1.04 1.02 1.10
R’ 0.99 0.99 0.99
RMSE 2.178 2.659 0.641
Pb log K r 0.28 0.29 0.23
O (mg g7 40.7 42.7 31.0
n 1.11 0.80 0.94
R? 0.98 0.99 0.97
RMSE 102.2 34.5 113.2
740
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