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GENERAL INTRODUCTION AND OBJECTIVES






INTRODUCTION

Terrestrial bryophytes are widely used to estimate the levels of contaminants in the atmosphere. The
so-called “moss biomonitoring technique” was developed in the Nordic countries at the end of the 1960s
(Ruhling and Tyler, 1968; Tyler and Ruhling 1970) as a means of studying the atmospheric deposition
of heavy metals. Bryophytes are often considered as ideal organisms for use as biomonitors because
of particular characteristics that confer them with a high cation exchange capacity, which enables them
to capture and accumulate contaminants from atmospheric deposition. In addition, they can also retain
particles (which become strongly bound to their tissues), they are widely distributed in various types of
habitats, and they can be easily and inexpensively maintained in the laboratory. Use of the technique has
spread to other European countries, and mosses have been used to estimate the levels of different types
of contaminants: organic compounds (e.g. Knulst et al., 1995; Lead et al., 1996; Orlinski, 2002; Gerdol
et al., 2006; Carballeira et al., 2006), radioactive elements (e.g. Sawidis and Heinrich, 1992; Triulzi et al.,
1996), non metals, such as nitrogen (e.g. Harmens et al., 2011), and halogens, such as fluorine (e.g.
Real et al., 2003).

The success of the technique has led to the creation by the United Nation Economic Commission for
Europe (UNECE) of a European monitoring programme (The International Cooperative Programme on
Effects of Air Pollution on Natural Vegetation and Crops: ICP Vegetation), which uses bryophytes to mo-
nitor the atmospheric deposition of heavy metals, nitrogen and persistent organic pollutants (POPs). The
aims of the biomonitoring network are to obtain qualitative and quantitative measures of the atmospheric
deposition of heavy metals in Europe, to locate the sources of emission of these contaminants, to cons-
truct maps of regional patterns of contamination and to carry out retrospective comparisons of the results
of different surveys.

Since 1995, the Ecotoxicology research group at the University of Santiago de Compostela has carried
out numerous studies aimed at optimizing the technique of biomonitoring air quality using terrestrial mos-
ses, mainly Pseudoscleropodium purum (Hedw.) M. Fleisch. This bryophyte is widely distributed in tem-
perature regions in the northern hemisphere and is particularly abundant in Galicia. Pseudoscleropodium
purum is one of the easiest mosses to recognize in the field and handle in the laboratory. It is a robust,
green or yellow-green plant with more or less regularly pinnate shoots, of 10 cm or longer, and relatively
short branches (the shoots are therefore feather-like). The leaves are erect, loosely appressed and over-
lapping, only a little longer than wide, and deeply concave. This gives the typically 2 mm wide shoots a
stout, fat appearance. The leaves are about 2 mm long, broadly rounded or broadly pointed, and their
most distinctive feature is the presence of a small, curved point at the tip. At the tip of the stem and new
branches, the crowded points of the leaves protrude in the form of a miniature crown (older branch tips
may become more attenuated). The leaves have a single nerve. Branch leaves are similar to the stem
leaves, but a little smaller. Capsules are rare.

Despite the concerted research effort of the group (more than 50 international publications in the last 15
years), further research on some aspects (methodological and ecophysiological) of the technique is still
required to optimize the use of P. purum as a biomonitor. Most importantly, there is not yet a standardized
scientifically-based protocol for applying the moss biomonitoring technique. The protocol first proposed
by Ruhling (1989) has been minimally modified to produce the current version (Harmens et al., 2005).
Delimitation of the sampling sites is one of the key factors involved in applying the technique, as this will
greatly affect the results obtained. However, the optimal dimensions of the sampling sites have not yet
been established scientifically. In Chapter | of this doctoral thesis, | address the need to standardize the
method, beginning by establishing the optimal size of sampling sites for use of the moss P. purum as a
biomonitor.

The next important step is to test the suitability of P. purum for biomonitoring other types of contaminants
that are not usually studied in moss, but that are relevant to air quality, such as nitrogen (which | consider
in Chapter Il). Nitrogen emissions have increased in the last few decades as a result of the increased
demand for food and energy worldwide. Deposition of atmospheric N derived from different anthropogenic
activities has thus become the major source of N in some ecosystems. However, studies carried out to
date have shown only a weak relationship between the deposition of N and its accumulation in moss
tissues. This weak relationship may be explained by regulation of the tissue contents of N in mosses;
indeed, the importance of N in bryophyte metabolism has already been identified (e.g. Koranda et al.,
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2007; Arréniz-Crespo et al., 2008). A method involving determination of the relative content of the stable
isotopes of nitrogen (**N and **N) by measuring the 3**N ratio has recently been proposed (Zechmeister
et al., 2008) as an alternative to the biomonitoring method based on measurement of the total concentra-
tion of N in mosses.

The increased industrialization of many areas in recent decades has also created the need for a method
of characterizing atmospheric depositions that would enable temporal changes in these to be identified
and that would also enable different industries to improve their performance in relation to the environ-
ment. The industrial sector is the main cause of emissions of heavy metals and metalloids to the atmos-
phere. Official inventories of emissions, such as the European Pollutant Release and Transfer Register
(E-PRTR; http://prtr.ec.europa.eu/) provide information about the contamination emitted by the main in-
dustrial plants in the European Union, Island, Norway, Liechtenstein, Serbia and Switzerland. However,
most of the available data are estimates rather than direct measurements of emissions. In addition, some
contaminants are emitted but not included in the inventory; these are referred to as false negatives. In this
context, it is important to determine whether biomonitoring with P. purum would prevent false negative
results for heavy metals and metalloids and thus enable construction of an complem entary inventory
(which I consider in Chapter Il1).

As already mentioned, moss is widely considered as a suitable biomonitor for estimating the atmospheric
deposition of heavy metals and metalloids. However, some authors have suggested that moss samples
do not always adequately reflect the atmospheric levels of certain elements, probably because of diffe-
rences in the physicochemical characteristics of the pollutants and in the physicochemical processes in
mosses (e.g. Aboal et al. 2010). The next logical step was therefore to investigate the extent to which the
uptake of elements in the moss P. purum depends on the physicochemical characteristics of the moss
(which I address in Chapter 1V). Although moss is used in many biomonitoring studies, the specific physi-
cochemical mechanisms of bioabsorption are less well known than those of other organisms (Gonzéalez
and Pokrovsky, 2014). In fact, the possible effects of the physicochemical characteristics of pollutants
(e.g. amount of contaminant and form of emission) and of the physicochemical processes in mosses (e.g.
affinity of the contaminants for cation exchange sites, competition between metals/metalloids for cation
exchange sites, synergism in contaminant uptake) on the uptake of different atmospheric contaminants
have not yet been studied.

Chemical biomonitoring only provides information about the concentration of a contaminant in moss, and
therefore alternative means of biomonitoring, e.g. by considering physiological parameters, are required.
In other words, instead of determining atmospheric contaminants in the biomonitors, the effects that
these have on the growth or physiology of the organisms should be evaluated. Such effects have been
considered in relatively few studies (Tuba et al., 1997; Tremper et al., 2004; Aboal et al., 2008. In Chapter
IV, | report a novel line of investigation used to observe the relationships between successive processes
related to the atmospheric contaminants (e.g. atmospheric deposition of elements, the concentrations of
these in P. purum, the response of physiological parameters such as the chlorophyll content index [CCI:
Lichtenthaler et al., 1996] and the photosynthetic efficiency index [Fv/Fm: Bolhar-Nordenkampf et al.,
1989]) and how they effect the growth of moss.

However, reference (threshold) values of these physiological parameters have not yet been established
in moss (i.e. the values obtained in the absence of physiological stress generated by contaminants) to
enable correct interpretation of the results obtained. In the final chapter of this thesis (Chapter V), | con-
sider the use of transplants of the moss P. purum for establishing threshold values for the CCI and the
photochemical reflectance index (CHL) (Fillela et al., 1996) and also the temporal and regional variations
in these values. Future research will focus on characterizing and establishing references values of the Fv/
Fm ratio, which were not available in the aforementioned study.
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OBJECTIVES

1. To propose a method of determining the optimal size of sampling area for application of the biomoni-
toring technique with the moss P. purum, by examining the spatial structure in the concentrations of As,
Cd, Cu, K, Hg, Ni, Pb, Se and Zn in samples collected within short distances (<30 m) (Chapter I).

2. To verify the suitability of P. purum as a biomonitor of atmospheric contamination, as follows (Chapters
I, Il and IV):

2.1. By determining whether the total N concentration or the &N ratio in the tissue of this moss
species is a good indicator of atmospheric N via confirmation of the following hypotheses: i) that there
are no interspecific differences in the concentrations of either total N or 3*N between the two species of
terrestrial moss usually used in monitoring surveys, and ii) that there is no spatial structure in either the
total concentrations of N or the concentrations of 5'°N in the surroundings of large scale or small scale
sources of N emissions.

2.2. By determining whether the species can characterize the emissions of heavy metals and meta-
lloids in the surroundings of industrial facilities and thus enable the elaboration of an inventory of emis-
sions, through i) identification of any common patterns of emissions for individual industrial sectors, ii)
comparison of any such patterns with previously described patterns, and iii) compilation an inventory of
the heavy metals and metalloids emitted by the industries considered.

2.3. By examining the extent to which the uptake of elements in mosses depends on the physioche-
mical characteristics of these plants.

3. To study the extent to which the physiological responses observed in transplanted specimens of P.
purum enable use of the active biomonitoring technique to characterize the air quality, as follows (Chapter
V and VI):

3.1. By determining any relationships between the concentrations of elements in bulk deposition and in
moss, physiological traits and growth of the mosses, and by determining whether any such relationships
are affected by the duration of exposure and level of contamination.

3.2. By investigating the existence of any seasonal patterns, regional variability, and reference thres-
holds of Photochemical Reflectance Index (PRI) and the Chlorophyll Content Index (CHL index) in terres-
trial moss P. purum.
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Abstract The aim of the present study was to determine the optimal size of the sampling arca
that should be used in the moss biomonitoring technique, in relation to the spatial variation in
the concentrations of contaminants determined in samples collected within short distances
(<30 m). For this, the spatial structure in the concentrations of various metals and metalloids
was explored by use of semivariograms calculated by use of a robust estimator of the variance.
In each of the 3 sampling sites considered in the study (one sampled on two occasions), 50
samples of the moss Pseudoscleropodium purum were collected and the tissue concentrations
of As, Cd, Cu, Hg, K, Ni, Pb, Se and Zn were determined. The results obtained show that in
most cases (25 out of 32), there was no spatial structure in the concentrations of the elements
and that the semivariograms were subject to the nugget effect. For those elements for which
spatial independence or a linear spatial structure was observed, the size of the sampling area
did not affect the results, and the dimensions were irrelevant within the range studied. The
existence of spatial structure, which can be fitted to a spherical model, enabled a range of
autocorrelation to be defined, which corresponded to an area of diameter >16 m. The
proposed method must be applied to other species and in other regions, in order to
standardize the size of the sampling sites in the moss biomonitoring technique.

Keywords Atmospheric contamination - Pseudoscleropodium purum - Semivariograms -
Bryophytes
1 Introduction

The moss biomonitoring technique is widely used to characterise levels of atmospheric
contamination. The technique was developed at the end of the 1960s as a study tool to
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investigate the atmospheric deposition of heavy metals (Riihling and Tyler 1968; Tyler and
Rihling 1970). At present, the technique is most commonly used in the “Heavy Metals in
European Mosses™ project (Harmens et al. 2008) in which a large number of European
countries participate. The protocol proposed by Riihling (1989) is used in the project, and
only minimal modifications have been made to produce the current version (Harmens
2005). In the first stage of the protocol—collection of the moss samples—selection of the
size of the sampling site (where a series of subsamples are collected) is a key factor, as this
may determine the results obtained. In the above-mentioned protocol, the size of area
recommended is 50% 50 m (i.e. 2,500 m?). However, we were unable to find any references
in the relevant literature in which any justification is provided for the use of this size of site.
In addition, there is no agreement in this respect, as other authors such as Cenci (1998)
recommend different sampling site sizes (i.c. maximum area less than 50 m*, which for
compact moss mops, may be reduced to 1 m?). Fernindez et al. (2002) recommended
another size of sampling area (i.e. approx. 35x35 m) because of the characteristics of the
study zone (Galicia, NW Spain). This region has 2,217,140 ha of agricultural land
comprising 5,445,081 plots of average area 0.4 ha, as well as a highly dispersed population
(29,947 centres of population in 29,575 km?®) where it is difficult to find areas of the
recommended dimensions that also fulfil the other criteria.

In addition to the recommendations regarding the size of the sampling sites, the
protocol also include recommendations about the distance from tree cover where the
moss samples should be collected. The fulfilment of both requisites may lead to new
problems, as according to the protocol, when the samples are not collected from open
areas, they should be collected from small clearings in forests, avoiding mosses that
grow close to trees. Thus, for distance from the tree of 3-5 m, and a sampling site of
50%50 m, the area of a circular clearing would vary between 4,632 m® and 5,128 m”.
Another factor not taken into account and which would determine the area where mosses
may be collected is the “shading effect” of any vegetation adjacent to the clearing.
According to the recommendations of the World Meteorological Organization, when
siting a pluviometer, for correct measurement of precipitation, the distance from any
object in relation to itself should be more than twice its height (WMO-No.8, 1983).
Following this reasoning, this “shading effect” should be taken into account when
collecting moss samples for determination of the deposition of contaminants. For
example, if the vegetation is 20 m in height, the sampling area should be at a distance of at least
40 m, and therefore the diameter of the forest clearing should be 40+71+40 m, i.e. a minimum
surface area of 17,837 m>. It is difficult to encounter forest clearings of the required
dimensions, as in the first case, the area required would be the equivalent of approximately
0.5 ha, and in the second more restrictive case, it would be equivalent to 2 ha. However, in a
meta-analysis carried out in Germany by statistical analysis and use of a geographic
information system, it was concluded that there is a weak relationship between the
bioconcentration in mosses and the distance from vegetation (Pesch and Schroder 2006),
and therefore more studies are required in order to investigate the effect of this distance and
tissue uptake of elements by moss.

Despite the effect that we assume that the selection of the size of sampling area has on
the results obtained, no scientific studies have yet been carried out to clarify this aspect.
Furthermore, in approximately half of the references on biomonitoring of heavy metals in
native terrestrial mosses (some 270 such articles were located at www.scopus.com), the
authors do not specify the size of the area in which the samples were collected (Fig. 1).
However, the size of sampling site most commonly used (when specified) is 50x50 m, as
recommended in the previously mentioned protocol.

@ Springer
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Considering as the null hypothesis the existence of spatial independence between the
concentrations of As, Cd, Cu, K, Hg, Ni, Pb, Se and Zn in the moss Pseudoscleropodium
purum collected from several sampling sites, the objective of the present study was to
propose a method of determining the optimal size of sampling site for the moss
biomonitoring technique.

2 Material and methods
2.1 Sampling

Samples of the moss Pseudoscleropodium purum (Hedw.) M. Fleisch were collected from
three sampling sites (SS); these sites are representative of different pollution levels and
were selected following the results of previous studies. The aim of this sclection was to test
how these levels affect the spatial structure of moss concentrations and not to represent a
large area. The first, SS1, of dimensions 30x30 m (coordinates: X=49,300, Y=475,834;
UTM 29T ED350), is situated in the surroundings of an iron smelter and is contaminated by
exceptionally high levels of As and Cu (Fernandez et al. 2004, 2007). The second, SS2, of
dimensions 25x20 m (X=60,700, Y=479,497;, UTM 29T EDS50), is located in the
surroundings of a coal-fired electricity generating station, contaminated by moderate levels
of As, Cd, Cu, Hg, Pb and Zn (Couto 2002; Fernandez ct al. 2002; Couto et al. 2003). The
third site, SS3, of dimensions 25x30 m (X=58,640, Y=471,040; UTM 29T EDS50), is
located in a rural environment, distant from any industrial installations or population nuclei,
and with low levels of contamination (Aboal et al. 2004). There is no tree cover in any of
the SS, only grass and/or a few shrubs (i.e. Ulex spp., Erica spp. and Pteridium aquilinum).

A total of 50 samples of moss were collected in each SS. For this purpose, a regular |
1 m sampling grid was placed within the SS, with the nodes positioned at random. If there
was no moss growing at any of the nodes, another was chosen and the procedure was
continued until 50 samples were obtained, each consisting of the moss present within a
radius of 25 cm from each node. All sampling was carried out between 15 May and 15 June
2003 to minimize any possible effects of temporal variation on comparing the different SS.
A similar sampling survey had been carried out at SS2 in 2000, in which each sample
consisted of isolated moss mops separated by at least 0.45 m; the results of this study were
also used in the present study (SS4).

@ Springer
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2.2 Chemical analysis

Prior to analysis of the moss, the samples were cleaned and apical segments (of length 3—
4 cm) were cut from the shoots. The segments were then washed in bidistilled water for
30 s to remove remains of adhered material and deposited particles. The washed segments
were then dried in an oven at 45°C and homogenized in an ultracentrifugal mill (Retsch
ZM100). Finally the samples were digested in nitric acid (65% HNOj;, analytical grade), in
a microwave oven (CEM MDS 2100).

The concentrations of Copper (Cu) and Zinc (Zn) were determined by flame atomic
absorption spectrometry (Perkin Elmer 2100) and that of Potassium (K) by atomic emission
spectrometry. Cadmium (Cd), Nickel (Ni) and Lead (Pb) were determined by graphite
chamber atomic absorption spectrometry (Perkin Elmer AAnalyst 600), and Arsenic (As),
Mercury (Hg) and Selenium (Se) by atomic fluorescence spectrometry (PSA Excalibur).
The concentrations of As, Cd, K and Se were not determined at S84 in 2000 because there
were not enough sample for analysis of these elements.

To control the analytical quality of the extraction process and determination of the
metals, certified reference material (GBW07604 poplar leaves; Institute of Geophysical and
Geochemical Exploration, Langfang, China) and an internal reference material (O.1.
Pseudoscleropodium purum), were included (one or both) every nine samples. The
percentage recovery of the reference material was satisfactory in all cases (80—-100%). The
results of the analysis of the internal reference material were used to calculate the variability
associated with the extraction and determination processes. This variability, expressed as
the coefficient of variation, was 4% for K, 6% for Cu, Pb and Zn, 7% for Hg and Ni, 8% for
As and Cd, and 10% for Se. Analytical blanks were also included, one every nine samples,
to control for possible contamination.

2.3 Statistical analysis

To study the spatial structure in the concentrations of the elements in each SS, semivariograms
were constructed by use of a robust estimator to calculate the semivariance (Cressie and
Hawkins 1980). The following criteria were used to select the number and interval of the lags:
(i) for cach lag, the largest possible number of pairs of points was considered, maintaining the
distribution of the pairs of points between lags as equal as possible (Webster and Oliver 1992;
Bringmark and Bringmark 1998; Garcia 1999); (ii) an attempt was made to consider at least
50 pairs of points for each lag (Garcia 1999); (iii) an attempt was made to consider at least 10
lags (Garcia 1999), and (iv) the lower limit for the first class was the zero distance, and upper
limit of the last class was equal to half the distance of the longest dimension of the study area;
the lag distance was the same for the intermediate classes. In the present study, we chose to
use 10 lags with an interval of 2.25 m, varying the number of pairs of points per lag between
50 and 216, with the exception of two lags (with 30 and 49 pairs of points).

In order to confirm the existence of spatial structure, a method of randomizing the
positions of the SS (10,000 times) was used and the distribution of the semivariances of
the semivariograms was obtained under the hypothesis that there was no spatial
structure. Comparison of the semivariances obtained with the data for this distribution
enabled assignation, to each value, of the probability of appearance when there is no
spatial structure. In accordance with this, all lags below and above the 2.5 and 97.5%
quantiles respectively were considered significant. The 95% confidence intervals were
calculated for the distribution of the 10,000 semivariances obtained for each lag. A
computer programme (Delphi 3, Borland International 1997, modified by Aboal et al.

@ Springer
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(2006b)) was used to calculate standard and robust variograms and to generate of the
randomized distributions.

Finally, the semivariograms of the elements with several significant semivariances were
modelled (SPSS, version 17.0) to find out which model (linear, exponential, spherical, etc.)
provided the best fit on the basis of the coefficient of determination (Isaaks and Srivastava
1989).

In order to determine the percentage of the nugget effect that was due to the analytical
error for each element, the semivariance of the concentrations of the analytical duplicates
was calculated, assuming a distance of 0 m between pairs.

3 Results

The descriptive statistics of the elements determined in the moss collected at the SS studied
are shown in Table 1. The median values of the concentrations of As, Cu, Hg, Ni, Pb and
Se in samples from SS1—situated in the surroundings of an iron smelter—were between 2
and 10 times higher than in those from SS2 and SS3, depending on the element considered.
For Cd, the median concentrations in samples from SS1 and SS3 were higher than in those
from SS2. Finally, the median concentrations of K and Zn were similar in all three SS.
Comparison of data from SS2 and SS4, which correspond to the same site sampled 3 years
apart, revealed that in 2000, the median concentrations of Cu, Ni and Zn were at least two
times higher than in 2003, whereas the concentrations of Hg and Pb were similar in both
sets of samples.

The robust semivariograms corresponding to SS1 (Fig. 2) include the mean semi-
variance, the region of acceptance of the hypothesis of absence of any spatial structure in
the data (established from the 2.5 and 97.5% quantiles), and when there was spatial

Table 1 Descriptive statistics of the concentrations (ug g '; % ng g ') of different elements in samples of the
moss Pseudoscleropodium purum collected from four sampling sites (SS) in Galicia (NW Spain). Mad.:
median absolute deviation; Min: minimum value; Max.: maximum value: -: not determined

Asg® Ccd* Cu Hg" K Ni Pb Se” Zn
SS1 Median 166 116 22.]1 33.6 4,348 6.82 391 286 45.7
Mad. 45 16.2 243 6.65 704 1.10 1.07 43 5.80
Min 34.0 64.4 16.4 12.2 2,618 3.70 0.940 170 329
Max 397 170 43.8 86.8 6,357 13.8 6.26 409 60.4
S82 Median 50.8 51.2 3.92 28.9 6,880 0.955 1.34 99.0 374
Mad. 14.5 12.2 0.590 13.1 1,089 0.345 0.44 12 4.40
Min 21.4 28.6 2.50 12.0 4,513 0.400 0.360 52.0 24.2
Max 80.8 74.5 5.30 45.9 9,248 1.52 235 146 50.6
SS3 Median 43.3 83.4 3.02 16.9 4,888 0.665 1.72 90.5 46.0
Mad. 7.30 17.6 0.255 2.05 501 0.125 0.250 17.5 5.20
Min 229 49.2 2.50 10.6 3,731 0.440 0.800 44.0 28.1
Max 94.7 236 4,95 29.6 6,739 2.20 525 160 64.2
SS4 Median o —~ 10.2 22.6 = 1.43 1.27 — 65.6
Mad. = —~ 2.85 3.65 = 0.550 0.355 — 12.3
Min - = 5.40 9.08 & 0.190  0.110 — 354
Max = . 36.7 474 N 3.65 8.90 - 152
@ Springer
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Fig. 2 Semivariograms of the concentrations of several elements in the terrestrial moss Pseudoscleropodium
purum in sampling site 1. The continuous line represents the mean semivariance, the dashed lines represent
the 97.5% and 2.5% quantiles, and the thick continuous line represents the fitted model in those cases in
which there was spatial structure in the data

structure, the corresponding model fit. The first lag was found to be outside the region of
acceptance only for Se, demonstrating spatial structure in the corresponding data, which
fitted a linear model.

The robust semivariograms for SS2, SS3 and SS4 are shown respectively in Figs. 3, 4
and 5. Spatial structure was only observed for Cu and Zn in SS2, and Hg and K in S53, and
the data fitted a linear model. There was spatial structure in the data for Hg and Pb in SS4,
which fitted a spherical model. For the other elements, in all SS and on all dates, all of the
lags were within the region of acceptance of the null hypothesis and there was no spatial
structure in the data.

The parameters corresponding to the model fits for those elements that displayed spatial
structure, are shown in Table 2. C, is the nugget, or value of the semivariance when the
distance is zero. In the spherical models, C; is the sill or the total semivariance of the
semivariogram and a, is the semivariogram range or autocorrelation range. In the linear
models, b represents the slope of the straight line. The values of the regression coefficients
of these models are generally higher than 0.60, except for Se in SS1 and Hg in $S4 (0.25
and 0.58, respectively).

The percentage nugget effect due to analytical error is shown in Table 3. For As, Cu, Hg and
Ni, the crror was different in the three SS (SS3 > SS2 > SS1), and varied between 5.6 and
62.7%. For Cd, Pb, Se and Zn, the highest error values corresponded to SS2, and for K, to SS3.

4 Discussion

The moss biomonitoring technique was originally developed in Scandinavian countries and
the recommendations in the protocol may be well suited to this region, where there are large
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Fig. 3 Semivariograms of the concentrations of several elements in the terrestrial moss Pseudoscleropodium
purwm in sampling site 2. The continuous line represents the mean semivariance, the dashed lines represent
the 97.5% and 2.5% quantiles, and the thick continuous line represents the fitted model in those cases in
which there was spatial structure in the data
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Fig. 4 Semivariograms of the concentrations of several elements in the terrestrial moss Pseudoscleropodium
purum in sampling site 3. The continuous line represents the mean semivariance, the dashed lines represent
the 97.5% and 2.5% quantiles, and the thick continuous line represents the fitted model in those cases in
which there was spatial structure in the data
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Fig. 5 Semivariograms of the concentrations of several elements in the terrestrial moss Pseudoscleropodium
purum in sampling site 4, The continuous line represents the mean semivariance, the dashed lines represent
the 97.5% and 2.5% quantiles, and the thick continuous line represents the fitted model in those cases in
which there was spatial structure in the data

open spaces covered by herbaceous vegetation or shrubs. However, such areas are not
found in other more southerly regions, where the technique was later applied. In the latter
regions, sampling sites of the recommended size may be difficult to encounter. This
problem is aggravated by the neced to comply with the recommendations as regards to the
distance from any tree cover that samples can be collected. We reviewed the relevant
literature and found that little importance was attached to the size of the sampling area, as in
many studies it is not even specified, and 1n most of the others a sampling arca of 50 x50 m
is uscd, without any justification for selection of this size of sampling area.

One way of solving the problem of determining the dimensions of the sampling station
is to study the spatial variation in the concentrations of elements in moss, at the sampling
site level, by the individual analysis of samples collected in the SS, which usually
correspond to subsamples used to make composite samples. Spatial autocorrelation may
occur at different spatial scales: local, regional, hemispheric and global, as demonstrated by
Holy et al. (2010) and Schroder et al. (2010a, b).

Table 2 Semivariogram parameters fitted to the data for the elements measured in samples of the moss
Pseudoscleropodium purum collected from four sampling sites (SS) in Galicia (NW Spain) and that display
spatial structure. Cy. semivariance at zero distance or nugget; C,.: total semivariance of the semivariogram;
ap: range in meters; b: slope of the straight line; +”: regression coefficient

Element Model € G ay b »
SS1 Se Linear 6,327 - - 222.1 0.25
S82 Cu Linear 0.485 — — 0.079 0.69

Zn Linear 15.7 - — 6,49 0.79
SS3 Hg Linear 6.62 - - 0.983 0.64

K Linear 527,221 — — 41,993 0.62
554 Hg Spherical 40.0 82.7 18.5 - 0.58

Pb Spherical —0.240 2.6l 16.0 - 0.75
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Table 3 Percentage of the nugget effect due to analytical error in the elements measured in the samples of
the moss Pseudoscleropodium purum collected at four sampling sites (SS) in Galicia (NW Spain)

Element Contribution of the analytical errors in the nugget value (%)
SS1 SSs2 SS3 SS4

As 2.40 59.07 65.13 -
cd 1.95 11.54 1.29 -
Cu 0.14 7.66 14.38 0.13
Hg 1.15 7.97 34.57 7.24
K 34.72 17.20 74.79 -
Ni 0.06 4,92 5.68 0.34
Pb 3.23 42.26 26.91 16.19
Se 7.33 47.35 20,17 -
Zn 28.69 72.97 20.45 2.67

Thus, in the present study, the results obtained revealed three different possibilities: (i)
the existence of spatial independence in the concentration of the elements determined; (ii)
the existence of spatial structure, with a linecar model fit, and (iii) the existence of spatial
structure, with a spherical model fit.

In 25 of the 32 cases studied, there was no spatial structure in the data (Figs. 2, 3, 4 and
5), in other words, there was no defined pattern of variation in the concentration in relation
to distance and therefore the size of the sampling area cannot be delimited. In such cases,
the entire semivariogram is subject to the nugget effect, which may be due to: i) errors
associated with sampling and analytical determination; or ii) the existence of spatial
dependence that occurs at a smaller scale than the distance from the first lag (i.e. 2.25 m). In
regard of the sampling error, as all of the moss within a circular area of radius 25 cm from
the node was collected, no error was introduced. The analytical error was generally very
low (Table 3), and was lower for those elements present at high concentrations than those
present at low concentrations (Table 1). Thus, when there was a high degree of
contamination, there was a high degree of variation in the concentration between samples,
and therefore in relative terms the variation associated with analytical error was minimal.
By contrast, when there was almost no contamination, the degree of variation between
samples was low and the analytical error was proportionally higher. Thus, in SS1, the
percentage error was low for the elements with a high degree of contamination, such as: As,
Cd, Cu, Hg, Ni, Pb and Se, and in contrast, the percentage error was high for K and Zn,
which were present at low concentrations. The same was true for SS2. However, as the
level of contamination in SS3 was low (Table 1), the values of the associated error were
higher. These findings lead us to assume that the most likely cause of the absence of spatial
structure in the range of distances studied is that the structure exists at a shorter distance
than the first lag. Thus when no spatial structure is detected, the concentrations of elements
in the subsamples (samples in the present study) would be spatially independent, and
therefore the distance between them, at least for the range of distances studied, will not
determine the final result obtained, so that the dimensions of the sampling site (when less
than 43 m) would not affect the concentrations in the composite sample.

There was spatial structure in the data for Se in SS1 (Fig. 2), Cu and Zn in SS2 (Fig. 3), and
Hg and K in SS3 (Fig. 4), and the data fitted a linear model. The dimensions of the sampling
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site, within the range of distances studied are also irrelevant in this case and the results did
not vary, independently of whether the dimensions were e.g. 20%20 or 50x50 m. There are
different possible reasons for a linear model fit for the pattern of variation between samples: i)
if we assume that the pattern fits an inclined plane (i.e. drift), the concentration in the
composite sample will correspond to the mean value for the subsamples (treated as samples
in the present study) and will coincide with the mid point of the sampling site, irrespective of
its dimensions; and ii) the spatial scale of the process may be greater than the sampling area,
and thus at greater distances than those studied, the linearity will be lost. However, in the
study area as such distances were not reached, the linearity was maintained.

Finally, there was spatial structure in the data for Hg and Pb in SS4, which fitted a
spherical model (Fig. 5); this enabled the size of the sampling area to be defined. The
definition was made on the basis of the range of autocorrelation of these elements, by
selecting the most restrictive value of the range (a,), which in this case was 16 m. Above
this value, the samples would be spatially independent and therefore any increase in
distance would not affect the results. Therefore, regarding the three possible options, if the
diameter of the sampling site was greater than 16 m, this would be sufficient, and therefore
large sizes such as between 20%20 and 50=50 m would be valid.

In regard to the form of the sampling site, on the basis of the results obtained, which
usually display spatial independence, there is no reason why these must be square. The best
option is perhaps a circular area of diameter greater than 16 m (i.e. minimum area, 201 m?),
as it is fairly easy to find open spaces of these dimensions. The centre of the sampling site
can be recorded with a GPS, and the moss samples collected from within the selected area.

In light of the results obtained for the sites and species used, and after finding that in
most cases there was no spatial structure, or that it was linear, we can conclude that
selection of the size of the sampling site does not determine the results obtained when
subsamples are combined to make a composite sample. Spatial structure was occasionally
detected, with a corresponding spherical model fit, therefore determining that the size of the
sampling sites must be more than 16 m in diameter. The maximum limit can be established
as the diameter corresponding to the 50%50 m sampling site (i.e. 71 m). However, within
these dimensions, other factors such as the number of subsamples collected and the
equilibrated weight of the samples, and not the size, will determine the final result
(Fernandez et al. 2002; Aboal et al. 2006a). Finally, although the suggestion in the original
protocol of collecting composite samples over an area of 2,500 m” is sensible, it may be
overcautious as an area of 200-250 m? appears to be sufficient.

5 Conclusions

For those elements that do not display any spatial structure, or linear spatial structure,
i.c. almost all of the cases considered, the size of the sampling arca did not affect the
results obtained, and the dimensions of the area were irrelevant within the range
studied. Thus, other factors such as the number of subsamples collected or the
equivalent weights (as detailed in the relevant literature), would have determined the
results obtained.

The spherical model fit for the existing spatial structure enabled definition of the range
of autocorrelation, which in turn enabled the size of the sampling area to be determined,
which in the present study corresponds to an area of diameter >16 m. The proposed method
must be applied to other species and other regions to determine the size of sampling area
that should be used in the moss biomonitoring technique.
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Abstract In this study, we investigated whether the ter-
restrial moss Pseudoscleropodium purum can be used to
biomonitor atmospheric deposition of nitrogen (N). For this
purpose, we first determined whether there are any inter-
specific differences in the concentrations of total N and
§'°N between the two species of terrestrial moss most
commonly used in biomonitoring studies, P. purum and
Hypnum cupressiforme. Second, we determined the spatial
distribution of N and &'°N at small and large scales: (1) by
analysis of 165 samples from the surroundings of an alu-
minium smelter and (2) by analysis of 149 samples from
sites forming part of a regular 15 x 15-km sampling net-
work in Galicia (northwest Spain). We did not find any
interspecific differences in either total N or 8'*N, Analysis
of 8"°N enabled us to identify large-scale spatial patterns of
distribution that were congruent with the location of the
main N emission sources (unlike the analysis of total N).
However, we did not identify any such patterns for the
small-scale source of N emission studied. The results show
that analysis of 8'°N has an advantage compared with the
analysis of total N in that it provides information about the
source of N rather than about the amount of N received.
Furthermore, isotope discrimination appears to occur, with
the bryophytes preferentially accumulating the N' isotope.
Although this amplifies the signal of reduced forms, it is
not problematical for determining spatial-distribution
patterns.

Z. Varela (34) - A. Carballeira - J. A. Fernindez - J. R. Aboal
Area de Ecologia, Departamento de Biologia Celular y Ecologia,
Facultad de Biologia, University Santiago de Compostela,
Santiago de Compostela 15782, Spain

e-mail: bretema_zvr@yahoo.es; zulema.varela@rai.usc.es

@ Springer

CHAPTER2/ 35

Terrestrial mosses have been used to biomonitor heavy-
metal contamination since the end of the 1960s (Riihling
and Tyler 1968; Tyler and Riihling 1970). Terrestrial
mosses have also been tested for their potential usefulness
in biomonitoring other contaminants, various types of
organic compounds, such as polycyclic aromatic
hydrocarbons (PAHs), polychlorinated biphenyls, poly-
chlorinated dibenzo-p-dioxins, and polychlorinated dib-
enzofurans (e.g., Knulst et al. 1995; Lead et al. 1996;
Orlinski 2002; Gerdol and Bragazza 2006; Carballeira et al.
2006), metal isotopes (e.g.. Kunert et al. 1999), radioactive
elements (e.g., Papastefanou et al. 1989, 1992; Triulzi et al.
1996; Sawidis et al. 1999, 2009; Tsikritzis et al. 2003),
halogens, such as fluorine (F) (e.g., Real et al. 2003), heavy
metals (Fernandez and Carballeira 2000; Tsikritzis et al.
2002; Shakya et al. 2007, 2008), and nonmetals, such as N
(e.g., Harmens et al. 2011).

During the last few decades, there has been an increase
in emissions of N to the atmosphere as a result of the
worldwide increase in demand for foodstuffs and energy.
Thus, the atmospheric deposition of N originating from
anthropogenic activities has become an important and
predominant source of N in some ecosystems (Erisman
et al. 1998; Galloway et al. 2008). In fact, the global
depositions of anthropogenic N now equal those from
natural sources, giving rise to a two-fold increase in the
amount of N available to organisms in less than a century
(Vitousek et al. 1997). The first research relating the
atmospheric deposition of N to the body burden of this
element in terrestrial mosses was performed by Pitcairn
et al. (1995) in the United Kingdom. Other investigators
have continued to work on this topic in field studies (e.g.,
Pitcairn et al. 2006; Poikolainen et al. 2009; Schréder and
Pesch 2010; Harmens et al. 2011; Stevens et al. 2011a, b)
and in laboratory-based studies (e.g.. Leith et al. 2005;
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Solga and Frahm 2006; Salemaa et al. 2008; Stevens et al.
2011b).

Although the studies performed to date have shown only
a weak relationship between N deposition and accumula-
tion in moss tissues (e.g., Pitcairn et al. 2006; Solga et al.
2003; Stevens et al. 201 1a), it is possible to use mosses to
identify areas exposed to N contamination (Harmens et al.
2011). One possible explanation for the weak relationship
between the deposition and accumulation of N is the reg-
ulation of tissue loads in mosses because N is widely
known to play an important role in bryophyte metabolism
(e.g., Koranda et al. 2007; Arréniz-Crespo et al. 2008).
Such regulation may distort the patterns of N deposition
identified by biomonitoring with terrestrial mosses. In
addition, the degree of regulation may depend on the
species of moss, which would generate different rates of
accumulation of N deposition (Salemaa et al. 2008; Arro-
niz-Crespo et al. 2008). Thus, Schréder and Pesch (2010)
indicated that the use of different species of moss in
extensive surveys may distort the spatial patterns.

Determination of the contents of the stable isotopes of N
("N and '*N) in moss tissues has recently been suggested
as an alternative to determining the total concentration of N
in tissues (Pearson et al. 2000; Solga et al. 2005: Liu et al.
2008a, b, c; Zechmeister et al. 2008). Both isotopes are
found globally in a constant proportion in the atmosphere
(99.63 % of "N and 0.36 % of "N [Nier 1950]). However,
it has been shown that the ">N/"*N ratios (8'°N) are dif-
ferent in oxidised (NO) and reduced (NH,) forms of N and
that they are higher in the former (Freyer 1978; Garten
1992; Heaton ct al. 1997). Analysis of 8'°N enables the
identification of diverse sources of N emission of anthro-
pogenic origin. The oxidised forms of N, such as N,O and
NO,, are mainly emitted to the atmosphere by transport,
industry, and energy production, with the latter contribut-
ing 70 % of the emissions of oxidised compounds (Brag-
azza et al. 2005); the reduced forms mostly originate from
cattle-breeding and the use of fertilizers in agriculture. The
most positive 3'°N signatures have been recorded in sam-
ples of moss from urban areas and the most negative in
samples of moss from rural areas (Pearson et al. 2000,
Solga et al. 2005; Liu et al. 2008a, b; Zechmeister et al.
2008). Thus, if 8'°N signatures are affected by isotope
discrimination in N uptake, the spatial patterns of deposi-
tion (which would not enable quantification of the levels of
N deposition) would not be distorted by regulatory mech-
anisms and thus would provide information about the
sources of emission of N.

The following hypotheses were tested in the present
study: (1) there are no interspecific differences in the
concentrations of either total N or 8'°N between the two
species of terrestrial moss usually used in monitoring sur-
veys; and (2) there is no spatial structure in either the total
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concentrations of N or the concentrations of 3'°N in the
surroundings of large- or small-scale sources of N
emission.

Material and Methods
Sampling and Processing

The species used in the present study were Pseudosclero-
podium purum (Hedw.) M. Fleisch and Hypnum cupressi-
forme Hedw. Whenever possible, samples of the mosses
were collected at a distance of at least 300 m from main
roads and centres of population and at least 100 m from
other types of roads and isolated houses. The samples were
collected in open areas or in small clearings in forests, and
sampling close to trees was avoided. Approximately 30
subsamples of similar weight were collected at each sam-
pling site (SS) and combined to form a single composite
sample (Fernandez et al. 2002; Aboal et al. 2006a).
Whenever possible, the size of the sampling area was
between 30 x 30 and 50 x 50 m.

The apical sections (length 3 to 4 cm) of all samples
were separated from the basal portions and maintained in a
moisture-saturated environment (10 °C) for 1 week. The
apical sections were then washed with shaking (30 s) in
double-distilled water to remove other adhered plant
material. The washed apical sections were then dried in an
oven at 45 °C. Finally, the material was homogenized in an
ultracentrifuge mill (Retsch ZMI100, Retsch GmbH,
www.retsch.com) and stored at room temperature in the
dark until analysis.

Interspecies Comparison

For comparison of the N with the 3'°N contents in the two
species of mess chosen for study, 20 samples of
H. cupressiforme and 20 samples of P. purum were col-
lected from the same SSs located close to industrial sources
of emission and in areas with low levels of contamination
in Galicia (northwest Spain). The samples were collected
between 1997 and 2007.

Regional-Scale Spatial Structure

To determine the patterns of distribution of N and §'"°N,
samples of the terrestrial moss P. purum were collected in
March 2004 from each of the nodes of a regular 15 x 15-
km sampling network formed by 149 SSs in Galicia
(northwest Spain) (Fig. la). More than 70 % of the
population of Galicia lives on the Atlantic coast (popu-
lation density data are included in Fig. Ib, ¢). There are
also three coal-powered electricity-generating plants in
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the region (Fig. Ib, c), which according to the European
Pollutant Release and Transfer Register (E-PRTR Spain)
emitted >20,000 ton year ' of NO/NO, to the atmo-
sphere in 2004, Of these emissions, 95 % originated from
the As Pontes power plant, situated in the north of the
study area. Furthermore, there are another three elec-
tricity power plants in adjacent regions (Fig. Ib, ¢),
which together emit a total of 64,400 ton of NO,/NO-/y,
of which 56 % is attributed to the Compostilla power
plant located in eastern Castilla-Ledn. Moreover, the area
also includes 2,041,800 hectares of agricultural land
under different types of use and approximately 70,000
livestock farms, including >970,000 cows and 1,150,000
pigs (Instituto Galego de Estatistica [http://www.ige.cu/])
in 2009. A high input of reduced N compounds in the
ecosystems is therefore expected.

To facilitate interpretation of the results obtained, we
have included maps of the regional-deposition models for
reduced and oxidised N (Fig. 1b, c. respectively). These
models were elaborated by the European Monitoring and
Evaluation Programme (EMEP) with the EMEP emission
data for Europe (which also include industrial data from the
previously cited E-PRTR inventory) and the meteorological
data obtained by the European Centre for Medium-Range
Weather Forecasts. The model does not include immision or
deposition measures, and therefore the results obtained may
be of limited robustness in relation to the present study.

Small-Scale Spatial Structure

In 2004, 165 samples of P. purum were collected from the
surroundings of an aluminium smelter, Alumina Espanola,
located on the northern coast of Galicia (Fig. 1b, ¢). Taking
the focal point of N emission in the smelter as the starting
point, a total of 8 sectors were established around the
smelter, with the exception of the northern area, which is
bound by the sea. The angle of each sector was 30°, and the
maximum distance from the focal point of emission was
5,000 m. Between 6 and 32 SS were located within each
sector (Fig. 1d). According to E-PRTR Spain, the factory
emitted 1,770 ton of NO,/NO> in 2004. Two of the sectors
(nos. 3 and 5) were sampled again in 2007, a year in which
the factory emitted 2,830 ton of NO,/NO,.

Chemical Analysis

Aliquots (approximately 3 mg) of the samples were
weighed out and packed into tin capsules (EuroVector).
The capsules were stored in a desiccator until N and "N
analysis (performed in the Unidad de Tecnicas Instru-
mentales de Analisis, Servicios de Apoyo a la Investiga-
cion, University of A Coruiia). The samples were
combusted in an elemental analyser (FlashEA1112;
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ThermoFinnigan) coupled to an isotopic ratio mass spec-
trometer (Deltaplus; ThermoFinnigan). The reference
standard used for quantifying the N content was acetani-
lide. Calibration of the reference gas (N) for atmospheric
15N was performed with IAEA-N-1 (NH)2S0,). IAEA-
N-2 ((NH4)2S0y), and TAEA-NO-3 (KNO4) as standards.
The isotope ratios ('’N/'*N) in the samples were expressed
relative to the standard ratio (atmospheric N») so that the
proportions obtained were comparable. The relative abun-
dance of >N in the sample (6'5N) was calculated from the
following formula (Eq. 1):

5|5N (?,/m) = [(Rsample,"’RstandaTd) - l] x 103 “)

where R is the "N/"N ratio. The global error, determined
by the use of analytical replicates (n = 9) was 8 %.

Statistical Analysis

The differences between N and §'°N for H. cupressiforme
and P. purum were studied by type II standard major axis
regression. A one-sample test of a (standardised) major
axis slope was also performed to determine whether the
slopes of the regression lines were significantly different
from 1 (Zar 1984). The same test was also used to deter-
mine whether the elevations of the regression lines were
significantly different from 0. All analyses were performed
with R software(version 2.11.0).

The density functions for N and §'°N on a regional scale
were determined by kernel smoothing using the Kern-
Smooth software package (Ripley 2002) and R software
(R Development Core Team 2008). Kolmogorov-Smirnov
test was applied using the same statistical package to test
the normality of the distributions.

To detect any spatial structure in N and 8"°N data,
semivariograms were constructed by use of a robust esti-
mator of the semivariance (Cressiec and Hawkins 1980).
According to Aboal et al. (2006b), a randomization
method was used to determine whether the semivario-
grams were significant. When spatial structure was
detected, the large-scale trends were estimated by median
polish (Cressie 1986). The suitability of this technique for
analysis of the data obtained in this type of sampling
network has been shown for terrestrial mosses (Aboal
et al. 2006b; Boquete et al. 2009). To test for the existence
of a large-scale random component, the data were ana-
lysed (as described previously) to determine whether the
median polish residuals displaved any spatial structure.
Finally, linear interpolation of the values estimated by
median polish was performed to map the study zone using
ArcGIS 9.2 software. All data sets were analysed to
identify any significant correlations between the total
concentrations of N and 8N using R software (R
Development Core Team 2008).
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Fig. 1 a Location of Galicia (northwest Spain). b Values of reduced
N (mg m™?) obtained from regional-deposition models, location of
coal-fired power plants in the region and surroundings, location of the
alumina-aluminium smelter under study, and the distribution of the
population in the region. ¢ Values of oxidised N (mg m_2) obtained
from regional-deposition models, location of coal-fired power plants
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in the region and surroundings, location of the alumina-aluminium
smelter under study, and the distribution of the population in the
region. d Location of sampling stations around the alumina-
aluminium smelter and the assignment of sectors (SS nos. 1 to S8).
e Wind rose for the study area, constructed from annual hourly wind
data. The thick line represents hours of wind
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Results

There were no significant correlations between the total
concentrations of N and 3N in any of the data sets.

Interspecies Comparison

The variability in 8N in P. purum and H. cupressiforme
(coefficients of variation of 73 and 68 %, respectively) was
greater than the variability in N (coefficients of variation of
29 and 30 %, respectively). There were no significant
differences between the concentrations of N in the two
species of moss or between the 3N values (Fig. 3)
because the slopes of the regression lines were not signif-
icantly different from 1, and the elevations were not sig-
nificantly different from 0. However, the linear fits were
not satisfactory given the low values of the coefficients of
determination in both lines, particularly in the case of N
(7 = 024%).

Regional-Scale Spatial Structure

The descriptive statistics of the results obtained for N and
3N on a regional scale are listed in Table 1 along with
results obtained in previous studies. In Galicia, total N
varied between 0.60 and 2.40 %, whereas &'°N varied
between —7.60 and —1.00 %..

The density function, the robust semivariogram, and the
map of the spatial distributions of N and 8'°N in the different
SS are shown in Fig. 2. The density function for N (Fig. 2a)
does not follow a normal distribution and is skewed to the
right because of the presence of a single outlier. The

semivariogram of N concentrations does not display spatial
structure, and the whole semivariogram is subjected to the
nugget effect: the map of the distribution of concentrations
does not show the existence of a spatial pattern. In contrast,
the density function of 8'°N values (Fig. 1b) fits a normal
distribution. The semivariogram displays weak spatial
structure, and the first lag is outside the region of acceptance.
In this case, the map corresponding to 8"°N (Fig. 2b) shows
that the maximum values occurred in the northwest and
southeast sectors of the region. The linear interpolation of
3'°N values estimated by median polish is shown in Fig. 2C;
the highest values (i.e., >—4.5 %) correspond to the densely
populated Atlantic coast and to areas affected by electricity-
generating stations in the northern and southeast sectors of
the region. The results for the median polish include the
already mentioned spatial structure of the §'°N because the
residuals do not display any spatial structure (Fig. 2c).
The percentage of variance in the initial dataexplained by the
median polish predictions was 21 %, which was calculated
as the coefficient of determination of the regression of the
raw data compared with the values predicted by median
polish.

Small-Seale Spatial Structure

The values of N and 8'°N were plotted against the distance
from the aluminium smelter for each of the sectors sampled
(Fig. 4). The concentrations of N in the moss samples did
not decrease in relation to the distance from the emission
source during the period of the study. In sector 6, which
was the only sector sampled in 2007, there was no decrease
in the 5'°N values with distance from the emission source.

Table 1 Maximum, minimum, and mean concentrations of N (%) and 8"°N (%e) for different species in the present study and in other studies in

Europe and China

Investigator Species Nitrogen or §'°N n Maximum Minimum Mean
Present study P. purum (100 %) Nitrogen 148 240 0.60 1.00
8N 148 -L00 —7.60 -4.70
Liu et al. { 2008a, b, c) Haplocadium microphyllum (—) Nitrogen 175 2.24 1.27 -
H. angusiifolium (—) 3N 175 -1.39 -125 -
Brachythecium salebrosum (—)
Eurohypnum leptothallum (—)
Zechmeister er al. (2008) H. splendes (50 %) Nitrogen 490 1.99 0.76 -
P. schreberi (30 %) 85N 490 -245 ~10.04 -
Abietinella abietina (10 %)
H. cuppresiforme (6 %)
P. purum (4 %)
Solga er al. (2005) P. purum (100 %) Nitrogen 8 1.94 0.71 -
5N 8 -298 ~7.89 -
P. schreberi (100 %) Nitrogen 8 231 0.84 -
§°N 8 -286 -7.54 -
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Fig. 2 a, b Concentrations, density functions, and semivariograms of
N (%) and 8N (%), respectively, for P. purum at a regional level. In
each semivariogram, the centinuous line represents the mean

Discussion

The total concentrations of N and &"°N in the bryophytes
studied provided different types of information because
both variables varied independently in all of the data sets
used. We must therefore establish which of the two vari-
ables used in moss biomonitoring would be the best for
identifying patterns of atmospheric deposition of N.

The results obtained show that there are no interspecific
differences in the concentrations of total N between the two
species of moss under study. However, interspecific dif-
ferences in heavy-metal concentrations, in the same species
in the same study area, have been reported (Carballeira
et al. 2008). The lack of interspecific differences in N
suggests that there are no differences in the regulation of
the levels of N in these species and that the rates of N
accumulation are the same in both. Thus, the use of either
or both of these species in extensive surveys would not
distort the spatial patterns of N deposition compared with
the conclusions reached by Schrider and Pesch (2010)
regarding other species sampled at a European level. Other

semivariance, and the dashed lines represent the 97.5 and 2.5 %
semivariances, respectively. € lincar interpolation (estimated by
median polish) of 8"°N values with the corresponding semivariogram

investigators, who used analysis of variance (ANOVA) to
analyze the data, found differences between P. purum and
Rhytidiadelphus squarrosus (Arroniz-Crespo et al. 2008)
and between Pleurozium schreberi, Hylocomium splen-
dens, and Dicranum polysetum (Salemaa et al. 2008) in
laboratory-based studies. However, the use of ANOVA is
not appropriate for such comparisons because there is no
independent variable and the investigators of the previous
studies merely compared the concentrations of elements in
two moss species in the field. Independent of the suitability
of the test of comparison, the existence of interspecific
differences in the concentrations of N are probably caused
by the different bioaccumulation capacity of each species,
which depends on the specific surface area, anion exchange
capacity, and differences in morphology as suggested by
Carballeira et al. (2008).

In contrast, there were also no interspecific differences
in the concentrations of 8'°N between the two species
under study. We are not aware of any field- or laboratory-
based studies that have compared the 6'°N values in dif-
ferent species of moss. The results obtained in the present
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study allow us to state that there are no differences between
P. purum and H. cupressiforme regarding isotope dis-
crimination. The range of variation obtained for §'°N
values was much greater that that obtained for total N,
which shows the greater sensitivity of the 8'°N signature.
As a result, the cocfficient of determination for 6N was
twice that for total N (Fig. 3).

Total N values measured on a regional scale for P. pu-
rum varied between 0.60 and 2.40 %, i.e., a wider range
than reported in the relevant literature (Table 1). For
example, Solga et al. (2003) reported values between 0.71

25
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Pseudoscleropodium purum
Fig. 3 Type II linear regressions between concentrations of N (%)
and 8'°N (%) determined in P. purum (v2) and H. cupressiforme (y;).
The dashed lines correspond to the straight lines of slope equal to 1.

The equation for the regression lines is included along with the value
of the coefficient of determination (*p < 0.05 and ***p <0.001)
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and 1.94 % for the same species in a rural areas of Western
Germany where and intensive agriculture livestock farming
are common. The range is also slightly wider than that
reported by Zechmeister et al. (2008) for various species of
moss, including P. puwrum, in Austria (0.76 to 1.99 %).
Likewise, the range was also slightly wider than that
reported for epilithic mosses in Guiyang, one of the most
highly contaminated cities in China (1.27-2.24 %) (Liu
et al. 2008b). The 8'°N values ranged between —7.60 and
—1.00 %o (Table 1) and were less negative than those
reported by Solga et al. (2005) in Germany (—7.89 to
—2.98 %), by Zechmeister et al. (2008) in Austria (—10.04
to —2.45 %), and even than those reported by Liu et al.
(2008b) in China (—=12.5 to —1.39 %). This indicates that
there is greater deposition of oxidised N compounds in the
area sampled in the present study than in the areas sampled
in the other studies.

After removing the only outlier in the total N data, the
density distribution would be a symmetrical unimodal
distribution (Fig. 2a) similar to that found for nutrients in
P. purum (e.g., K in Pérez-Llamazares et al. 2011). How-
ever, the second mode observed on the left-hand side of the
density distribution of 8'°N may reflect SSs that are con-
taminated by reduced forms of N. In terms of the presence
of secondary modes, the polymodal distribution of 8'°N is
rather similar to that reported by Aboal et al. (2006b) for
heavy metals, such as cadmium (Cd), lead (Pb), and
vanadium (V).

No spatial structure was detected in total N concentra-
tions (Fig. 2a), and the values were distributed randomly
throughout the region. The pattern observed for N in the
moss is not consistent with the patterns observed in the
deposition models (Fig. 1b, ¢). However, the results of
the EMEP models should be considered cautiously because
they are not constructed with immission or deposition data
as previously mentioned. Moreover, the spatial resolution
of these models is very low (50 x 50 km?), which may
lead to large errors, whereas the map that we have con-
structed includes 150 regularly distributed points.

However, spatial structure was detected in the 815 N
values, and the deterministic structure responsible for this
was identified (Fig. 2c). As occurs with total N, the pattern
of 615 N in the moss in the region is not consistent with the
N-deposition models (Fig. 1b, c). The most obvious con-
clusion on comparing the deposition-modelled 815 N is
that the values of 815 N are highest (Fig. 2b) in the areas
where deposition of oxidised N is lowest (southwest sector
of the study area; Fig. Ic). The spatial structure of §"°N
explains a similar percentage of the raw data as that of
metals, such as copper, Cd, and V, in the same study area
(Aboal et al. 2006b). The most negative values of 815N
were found in the centre of the study area, which is a
largely agricultural area. The least negative values were
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observed in three zones: (1) the coastal area, which is the
most populated and industrialized; (2) the southeastern
zone, which is dominated by massifs and affected by two
power plants located outside of the study region; and (3)
the northern zone, which is influenced by two power plants
in which the patterns of N deposition have previously been
studied (Méndez et al. 2003), with results similar to those
found in the present study.

An exponential decrease in the concentrations of con-
taminants with increasing distance from the focal point of
emissions, which has been observed for contaminants, such
as heavy metals (Ferndndez et al. 2007), was not observed
in the total concentration of N in the moss (Fig. 4). The
only sector in which an exponential decrease in the con-
centrations of N was observed was sector no. 6 in 2007.
Because this pattern was not observed in the other seven
sectors, we may assume that the high concentration at the
closest point to the smelter may have been due to random
factors.

In contrast, most of the concentrations of N in moss
samples from the surroundings of the smelter were between
1 and 2 %, which is on the right-hand side of the N dis-
tribution for the entire region (Fig. 2a), indicating that the
moss in the area would be enriched in N. In four of the nine
sectors sampled, the concentrations of N were >2 % in one

or two samples. In sector no. 6 in 2007, the samples
coincide with the point closest to the smelter. Sectors no. 4
through 6 are adjacent and located in the prevailing
direction of the wind in this area during summer as shown
in Fig. 2d. In a previous study performed in the sur-
roundings of the same factory, in which concentrations of F
were measured in P. purum, Real et al. (2003) indicated
that this anion was mainly dispersed as a gas and it was
deposited in the area equivalent to sectors no. 4 through 6.
Because N is also an anion and the smelter emits about
1,770 ton of NO/NO> in one year, it is not surprising that
greater concentrations of N were detected in the moss
samples in this area. The findings for 8'°N are similar; the
values occur on the left-hand side of the distribution and do
not increase in relation to increasing distance from the
smelter.

From the above, it appears that sources of atmospheric
emission of N can be biomonitored by the measurement of
3'°N in terrestrial mosses, at least for large-scale pollution
processes. In contrast, neither N nor 3N values were
affected by the species of moss used, so both species can be
used simultaneously in extensive surveys.

However, the percentage variance expressed by one spe-
cies relative to another (Fig. 3) was much greater for 5N
than for total N. In contrast, on studying the large-scale
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patterns of N contamination (Fig. 2a, b), 89N analysis
enables recognition of the regional pattern of the source of
the N accumulated by the moss. Finally, regarding small-
scale patterns of contamination, the information provided by
"N and by total N may be considered equivalent.

The different result obtained for 8N in large- and
small-scale pollution processes may be related to the range
of values detected. The range of 8'°N for the region varies
between —7.60 and —1.00, and for the area around the
smelter it varies between —3.57 and —1.59. The absence of
deposition of reduced forms of N around the smelter nar-
rows this range and explains why no decrease in 35N
values was detected with increasing distance from the
source.

N is metabolically important, unlike other contaminants
that are often biomonitored by using terrestrial mosses
(e.g., heavy metals, PAHs, etc.). Nitrogen is a macronu-
trient that affects the moss physiology. Several studies with
bryophytes have shown that a greater availability of N
results in an increase in the synthesis of amino acids and
carbohydrates as well as changes in the photosynthetic rate
and tissue concentrations of N (e.g., Koranda et al. 2007;
Arréniz-Crespo et al. 2008; Liu et al. 2008c). One of the
requisites of biomonitoring agents is that a linear response
is maintained between the dose of an element to which the
agent is exposed and the amount of the element that is
bioconcentrated by the agent, which enables estimation of
the deposition of the element received by the agent.
However, Solga and Frahm (2006) showed (in a long-term
laboratory experiment with diverse species of terrestrial
moss) that this relationship is not linear and that N incor-
porated in moss tissues reaches a saturation point at real-
istic doses independent of the form in which N is supplied.
Saturation of N accumulated in moss does not affect &'°N
because the rate of saturation is independent of the amount
of N received. However, various investigators (e.g.. Solga
and Frahm 2006; Schroder and Pesch 2010; Stevens et al.
2011b) have indicated that bryophytes accumulate reduced
forms of N more easily because their incorporation is less
costly in metabolic terms due to the high cation exchange
capacity of mosses. These differences would lead to iso-
tope discrimination by mosses and preferential accumula-
tion of the N'* isotope, mainly in ecosystems where N is
not limiting. Thus, although the oxidised forms are present
at greater concentrations than the reduced forms in the
areas where deposition of both forms is highest (Fig. 1b, c),
the reduced forms appear to be preferentially accumulated
in the moss. The lowest values of deposition of oxidised
and reduced forms of N (Fig. 1b, ¢) coincided with the
least negative values of 8'°N (Fig. 2b) in the southwest
zone of the region, which may be attributed to N limitation
and greater deposition of the oxidised forms. As a conse-
quence, the mosses would not reliably reflect the isotope
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composition of N deposition but would amplify N'
Nevertheless, as shown in the present study, this would not
be problematical for establishing the spatial patterns of the
sources of N pollution.

Conclusion

In light of the findings of the present study, we recommend
the measurement of 8"°N in terrestrial mosses to investi-
gate atmospheric N deposition in preference to measure-
ment of total N, at least in extensive surveys. First,
although there were no interspecific differences in total N
or 8'°N concentrations between H. cupressiforme and
P. purum, 8'°N contents of both species were more closely
related than those of total N. Second, measurement of 3N
enables detection of large-scale spatial patterns of con-
tamination generated by the sources of emission, unlike the
measurement of total N.

The advantage of measuring 8'*N rather than total N in
terrestrial bryophytes is that the former provides informa-
tion about the source of N rather than the amount of N
received and it is not strongly affected by metabolic reg-
ulation of this element or by saturation during accumula-
tion, Furthermore, isotope discrimination appears to occur,
with the bryophytes preferentially accumulating the N
isotope. Although this amplifies the signal of reduced
forms, this is not problematical in terms of determining
spatial patterns of distribution.
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Abstract We used a method of detecting small
scale pollution sources (DSSP) that involves
measurement of the concentrations of elements in
moss tissues, with the following aims: i) to determine
any common patterns of contaminant emissions for
individual industrial sectors, ii) to compare any such
patterns with previously described patterns, and iii)
to compile an inventory of the heavy metals and
metalloids emitted by the industries considered.
Cluster analysis revealed that there were no
common patterns of emission associated with the
industrial sectors, probably because of differences
in production processes and in the types of fuel and
raw materials. However, when these variables were
shared by different factories, the concentrations of
the elements in moss tissues enabled the factories
to be grouped according to their emissions. We
compiled a list of the heavy metals and metalloids
emitted by the factories under study and found that
the DSSP method was satisfactory for this purpose
in most cases (53 of 56). The method appears to be
a useful tool for compiling contaminant inventories;
it may also be useful for determining the efficacy
of technical improvements aimed at reducing the
industrial emission of contaminants and could be
incorporated in environmental monitoring and
control programmes.

Keywords: Air quality; Cluster analysis; Heavy metals;
Pseudoscleropodium purum
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LIntroduction

The high degree of industrialization that has taken
place in the last century has led to increased emissions
of contaminants to the atmosphere. This has led
to the search for methods of characterizing and
monitoring such emissions, with the aim of minimizing
the environmental impact of industrial processes.
Biomonitoring of heavy metals and metalloids with
terrestrial mosses is recognised as a suitable tool for this
type of control. Atmospheric emission of contaminants
can affect small or large areas of land, depending on
the source of contamination. Emissions derived from
large factories, densely populated areas and agricultural
activities generate large-scale contamination processes.
Emissions derived from small and medium-sized
factories generate small-scale contamination processes.
To date, research in which bryophytes are used to
study atmospheric contamination by heavy metals and
metalloids has addressed both large- and small-scale
contamination. Studies of large-scale emissions have
focused on evaluating patterns of contamination in
sampling networks previously established for large areas,
at densities of approximately 1.5 sampling sites 1000
km-2 [1]. Research involving small scale contamination
has centred on sources of emission that affect restricted
areas [2-5], with the sampling effort involving more than 1
sampling site 1 km? However, study of the contaminants
produced by various dispersed sources of emission that
each generates small-scale contamination over a large
area is complicated. When a low density of sampling
sites is used in a large area, many of the emission
sources may be missed if there are no sampling sites
nearby [6]. However, studies involving high densities
of sampling sites aimed at capturing each dispersed
source of contamination are not viable from economic or
operational points of view.

One possible solution to this problem is to use the method
proposed by [7] for detecting small-scale pollution
sources (DSSP). This method enables the contaminants
emitted by such sources to be detected by using a very
small number samples. The method is based on the
shape of the curves that relate the concentrations
of heavy metals and metalloids in moss tissues
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Fig 1. Location of the moss P. purum SS in the surroundings
of the different factories classified in several industrial sec-
tors (see legend for Table1).

to the distance from the source of emission [2-3,
8-12]. According to this relationship, there will be a
large difference between the concentrations of the
contaminants in a sample of moss collected from
close to a source of contamination and in another
collected at some distance from the source.
However, it is essential to confirm that the difference
is actually due to contaminant emissions and not
simply to the natural variability in the concentrations
of elements in the moss. To ensure this, we can
use reference distributions of the differences in the
concentrations of each element established using
paired sampling points in uncontaminated areas
[7]. If the observed differences do not belong to the
reference distributions, we can infer that the source
is contaminating the surroundings.

The DSSP method is a useful tool for compiling
emission inventories such as the European
Pollutant Release and Transfer Register (E-PRTR;
http://prtr.ec.europa.eu/). This register implements
the UNECE (United Nations Economic Commission
for Europe) PRTR Protocol of the Aarhus
Convention to facilitate access to information about
the contamination emitted by the main industrial
processing plants in the European Union, Iceland,
Norway, Lichtenstein, Serbia and Switzerland.
Thus, it includes contaminant emissions to the
atmosphere, water and soil of approximately
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28,000 factories included in 65 different sectors.
However, in most cases the available data are
restricted to estimated or calculated values as
the number of factories involved is so large that
it is not feasible to measure all of the emissions
directly. Moreover, in compiling this type of official
register and in previous studies of the presence of
contaminants in the environment, researchers have
tended to associate the emission of certain types
of contaminants with particular industrial processes
and contaminants, without considering whether all
industrial plants dedicated to the same activity emit
the same contaminants. The DSSP method may
therefore be useful for characterizing the emissions
from different types of industries and comparing
the results with the data included in the official
registers.

However, there are certain limitations to the
proposed method, as the following conditions
must be fulfiled for correct application of the
technique: i) each source of contamination must
be isolated from other possible sources; ii) the
distance between the closest sampling site and the
source of contamination must be small enough to
capture the contamination gradient; iii) the moss
samples must represent the temporal variability
inherent in the concentrations of contaminants in
moss [13,14]; and iv) the sampling sites must be
arranged in the direction in which the decrease in
the concentrations in the moss is most evident. If
the above conditions are not fulfilled, the method
will not be capable of detecting the existence of
contamination (false negatives), although it will
not detect contamination that does not exist (false
positives).

The main aims of the present study were as
follows: i) to determine any common patterns of
contaminant emissions for individual industrial
sectors, ii) to compare any such patterns with
previously described patterns, and iii) to compile
an inventory of the heavy metals and metalloids
emitted by the industries considered.

2. Material and Methods
2.1.Sampling

Samples of Pseudoscleropodium purum (Hedw.)
M. Fleisch were collected in Galicia (NW Spain),
between 1999-2008, at sampling sites (SS) in the
surroundings of 43 different factories (some were
sampled during the course of several years) that are
potential sources of contamination. The factories
represent 26% of the factories in the region that are
included in the E-PRTR, and they are categorized
into 14 industrial sectors: chlor-alkali plants (CA),



Table 1. Information about the factories under study. The name of each industrial sector to which the factories belong
is indicated using the following abbreviations: chlor-alkali plants (CA), ceramic factories (CF), cogeneration plants (CG),
chemical industries (CI), chemical industries with cogeneration (CC), cement works (CW), ferrous-smelters (FS), glass
factories (GF), mineral industries (MI), non-ferrous smelters (NF), waste oil treatment (OW), paper and wood production
with cogeneration (PC), paper and wood production (PW), urban waste incinerators (UW)); production: annual production
(1: t year; 2: m? year™). Source of production data: a: Regional Goverment (Xunta de Galicia, www.xunta.es); b: E-PRTR, c:

business website; n.a.: not available.

Distance
from
Industry Year chal Product/type of industry Production
point of
emission(
m)
CAO01 99; 07 267 Chlor-alkali and derived products 33,552™7
CFO1 06 173 Bricks 70,0002
CFO02 06 472 Bricks and tiles >20,000™"
CFO03 06 210 Bricks and filler blocks >20,000™"
CF04 06 461 Bricks and tiles >20,000™"
CFO05 06 224 Ceramics, Tiles, Porcelain >20,000™"
CFO06 07 208 Bricks, Thermo-clay blocks 29,000
CFO07 07 131 Bricks and tiles >20,000"°
CFO08 07 176 Bricks >20,000™"
CFO09 o7 131 Bricks and tiles 90,000
CF10 08 119 Tiles 63,985""
CF11 08 147 Bricks >20,000""
CF12 08 120 Bricks >20,000™"
CcGo1 07 172 Cannery and cogeneration 23,000
CG02 08 110 Cannery and cogeneration >54,000™"
CGO03 08 242 Animal feed and cogeneration 140,000""
CG04 08 193 Aviculture and cogeneration 141,000""
CGO05 07 403 Cannery and cogeneration >20,000™°
CGO06 08 298 Cannery and cogeneration 60.000™
Clo1 o7 1332 Electrolytic coatings >36,000"°
cco1 07 502 Bioethanol 138,723%"
Cwo1 07 317 Cement and clinker 369,910""
FS01  04; 05; 06; 07 334 Iron and steel 750,000""
FS02 06; 07 444 Silicon and manganese n.d.
FS03 02; 07 387 Silicon and manganese n.d.
GFO1 07 331 Glass, glassfibre >6,000""
MI01 07 220 Mineral products >134,500""
NFO1 99; 04; 07 922 Aluminium, Alumina and derivatives. n.d.
NF02 o7 288 Aluminium profiles for industrial use 81,500™°
NFO03 o7 281 Aluminium profiles for industrial use 70,000
owo1 o7 208 Reutilization of oil >3,000""
PCO1 07 317 Wood boards 184,032%°
PCO02 07 235 Wood boards 184,523%"
PCO03 07 248 Wood boards >5,5002"
PCO04 o7 267 Wood boards n.d.
PCO05 o7 348 Wood boards n.d.
PCO06 07 408 Wood boards 318,873*"
PCO7 o7 209 Wood boards n.d.
PCO08 07 181 Wood boards 135,000™"
PCO09 o7 392 Wood boards n.d.
PWO1 07 585 Glues 43,990
PWO02 07 237 Paper and cardboard 23,315
uwo1l 00; 02; 03 1393 Urban waste incineration 541,759"°

ceramic factories (CF), cogeneration plants (CG),
chemical industries (Cl), chemical industries with
cogeneration (CC), cement works (CW), ferrous-
smelters (FS), glass factories (GF), mineral
industries (M), non-ferrous smelters (NF), waste oil
treatment (OW), paper and wood productions with
cogeneration (PC), paper and wood productions
(PW) and urban waste incinerators (UW) (Fig 1)
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Table 1 includes detailed information about the
factories studied, including the industrial sector,
year in which sampling was carried out, distance of
sampling point from the focal point of emissions, the
products manufactured and the annual production.

The samples of moss were collected following the
method proposed by [7]. Briefly, the SS were arran-
ged along two polar radii from the focal point of



emission. One transect followed the direction of the
prevailing wind in Galicia (NE-SW) and the other
was arranged perpendicular to this (NW-SE), with
the aim of detecting any anisotropy in the dispersal
of the contaminants. Samples were collected from
two SS on each radius; one of the SS was loca-
ted as close as possible to the focal point of emis-
sion and the other at a distance of between 970
and 1250 m from the first, as recommended in the
method (Table 1). Whenever possible, the samples

were collected in open areas or small clearings in
forests, although not next to trees, and areas clo-
se to main roads and centres of population were
avoided [15]. At each SS, approximately 30 sub-
samples of similar weight were combined to make
a single composite sample. Whenever possible, the
dimensions of the collection area were between 20
X 20 m and 50 x 50 m [16-18].

Table 2: Probability that the difference in the concentrations of the different elements in samples of the moss P.purum co-
llected in the surroundings of different factories belong the reference distribution corresponding to uncontaminated areas

(see details in text). 0= not significant, 1= p<0.05, 2= p<0.01, 3 =

p<0.001. Industry codes are as listed in Table 1; the number

after some codes corresponds to the sampling year, the letters after some years correspond to the sampling months (j:

January, m: May, s: September, o: October, n: November).

Elements

Industry Al As Ba Be Cd Co Cr Cu Fe Hg Mn Ni Pb Se Sr V zZn
CAO01.99j 3 o o 3 3 o o 2 3 3 o 3 3 o o 3 2
CAO01.99s 3 o o 3 3 o o 3 3 3 o 3 3 o 2 3 3
CAO01.07 3 2 o o o 2 3 2 3 3 (o] (o] 3 o o 3 (o}
CFO1 (o] (o] o o o o 3 (o] (o} o o 3 (o] 3 o 3 (o}
CFO02 3 o 3 o 2 3 3 o 3 o o 3 (o] 2 1 3 (¢]
CFO03 o o o o o 3 o 2 o o o 3 (o] 2 o 3 3
CFO04 3 o o 3 o o 3 o 1 o (o] 3 (o] o o 3 (o}
CFO05 o o 2 o o o [¢] o (0] (0] o o o o 1 3 o
CFO06 o (o] 1 2 o o o 1 (o] 3 o (o] (o] 3 o 3 3
CFO7 1 3 2 o o 1 o 2 3 2 o 2 3 3 o 3 3
CFO08 2 3 3 3 2 3 1 1 3 o o 3 3 o o 3 3
CFO09 3 3 3 3 3 3 1 1 3 (e] o 2 3 1 1 3 2
CF10 3 3 3 3 o o 3 3 3 2 o 3 3 o o 3 1
CF11 3 3 3 3 o 3 o o 3 o o o 2 o 2 3 o
CF12 3 2 2 3 o o o o 3 o o 1 3 o o 3 o
CcGo1 o 3 1 3 3 3 3 (0] 3 o o 3 (o] o 2 3 o
CcGo2 3 o o 3 1 3 (0] o 2 o o o o o o 3 1
CcGo3 3 o 3 3 1 o 3 o 3 o 2 o 3 o 2 3 O
CcGo4 3 3 (o] 3 o 3 o o 3 o o 3 o o o 3 (o}
CGo0S5 (o] o o o o o o (o] o o o 1 (o] (o] o 3 (o}
CGo6 o o o o o o o o o o o o o o o 3 o
Clol o o (o] o o o o o (o] (6] o o (o] o O o (o}
CccCco1 (o] o o o 2 (0] o o (o] o o 3 o o o o (o}
Ccwo1l 3 3 1 o 2 3 o (¢] 3 o o o 3 o o 3 o
FS01.04j (o] (o] 2 3 3 3 3 3 3 3 o 3 3 (0] o 2 3
FS01.040 o o 3 (o] 3 3 (0] 3 3 3 o 3 3 o o 3 3
FS01.05 1 o 1 o 3 3 3 3 3 3 o 3 3 o o 3 3
FS01.06 1 (o] 1 o 3 3 1 3 3 3 o 3 3 o o 3 3
FS01.07 o (o] 2 (o] 3 3 o 3 3 3 (o] 3 3 o o 3 3
FS02.06 3 o o 3 3 3 3 o 3 2 3 3 3 o o 2 o
FS02.07 3 o 3 3 3 3 1 1 3 o 3 3 3 o o 2 o
FS03.02 o 3 1 o o 3 3 3 3 o (o] 3 3 o o 3 3
FS03.07 (o] o o o o o o 3 1 o o 1 (o] o o o (o}
GFO1 o o o o o o o o O o o o 1 o o O o
MIO1 o (o] 1 1 o o o o (0} o o (o] (o] o o 3 o
NFO01.99m 3 (o] 1 2 3 3 o 3 3 3 o 3 3 o o 3 3
NFO01.99n 1 o o o o o o 3 (0] [e] o o o o 2 3 3
NF01.04 3 o 1 o 3 o o o 2 o o 3 3 o o 3 3
NF01.07 3 o o 1 3 3 o o 2 3 o 3 3 o o 3 (o}
NFO2 2 o 3 o o o o 2 o 3 o o o o 1 O 3
NFO3 3 o 1 3 3 2 [¢] 2 3 o o (o] 1 o 2 3 (¢]
owo1l 3 (o] o 2 3 3 3 o 3 o o 3 3 o O o 3
PWO1 o o o 1 o 2 3 o o 3 o o o 3 o o o
PWO02 o o o o o o o o (¢] o o (o] o o O O (¢]
PCO1 3 (o] o 1 1 o o o 2 o o (o] 3 3 [0} 2 [0}
PCO02 3 3 3 3 o 3 (¢} 2 3 o o o 3 o 1 3 (¢}
PCO3 3 3 3 3 o 3 3 (o] 3 o o 2 3 1 1 3 3
PCO04 o 3 (o] 3 o (o] o (o] 3 o (o] (o] 3 o o 3 o
PCO5 o (¢] o o o o o (¢] o o o 1 3 3 o o o
PCO06 o 3 3 o o (o] 3 (o] (0] o (o] (¢] 2 1 o 2 o
PCO7 (o] (¢] 1 (o] (o] 1 o (o] 1 o (o] (¢] (¢] o o 1 o
PCO08 (¢] o (e] 1 (o] (¢] o o o o (¢] 1 o o o o o
PCO09 3 3 1 3 o 3 3 1 3 o o 3 3 1 1 3 o
Uwo01.00 (o] (¢] 2 (o] 3 (o] o O o (¢] o O O o 3 O o
Uuwo01.02 o o} o (o] 1 o (o] o o (o] (o] (o} (o} (o] 3 O o
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2.2.Chemical analysis

Prior to chemical analysis, the samples were clea-
ned to remove adhered plant remains, and apical
segments of moss (3-4 cm lon) were separated
from the shoots. The samples were homogeni-
zed in an ultracentrifugal mill (Retsch ZM200 me-
tal free, Retsch GmbH) and digested with HNO,
(65% analytical grade) in a microwave oven (CEM
MDS2100). The concentrations of Al, Cu, Fe, Mn
and Zn were determined by flame atomic absorp-
tion spectrometry (Perkin Elmer 2100). The con-
centrations of Ba, Be, Cd, Co, Cr, Ni, Pb, Sr and
V in the moss tissues were determined by graphite
furnace atomic absorption spectrometry (Perkin
Elmer Analyst 600). As was determined by atomic
fluorescence spectrophotometry (PSA Excalibur).
Finally, the Hg in the powdered moss samples was
determined directly in an elemental analyzer (DMA
80 Milestone).

Two aliquots of the same sample were analyzed
once every nine samples, to control the analytical
quality. Certified reference material (M2, Pleuro-
zium schereberi; [19]) was also analyzed, once
every nine samples, to control the extraction and
analytical procedures. The percentage recovery of
the elements ranged between 80% and 125% (ex-
cept for As and Be, for which it was approximately
40%). The elements in all samples were above the
quantification limit, and the errors associated with
the determination [20] ranged between 1-12%. Fi-
nally, the existence of contaminating material was
controlled for by using analytical blanks, one every
nine samples.

2.3. Statistical analysis

The differences in concentrations between the po-
ints along each sampling radius were calculated.
These were then compared with the reference
distributions for unpolluted areas to determine the
probability of obtaining such values. Differences for
which p<0.01 were considered to indicate pollution
and were coded as 1 (otherwise, 0), and a presen-
ce-absence matrix of 56 samples x 17 elements
was constructed. The matrix was then analyzed by
cluster analysis to determine the similarity between
samples, by applying Ward's [21] agglomerative al-
gorithm and Jaccard’s [22] distance. All analyses
were carried out with R statistical software [23].

3.Results

For each element and factory studied, the lowest
probability that the two sampling transects were
included in the corresponding reference distribution
is shown in Table 2. Although factories such as CI01
and PWO02 did not emit any contaminants (p>0.01),
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others such as CF07, CF08, CF09, CF10, FSO01,
NFO01, PC03, PC09 and UWO01.03 emitted between
12 and 15 of the 17 elements studied.

The number of factories in each industrial sector
that emitted the elements under study in relation
to the concentrations of the elements in the moss
samples are shown in Table 3. The elements
emitted by each industrial sector, according to
the E-PRTR and [24] are also shown in Table 3.
The data provided by the E-PRTR refer to each
individual factory and they were grouped to yield
representative data for each sector. Comparison of
the three estimates reveals some discrepancies.
Thus, the DSSP method detected contamination in
industrial sectors in which the other two methods
did not detect any contamination; this was observed
for all of the elements considered in the study. The
opposite was also observed, i.e. the DSSP did not
detect contamination in some cases where it was
indicated by the other two methods. The results
of the cluster analysis used to group the different
industries under study (Fig. 2) revealed two well
differentiated clusters, in which A represents the
industries that emit very few elements (i.e. between
1 and 6, with the exception of CF07, which emits 10
different elements) and B includes those industries
that emit 9 or more elements. No emission of
contaminants was detected in the surroundings
of 5 of the factories (Cl01, GF01, PC07,PC08 and
PWO02) (p>0.01).

4. Discussion
4.1 Characterization of the contaminants emitted by
the different industrial sectors

The cluster analysis clearly showed that there was
no common pattern of emission for the individual
industrial sectors. This may be due to the existence
of false negatives produced by the DSSP for some
factories but not others, although the degree of
consistency indicates that the results are reliable.
For example, the ceramics factories CF06, CF03
and CFO7 are grouped in the same cluster as
they all contaminate the surroundings with Cu,
Se, V and Zn (Table 2). The raw materials used in
these factories are probably very similar. For the
cogeneration plants, two clusters were identified:
Cluster A included CG05 and CGO06, and Cluster
B included CG02, CG04 and CGO1. The factories
in Cluster A both use high grade fuel and only
contaminate their surroundings with V, whereas the
factories in Cluster B contaminate with Be, Co, Fe
and V, emissions of which are associated with fuel
combustion (Table 3), so that the use of the same
type of fuel again explains the grouping. In the
paper and wood production sector, factores PC06,



PCO01 and PCO5 are grouped together. These
three factories belong to the same company and
use the same type of fuel (and treatments such
as filtration),raw materials used in these factories are
probably very similar. For the cogeneration plants, two
clusters were identified: Cluster A included CG05 and
CG06, and Cluster B included CG02, CG04 and CGO1.
The factories in Cluster A both use high grade fuel and
only contaminate their surroundings with V, whereas
the factories in Cluster B contaminate with Be, Co,
Fe and V, emissions of which are associated with fuel
combustion (Table 3), so that the use of the same type of
fuel again explains the grouping. In the paper and wood
production sector, factories PC06, PC01 and PCO5 are
grouped together. These three factories belong to the
same company and use the same type of fuel (and
treatments such as filtration), raw materials and
production process (pers. comm.), and therefore
should perhaps be expected to display the same
pattern of emission with Pb, Se and V. The same
company owns another factory, PC02, which is not
grouped with the others. However, this factory is
located in an industrial estate where the proximity
of other factories makes it impossible to detect the
individual effects of each. For the other factories
belonging to the same industrial sector, no common
patterns of emission were observed. Although it may
appear logical to assume that the factories involved
in the same activity will emit the same contaminants
to the atmosphere, differences in the type of fuel,
raw materials and productive processes can lead
to different patterns of emission.

Finally, comparison of the data obtained by the
DSSP method with the data included in the
E-PRTR and the data compiled by [24] revealed
some discrepancies, as already mentioned. The
advantage of the DSSP method is that it is not
based on theoretical assumptions about the
functioning of the industrial processes involved (as
in the E-PRTR) or on data corresponding to other
factories that may be very different from those under
study here. Different factories may use different
internal procedures (e.g. cogeneration of energy)
or different grades of raw material (fuel or other
combustible material) that will lead to differences in
the emissions. Although such differences between
factories are very difficult to reflect with the other
two methods, the DSSP method is based on the
real situation in the surroundings of each factory.
One great advantage of this method is that no prior
assumptions are made.

4.2 Study Limitations

This is the first study in which the DSSP method
has been used to obtain an inventory of the metals
and metalloids that are emitted over a large area
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by different factories involved in different industrial
sectors. The experience acquired has enabled us
to identify a series of limitations to the application
of the method.

First, each of the factories being monitored
must be isolated from other possible sources of
contamination (e.g. from other factories, roads or
densely populated areas). This is the only way of
ensuring that the differences in concentrations of
the elements in the moss samples are definitely
related to the emissions from each factory under
consideration. This requisite was not fulfilled in each
of the cases studied (i.e. CA01, PC02 and UWO01),
for the following reasons: i) factory CAO1 is situated
beside a cellulose pulp factory, a concrete factory
and a busy road; ii) factory PC02 is located on an
industrial estate; and iii) factory UWO0L1 is located
at a distance of 5 km from a power plant. Thus,
the metals and metalloids in the moss samples
around these factories may be derived from
different sources that are impossible to distinguish.
Moreover, the required criterion of a pattern of
decrease in concentrations with increasing distance
from the source will not be fulfilled if the more
distant samples receive inputs from other sources,
and false negative results may be produced in
cases i and ii. However, factory UWO01 is located
close to a source of contamination that emits
large-sale contamination and this problem will not
occur (i.e. false negative results). This type of
source generates gentle gradients that affect large
areas, which at the scale used (i.e. approx. 1 km)
are negligible in comparison with those generated
by small-scale sources. For example, densely
populated areas in the study region act as diffuse
sources of Pb pollution and create gradients that
affect the entire area (i.e. 8.5 ng g** Pb km?, [6]).

The second problem identified in association with
DSSP method is the distance between the first
sampling site and the possible source of emission. In
this respect, if the first SS is too far from the factory,
the contamination gradient will not be detected and
the possible source of emission will be overlooked.
With a few exceptions, the distance between the
first SS on each sampling transect and each source
of emission was sufficiently small (100 - 400 m) to
prevent this problem (Table 1). Only at Cl01, NFO1
and UWO01, the distance was much greater (up to
1000 m). Owing to the large size of the NFO1 and
UWO1 facilities, which extend hundreds of metres
from the focal point of the emissions (i.e. chimneys),
itwas impossible to place the SS close to the source
of emission. However, the gradient of contamination
also extended further than for other sources, so
that the contaminants were detected in the moss



Table 3. Elements emitted by each industrial sector (see legend for Table 1), according to the concentrations in moss, ac-
cording to the European Pollutant Release and Transfer Register (E-PRTR) and according to Merian et al. (2004). n: num-
ber of factories in each industrial sector. Elements associated with fuel combustion are shown in brackets. The elements
identified by the moss technique and in the E-PRTR inventory are shown in bold type. The elements identified by the moss

technique and by Merian et al. (2004) are indicated in italics:

Sector _n Elements E-PRTR inventory Merian et al. (2004)
Al As Ba Be Cd Co Cr Cu Fe Hg Mn Ni Pb Se Sr V Zn
CA 1 1 1 1111111 - 11 111 Hg Hg
CF 27687354373 8651735 Ni, As Ba, Co, Ni (Al, As, Be, Cd, Co, Hg, Ni, Pb, V)
G 632 14132 -4 - 121 26 - Ni (Al, As, Be, Cd, Co, Hg, Ni, Pb, V)
o - - -
cC 1 - - - -1 - - - - - -1 - - - -
ew 111 - -11 - -1 - - -1 1 - - Al (Al, As, Be, Cd, Co, Hg, Ni, Pb, V)
FS 31122 2332372 1 33 3 2 CuPhzn As ,Cd, Co, Cr, Fe, Ni, Pb, V, Zn
GF 1 - - - - - - - - - .. .- Cr, Ni, Pb As, Co, Ni
M1 1 - Ni
NE 3 3 1 2 2 2 3 2 2 11 2 2 2 Hg, Ni Al, Cd, Co, Cu, Hg, Ni, ZPr;7 (A\\/I) As, Be, Cd, Co, Hg, Ni,
ow 1 1 11 11 1 11 1 - Pb, Zn
PC 9 453 4 - 3315 272 61 MCGHON As, Cr (Al, As, Be, Cd, Co, Hg, Ni, Pb, V)
PW 2 - - - - 11 -1 - - -1 - - Ni As, Cr
uw 1 1 1 1 1 1 - 1 - 1 11 - 11 Hg Al, Be, Hg, Ni, Pb

samples. However, other factors prevented the
first SS being located any closer to the source of
emission in factory CI01: i) the dense population in
the surrounding (urban) area, ii) the orography of
the area, and iii) the Mediterranean climate, which
is not favourable for growth of the moss species
used. Therefore, no contamination gradient was
detected at factory Cl01, which, unlike the other
factories, is a small facility with a low chimney that
emits contaminants over a relatively short distance.
When under circumstances such as these prevent
growth of P purum in the surroundings of the
factory under study, moss transplants can be used
instead of native moss, although this will require
recalibration of the method.

Third, the high temporal variability in the
concentrations of metals and metalloids in the
moss species used in the method must be
taken into account [13, 14]. This variability may
be due to environmental characteristics and to
physicochemical and biological processes that
affect the moss. However, despite the variability,
the results obtained for the factories that were
monitored at different times were consistent. For
example, sampleswere obtainedinthe surroundings
of factory FS01 on 5 occasions between 2004 and
2007, and Ba, Cd, Co Cu, Fe, Hg, Ni, Pb, V and Zn
were detected on all occasions (Table 2).

The differences observed over time for CAO1,
FS03 and UWO01 can be explained by changes
in the emissions. In the case of factory CAO1, on
both occasions in which sampling was carried out
in 1999, the factory contaminated the surroundings
with the same metals (i.e. Al, Be, Cd, Cu, Fe, Hg,
Ni, Pb, V and Zn; Table 2). However, in 2007,
contamination by Cd, Ni and V was not detected,
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although contamination by As, Co and Cr was
detected. This change may have been due to the
implementation of technological improvements
in the factory (or in the other potential sources
in the surroundings) and or the reduction in the
production level. Thus, in 2002, factory FSO03,
which produces ferrosilicon, was identified as a
source of contamination by As, Ba, Co, Cr, Cu,
Fe, Ni, Pb, V and Zn (Table 2). However, after
the installation in 2006 of a fume hood to capture
secondary microsilica by a dry filtration method, the
only elements detected in 2007 were Cu, Fe and Ni.
Finally, during the construction of factory UWO01 in
2000, contamination by Ba, Cd and Sr was detected
in the surrounding area (Table 2). In 2002, two years
after the factory became operational, only Cd and
V were detected, although once production reached
maximal levels, contamination by Al, Ba, Be, Cd,
Co, Fe, Mn, Ni, Pb, Sr and V was detected. The
variation in the results obtained for factories FS02
and NFO1 at the different sampling times may also
be due to emissions; however there is not sufficient
information available to enable interpretation of the
results.The method can also be used to monitor
the efficacy of technical improvements used in
factories with the aim of reducing contamination
(e.g. FS03) and in designing programmes to
monitor the surrounding environments before and
after activities (e.g. UWO0L1).

5. Final remarks and conclusions

In general, we did not identify any common pat-
terns of contamination for the groups of factories
in the same industrial sector. This may be due to
differences in the types of fuel and the composition
of the raw materials used, as well as to differen-
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ces in the machinery, productive processes and the
work practices. However, when these variables are
shared by factories, measurement of the concen-
trations of elements in moss samples enabled the
factories to be grouped according to sector.

The DSSP method enabled compilation of data for
inclusion in an inventory of the heavy metals and
metalloids released to the atmosphere by different
industries.The conditions at the factory and
surroundings hampered correct use of the method
in only 3 of 56 cases. Furthermore, the DSSP
proved to be a good alternative to the estimates
made in published studies and the model estimates
used in the E-PRTR inventory, with the advantage
that it does not yield false positive results in the
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Influence of the physicochemical characteristics of pollutants

on their uptake in moss.
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Abstract Bryophytes are commonly used as
biomonitors to estimate the atmospheric deposition
of heavy metals and metalloids. However, the
tissue concentrations of these elements in moss do
not always accurately reflect atmospheric levels.
The aim of the present study was to investigate
whether element uptake in moss is affected by the
physicochemical characteristics of the elements.
Factor analysis was used to identify any patterns
of covariance in the accumulation of elements
in samples of the moss Pseudoscleropodium
purum collected from the surroundings of different
factories and from control sites. The variation in the
concentrations of elements was similar in moss from
both types of sites and was related to the binding
properties of the elements. This suggests that the
physicochemical characteristics of the elements
determine the uptake of metals and metalloids
from the atmosphere. Therefore, in studies that use
multiple correlations among elements as indicators
of a common origin of contaminants, erroneous
conclusions may be reached by overlooking the
adsorption properties of the moss.

Keywords: Biomonitoring; Factor Analysis; Heavy
metals;Pseudoscleropodium purum
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1. Introduction

Since the moss biomonitoring technique was first
reported (Ruhling and Tyler, 1968), bryophytes
have been widely used as biomonitors to estimate
the atmospheric deposition of heavy metals and
metalloids. However, the concentrations of elements
in moss samples do not always accurately reflect
the atmospheric deposition of these elements
(Aboal et al., 2010): the tissue burdens will not only
depend on the amount of a particular contaminant
in the atmosphere, but also on the physicochemical
characteristics of the contaminants and the uptake
processes.

Although numerous biomonitoring studies have been
carried out with moss, relatively little is known about
the specific physicochemical mechanisms involved
in the bioadsorption processes, in comparison
with those in other organisms (algae, bacteria,
fungus, plants; Gonzalez and Pokrovsky, 2014). In
fact, there are no reports in the available literature
about how the physicochemical characteristics
of contaminants and of the uptake processes
in mosses might affect the bioconcentration of
different atmospheric contaminants. Aspects such
as the amount of a contaminant emitted by factory
and the type of emission (gaseous or particulate,
particle size, etc.) may have important effects on the
uptake process. The physicochemical processes
in mosses include aspects such as the affinity of
contaminants for cation exchange sites (Nieboer
and Richardson, 1980), competition by metals or
metalloids for cation exchange sites (Couto et al.,
2004) and synergistic uptake of contaminants
(Sun et al., 2009).

Therefore, the objective of the present study was to
establish the extent to which the physicochemical
characteristics of elements determine their uptake
in mosses. Factor analysis was carried out with
the aim of identifying any patterns of covariance in
the bioconcentration of elements in moss samples
collected from the surroundings of different
factories and from control sites. The working



hypothesis of the study is that as these types of
samples are subjected to different levels and types
of contaminants, different patterns will be observed
if caused directly by the inputs of atmospheric
contaminants, but that if there is some underlying
intrinsic process in the moss capable of interfering
the distribution of elements, then similar uptake
patterns will be observed in both types of samples.

2. Material and Methods
2.1. Sampling

Samples of the moss Pseudoscleropodium purum
(Hedw.) M. Fleisch were collected on at least two
occasions between 1999 and 2008 from 33 control
sites (Fernandez et al., 2007) and 43 industrial sites
(some of which were sampled on several occasions:
Varela et al., submitted) in Galicia (NW Spain) The
annual production levels of each of the factories
concerned are listed in Table 1. Two sampling sites
(SS) were established in the surroundings of each
possible source of contamination (see Fernandez
et al., 2007 and Varela et al., submitted for further
details).

2.2. Chemical analysis
Details about the chemical analysis of the samples

are described elsewhere (Fernandez et al., 2007
and Varela et al., submitted). Briefly, prior to
the analysis, samples were cleaned to remove
adhered material; apical portions (3-4 cm long)
were separated from the shoots and the material
was homogenized and digested with HNO3 in a
microwave oven. The concentrations of Al, Ba, Be,
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Sr, V and Zn were
determined by flame or graphite furnace atomic
absorption spectrometry. Arsenic was determined
by atomic fluorescence spectrophotometry, and Hg
was determined in an elemental analyzer. Quality
controls results (i.e. recoveries, quantification limits
and reproducibility) were satisfactory (see Varela et
al., submitted).

2.3. Statistical analysis

The relationships between the elements measured
in the moss samples were analysed by a principal
component factorial analysis (PC-FA), according to
Mardia et al. (1979); varimax rotation was included
as a final step to simplify the loading structure.
In factorial analysis, the principal component
method has the advantage that it does not require
the assumption of normally distributed data. The
analysis was applied separately to the data from
the control sites and from the industrial sites. All
analyses were carried out with R statistical software
(R Development Core Team 2008).
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Table 1. Goods manufactured and annual production (1: t
year™; 2: m?® year™) for the factories under study. Source of
production data: a: Regional Goverment (Xunta de Galicia,
www.xunta.es); b: E-PRTR, c: business website; n.a.: not
available.

Industry Product Production
01 Chlor-alkali and derived products 33,552
02 Bricks 70,000
03 Bricks and tiles >20,000"
04  Bricks and filler blocks >20,000*°
05  Bricks and tiles >20,000"
06 Ceramics, Tiles, Porcelain >20,0001’b
07 Bricks, Thermo-clay blocks 29,000
08 Bricks and tiles >20,000"
09 Bricks >20,000"
10 Bricks and tiles 90,000
11 Ties 63,985
12 Bricks >20,000"
13 Bricks >20,000"°
14 Cannery and cogeneration 23,000
15 Cannery and cogeneration >54,000"°
16 Animal feed and cogeneration 140,000
17 Aviculture and cogeneration 141,000
18 - Cannery and cogeneration >20,000%
19 Cannery and cogeneration 60.000"
20 Electrolytic coatings >36,000™
21 Bioethanol 138,723%
22~ Cement and clinker 369,910
23 lronand steel 750,000
24 Siliconand manganese nd.

25  Siliconand manganese nd.

26 Glass, glassfibre 56,0001
27 Mineral products >134500"
28 Aluminium, Alumina and derivatives. nd.

29 Aluminium profiles for industrial use 81,500
30 Aluminium profiles for industrial use 70,000
31 Reutilzation of oi >3,000™
32 Wood boards 184,032
33 Wood boards 184,523
34 Wood boards >5,500%"
35 Wood hoards n.d.

36 Wood boards n.d.

37 Wood hoards 318,873%"
38 Wood boards n.d.

39 Wood boards 135,000
40 Wood boards nd.

4 Glues 43,990""
42 Paper and cardboard 23,315
43 Urban waste incineration 541,759""

3.RESULTS

The data were not symmetrically distributed,
especially the data from the industrial environments;
some of the concentrations were very high, yielding



Table 2. Factor loadings and uniqueness of a Component Factor Analysis carried out with element concentrations in moss
samples (Pseudoscleropodium purum) collected from background sites and sites surrounding different factories. F.
factors for background sites; F;: factors for industrial sites; U: uniqueness value. Values shown in bold type correspond to

elements with the highest loadings.

Background Industrial
Metal Fpl Fp2 Fn3 Fod U Fil Fi2 Fi3 Fi4 V)
Al -0.49 0.11 0.84 0.08 0.02 -0.05 0.02 -0.11 -0.72 0.46
As -0.04 -0.04 0.58 -0.02 0.66 -0.06 0.02 -0.99 -0.06 0.02
Ba -0.08 -0.05 0.00 -0.62 0.61 -0.07v 0.11 -0.13 -0.92 0.12
Be -0.18 0.00 0.53 -0.13 0.67 -0.01 -0.01 -0.42 -0.50 0.57
Cd 0.10 0.49 -0.05 0.33 0.64 -0.17 0.75 0.02 -0.04 0.41
Co -0.56 0.14 0.25 -0.06 0.61 -0.57 0.19 -0.32 -0.04 0.53
Cr -0.89 -0.06 0.30 0.04 0.11 -0.91 -0.05 -0.05 0.04 0.16
Cu -0.34 0.55 -0.16 0.05 0.55 -0.84 0.41 0.06 0.02 0.12
Fe -0.66 0.06 0.44 -0.09 0.36 -0.81 0.17 -0.23 -0.34 0.14
Hg 0.01 0.57 0.17 -0.07 0.64 -0.13 0.90 O0.11 0.02 0.16
Mn 0.01 0.20 -0.01 -0.51 0.70 -0.25 0.08 0.03 -0.17 0.90
Ni -0.93 0.10 0.14 -0.07 0.10 -0.76 0.25 0.05 0.05 0.35
Pb -0.17 0.70 0.13 -0.21 0.42 -0.14 0.89 0.02 -0.02 0.19
Sr 0.13 -0.06 0.39 -0.55 0.52 -0.07 0.26 -0.14 -0.15 0.88
\Y/ -0.76 -0.02 -0.11 0.05 0.41 -0.07 -0.07 -0.54 -0.23 0.65
Zn 0.02 0.38 -0.09 -0.02 0.85 -0.26 0.94 0.00 -0.06 0.04

distributions with long right tails. Such high values
can influence the result of the factorial analysis
by generating spurious correlations that become
associated with a fictitious factor. To test for the
presence of such effects and to reduce the influence
of the higher values, we applied logarithmic
transformations to the concentration values before
repeating the analysis. This did not affect the
structure of the factor loadings for the background
samples (the order of factors 3 and 4 was reversed
after the transformation, but the loadings remained
stable), and factors 1 and 2 for the data from the
industrial sites were also stable. However, factors
3 and 4 for the industrial sites were not stable and
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collapsed into a single factor with larger loadings
for Al, As, Ba, Be, Fe and V when transformed data
were used.

The results of the factorial analysis with
untransformed data are summarized in Table 2,
which includes the loading values and the values
indicating the uniqueness of each element. Four
factors were selected for the final analysis because
previous trials had shown that the first four factors
absorbed most of the variance explained by the
model. The elements with the highest loadings
for each factor are highlighted in the table. We
did not use any particular criterion for selecting
the elements and simply chose the highest values
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Figure 1. Ionic and covalent binding indices (adapted from Nieboer and Richardson, 1987) of elements included in the co-
rresponding factors of the Component Factor Analysis (grey circles: factor 1; black circles: factor 2; dot inside circles: factor
3; white circles: factor 4) carried out with metal and metalloids determined on the moss samples (Pseudoscleropodium
purum) collected in backgrounds sites (A) and sites around different factories (B). The covalent binding index is represen-
ted by X? rand theionic binding index by Z*r, where X  is the metal-ion electronegativity, r is the ionic radius and Z is the
formal charge (for details, see Nieboer and Richardson, 1987).
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within each factor. Thus, for example, in Fbl, the
loading value for Cu was 0.34. Although this may
not appear to be very high, it is at least two times
higher than the other loading values (< 0.20). We
will discuss the real significance of these values in
the following sections.

Comparison of the stable factors and their loadings
obtained in each analysis (i.e. background and in-
dustrial data) reveals some interesting similarities.
The first factors for the control sites (F,1) and for
the industrial sites (F,1) are similar as both include
Co, Cr, Cu, Fe and Ni, although F,1 also includes Al
and V. Factors F,2 and F2 are also similar because
the highest loadings correspond to Cd, Cu, Hg, Pb
and Zn.

The uniqueness of each element, as identified by
the FA, was generally higher in the samples from
the control sites (except for Al, Cr, Mn, Ni, Sr and
V) than in samples from the industrial sites. This
indicates a higher percentage of variance in the
data explained by the FA, with the aforementioned
exceptions, for the moss samples from the indus-
trial sites. Thus, the explained variance ranged bet-
ween 30 and 50% (i.e. U=0.5-0.7; Table 2) for the
samples from control sites and between 80 and
100% (i.e. U=0.02-0.2) for samples from the indus-
trial sites.

4. Discussion
4.1 Relationships between factors and the physico-
chemical properties of elements.

The presence of common factors in both analyses
suggests that the origin of the contaminantsis not the
cause of the relationships between the metals, but
rather that the bioconcentration of these elements
can be explained by the adsorption processes in
moss and physicochemical characteristics of the
elements. The groups of elements associated with
the factors identified by the FA may be similar to
those classified by Nieboer and Richardson (1980)
on the basis of cation binding properties involved in
organic matter binding. These authors established
two indices to quantify the ionic and covalent nature
of ions, which also determined the types of organic
radicals to which the ions preferably bind. In this
classification, the ions are divided into class A,
class B and borderline. The values of the ionic and
covalent binding indices of the elements included
in the different factors analysed in the analyses
carried out in the present study are shown in Fig.
1 (adapted from Nieboer and Richardson, 1980).
Factors F,2 and F2 (Table 2) include Cd, Cu,
Hg, Pb and Zn (Fig. 1) (situated close to each
other in the periodic table), which have high and
similar ionic binding index values (ca. 5) and also
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high covalent binding index values (ca. 3.2-4.2).
In addition, Cd, Hg and Pb are almost always
characterized by significant correlations between
the concentrations in bulk deposition and in the
moss tissue and usually by high coefficients of
determination, whereas this is true for Zn in most
cases and for Cu in half of the cases (Aboal et al.,
2010). The significant correlations may be due to
the high covalent binding index values for these
elements. Likewise, Cu, Hg and Pb (for which the
values of the covalent binding index are highest)
tend to occur at higher concentrations in the basal
part of the shoots than in the apical part (Brown
and Brown, 1990; Leblond et al., 2004; Boquete et
al., in press). The differences along the shoot may
be due to the low mobility of these elements, which
are strongly bound to the cell wall and membrane
(Brown and Brown, 1990; Boquete et al., in press).

Factors F 1 and Fil both include Al, Co, Cr, Cu, Fe,
Ni and V. For all of these, except Al, the values of
the ionic binding index are between 5 and 6, and the
values of the covalence binding index are between
2-2.7; almost all of these elements are also close
to each other in row 4 of the periodic table. In other
words, the elements included in these factors have
very similar characteristics to those in F2 and
F.2, but with lower covalent binding index values.
Aluminium (which has different binding properties)
appears to be less closely associated with factor
Fb1 than the other elements. It has previously been
observed that the concentrations of Co, Fe and V
in the bulk deposition and in the moss tissue are
usually significantly correlated, whereas this is only
occasionally true for Cu and Ni and very rarely true
for Cr (Aboal et al., 2010).

Factor F, 3, which includes Al, As, Be, Co, Cr, Fe and
Sr, can be interpreted as a grouping of elements
with variable covalent binding index values but high
ionic binding index values. The ionic binding index
values for Co, Cr are Sr are low and therefore these
elements would not be included in this definition;
however, their loadings in this factor are low and
they are more closely associated with other factors
(F,1 and F,4), which appears to indicate a weak
relationship with this axis.

loadings. Alow ionic binding index value isacommon
characteristic of these elements. Manganese might
be expected to be included in factor F 1 because
of its low covalent binding index value; however,
it has recently be recommended that Mn should
not be included in moss biomonitoring studies
(Boquete et al., 2011) as increased concentrations
will only be observed in moss tissues under certain
circumstances, and for certain types of emission,
associated with increased deposition of the
element.



Table 3. Metals and metalloids determined in different moss species collected around different factories (CA: chlor-alkali

plant; FS: ferrous-smelter; MI: mineral factory; NF: non ferrous

-smelter; PP: power plant). The concentrations of the me-

tals indicated in bold type were significantly correlated with the distance to the focus.

Reference Factory Metals

Turkan et al. (1995) F S Cd, Cr, Fe, Mn, Pb, Zn

Brumelis et al. (1999) F S Cu, Pb, Zn

Fernandez et al. (2000) CA Hg

Poykio et al. (2001) F S and MI Cr, Ni, Zn

Ceburnis et al. (2002) P P Cr, Ni, V

Zechmeister et al. (2004) F S Al, As , Cd, Co, Cr, Cu, Fe, Hg, Ni, V, Zn

Schintu et al. (2005) N Fand 2 PP Cd, Cr, Cu, Pb, V, Zn

Uyar et al. (2007) PP As, Co, Cr, Cu, Fe, Ni, Pb

Suchara et al. (2008) C A Hg

Gonzalez-Miqueo et al. (2010) FS As, Cd, Cr, Cu, Hg, Ni, Pb, V, Zn
Gonzalez-Miqueo et al. (2010) FS As, Cd, Cr, Cu, Hg, Ni, Pb, V, Zn

Balabanova et al. (2010) M I Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb ,Sr, Zn
Baceva et al. (2012) F S Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Sr, V, Zn

Factor F 4 includes Ba, Mn and Sr, all with
moderate was Pseudoscleropodium purum, and as
the samples were collected in the same region as
in the present study, the findings are highly relevant
to this discussion. These authors showed that most
of the binding sites could (tentatively) be assigned
to carboxyl, phosphodiester and phosphoryl groups
(2.46 10-1 mmol g*), to amine groups (1.02 10-1
mmol g-1) and to polyphenols (2.06 10* mmol
g?). The first three groups contain oxygen and
preferably bind elements with low covalence binding
index values (class A elements sensu Nieboer and
Richardson, 1980), whereas amine, sulphydryl
and other groups without oxygen preferably bind
elements with high covalence binding index values
(class B). Elements with intermediate covalence
binding index values (borderline) can bind to all
types of ligands. Thus, factors F, 1 and F,2 could be
interpreted as being produced by the first group of
ligands and the amines respectively.

If this hypothesis is correct, the correlations explai-
ned by the factors should be due to changes in sur-
face properties of moss, not to differences in the
origin of the elements. This may explain the simi-
lar structure of the factors in both background and
industrial sample sets. Unfortunately, there are no
available data on the variability of the surface pro-
perties of the mosses to support this supposition.

4.2 Physicochemical properties of the moss surfaces

Gonzéalez and Pokrovsky (2014) reported the first
description of the chemical properties of the surface
of mosses. One of the four species included in this
study was Pseudoscleropodium purum, and as the
samples were collected in the same region as in
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the present study, the findings are highly relevant
to this discussion. These authors showed that most
of the binding sites could (tentatively) be assigned
to carboxyl, phosphodiester and phosphoryl groups
(2.46 10 mmol g*), to amine groups (1.02 10-* mmol
g*') and to polyphenols (2.06 10-* mmol g*). The first
three groups contain oxygen and preferably bind
elements with low covalence binding index values
(class A elements sensu Nieboer and Richardson,
1980), whereas amine, sulphydryl and other groups
without oxygen preferably bind elements with high
covalence binding index values (class B). Elements
with intermediate covalence binding index values
(borderline) can bind to all types of ligands. Thus,
factors F,1 and F,2 could be interpreted as being
produced by the first group of ligands and the
amines respectively.

If this hypothesis is correct, the correlations explai-
ned by the factors should be due to changes in sur-
face properties of moss, not to differences in the
origin of the elements. This may explain the simi-
lar structure of the factors in both background and
industrial sample sets. Unfortunately, there are no
available data on the variability of the surface pro-
perties of the mosses to support this supposition.

4.3 Similar studies

Other studies have applied factorial analysis to the
concentrations of contaminants in mosses growing
in industrial sites (Kuik et al., 1995; Balabanova et
al., 2010; Baceva et al., 2012). In the first of the-
se studies, Kuik et al. (1995) analysed samples of
Pleurozium schreberi collected from different sites
in The Netherlands and obtained 8 factors, one of
which included Cr, Fe, Niand V (similar to factor F, 1



in the present study, Table 2) and another included
Co, Fe, Hg, Ni, Pb and V (similar to a combination
of F,1and F 2 or F1 and F.3). BaCeva et al. (2012),
who analysed different species of moss (Campo-
thecium lutescens, Hypnum cupressiforme and
Homolothecium sericium) collected in the vicinity of
a ferronickel smelter plant in Macedonia, obtained
three factors; one of these included As, Cd, Cu, Hg,
Pb and Zn (similar to F,2 or F2), and another inclu-
ded Co, Cr, Cu, Fe and Ni (similarto F,1 or F,1 in the
present study). In both of the aforementioned stu-
dies, the authors indicate that these groupings are
associated with different sources of contamination
(e.g. fuel combustion, metallurgy, etc.). However,
as already mentioned, the groupings are probably
due to the physicochemical characteristics of the
elements and their interactions with the functional
groups of the moss and/or particles.

On the other hand, in a comparison of the correla-
tions between the concentrations of contaminants
in different species of moss in the industrial sites
and the distance from the source of emission re-
ported in other studies (Table 3), we found that the
elements for which the highest number of correla-
tions are reported are those included in the pattern
observed in the present study (i.e. Co-Cr-Fe-Ni and
Cd-Cu-Hg-Pb-Zn). Significant correlations were
observed for these elements in at least 50% of the
studies: for Fe in 80% (4 out of 5 studies); for Pb
(6/8) and Cd (5/7) in more than 70% of cases; for
Cr (6/10) and Ni (5/8) in more than 60%; and finally
for Co (2/4), Cu (4/8) and Hg (3/6) in 50% of cases.
All of these elements are characterized by being
class B or borderline type ions, with high covalent
binding index values. Elements such as Cd, Hg and
Pb, with high covalent binding index values, are
the elements most commonly measured in moss
biomonitoring studies in the last decade (e.g. Har-
mens et al., 2010, 2012). Lead was the element for
which the technique was first successfully applied
(Ruhling and Tyler, 1968).

4.4 Other effects related to the adsorption proper-
ties of the moss

The physicochemical characteristics of the ele-
ments will also influence the concentrations of
elements that are taken up by mosses via cationic
competition and displacement. In fact, in a study
in which the sequential elution technique was used
to identify the cellular location of the contaminants
(Pérez Llamazares et al., 2011), metals with high
covalent binding index values (e.g. Co, Ni and
Pb) were use to extract metals with lower values
of this index (e.g. all class A). Likewise, chelating
agents with S functional groups were required (e.g.
dimercaprol; Pérez Llamazares et al., 2010) were
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used to extract class B elements. The effect of the
different affinity of the ions for different functional
groups will affect both the adsorption process in the
moss and the adsorption of any particles deposited
on the moss surface, and both may determine the
amounts of each element accumulated.

5. Conclusions

The common pattern of variation in the concentra-
tions of elements in moss samples from both in-
dustrial and control sites, which were found to be
related to binding properties of the elements, sug-
gest that the physicochemical characteristics play
an essential role in the uptake of metals and meta-
lloids from the atmosphere. Depending on whether
the elements are class A, B or borderline, the pre-
sence of different functional groups on the cell wall
will determine uptake/retention by moss. However,
as the uniqueness value (Table 2) never equals 0,
some of the variability in the concentrations of the
elements under study (the amount will depend on
the element under consideration) can be attributed
to causes other than the inherent physicochemical
characteristics of the moss.

From a practical viewpoint, the main consequence
of this phenomenon is that by overlooking the
adsorption properties of the moss erroneous
conclusions could be reached in biomonitoring
studies in which multiple correlations among
elements are used to determine a common origin
for the contaminant.
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Abstract Terrestrial mosses are used as biomonitors
to assess atmospheric pollution. The aim of this study
was to evaluate the effects of chemical contaminants
on the physiological responses of mosses. For this
purpose, we transplanted clean moss samples to five
sampling sites at different distances from a steelworks
factory, for different lengths of time (four periods of
1 month, two periods of 2 months and one period of
4 months). At each sampling site, we collected bulk
deposition samples, and we also measured the concen-
trations of Al, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, Vand Zn
in the moss tissues and determined the chlorophyll
content (CHL) index, Fv/Fm ratio and moss growth
rate, with the following aims: (a) to determine the
relationships between the concentrations of elements
in bulk deposition and moss samples, physiological
traits and growth of the mosses; and (b) to determine
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whether such relationships are affected by the duration
of exposure and level of contamination. Although we
did not identify any such relationships, the CHL index
and growth rate were both lowest at high concentra-
tions of metals and metalloids in the moss tissues,
which suggest the existence of a threshold type of
response for both variables.

Keywords Bulk precipitation - Chlorophyll
fluorescence - Spectral reflectance - Terrestrial
mosses - Steelworks

1 Introduction

Biomonitoring is currently one of the most commonly
used environmental surveillance tools. The technique
involves measuring the concentrations of anthropogenic
contaminants in living organisms. It has been known for
several decades that anthropogenic activities release nu-
merous chemical compounds into the environment;
according to recent data from the European Inventory
of Existing Commercial Chemical Substances (EINECS;
http://ec.europa.evw/environment/chemicals/exist subst/
einecs.htm), about 100,000 compounds are produced in
Europe every year. However, our capacity to analyse and
detect many of these compounds, particularly in natural
matrices, is very limited (Wagner 1994). Because of the
huge number of existing compounds and the associated
analytical limitations, it can ofien be difficult to decide
which compounds should be studied and quantified in
biomonitoring studies and/or surveys. Moreover, the
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presence of a particular substance in an organism
does not necessarily indicate toxic effects, which will
depend on other factors including the bioavailability
of the contaminants, their location in the organism,
their possible transformation and the associated
toxicokinetic reactions.

As an alternative to measuring the types and
amounts of chemical substances in biomonitors, the
effects that are produced in such organisms can be
measured directly as changes in morphological and
physiological traits. Terrestrial bryophytes are used to
biomonitor atmospheric contamination (Onianwa
2001). However, very few studies have determined
the effects of the contaminants on physiological traits
of moss transplants in the field (Tuba et al. 1997; Aboal
et al. 2008), in laboratory experiments (Takacs et al.
1997; Shakya et al. 2008; Sun et al. 2009; Tuba et al.
2010) or both (Tremper et al. 2004). Although the
problems associated with the selection and analysis of
contaminants can be avoided by the use of moss trans-
plants, this approach does not enable identification of
the causal agents of any toxic effects, because of the
difficulty to determine the entire chemical compounds
present in moss samples. The response of moss to
contamination will be the result of a sequence of pro-
cesses associated with atmospheric contaminants:
emission — inmission — moss uptake (total load) —
moss bioconcentration — physiological alterations —
damage responses. Although some of these processes
have been studied, especially inmission (measured as
bulk precipitation and total burdens in moss, e.g. Ross
1990; Berg et al. 1995; 1997), no studies have consid-
ered all of these processes together to date.

We chose the surroundings of a steelworks factory
known to emit heavy metals and metalloids (Fernindez
et al. 2007) as experimental site for exposing trans-
plants of terrestrial mosses for different periods of time
to investigate the sequence of processes. We consid-
ered the changes in concentrations of elements in moss
tissues, chlorophyll fluorescence data and spectral re-
flectance parameters as measures of physiological al-
terations, and we considered differences in moss
growth as a measure of damage. The specific objec-
tives of the study were as follows: (a) to determine any
relationships between the concentrations of elements in
bulk deposition and in moss, physiological traits and
growth of the moss; and (b) to determine whether any
such relationships are affected by the duration of ex-
posure to the contaminants.
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2 Material and Methods
2.1 Sampling and Moss Transplant Preparation

The study was carried out at five sampling sites (SS) in
Galicia (NW Spain). Four of the SS were located in the
surroundings of a steelworks and were placed in dif-
ferent directions at increasing distances from the fac-
tory (SS1 to SS4). The remaining (control) SS (SS5)
was located in a rural area at a distance of 8,150 m from
the steelworks. Samples of Pseudoscleropodium
purum (Hewd.) M. Fleisch were collected at each of
the SS. In the laboratory, segments of the moss were
measured with a digital caliper (3.0+£0.007 cm,
mean+0.95 confidence interval) and then excised from
the shoots, The samples were sieved on a plastic mesh
(0.7 ¢m) and washed three times, with shaking for
| min (at first with distilled water and then with
double-distilled water), to remove plant remains, epi-
phytes, adhered edaphic particles, etc. Finally, aliquots
of the material (5-g fresh weight) were weighed for
preparing each transplant, as follows.

The moss apices were placed on a capillary mat on
top of a plastic container, with the short ends of the mat
inserted through slits positioned close to the edge of the
lid of the container. The container was filled with
distilled water, to maintain a high relative humidity
and prevent the moss suffering from hydric stress.
The moss, capillary mat and the lid of the container
were then covered with plastic netting (mesh size
0.5 cm), to ensure that the moss remained in contact
with the water and also to prevent it from being blown
away by the wind. In each SS, three such transplants
were placed inside a plastic container, which was cov-
ered with a plastic shading net to reduce the effect of
direct solar radiation and to provide further protection
against the wind.

The transplants were exposed in situ, for four pe-
riods of 1 month (designated 30-1, 30-I1, 30-III and 30-
V), for two periods of 2 months (60-I and 60-I1) and
for one period of 4 months (120). After each transplant
was removed, it was replaced with a new transplant.
The study was carried out between 14 September 2010
and 17 January 2011.

2.2 Bulk Deposition

Bulk deposition samples were collected for the 4-
month study period, by placing three collectors in each
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of the five SS. The collectors consisted of plastic
funnels connected by plastic hosing to a plastic con-
tainer. The funnels were placed at a height of 2 m above
the ground. Every month, the volume of the water in
each collector was measured, and aliquot was removed
and acidified with hyperpure 1 % HNO;, for posterior
analysis. The concentrations of elements in the water
samples were determined by ICP-MS (Varian 820-
MS). The concentrations of Hg were below the limit
of quantification (<0.05 pg g"). The recovery rates of
the elements in the reference materials ranged between
68 % for Al and 123 % for Cu.

2.3 Physiological and Growth Measurements
2.3.1 Chlorophyll Fluorescence

Chlorophyll fluorescence was measured by the
saturation pulse method (Schreiber et al. 1998), in
which measuring light and saturating light pulses
(>4,000 pmol photons m™> s ', 0.8 s of pulse length,
actinic white light) are applied through a fibre-optic
cable at a 60° angle relative to the sample and at a 12-
mm distance from the sample, with a portable fluorom-
eter (MINI-PAM photosynthesis yield analyser; Walz
GmbH). Measurements were made on ten apical seg-
ments per sample. The chlorophyll fluorescence pa-
rameter recorded was the maximum quantum yield of
photosystem II (Fv/Fm), which estimates the efficiency
of excitation energy captured by open PSII reaction
centres (Butler and Kitajima 1975). The Fv/Fm ratio
was determined as (Fm-Fy)/Fm (Bolhar-Nordenkampf
et al. 1989), where Fy and Fm are, respectively, the
minimal and maximal fluorescence yields of a dark-
adapted sample, with all PSII reaction centres fully
open (i.e. all primary acceptors oxidised). This param-
eter was measured after a 30-min period of dark adap-
tation, which is considered to be a sufficient time to
allow all PSII reaction centres to open (Roiloa and
Retuerto 2005). The Fv/Fm data for November (period
30-11) were lost, and therefore there are no data avail-
able for the first bimonthly period (60-I).

2.3.2 Moss Spectral Reflectance

Immediately after measuring the chlorophyll fluores-
cence, the spectral reflectance parameters were deter-
mined (at wavelengths between 300 and 1100 nm), in
the same apical segments, with a portable spectrometer
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(UniSpec Spectral Analysis System, PP Systems). The
reflectance spectra were calculated by dividing the
spectral radiance of the moss by the radiance of a
reflective white standard (Spectralon Reflectance
Standard, Labsphere). The spectral reflectance param-
eter considered was the chlorophyll content (CHL)
index, which was calculated as R7s¢/R7q0, Where R750
and Rqp are reflectance at 750 and 700 nm, respectively.
The CHL index is correlated with the chlorophyll con-
tent of leaves (Wood et al. 1993; Lichtenthaler et al.
1996).

2.3.3 Growth of Moss Transplants

In the laboratory, the length of the apices was measured
with a digital caliper. To determine the growth rate of
the moss transplants during the exposure period, the
mean length of the apices prior to exposure was
subtracted from the final mean length of the apices.

2.4 Metal Content in Mosses

After measuring the physiological and growth param-
eters, the samples were homogenised in an ultracen-
trifugal mill (Retsch ZM200, metal free), and HNO;
(65 % analytical grade) was added to digest the sam-
ples (in a microwave oven). The concentrations of Al,
Cd, Cr, Cu, Fe, Ni, Pb and Zn were determined by
flame atomic absorption spectrometry (Perkin Elmer
2100); when the values were below the limits of quan-
tification of this method, graphite chamber atomic
adsorption spectrometry (Perkin Elmer AAnalyst
600) was used to determine the concentrations. The
concentrations of Hg were determined in an element
analyser (Milestone DMASO0). The rates of recovery of
the elements in the reference material ranged between
77 % for Hg and V and 121 % for Pb.

2.5 Statistical Analyses

Kolmogorov—Smirnov and Levene tests were used to
check the normality and homoscedasticity of the data
(i.e. requisites for parametric tests), respectively, and
when necessary, the data were transformed to meet the
requirements of ANOVA fests, When the ANOVA
indicated significant differences, the Tukey test was
used to establish homogeneous groups. As the trans-
formations used for the growth data were unable to
satisfy the requirements for ANOVA, the Scheirer—
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Ray—Hare test (a non-parametric test) was used to
analyse this data, and a non-parametric post hoc test
(Zar 1984) was used fo establish homogeneous sub-
groups of this data.

Spearman's rho test was used to analyse the corre-
lations between the variables under study: bulk depo-
sition-moss concentration (for each element), CHL-
moss concentrations, Fv/Fm-moss concentrations,
CHL-moss growth and Fv/Fm-moss growth.

All statistical tests were performed with IBM SPSS
20.0.

3 Results

No correlations were found between the concentrations
of elements in bulk deposition and in moss, physiolog-
ical traits and growth of moss.

3.1 Concentration of Elements in Bulk Deposition
and Moss Samples

The concentrations of elements in the monthly bulk
deposition samples were lower in the control site (S85)
than in the other sites, for most elements and periods,
i.e. Al, As, Cd, Fe, Pb, Vand Zn in four of the periods;
Cu and Ni in three of the periods; and Cr in two of the
periods (Fig. 1). This was also true for the concentra-
tions of most elements in the moss. Thus, the concen-
trations of Cu, Fe, Ni and Pb were lowest in samples
from the control site for all four of the monthly periods,
and the concentrations of Al, Cr, Hg and Zn were
lowest at the control site in three of the monthly periods
(Fig. 1). However, the highest concentrations in the
bulk deposition did not coincide with those in moss
samples. For the bulk deposition, the concentrations of
elements (e.g. Al, Cd, Pb) were generally highest in
SS4: the concentrations of As, Cd, Cu and Pb were
particularly high during 30-I and those of Zn, during
30-II1 (Fig. 1). In SS1, the concentrations of Cr and Ni
in the bulk deposition were also higher during the
periods of 30-I and 30-III (Fig. 1). However, in the
moss tissue, the highest concentrations were generally
restricted to the SS closest to the factory (SS1). The
concentrations of elements in the moss transplants also
decreased with increasing distance between the sam-
pling site and the steelworks (Fig. 1), and they reached
lower levels than the initial concentrations in the moss

(e.g. Cr in 30-1IT and 30-1V).
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For the two bimonthly and the one 4-month period,
the pattern of concentrations of elements in the bulk
deposition was similar to that observed in the monthly
periods; the concentrations were lowest in SS5 and
highest in SS4 (Fig. 2). Again, the concentrations of
Crand Ni were higher in SS1. The concentrations of all
clements, except Hg and V, were highest in SS1. For
most of the elements and sampling sites, the concen-
trations in the mosses increased with the exposure time
(Figs. | and 2).

These patterns explain why the concentrations of
contaminants in the bulk deposition and the
transplanted moss samples were not significantly cor-
related (p<0.01) in the monthly, bimonthly or four-
monthly periods.

3.2 Concentration of Elements in Moss in Relation
to Physiological Traits

The physiological data measured in the moss samples
during the monthly, bimonthly and four-monthly pe-
riods are shown in Fig. 3. The CHL index only differed
significantly (p<0.05) between the SS for the moss
samples transplanted during the 30-I period; the values
of the index were lowest in SS1 and differed signifi-
cantly from the values in SS5 (control) in this period.
Indeed, the value of the CHL index for SS1 in this
period was the lowest observed. The moss from SS1
showed clear signs of damage, e.g. the plants were
fragile and dark brown in colour (see supplementary
data). The value of the CHL index for SS1 coincided
with the maximum concentrations of As, Cd, Cr, Cu,
Fe, Pb and Zn, and very high concentrations of Al and
V, in the moss tissues (Fig. 2). There were no signifi-
cant differences in the CHL index between the SS for
the bimonthly (60-I and 60-11) and four-monthly (120)
periods.

The potential quantum yield of PSII (Fv/Fm) dif-
fered significantly between SS in the 30-I period and
also in the 30-1V period. For the first period (as with
the CHL data), the values were lowest at SS1 and
significantly different from the control. For the period
30-1V, the values were lowest at SS4, and these were
also significantly different from the control values.
However, the concentrations of the metals did not
increase in the moss tissues (Fig. 1). The Fv/Fm data,
which are only available for one bimonthly period,
revealed significant differences between the SS; the
values were lowest for SS1 and differed significantly
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moss tissues (in microgram per gram) in each 30-day period: 30-

from the values for the other sites (Fig. 3), whereas in
the four-monthly period, the only site that differed
significantly from the control was SS2.

The monthly concentrations of Cd in moss and the
CHL values were significantly correlated (p=—0.55;
p<0.01). However, the concentrations of other ele-
ments for other exposure periods were not significantly
correlated with CHL or Fv/Fm.
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3.3 Physiological Traits and Moss Growth

The growth of the moss varied greatly between SS and
exposure periods (Fig. 3). In period 30-1, the growth
rate of the moss was significantly lower in SS1 than in
SS5, and it was the lowest observed throughout the
study. As already mentioned, this low growth rate
coincided with the period of greatest accumulation of

@ Springer



1753, Page 6 of 10

Water Air Soil Pollut (2013) 224:1753

1.4¢" 1.0e 1.4e
Al Hg

1.0¢e" 4 1750 I 1.0e

7.0e? t5.0e* [ 7.0e*!

3.5 |l 2587 r 3.5e"'

0.0 i 10.0e" . : - 0.0

5.0e" 30e” 35e? . 1.2¢"

As Ni ¢

3.7¢* M F2.2e* 2.6e? M 9.0e*

2.5e F15e' 1.7e? b 6.0e%

1.2e L- 7.5e"  8.7e* I 3.0e%

0.0e* ATH] | 10.0e?  0.0e"] - 0.0e

1004 0.5e"  3.0e* 6.0e*"
_lcd Pb e
T g.0e* [3.7e"  2.2e? 456" 3
E= M R+
= ]
S 6.0e* L25e"  1.5e? F3.0e" 3
£ =1
w N 5o i [
£ 3.0e* 1.2¢" 7.50° F1set S

-

2 0.0e ] L 10.0e*%. 0.0e*] 1 0000 5
s 2e 7.0e¢ 600 3
2 3.0e° 1.2e: ' De* 06
g |cr v 2
Q 2.2e? 90e? 5.2e* | 456" 0
a [ —_
] c
T 1.5e* l6.0e” 35e* | 3.0 @
X @«
S 7.5¢+ 3.0e? 1.7e* 1.5 2
[0} r L

0.0e" | - l00e* 0.0e% 1 1 0.0e®

202 |Gy 25e" 3.0e' [7n 2.5e*

1507 F1.8e 2.2e" rige?

1.07 M M.2e" 158 F1.2e

5.0e° M ] te.2e 7.5e2 1 F6.2e

0.0e* L Lcme“' 0.0e* o =a 1 0.0e"

60-l 60-1l 120 60-1 60-11 120
1.4e" [Fe » 350
Days

1.0e" r2.6e”

7.0e? r1.7es mSS1 @SS2 mSS3 oS54 mSSs

3.5e? 876

0.0e” Ll | lo.0e”

60-1 60-1l 120 60-1 60-11 120
Days

Fig. 2 Concentrations of 4/, As, Cd, Cu, Cr, Fe, Hg, Ni, Pb, V
and Zn in the bulk deposition (in gram per square metre) and in
mosses tissues (in microgram per gram) during the exposure

metals in the moss. For the other monthly exposure
periods, when differences were observed, the growth
rates were lowest in the controls. For the bimonthly
periods, growth was only significantly lower than in
the control site in the second bimonthly periods in the
transplants in SS1 and SS2, and it was similar to
the growth observed in the four-monthly period.
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periods (60-1, 60-11 and 120 days). The horizontal dashed line
represents the concentrations at time zero. When no data are
shown, the concentrations were below the limit of quantification

Decreased growth rates were only observed during
long exposure periods. The growth rate of the mosses
was 15.8 % after 30 days, but decreased to 5.9 % after
120 days.

The values of the CHL and Fv/Fm indices were not
significantly correlated with growth in the monthly,
bimonthly or four-monthly periods.
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4 Discussion

Information about the emission of contaminants by the
steelworks where the moss samples were transplanted
is very scarce. According to The European Pollutant
Release and Transfer Register, the factory emitted
214 kg of Cu, 1,890 kg of Pb and 961 kg of Zn per
year during the period of 2004-2011 (E-PRTR Spain).
However, the factory may also emit other contaminants
(not mentioned in the above document). The emissions
were evident in the bulk deposition data (Fig. 1), which
shows much higher concentrations of these and oth-
er elements than at the control site. However, the
concentrations of elements in the bulk deposition
were not correlated with those in the moss samples.
This apparently contradictory result is consistent
with the conclusions reached by Aboal et al.
(2010), who also reported a lack of any correlation
between the concentrations of most heavy metals in
bulk deposition and in native moss, except for Cd
and Pb. These authors included the following as
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possible explanations for the lack of correlations:
(a) types of inputs (atmospheric, edaphic or plant
inputs); (b) the physicochemical characteristics of
pollutants and the physicochemical processes in
mosses; and (¢) biological processes in moss.

In the period 30-1, the concentrations of metals were
highest in the moss samples transplanted to the site
closest to the steelworks (SS1). Relative to the initial
concentrations, the concentrations of Al, Cd, Cu, Cr,
Hg, Ni and V increased by two to five times; those of
As, Fe and Zn increased by five to ten times; and those
of Pb increased by up to 12 times (i.e. to 13 ug g ).
The concentration of chlorophyll, estimated via the
CHL index, was lowest (i.e. 1.25) in this period in
SS1, which was also the only site in which the concen-
tration was significantly different from the concentra-
tion in the control site (Fig. 3). We have only found
three previous studies that related the chlorophyll
contents to the concentrations of contaminants in moss
transplants and that also show different results
depending on the contaminant considered. Aboal
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et al. (2008) used P purum as a biomonitor in the
surroundings of an aluminium smelter and observed
a reduction in the chlorophyll content (Chl a + b) in
relation to the increased tissue loads of F, which
reached extremely high levels. However, Bignal
et al. (2008), who used Hylocomium splendens,
Pleurozium schreberi and Racomitrium lanuginosum
to biomonitor an area close to a road with heavy traffic,
and Tremper et al. (2004), who used Rhytidiadelphus
squarrosus and P schreberi exposed in a semi-urban
zone and beside a road, did not observe any decrease in
the chlorophyll concentration. The latter authors sug-
gested that other factors such as climatic factors
and/or interactions with other contaminants would prob-
ably have a greater influence on the chlorophyll
concentration.

However, in laboratory experiments, reductions in
chlorophyll contents have been observed in response
to accumulation of metals such as Cd and Pb in
Tortula ruralis (Takacs et al. 1997); Pb and Cr in
Taxithelium nepalense (Choudhury and Panda 2005);
Cu in R. squarrosus and P. schreberi (Tremper et al.
2004); Cu, Pb and Zn in Thuidium delicatulum and
Thuidium sparsifolium (Shakya et al. 2008); Pb and
Ni in Hypnum plumaeforme (Sun et al. 2009).
However, Tremper et al. (2004) did not observe any
effect on the concentrations of chlorophyll in relation
to accumulation of Pb and Zn.

Although the results of field studies are not compa-
rable, the results of the laboratory experiments have
shown reduction in chlorophyll levels due to metal
uptake. The differences are probably due to the fact
that higher concentrations of metals were used in the
laboratory experiments than those found in the field.
Thus, Sun et al. (2009) observed effects with Ni at a
concentration of 4 mg and with per Pb at 25 mg, whereas
Tremper et al. (2004) observed effects with Cu at a
concentration of 286 pg, but did not observe such effects
with concentrations of Pb higher than 300 pg g’ or
concentrations of Zn close to 2,000 pg g . These results
must also be interpreted with care as the metals are
usually tested separately in laboratory experiments, and
the way in which the metal is administered (i.e. immer-
sion in metal solutions) varies the rate of uptake and
toxicity.

The results obtained in the 30-1 period may have
varied for several different reasons. First, the concen-
trations of some of the contaminants (metals or metal-
loids) may have surpassed a level above which effects

@ Springer

CHAPTER5 /78

occur, even though the concentrations were much low-
er than those that caused a decrease in chlorophyll
levels in laboratory experiments (Tremper et al. 2004;
Sun et al. 2009). In this type of response, degradation
of chlorophylls would only occur in response to
accumulation of a contaminant above a certain con-
centration characteristic for each compound, envi-
ronment and species. Thus, the level of chlorophyll
will not decrease until the threshold concentration of
metal is reached. This explains the lack of correla-
tion between the concentrations of metal in moss
and the CHL. This type of response may even have
occurred in the case of the significant correlation
found for Cd. Second, the mixture of contaminants
may have exerted a synergistic effect, as demonstrat-
ed for Ni and Pb by Sun et al. (2009). Finally, the
responses may have varied due to the presence of
contaminants other than those detected in the moss
and bulk precipitation (e.g. other heavy metals or
metalloids, PAHs, etc.), which may act individually
or synergistically.

The lowest value of Fv/Fm for the period 30-1 was
again observed in SS1; however, unlike for CHL, this
was not the lowest value in the monthly periods
(Fig. 3). The variation in Fv/Fm between monthly
periods was greater than for the CHL index. We only
found two studies that related the Fv/Fm to the accu-
mulation of contaminants in moss (Tuba et al. 2010;
Takdcs et al. 1997). After carrying out transplants with
seven species of bryophytes (the species used in the
present study was not included), Tuba et al. (2010)
demonstrated that exposure to Pb yielded a reduction
in Fv/Fm, in both field and laboratory experiments,
with a high level of interspecific variability. The values
determined in the present study are within the range of
variation found by these authors. Takacs et al. (1997)
observed decreases in Fv/Fm of 32 and 71 % after
exposing T ruralis to different concentrations of Cd
and Pb, respectively.

As found for the CHL index, the lowest growth rate
observed throughout the study was in SS1 in the period
30-I; the growth rates during this period were the
lowest of all the SS and all periods studied. Again, this
site was the only one that was different significantly
from the control site. We only found one study that
investigated the relationship between contamination
and growth (Bignal et al. 2008). The authors of this
study transplanted specimens of H. splendens, P.
schreberi and R. lanuginosum close to a busy road,
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and they found that the transplants closest to the road
grew fastest. They speculated that this may have been
due to a fertilisation effect (particularly involving N).

As already indicated for chlorophylls, there may
also be a threshold concentration of metals of contam-
inants above which growth of the moss decreases, as in
the period 30-I. There was no correlation between
growth and the CHL index, although the minimum
values of both occurred during this period. Unlike the
CHL index, there was a high degree of variability in
growth between SS and exposure periods. Moreover,
in the other monthly periods, when growth of moss in
SS1 was significantly different from that in the control
site, the growth was higher, possibly because of a
fertilisation effect similar to that proposed by Bignal
et al. (2008).

The damage responses observed in the moss phys-
iology in the period 30-1 may be related with the
location of pollutants in the different cell compart-
ments (i.e. intercellular, extracellular, intracellular
and/or particulate) of moss tissues and their effects
(Brown 1995). It have been shown that soluble metals
present inside the cells have a potentially immediate
effect on the metabolism of the organism and are
therefore more likely to cause toxic effects than the
extracellular fractions (Brown and Sidhu 1992;
Branquinho et al. 1997). However, the extracellular
fraction can also provide information about potentially
toxic elements that they may pass to the interior of the
cell and may even be more harmful than those associ-
ated with intracellular particles (Perez-Llamazares
et al. 2011). In the case of this study, most of metals
are bound to particles deposited on the surface of the
moss, so the damage observed in the period of 30-1
could be caused directly due to the high extracellular
concentration of metals or because the metals bound to
particles deposited on the moss surface have been
solubilised more rapidly than in the other periods
studied.

Longer exposure times did not lead to significant
correlations between variables. The effect of longer
times is evident in the reduction in the rate of metal
uptake in the moss (Figs. 1 and 2) as usually observed
in transplanted moss samples (Ares et al. 2012). The
chlorophyll content also decreased over time (Fig. 3).
In the period 30-1 in SS1, the low values of the CHL
index and growth recovered on extending the exposure
time for another 30 days and reached the same levels as
in the control site.
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5 Conclusions

The concentrations of elements in bulk deposition and
moss samples did not appear to be correlated to phys-
iological traits and growth of moss. Despite the lack of
significant correlations, the CHL index and growth
were both lower at high tissue concentrations of metals
and metalloids. This suggests the existence of a thresh-
old type of response in which the effect (measured with
both variables) can only be detected above a certain
level of one of these elements and/or of others not
determined and/or synergic effects between various
elements. Such a response would explain the results
obtained in the present study and previous findings.
However, this type of response cannot be used to detect
concentrations of contaminants below the threshold
level. The threshold values must be determined for
the CHL index and growth. Among the physiological
variables studied, the CHL index appeared to be most
useful for biomonitoring purposes as it was subject to
the least temporal variability and variability due to
environmental differences unrelated to the contamina-
tion process. Although the growth rates were more
variable, the lowest values coincided with the lowest
vales of the CHL index.

The duration of the exposure did not alter the find-
ings as regard the lack of relationships between the
processes in the sequence studied. Finally, we recom-
mend that the moss transplants are not exposed for
more than 30 days, as there is some recovery in the
moss physiology after this time.

Acknowledgments This study was partly funded by FEDER
funds and by the Spanish Ministry of Science and Innovation
(CTM2011-30305). S.R.R. was financed by a grant from the
Portuguese Foundation for Science and Technology (FCT) (ref-
erence SFRH/BPD/79599/2011) co-funded by the European So-
cial Fund of the European Union.

References

Aboal, J. R., Couto, J. A., Fernandez, J. A., & Carballeira, A.
(2008). Physiological responses to atmospheric fluorine
pollution in transplants of Pseudoscleropodium purum, En-
vironmental Pollution, 153, 602-609.

Aboal, I. R., Fernandez, J. A., Boquete, T., & Carballeira, A.
(2010). Is it possible to estimate atmospheric deposition of
heavy metals by analysis of terrestrial mosses? Science of
the Total Environment, 408, 6291-6297.

Ares, A., Aboal, I. R., Carballeira, A., Giordano, S., Adamo, P.,
& Fernandez, J. A. (2012). Moss bag biomonitoring: a

@ Springer



1753, Page 10 of 10

Water Air Soil Pollut (2013) 224:1753

methodological review. Science of the Total Environment,
432, 143-158.

Berg, T., & Steinnes, E. (1997). Use of mosses (Hylocomium
splendens and Plewrozium schreberi) as biomonitors of
heavy metal deposition: from relative to absolute deposition
values. Environmental Pollution, 98(1), 61-71,

Berg, T., Royset, O., & Steinnes, E. (1995). Moss (Hylocomium
splendens) used as biomonitor of atmospheric trace element
deposition: estimation of uptake efficiencies. Ammospheric
Environment, 29, 353-360.

Bignal, K. L., Ashmore, M. R., & Headley, A. D. (2008). Effects
of air pollution from road transport on growth and physiol-
ogy of six transplanted bryophyte species. Environmetal
Pollution, 156, 332-340.

Bolhar-Nordenkampf, H. R., Long, S. P., Baker, N. R., Oquist,
G., Scheiber, U., & Lechner, E. G. (1989). Chlorophyll
fluorescence as a probe of the photosynthetic competence
of leaves in the field: a review of current instrumentation.
Functional Ecology, 3, 497-514,

Branquinho, C., Brown, D. H., & Catarino, F. (1997). The
cellular location of Cu in lichens and its effects on mem-
brane integrity and chlorophyll fluorescence. Environmen-
tal and Experimental Botany, 38, 165-179.

Brown, D. H. (1995). Sequential elution procedures for
establishing the cellular distribution patterns of metals in
cryptogamic plants. In M. Munawar, O. Hinninen, 8. Roy,
N. Munawar, L. Kirenlampi, & D. Brown (Eds.),
Bioindicators of environmental health (pp. 203-209). Am=
sterdam: SPB Academic.

Brown, D. H., & Sidhu, M. (1992). Heavy metals uptake, cellular
location and inhibition of moss growth. Cryprogamic Bot-
any, 3, 82-85.

Butler, W., & Kitajima, M. (1975). Fluorescence quenching in
photosystem II of chloroplasts. Biochimica et Biophysica
Acta, 376, 116125,

Choudhury, S., & Panda, S. K. (2005). Toxic effects, oxidative
stress and ultrastructural changes in moss Taxithelium
nepalense (Schwaegr) Broth Under chromium and lead
phytotoxicity, Water, Air, & Soil Pollution, 167, 73-90,

Feméndez, J. A., Aboal, I. R., Real, C., & Carballeira, A. (2007). A
new moss biomonitoring method for detecting sources of small
scale pollution. Atmospheric Environment, 41, 2098-2110.

Lichtenthaler, H. K., Gitelson, A., & Lang, M. (1996). Non-
destructive determination of chlorophyll content of leaves
of a green and an Aurea mutant of tobacco by reflectance
measurements. Journal of Plant Physiology, 148, 483-493.

Onianwa, P. C. (2001). Monitoring atmospheric metal pollution:
a review of the use of mosses as indicators. Environmental
Monitoring and Assessment, 71, 13-50.

Perez-Llamazares, A., Fernandez, J. A., Carballeira, A., & Aboal,
J. R (2011). The sequential elution technique applied to

@ Springer

CHAPTER5 /80

cryptogams: a literature review. Jowrnal of Briology, 33(4),
267-278.

Roiloa, S. R., & Retuerto, R. (2005). Presence of developing
ramets of Fragaria vesca increase photochemical efficiency
in parent ramets. International Journal of Plant Sciences,
166, 795-803.

Ross, H. B, (1990). On the use of mosses (Hylocomium
splendens and Pleurozium schreberi) for estimating atmo-
spheric trace metal deposition. Water, Air, & Soil Pollution,
50, 63-76.

Schreiber, U., Bilger, W., Hormann, H., & Neubauer, C. (1998).
Chlorophyll fluorescence as a diagnostic tool: basics and
some aspects of practical relevance. In A. S. Raghavendra
(Ed.), Photosynthesis. A comprehensive treatise (pp. 320~
336). Cambridge: Cambridge University Press.

Shakya, K., Chettri, M. K., & Sawidis, T. (2008). Impact of
heavy metals (copper, zinc and lead) on the chlorophyll
content of some mosses. Archives of Environmental Con-
tamination and Toxicology, 54, 412-421.

Sun, 8. Q., He, M., Cao, T, Zhang, Y. C., & Han, W. (2009).
Response mechanism of antioxidants in bryophyte
(Hypnum plumaeforme) under the stress of single or com-
bined Pb and/or Ni. Environmental Monitoring and Assess-
ment, 149, 291-302.

Takdces, Z., Otvos, E., Lichtenthaler, H. K., & Tuba, Z. (1997).
Chlorophyll fluorescence and CO; exchange of the heavy
metal-treated moss, Tortula ruralis under elevated CO,
concentration. Physiology and Molecular Biology of
Plants, 10(2), 291-296.

Tremper, A. H., Agneta, M., Burton, S., & Higgs, D. E. B.
(2004). Field and laboratory exposures of two moss species
to low level metal pollution. Jowrnal of Atmospheric Chem-
istry. 49, 111-120.

Tuba, Z., Csintalan, Z., Badacsonyi, A., & Proctor, M. C. F.
(1997). Chlorophyll fluorescence as an exploratory tool for
ecophysiological studies on mosses and other small
poikilohydric plants. Journal of Bryelogy, 19, 401-407.

Tuba, Z., Saxena, D. K., Srivastava, K., Singh, S., Czobel, S., &
Kalaji, H. M. (2010). Chlorophyll a fluorescence measure-
ments for validating the tolerant bryophytes for heavy metal
(Pb) biomapping. Current Science India, 98(11), 1505-
1508.

Wagner, G. (1994). ESB in the Federal Republic of Germany. In:
An instrument for long-term environmental monitoring,
assessment and research (pp 57-462). Ecoforma 94, 5
Bayern

Wood, C. W., Reeves, D. W., & Himelrick, D. G. (1993). Rela-
tionships between chlorophyll meter readings and leaf chlo-
rophyll concentration, N status, and crop yield: a review.
Proceeding of the Agronomy Society New Zealand, 23,1-9.

Zar, J. H. (1984). Biostatistical analysis. London: Prentice-Hall.



CHAPTER 06







Bull Environ Contam Toxicol (2013) 91:345-348
DOI 10.1007/500128-013-1049-9

Establishing Reference Values of Spectral Reflectance Indices
in Transplants of Pseudoscleropodium purum for Potential Use

in Atmospheric Biomonitoring

Z. Varela - J. R. Aboal + A. Rey-Asensio *
A. Carballeira - J. A. Fernandez

Received: 5 March 2013/ Accepted: 18 June 2013/ Published online: 3 July 2013

© Springer Science+Business Media New York 2013

Abstract We studied the spatiotemporal variation of the
photochemical reflectance index (PRI) and the chlorophyll
content index (CHL index) in a terrestrial moss, using self-
watering transplants distributed in 8 sampling sites that
were sampled periodically during up to 4 years. We did not
detect any seasonal patterns or difference between the
studied sites, and therefore the variation across the sites
reflected the influence of environmental variables in the
area. We established the reference thresholds associated
with physiological stress as —(0.212 for PRI and 1.195 for
CHL index. Our findings could be applied for biomoni-
toring atmospheric contamination on the basis of the
physiological stress shown by the moss used.

Keywords Photochemical reflectance index -
Chlorophyll content index - Correlograms - Terrestrial
moss

Native and transplanted terrestrial mosses are commonly
used as biomonitors of atmospheric contamination (Onianwa
2001). The concentrations of various contaminants in the
moss tissues are often used to estimate air quality. However,
it may be difficult to decide which contaminants should be
monitored when, for example, the source of contamination is
unknown. One solution to this problem is to determine the air
quality by measuring how it affects physiological traits (e.g.
photosynthetic pigment content) in transplanted mosses
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(Tuba et al. 1997; Tremper et al. 2004; Aboal et al. 2008).
Reference (threshold) values, representing unstressed moss
samples, are required to enable interpretation of any
observed effects. Aboal et al. (2008) reported threshold
values for the Chlorophyll a/b and D665/D665a indices,
determined in self-watered transplants of Pseudoscleropo-
dium purum. To calculate the reference values, these authors
used data from 7 sampling sites that were sampled once every
2 months over a period of 5 years.

Measurement of spectral reflectance parameters has
become recognised as a good alternative for chlorophyll
estimation to techniques such as liquid chromatography
and spectrometry (e.g. Gamon et al. 1997). The main
advantages of this technique over traditionally used meth-
ods are that it is (1) non destructive, (2) less expensive, (3)
faster, and (4) highly replicable. To date, the technique has
mainly been used in higher plants. Use of the technique
with moss species has been limited (Lovelock and Robin-
son 2002; Van Gaalen et al. 2007), and it has not been
applied in atmospheric biomonitoring studies with mosses.

Therefore, to enable biomonitoring of air quality based
on physiological effects in the moss P. purum, reference
thresholds must be established for the spectral reflectance
indices. The objectives of the present study were as fol-
lows: (1) to study the existence of seasonal patterns in the
chlorophyll content index and the photochemical reflec-
tance index: (2) to study how both indices vary spatially at
aregional scale, and (3) to establish reference thresholds of
the indices showing physiological stress.

Materials and Methods

Samples of the terrestrial moss P. purum (Hewd.)
M. Fleisch were collected from a rural area (A Estrada;
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X = 540,947, Y = 472,874; coordinates UTM29N ED50),
at a distance of at least 300 m from main roads and centres
of population and at least 100 m from other types of roads
and isolated houses. Once in the laboratory, the samples
were cleaned and 3 cm-long apical segments were sepa-
rated from the shoots for analysis. Apical tissue was used
because it has been demonstrated that young tissue is
physiologically the most active part of the plant (Bates
1979). The segments were then washed with distilled water
(with shaking) to remove plant remains and minimize the
amount of edaphic particles adhered to the surface; aliquots
of the tissue (5 g fresh weight) were then prepared for
transplanting. For each sample, a self-watering system was
prepared by fitting a piece of capillary matting inside the
lid of a plastic jar. The ends of the matting were placed so
that they protruded through two slots at opposite edges of
the lid. The jar was filled with distilled water and the lid
was placed on top so that the ends of the capillary matting
were in contact with the water. The prepared apical sam-
ples were then placed on top of the capillary matting. This
system maintained the moss samples damp, thus preventing
them from suffering hydric stress. A piece of plastic mesh
was placed over the lid of each jar to prevent loss of
material. In the field, the transplants were placed inside a
stainless steel frame (60 x 60 x 70 cm), which was
completely covered with a plastic shading net to reduce the
effect of direct solar radiation and to provide protection
against the wind (for details, see Couto et al. 2003; Aboal
et al. 2008; Ferndndez et al. 2010).

The study was carried out at 8 sampling sites (SS) in
rural areas in northern Galicia (NW Spain) (Table 1). The
average distance between SS was 64 km (maximum dis-
tance, 120 km). Three replicated transplants were situated
in each SS and were left for periods of 56 days at different
times between 10 February 2004 and 15 January 2008
(Table 1).

At the end of each 56-day exposure period, the moss
transplants were transferred to the laboratory, and a new
transplant was exposed. Once in the laboratory, they were
washed with double distilled water for 30 s, with shaking,
and blotted on filter paper to remove excess water.

The chlorophyll content index (CHL index) and the
photochemical refiectance index (PRI) were determined in
the apical segments by use of a portable spectrometer
(UniSpec Spectral Analysis System, PP Systems). The
reflectance measurements required for each index were
made at wavelengths between 300 and 1,100 nm and were
repeated 6 times in each transplant. The reflectance values
were calculated by dividing the spectral radiance of the
shoot by the radiance of a reflective white standard
(Spectralon Reflectance Standard, Labsphere). The CHL
index was calculated as Rys0/Rypo, where Rqsg and Rygg
represent the reflectance measurements at 750 and at
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Table 1 Codes, UTM coordinates (29T N ED50), altitude of the
sampling sites (55) and sampling periods and number of samples

Code X Y m.asl.  Sampling periods n

581 602,098 4,820,985 540 10/02/04-15/01/08™ 23

SS2 582017 4806552 480 10/02/04-15/01/08"" 23
§S3 541,107 4771,581 270 10/02/04-15/01/08™ 21
S84 552292 4.779.549 440 10/02/04-15/01/08" 23
§S5 583,843 4837331 415 14/03/06-15/01/08" 12
5§86 606,332 4,721,281 506 29/08/06-15/01/08" 9
SST 606,041 4,796,623 465 15/03/05-30/08/05 4
SS8 565,583 4781008 380 15/03/05-30/08/05 4

m.a.s.] Meters above sea level
* No data were obtained between 30/08/05 and 14/03/06
P No data were obtained between 25/09/07 and 15/01/08

700 nm (Lichtenthaler et al. 1996). The values of the CHL
index are correlated with the chlorophyll content of leaves
(Lichtenthaler et al. 1996). The PRI was calculated as
(Rs30 — Rs70)/(Rs30 + Rszo), where Rsyg and Rsyo repre-
sent the reflectance values at 539 and at 570 nm (Filella
et al, 1996).

The Shapiro-Wilk test was used to test the normality of
each data set prior to statistical analysis. Moreover, the
Levene test has verified that there is homogeneity of
variances. Time series of data from the four SS in which
n > 20 (SS 1-4: Table 1) were analyzed with the auto-
correlation function (ACF) and the autocorrelations were
graphically represented on correlograms. Correlograms
provide an analytical view of the basic structure of a
temporal series. This representation allows us to determine
if there exists cyclic variation in the behaviour of the
temporal series, in our case, any seasonal trends in the
reflectance indices.

A paired sample ¢ test was then used to test for any
differences in the reflectance indices between SS. Pear-
son’s correlation was used to test for any correlations
between the values of the reflectance indices obtained for
the different SS. These statistical tests were performed with
IBM SPSS 20.0. Kernel smoothing was used to estimate
the density distribution of the CHL and PRI data, with the
Kern-Smooth software package (Ripley 2002) and R soft-
ware (R Development Core Team 2008).

Results and Discussion

The mean value (£95 % confidence interval) of the CHL
index (calculated from the 18 measurements for each SS in
each exposure period) varied between 1.63 + 0.08 (SS8)
and 1.31 £ 0.08 (SS6). The coefficient of variation (CV)
for each SS was low and varied between 4.9 % (SS8) and
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Fig. 1 Time series for a the chlorophyll content index (CHL index)
and ¢ the photochemical reflectance index (PRI) in transplants of P.
purun, between January 2004 and January 2008. Open square: SS1;
open circle: 882; open diamond: SS3; open triangle: S84 filled
square: SS5: filled diamond: SS6; filled circle: SST and SS8 (standard
errors are omitted for an easy display). Correlograms for b the CHL
index and d the PRI in 881, 2, 3 and 4. The vertical bars represent the

15.7 % (SS7). The mean values of the mean PRI index
varied between —0.05 £+ 0.02 (S§7) and —0.99 £+ 0.05
(SS5). The CVs of the PRI were higher than 40 % for all
S8 and reached as high as 77.8 % for SSI.

It has been shown that in mosses, the PRI is associated
with the xanthophyll cycle, which is involved in the dis-
sipation of the light that is absorbed but not used in pho-
tosynthesis, and is therefore related to photosynthetic
efficiency (Lovelock and Robinson 2002; Van Gaalen et al.
2007). The CHL index, on the other hand, provides an
accurate estimate of the chlorophyll content of the leaves
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coefficients of autocorrelation, and the solid lines the confident
interval (p < 0.05). Kernel smoothing distribution of e the CHL index
and f the PRI for all available data. Vertical dashed lines correspond
to the 5 % percentile of the distributions. Verrical lines on the
secondary x-axis represent the position of each value used to construct
the distributions

(Lichtenthaler et al. 1996). In the absence of contamina-
tion, both indices are affected by different environmental
variables (e.g. temperature, moisture, photoperiod and
radiation); however, the use of shaded, self-watered
transplants eliminates both the hydric stress and any stress
arising from exposure to solar radiation. The PRI values in
the present study (—0.24 to 0.06) are similar to those
reported by Lovelock and Robinson (2002) in Antarctic
species such as Grimmia antarctici, Ceratodon purpureus
and Bryum pseudotriguetrum, which varied between —0.30
and 0.0. In both the latter and the present study, the
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variation was higher than that found by Van Gaalen et al.
(2007) for Sphagnum in North Canada, which ranged
between —0.09 and —0.05. The PRI values used in
both of these studies was calculated as (Rs3; — Rsyo)/
(Rs31 + Rs70), as suggested by Gamon et al. (1997).

The time series of CHL index for each SS are shown in
Fig. 1a. The values ranged between a minimum of 1.17
(SS1 and 2) and a maximum of 1.95 (S87). The temporal
variation in the data was similar in some SS, and significant
correlations were observed between SS1 and SS2
(p < 0.001), SSI and SS4 (p < 0.05), and SS3 and SS4
(p < 0.01). However, the correlograms (Fig. 1b) did not
reveal any seasonal pattern at the scale used (56-day
periods) for any of the SS. The time series of the PRI
values are shown in Fig. lc; the values varied more widely
than those of the CHL index, from a minimum of —0.24
(552 and S83) to a maximum of (.06 (S56). The temporal
variation was very similar across all SS, with significant
correlations between sites (p < 0.001). Again, the corre-
lograms (Fig. 1d) did not reveal any seasonal patterns.

Once the absence of seasonal patterns in all data series
was confirmed, we searched for significant differences
between SS with respect to any of the indices used. As no
significant differences (p < 0.05) were found, the values of
each index for each of the SS were grouped into a single
data set, which was used to estimate density functions
(Fig. le, f, for the CHL index and the PRI, respectively).
Each distribution has two main modes. Finally, the 5 %
percentile value is indicated in each distribution.

The facts that there were no seasonal patterns in either
CHL or PRI and that the values of the indices did not differ
between SS, and were even correlated between some SS,
indicated the existence of a natural variability caused by
the environmental conditions that affect the entire area.
The study area includes two large electricity generating
stations, which may act as large scale sources of contam-
ination. However, if the contamination affected the indices
in a particular period or SS, lower values different from
those corresponding to $S6, which is part of The European
Monitoring and Evaluation Programme (EMEP), should
have been obtained.

The variability in the combined data set (comprising the
data from the different SS and for the different exposure
periods) reflects the natural variability in moss transplants
not subjected to the physiological stress caused by atmo-
spheric contamination. The distribution of these data can
be used as a reference distribution, thus enabling the
damage threshold to be established (as the 5 % percentile
of the distribution).

In conclusion, no seasonal patterns were observed in the
values of the spectral reflectance indices (CHL index and
PRI) in shaded, self-watered transplants of P. purum
exposed for 56-day periods in the study area. The values of

@ Springer

CHAPTER 6 / 86

the indices did not differ between any of the SS, despite
these being separated by distances of up to 120 km. The
combined variation across these SS indicates the existence
of environmental variables that affect the entire study area
and generate natural variability in both indices. Finally,
from all of the above, we were able to characterize the
distributions of the CHL index and PRI and to establish the
stress thresholds (1.195 and —0.212, respectively), which
correspond to the 5 % percentile of each distribution.
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GENERAL DISCUSSION

Bryophytes have been considered good biomonitors of air quality ever since they were first used for this
purpose at the end of the 1960s (Ruhling & Tyler, 1968). These authors found high concentrations of Pb
in moss growing beside roads, and they considered this as evidence of the suitability of moss as a bio-
monitor. The technique then became known as the “moss biomonitoring technique”. Names always give
a certain authority, and without any further testing of the original hypothesis, many researchers during
the next 20 years assumed that there was a direct relationship between the elements taken up by moss
and the atmospheric deposition of these elements. Although some studies showed that this was only
true in certain cases (see e.g. Ross, 1990; Berg et al., 1995; Berg and Steinnes, 1997), the assumption
was upheld in many other studies. Some factors were even proposed to explain the suitability of moss
as biomonitors, e.g. the absence of a protective cuticle and of epidermal cells with thick cell walls, and
the lack of roots. These characteristics were suggested to confer the moss with a high cation exchange
capacity and the ability to capture and accumulate contaminants derived from atmospheric deposition.
The suitability of moss as biomonitors was further validated by considering moss as an integrator, an idea
maintained in recent studies (see e.g. Harmens et al., 2008). These assumptions led numerous authors
to try to estimate the absolute rates of deposition of contaminants (i.e. metals) from the concentrations in
moss tissues (see e.g. Ruhling et al., 1987; Berg and Steinnes, 1997).

However, up until this point, it had not been considered whether mosses were capable of integrating
the contaminants that they received and, therefore, whether they were good biomonitors, as defined by
Markert (1999). The conclusions extracted from some studies, in regard to the correlations between the
concentration of the elements to which the mosses are exposed and the concentrations in their tissues,
were not consistent with the results obtained. Furthermore, little attention was given to the importance
of the previously mentioned biological characteristics (e.g. absence of cuticle, roots, etc.) in terms of the
capacity of mosses to act as biomonitors.

Scarce attention has been given to research on the theoretical bases of the “moss biomonitoring tech-
nigue”, even in the complex pseudo-technological approach that has culminated in the ICP Vegetation
(http://icpvegetation.ceh.ac.uk/ ), which unites several national moss monitoring networks. Many indivi-
duals and centres receive funding to apply this technique, which is fundamentally based on commonly
repeated phrases whereby moss is postulated to “act as an integrator”, “reflect levels of atmospheric
deposition”, “provide quantitative values”, “take up elements due to its biological characteristics”, etc.
Although not based on scientific evidence, these statements are repeated in scientific articles and reports
and have become widely accepted. However, many of these ideas have been refuted in recent years. For
example, some authors have shown that mosses are not generally capable of integrating the contaminant
load that they receive and others have found a direct relationship between the concentration of elements
in moss and the total deposition of only some elements (e.g. Cd and Pb) (Aboal et al., 2010; Fernandez
et al., 2013). The research reported in this thesis continues along these lines, with the specific aim of de-
termining whether the concentrations of contaminants in moss should be used to yield quantitative results
and whether the uptake of elements depends on the biological characteristics of the moss.

Although some atmospheric contaminants may occur in gaseous form, most are found associated with
particles in suspension (Bargagli, 1998). As particles are less disperse than gases, it appears logical to
assume that when the “moss biomonitoring technique” is used in the surroundings of focal points of conta-
mination, the highest concentrations of contaminants will be found in the tissues of moss growing closest
to these points. Moreover, if the contaminants occur in the gaseous phase, the highest concentrations will
be found at distances further from the source of contamination. However, only the first of these assump-
tions is true. The results obtained with P. purum and reported in Chapter Il show that in industrial sites, the
concentrations of heavy metals and metalloids decrease directly in relation to increasing distance from
the source of contamination, as previously reported (Turkan et al., 1995; Brimelis et al., 1999; Fernandez
et al., 2000, 2004; Poykid et al., 2001; Ceburnis et al., 2002; Real et al., 2003). However, when the object
of study is a gaseous contaminant (e.g. N, see Chapter Il), the second assumption does not hold true as
the concentrations of such contaminants are distributed at random throughout the area affected and do
not follow any spatial patterns.

However, the fact that the moss biomonitoring technique appears to be suitable for heavy metals in in-
dustrial sites does not imply that moss is capable of integrating all of the contaminant load to which it is
exposed or that there is a consistent relationship between the total deposition and the concentrations of

G.DISCUSSION / 89



elements in the moss. If a large portion of contaminants occur in particulate form in the atmosphere, their
uptake in mosses will be affected by the particle dynamics. Particulate matter is bound so strongly to the
outer surface of mosses that it is impossible to differentiate this fraction from the fraction that accumula-
tes inside the cells (Spagnuolo et al., 2013). Moreover, far from being inert, the particles interact with the
moss and compete with other elements for cation exchange sites (Nieboer and Richardson; 1980 Couto
et al., 2004). The research reported in Chapter IV shows that each contaminant displays different binding
properties for the exchange sites and that these properties are determined by the ionic and covalent
bindings indices. Thus, many of the assumptions that have been made about moss are erroneous. Moss
samples cannot yield reliable quantitative data as they do not integrate all of the contaminant load to
which they are exposed. Moreover, uptake of contaminants will depend on the physicochemical characte-
ristics of elements and not only on the biological characteristics of the moss, as previously assumed.
For all of the above reasons, researchers must refrain from overrating the potential of moss as a biomoni-
tor and indiscriminately applying the “moss biomonitoring technique” in various situations. Other alterna-
tive methods to the chemical quantification of contaminants must be developed. One possible alternative
method is physiological biomonitoring, in which the effects of contaminants would be evaluated directly,
at physiological or morphological level. As the tissue concentrations of contaminants would no longer be
measured, the limitations of the technique (e.g. those associated with bioconcentration of the contaminant
load, affinity, competition for cation exchange sites, metabolic limitation, etc.) would disappear and the
effects caused by the contaminants would become more important, as observed for the moss P. purum
(Chapter V). Nonetheless, this alternative method would not enable identification of the causal agents of
the effects, as it would be impossible to determine all of the chemical compounds present in the moss
samples. Use of this type of approach also requires prior measurement of the reference values of the
physiological parameters in mosses growing in unpolluted environments to enable evaluation of whether
the target moss samples have been affected by contaminants (Chapter VI).

Finally, application of the seriously flawed “moss biomonitoring technique” has led to the development
of different methodological approaches in the form of protocols that are not based on scientific criteria.
During the past 20 years, the Ecotoxicology research group at the USC has been working towards opti-
mizing these protocols. In this thesis, | report some the results of some of the remaining lines of research.
Although delimitation of the size of sampling site may intuitively appear to be key factor, no consensus
has yet been reached as regards this point. In most studies, sampling sites of dimensions 50 x 50 m are
used, although the choice is not based on scientific findings. The results of this research show that sam-
pling sites of diameter greater than 16 m should be sufficient to detect variations in the concentrations of
contaminants. The choice of SS of dimensions 50 x 50 m is therefore valid, although SS of dimensions
20 x 20 would be sufficient.
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1. The size of the sampling site (SS) did not affect the results obtained when using the moss Pseudos-
cleropodium purum to monitor air pollutants; the dimensions of the SS were irrelevant for those elements
that displayed spatial independence or linear spatial structure. However, other factors such as the number
of subsamples collected and the weight of each can affect the results. For elements that display spatial
structure that fits a spherical model, the optimal size of the SS was a circular area of diameter greater
than 16 m. However, these conclusions must be verified using the same method with other species and
in other regions.

2. The bryophyte P. purum cannot be used to biomonitor atmospheric contaminants such as N and some
heavy metals and metalloids, for the following reasons:

2.1. Nitrogen is an essential element that is metabolically regulated in moss. The levels reach satu-
ration point and cannot be accumulated further in moss, which cannot therefore comply with the criteria
used to define good biomonitors. Futhermore, the concentrations of N were distributed at random throug-
hout the study area and did not display any spatial patterns. Moreover, the concentrations of N in moss
were not related to the distance from the sources of emission of this element.

2.2. Mosses can only yield qualitative estimates of the concentrations of heavy metals and metalloids
emitted by different industries. They do not integrate all of the contaminant load as most contaminants are
retained on the moss surface as particulate material and interact with the moss and compete with other
elements for cation exchange sites. The existence of these processes demonstrates that the uptake of
contaminants by moss mainly depends on the physicochemical characteristics of the elements and not on
the biological characteristics of the moss. This further verifies the inability of moss to yield reliable quan-
titative data, as it is not possible to determine the bioconcentrated fraction. As the present studies were
only carried out with the moss P. purum, these conclusions must be verified using other species.

3. Different physiological parameters of the moss P. purum (i.e. moss growth, chlorophyll fluorescence
and spectral reflectance) cannot be used to evaluate air quality, for the following reasons:

3.1. The different processes related to atmospheric contaminants, such as atmospheric deposition,
accumulation in moss, physiological parameters, and moss growth are not significantly related. However,
the values of the chlorophyll content index (CHL) and moss growth rate both decreased after exposure
of moss to high levels of heavy metals and metalloids, suggesting the existence of a threshold-type res-
ponse for each.

3.2. In the specific case of the CHL index and photochemical reflectance index (PRI), no temporal
patterns or differences between study sites were found. The combined variation reveals the influence of
the environmental conditions of the study area on these indices. Nonetheless, the distributions of both
indices were computed and the corresponding stress thresholds were calculated (1.195 and -0.212 for
CHL and PRI, respectively).
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1.INTRODUCION XERAL

O emprego de bridfitas terrestres é unha técnica amplamente utilizada para caracterizar os niveis de
contaminantes na atmosfera. A técnica foi desenvolta nos paises nérdicos -a finais dos anos 60 do século
XX (Ruhling e Tyler, 1968; Tyler e Riihling 1970)- como un medio de estudo da deposicion atmosférica de
metais pesados. As briéfitas perfilanse como organismos axeitados para ser empregados como biomo-
nitores por posuir unhas caracteristicas especiais que lles confire unha a alta capacidade de intercambio
cationico para fixar e acumular contaminantes procedentes da deposicion atmosférica. Ademais, posuen
a capacidade de reter particulas que se ligan fortemente aos seus tecidos, presentan unha ampla dis-
tribucién con representacion en diferentes habitats e tamén unha gran facilidade de manipulacién no
laboratorio cun baixo custo econémico. Asi, dende que se empregaron por primeira vez, 0 Seu Uso es-
tendeuse ao resto de paises europeos ampliandose a determinacion de diferentes contaminantes tales
como: compostos organicos (e.g. Knulst et al., 1995; Lead et al., 1996; Orlinski, 2002; Gerdol et al., 2006;
Carballeira et al., 2006), elementos radiactivos (e.g. Sawidis e Heinrich, 1992; Triulzi et al., 1996), non
metais como nitréxeno (e.g. Harmens et al., 2011) ou haléxenos como fluor (e.g. Real et al., 2003).

O éxito da técnica levou a crear un programa europeo de monitorizacion (The International Cooperative
Programme on Effectsof Air Pollution on Natural Vegetation and Crops ICP-Vegetation) da deposicion
atmosférica de metais pesados, nitréxeno e contaminantes organicos persistentes (POPs) mediante o
uso de briofitas pertencente ao UNECE (United Nation Economic Commission for Europe). Os obxecti-
vos desta rede de biomonitorizacién son a obtenciéon dunha caracterizacion cualitativa e cuantitativa da
deposicion atmosférica de metais pesados en Europa, a localizacion das fontes de emision destes con-
taminantes, a realizacion de mapas de patréns rexionais e comparacions retrospectivas entre diferentes
campafias.

O grupo de Ecotoxicoloxia da Universidade de Santiago de Compostela leva dende 1995 traballando na
biomonitorizacion da calidade do aire con briéns terrestres, fundamentalmente coa especie Pseudoscle-
ropodium purum (Hedw.) M. Fleisch. Esta britfita estd amplamente distribuido nas rexions mornas do
Hemisferio Norte, cunha grande abundancia en Galicia, e € un dos briéns mais faciles para recofiecer no
campo e traballar no laboratorio.

Non obstante, e a pesar do eficiente esforzo investigador do grupo (mais de 50 publicacions internacio-
nais nos ultimos 15 anos), ainda quedan por estudar aspectos (metodoloxicos e ecofisioloxicos) para
seguir avanzando no emprego de P. purum como biomonitor. O primeiro problema co que nos encon-
tramos é que a dia de hoxe, ainda non existe un protocolo harmonizado da técnica do musgo basea-
do na literatura cientifica. Séguese empregando o protocolo proposto por Rihling (1989) con minimas
modificacions ata a sUa version actual (Harmens et al., 2005). Un dos factores claves na primeira fase
do devandito protocolo é a delimitacion da estacion de mostraxe para a recoleccién das mostras de
musgo, xa que esta poderia determinar os resultados obtidos. Non obstante, ningin protocolo xustifica
cientificamente as dimensions da area de mostraxe. Por iso o Capitulo | da presente Tese aborda a
necesidade de estandarizar o método comezando por establecer cal debe ser a area de mostraxe ao
empregar como biomonitor o musgo P. purum. Unha vez que se estudaron as carencias metodoloxicas,
0 seguinte paso € comprobar a idoneidade de P. purum como biomonitor doutro tipo de contaminantes
escasamente estudados nos briéns, pero con relevancia atmosférica, como é o nitréxeno (Capitulo II).
Nas Ultimas décadas produciuse un aumento das emisions de N & atmosfera en resposta & crecente
demanda de alimentos e enerxia do planeta. Isto converteu o N procedente das emisions a atmosfera
de distintas actividades humanas na fonte mais importante e dominante nalgins ecosistemas. Pero ata
0 momento, os traballos realizados puxeron en evidencia unha débil relacion entre a deposicion de N
e a sUa acumulacion en tecidos de briéns. Unha posible explicacion desta débil relacion é a regulacion
do nivel corporal nos musgos; de feito xa se describiu con anterioridade a importancia que ten o N no
metabolismo dos briéfitos (e.g. Koranda et al., 2007; Arréniz-Crespo et al., 2008). Recentemente, como
método de biomonitorizacién alternativo ao baseado na concentracion total de N no musgo, formulouse
a posibilidade de determinar o contido relativo dos seus isétopos estables (**N e **N) mediante a relacion
3N (Zechmeister et al., 2008).

Asi mesmo, o alto grao de industrializaciéon das Gltimas décadas, fai necesario establecer un instrumento
que permita caracterizar as emisions atmosféricas, que facilite seguir a stia evolucién temporal e que
sirva de axuda & mellora do comportamento ambiental por parte da industria. O sector industrial € o cau-
sante principal das emisions de metais pesados e metaloides a atmosfera. Existen inventarios oficiais
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de emisiéns como o European Pollutant Releaseand Transfer Register (L-PRTR; http://prtr.ec.europa.
eu/) que subministran informacién sobre a contaminacion emitida polas principais plantas industriais da
Union Europea, Islandia, Noruega, Liechtenstein, Serbia e Suiza. Non obstante, na maioria dos casos
os datos dispofiibles proceden en maior medida de estimas ou céalculos que de mediciéns directas das
emisions. Isto pode dar lugar a que determinadas industrias emitan mais contaminantes dos que apare-
cen rexistrados no inventario, o que podemos considerar como: falsos negativos. Fronte a esta situacion,
é necesario saber se a biomonitorizacion con P. purum evitaria estes casos de falsos negativos para
metais pesados e metaloides e se permitiria a elaboracién dun inventario de emisiéns complementario
aos rexistros oficiais (Capitulo Il1).

Ainda que tradicionalmente o musgo sempre se considerou un biomonitor ideal para estimar a deposicion
atmosférica de metais pesados e metaloides, autores como Aboal et al. (2010) apuntan que, en ocasions,
0 musgo non reflicte axeitadamente os niveis atmosféricos de certos elementos probablemente debido
as caracteristicas fisicoquimicas dos contaminantes e os procesos fisicoquimicos nos musgos. Por iso é
inevitable investigar en qué medida a carga de elementos no brién P. purum é un fenémeno dependente
das caracteristicas fisicoquimicas destes (Capitulo 1V). Porque a pesar da gran cantidade de estudos de
biomonitorizacién que emprega o musgo, os mecanismos fisicoquimicos concretos dos procesos de bio-
absorcién son ainda bastante descofiecidos a diferenza do que acontece para outros organismos (Gon-
zélez e Pokrovsky, 2014). De feito, en ningun estudo da bibliografia dispofiible se investigou a posible
influencia das caracteristicas fisicoquimicas dos contaminantes (e.g. cantidade de contaminante e forma
de emision)e dos procesos fisicoquimicos nos musgos (e.g. afinidade dos contaminantes polos lugares
de intercambio catidnico, competencia dos metais ou metaloides polos lugares de intercambio catiénico,
sinerxismo na captaciéon de contaminantes) na carga dos diferentes contaminantes atmosféricos.

A parte da biomonitorizacién quimica, que simplemente nos informa da concentracién do contaminan-
te no musgo, é conveniente estudar vias de biomonitorizacion alternativas como por exemplo a biomo-
nitorizacion con parametros fisioloxicos. E dicir, en vez de determinar contaminantes atmosféricos nos
biomonitores, avaliar directamente os efectos que estes producen nos devanditos organismos tanto a
nivel fisioléxico coma sobre o seu crecemento. Estes posibles efectos estudaronse en poucas ocasions
(Tuba et al., 1997; Tremper et al., 2004; Aboal et al., 2008) polo que o Capitulo IV pretende abrir unha
lila novidosa de investigacion e observar as relacions entre 0s sucesivos procesos relacionados con
estes contaminantes atmosféricos como son a sua deposicion atmosférica, os seus niveis en P.purum,
a resposta de parametros fisiolxicos -como o Indice de Contido en Clorofilas (CHL; Lichtenthaler et al.,
1996) ou a eficiencia fotosintética Fv/Fm (Bolhar-Nordenkampf et al., 1989)-, e por ultimo o seu efecto
sobre o crecemento do musgo.

Non obstante, non existen estudos que determinasen os valores de referencia (albores) destes para-
metros fisioloxicos en musgo, € dicir, en situacioén de non estres fisioléxico producido por contaminacion,
para poder interpretar axeitadamente os resultados obtidos. Por esta razon, no Ultimo capitulo da Tese
(Capitulo V), mediante a utilizacion de transplantes do brion P. purum preténdese, en primeiro lugar,
establecer os valores albores para os indices CHL e de Reflectancia Fotoquimica (PRI) (Fillela et al.,
1996) e, en segundo lugar, estudar os seus patrons temporais e a sUa variabilidade rexional. As futuras
investigacions centraranse en caracterizar e establecer os valores de referencia da ratio Fv/Fm debido a
que neste Ultimo estudo non se dispofiian de datos para o devandito parametro.

2. OBXECTIVOS XERAIS.

1. Propofier un método para determinar o tamafio éptimo da area de mostraxe na técnica do musgo coa
especie Pseudoscleropodium purum baseado na estrutura espacial dos contaminantes das submostras
recollidas en diferentes estacions de mostraxe en Galicia e aplicalo s concentracions de As, Cd, Cu, K,
Hg, Ni, Pb, Se e Zn.

2. Verificar a idoneidade de P.purum como biomonitor da contaminacion atmosférica comprobando (Ca-
pitulo 11, 11l e IV):

2.1. Se é un bo biomonitor do N atmosférico a través da concentracion corporal de N total ou da
relacion isotopica 8°N mediante a confirmacion das seguintes hipéteses: i) non hai diferenzas interes-
pecificas nas concentracions de N total nin de 3'°N entre as duas especies de musgo terrestre mais
utilizadas, e ii) non hai estrutura espacial nas concentracions totais de N ou nas concentracions de 6*°*N
nos arredores de fontes de emisién de N a grande ou pequena escala.
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2.2. Se permite caracterizar as emisiéons de metais pesados e metaloides en ambitos industriais e faci-
litar a elaboracion dun inventario de emisiéns mediante: i) determinacién de calquera modelo de emisiéns
de contaminante para sectores industriais individuais, ii) comparacion de calquera de tales modelos con
modelos previamente descritos, e iii) establecemento dun inventario dos metais pesados e metaloides
emitidos polas industrias consideradas.

2.3. En qué medida a carga dos elementos nos musgos é dependente das slas caracteristicas fisico-
quimicas.

3. Estudar en qué medida as respostas fisioloxicas observadas en trasplantes de P. purum permiten utili-
zar a técnica de biomonitorizacién activa para a caracterizacion da calidade do aire (Capitulo V e VI):

3.1. Determinacion de calquera relacién entre as concentracions de elementos na deposicion total e no
musgo, en parametros fisiol6xicos e no crecemento do musgo, e determinar se algunha distas relaciéns
estan afectadas pola duracion da exposiciéon ou o nivel de contaminacion.

3.2. Investigacion da existencia de patrons temporais, variabilidade rexional e valores de referencia do
indice de Reflectancia Fotosintetica (PRI) e do indice de Contido en Clorofilas (CHL) no brion terrestre
P. purum.

3. OBXECTIVOS, RESULTADOS PRINCIPAIS E CONCLUSIONS DE CADA CAPITULO.

CAPITULOI:
Determinacion do tamaiio 6ptimo de area da mostraxe na técnica de biomonitorizacion con musgo.

O obxectivo do presente estudo foi determinar o axeitado tamafio da area de mostraxe na técnica
do musgo, en funcién da variacion espacial das concentracions dos contaminantes bioconcentrados a
pequenas distancias (<30 m). Para iso comprobouse a existencia de estrutura espacial nas concentra-
cions de varios metais e metaloides mediante a realizacion de semiovariogramas calculados mediante
un estimador robusto da varianza. Asi, en cada unha das 3 estacions de mostraxe (EM) obxecto de
estudio (nunha delas se tomaron mostras en duas ocasions), recolectaronse 50 submostras do brion
Pseudoscleropodium purum das que se determinaron as concentracions de As, Cd, Cu, Hg, K, Ni, Pb, Se
e Zn. Os resultados obtidos mostran que na maior parte dos casos estudados, 25 de 32, os elementos
non presentan estrutura espacial, e queda sometido todo o semivariograma o “nugget effect”. Para os
elementos que presentan independencia espacial, ou unha estrutura espacial lineal, o tamafio da area de
mostraxe non condiciona os resultados obtidos sendo as dimensiéns de ditas areas irrelevantes dentro
do rango estudado. A existencia dunha estrutura espacial con axuste esférico permitiu definir un rango de
autocorrelacion que permite determinar o tamafio de area da area de mostraxe, que correspondeuse cun
area superior a 16 m de diametro. O método proposto deberia ser aplicado a outras especies e en outras
rexions para harmonizar o tamafio da estacion de mostraxe a empregar na técnica do musgo.

CAPITULOI:
Uso dos musgos epixeos como biomonitores da deposicion atmosférica de Nitroxeno.

No presente traballo comprobouse se o brion terrestre Pseudoscleropodium purum pode usarse como
biomonitor da deposicion de N atmosférico. Primeiramente, estudouse se existen diferenzas interespe-
cificas para as concentracions de N total e 3*°N, entre dous das especies de bridns terrestres mais uti-
lizadas en biomonitorizacién, Pseudoscleropodium purum e Hypnum cupressiforme. En segundo lugar,
determinaronse os patréns espaciais de N e 15 N a pequena e grande escala: i) en 165 mostras ao redor
dunha fabrica de alumina e ii) en 149 estaciéns de mostraxe pertencentes a unha rede de mostraxe re-
gular de 15 x 15 km situada en Galicia (NO Espafia). Non se detectaron diferenzas interespecificas entre
as especies estudadas nin para N total nin para 6'*N. Non obstante, si se detectou que o 6'°N permite
identificar os patréns espaciais a grande escala xerados polas fontes de emision de N a diferenza do que
acontece empregando o N total, e que en determinadas circunstancias reflicten os patréns por focos de
contaminacion a pequena escala. Con estes resultados podese afirmar que o 3*°N presenta unha van-
taxe respecto ao N total que é informar sobre a procedencia do N e non sobre a cantidade de N recibido.
Esta vantaxe é debida a que o N é un macronutriente que afecta & fisioloxia dos briéfitos a diferenza do
3**N, que non se atopa afectado nin pola regulacién metabdlica nin pola existencia de saturacién na sta
acumulacion.

CAPITULOIN:
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Uso dun método de biomonitorizacion con musgos para elaborar inventarios de emisions de industrias
contaminantes a pequena escala.

O método para deteccién de fontes de polucién a pequena escala (DSSP) proposto por Fernandez et
al.. (2007) foi aplicado para: i) analizar se existen patrons de emision de contaminantes propios de cada
sector industrial, if) comparar eses patrons cos descritos na bibliografia e iii) obter un inventario de metais
pesados e metaloides emitidos polas industrias. O “cluster” andlise indica claramente que non existe un
patrén comun a todas industrias do mesmo sector probablemente debido a diferenzas no tipo de fuel em-
pregado, as materias primas ou no proceso produtivo. Non obstante, cando diversas fabricas comparten
estas variables, a determinacién das concentraciéns elementais no musgo permitiu a stia agrupacion.
Elaborouse un inventario de metais pesados e metaloides para as industrias estudadas e s6 en 3 dos 56
casos estudados as limitacions do método DSSP impediron a sUa correcta aplicacién. Por iso, o0 método
convértese nunha ferramenta para a elaboracion de inventarios oficiais que tamén pode ser empregado
para determinar a efectividade de melloras técnicas aplicadas a unha industria respecto a reducion da
contaminacion ao longo dos anos como para desefiar plans de seguimento e vixilancia ambiental.

CAPITULOIV:
Influencia das caracteristicas fisicoquimicas dos contaminantes no proceso de captacion por parte do
musgo.

As britfitas son comunmente empregados como biomonitores para estimala deposicion atmosférica
de metais pesados e metaloides, non obstante hai ocasions nas que o brién non reflicte axeitadamente
os niveis atmosféricos de certos destes elementos. Este estudo pretende investigar se a carga de ele-
mentos no musgo relacionase coas stas caracteristicas fisicoquimicas. Por iso mediante analises facto-
riais preténdese buscar patrons de covariacion na acumulacion de elementos no brién P. purum recollido
no ambito de diferentes industrias e en lugares con niveis de fondo. Os resultados mostran a existencia
dun patrén comUn de variacion das concentracions de elementos no musgo, presente tanto en mostras
de zonas industriais como de niveis de fondo e unha relacion coas propiedades de enlace deses elemen-
tos, 0 que suxire que as caracteristicas fisicoquimicas dos elementos tefien unha influencia determinante
no proceso de captacion de metais e metaloides provenientes da atmosfera. A consecuencia principal
deste fenémeno é que os estudos que empregan correlacions mdltiples entre elementos como unha
forma de determinar a orixe comin dos contaminantes poderian obter conclusions erréneas 6 pasar por
alto as propiedades de absorcién do musgo.

CAPITULOV:
Respostas fisioloxicas e de crecemento aos contaminantes atmosféricos en transplantes
Pseudoscleropodium purum.

A biomonitorizacion con bridns terrestres € unha ferramenta de vixilancia ambiental das actividades
antropoxénicas que liberan ao medio un gran nimero de compostos quimicos contaminantes. Este estu-
do pretende avaliar os efectos que estes compostos producen no brién a nivel fisiol6xico, e que van ser
o resultado dunha serie de procesos sucesivos relacionados cos contaminantes presentes na atmosfera:
emisién- inmision- captacion do musgo (carga total)- bioconcentracion no musgo- alteracions fisioloxi-
cas — respostas o dano. Realizaronse transplantes de musgo ao redor dunha aceiria en 5 estacions
de mostraxe a distancia crecentes dende a industria e para 8 periodos de tempo distintos: 4 periodos
mensuais, 2 bimestrais e 1 de 4 meses. Posteriormente, determinaronse as concentracions de Al, As, Cd,
Cr, Cu, Fe, Hg, Ni, Pb, V e Zn, indice de Contido de Clorofila(CHL), a eficiencia fotosintética (Fv/Fm) e o
crecemento do musgo, cos obxectivos de: (i) Determinar se existe relacion entre os sucesivos procesos
da serie: deposicion total, concentracions no musgo, parametros fisioloxicos e crecemento do musgo; (i)
Determinar se o tempo de exposicion e o nivel de contaminacién altera as relacions anteriores en caso
de que existan. Os resultados mostraron que non existe relacién entre os sucesivos procesos da serie
ainda que se se observa un descenso de “CHL” e crecemento con altos niveis de metais e metaloides
determinados no musgo, o que permite hipotetizar a existencia dunha resposta de tipo albor para &mba-
las ddas variables.
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CAPITULO VI:
Establecemento dos valores de referencia dos indices de reflectancia espectral en transplantes de
Pseudoscleropodium purum para o seu uso biomonitorizacion atmosférica.

Establecéronse os valores de referencia para o indice de reflectancia fotoquimica (PRI) e o indice
de contido de clorofila (indice CHL) para uso en biomonitorizacién contaminacion atmosférica na base
de estres fisiol6xico en musgos terrestres. En ambolos dous indices, determinouse a: i) a existencia
de patréns estacionais, ii) variabilidade rexional e iii) limites de referencia. Non se detectaron patrons
ou diferenzas estacionais entre os diferentes sitios na zona de estudo, e a variacion entre as estacions
reflectiu a influencia de variables ambientais na zona. Establecemos os limiares de estres como -0.212
para “PRI” e 1.195 para “CHL".

4. CONCLUSIONS XERAIS.

1. O tamafio da area de mostraxe non afecta os resultados obtidos cando se emprega o brién Pseu-
doscleropodium purum na monitorizacién dos contaminantes do aire.; as dimensions desta area foron
irrelevantes para os elementos que mostraron independencia espacial ou estrutura espacial lineal. Non
obstante, outros factores como o nimero de submostras recollidas e o peso equilibrado entre as mes-
mas si que poderian influir nos resultados. Para elementos que presentan estrutura espacial con axuste
esférico comprobouse que o tamafio da estacion corresponde a un area cun diametro maior a 16 m.
Ainda asi estas conclusions deberian ser verificadas noutras especies e rexions empregando a mesma
metodoloxia.

2. A briéfita P. purum non pode ser considerado como biomonitor axeitado de contaminantes atmosféri-
cos como Nitréxeno e alglins metais pesados e metaloides xa que:

2.1. O N é un macronutriente regulado metabdlicamente polo musgo que presenta saturacion na sta
acumulacién non cumprindo asi a definicion dun bo biomonitor. Por unha parte, as sllas concentracions
tefien unha distribucion aleatoria ao largo do territorio estudado e non mostran ningun patrén espacial.
Ademais, no entorno de focos de emision de este elemento non hai ningunha relacién entre as concen-
traciéns no musgo e a distancia aos mesmos.

2.2. Os musgos so permiten caracterizar as concentracions de metais pesados e metaloides emitidos
a atmosfera por diferentes industrias de forma cualitativa. Non integran toda a carga contaminante &
gue estan expostos xa que a maioria dos contaminantes quedan retidos na superficie do musgo como
material particulado sufrindo procesos de interaccion co musgo e competencia por lugares de inter-
cambio cationico. A existencia destes procesos demostra que a carga de contaminantes por parte do
musgo depende fundamentalmente das caracteristicas fisicoquimicas dos elementos e non das stas
caracteristicas bioloxicas, verificando que o musgo non pode aportar valores cuantitativos fiables porque
descofiecese a fraccion que pode ser bioconcentrada. Dado que estes estudos realizaronse co musgo P.
purum seria necesario verificar estas conclusions empregando outras especies.

3. Diferentes parametros fisioléxicos do musgo P. purum (i.e. crecemento do musgo, fluorescencia clo-
rofilica e reflectancia espectral) non poden ser empregados para a caracterizacion da calidade do aire
Xa que:

3.1. Non hai relacions significativas entre os sucesivos procesos relacionados cos contaminantes at-
mosféricos como son deposicién atmosférica — concentracion no musgo — parametros fisioloxicos —
crecemento do musgo. Ainda que para o “chlorophyll content index (CHL)” e crecemento do musgo si
gue se observou un descenso nas mostras con niveis elevados de metais e metaloides, o que permite
hipotetizar a existencia dunha resposta de tipo albor para ambos.

3.2. No caso concreto dos parametros “CHL” e “indice de reflectancia fotoquimica (PRI)” non existen
patrons temporais nin diferenzas entre as estaciones estudadas. A variacion conxunta de ambas revela a
influencia que tefien sobre elas as condiciéns ambientais da zona de estudio. Ainda asi caracterizaronse
as distribuciéns de &mbolos dous indices e calcularonse os valores de referencia de estres correspon-
dentes (1.195 e -0.212 para CHL e PRI, respectivamente).
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Telleira + Vacaciones + Cumpleafios + Sobaos + Discusiones + Risas + Tronco de Navidad + Priorida-
des = FAMILIA.

Evouski:
Thank you Mario! But your princess is in another castle!

A los Varela-Parada
¢ Qué culpa tengo yo de tener la sangre roja y el corazon a la izquierda??? (Che Guevara)

A LA CUCHIPANDI

Rebe

When you try your best, but you don't succeed, when you get what you want, but not what you need...
lights will guide your home and ignite your bones and YOU ALWAYS TRY TO FIX ME. | hope you don't
mind that | put down in words how wonderful life is while you're in the world...

Camilo

G=H-TS, AG=0 - El equilibrio termodinamico de un sistema amistoso se define como la condicion del
mismo en el cual las variables empiricas de amistad usadas para definir o dar o conocer el estado del
sistema (risas, bici, risas, caminatas, risas, verano, risas, camping, risas, bolos de Caxide, risas, teorias
absurdas, risas, festas, risas....) no son dependientes del tiempo...

Lore
Me gustan los periodistas/ fotografos me gustas tl, me gusta pasear me gustas ti, me gusta ir de
pinchos me gustas tl, me gusta Noa me gustas tu.....!"! ) Minha torcida minha querida minha galera o

minha cachoeira minha MENINA... b))

Jairo

A quién le importa lo que yo haga? A quién le importa lo que yo diga? yo soy asi, y asi seguiré nunca
cambiaré... por eso... And if | only could make a deal with god and get him to swap our places BE
RUNNING UP THAT HILL...

A Pau Nesky
Zumo tells you that “I never had much faith in love or miracles....never wanna put my heart on deny...
cause you make feel like, I've been locked out of heaven...for too long, for too loooooooooooong”.

SANTIAGO

Alba
Un tal Ciceron dixo...¢,Qué cousa mais grande que ter a alguén con quen te atrevas a falar como
contigo mesmo?
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Marta Abajo

ADAPTARSE O MORIR!!!

Laura Fachal

So close no matter how far, couldn’t be much more from the heart, forever trust in who we are...AND
NOTHING ELSE MATTERS.

Inés

You soft and only, you lost and lonely you, strange as angels, dancing in the deepest ocean, twisting in
the water....you.... just like heaven!

Merche

-Quixera que sempre fose asi- dixo Bastian

-“Sempre” € so un momento- respondeu a Emperatriz Infantil...

Os de “Mellora”: mens sana in corpore sano...

vico $¢%

&4

Hei, Raquiy Rob
Esperad mi llegada con la primera luz del 5° dia, al alba, mirad al este..... (a no ser que tenga retencion
en Puxeiros y tarde un poco mas... jaaaaajaja)

TRIESTE

A llenia, Fiore e Francesco ... per avermi fatto sentire come a casa durante i tre mesi.
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LA PACIENCIA ES UN ARBAL

s

DE RAICES AMARGAS PERO DE

FRUTOS MUY DULCES.”
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