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• Significant levels of Hg in aquatic bryo-
phytes were detected.

• Atmospheric deposition from a coal
fired power plant was the probable
source.

• A spatial interpolation technique ignor-
ing the catchment borders appears suit-
able.

• Atmospheric deposition should be tak-
en into account in aquatic pollution.

• An environmental specimen bank
allowed a retrospective study.
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In this biomonitoring study, we measured the temporal variations in concentrations of mercury in samples of
aquatic bryophytes from rivers in a region that received large inputs of the metal via atmospheric deposition.
In the first year of sampling, the presence of an important source of atmospheric deposition of Hg (a lignite-
fired power plant) led, during the rainy season, to elevated concentrations of the metal in catchments situated
downwind of the prevailingwinds. High concentrations of themetal were even detected in samples from appar-
ently clean rivers in isolated mountain sites within the downwind catchments. Substitution of the type of fuel
(high quality imported carbon instead of brown coal) used in the power plant greatly reduced Hg emissions in
subsequent years. Application of spatial interpolation techniques to dense monitoring networks with aquatic
bryophytes, without taking into consideration the catchment borders, appears suitable for studying extensive at-
mospheric pollution derived from a large scale source of contamination. This study also demonstrates the impor-
tance of environmental specimen banks in retrospective studies of contamination, as they enable posterior
analysis of contaminants that for various reasons cannot be analyzed at the time of sampling.
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1. Introduction

Aquatic mosses have been used for several decades to biomonitor
metal contamination (e.g. Empain, 1973; Burton and Peterson, 1979;
Mouvet, 1985). The technique is based on the fact that mosses concen-
trate aquatic contaminants in their tissues, thus facilitating analysis of
the contaminants. Mosses have a particularly high capacity to accumu-
late Hg (Díaz et al., 2012). The technique also enables detection of spo-
radic contamination that would otherwise only be detected if water
sampling coincidedwith such events (Cesa et al., 2006). Another advan-
tage is that, by definition, these biomonitors only assimilate the bio-
available fraction of contaminants, which is difficult to determine via
chemical analysis of water samples.

Studies of contamination in rivers usually centre on catchments in
the search for possible sources of contamination. However, some con-
taminants with low volatilization temperatures, such as Hg, are readily
dispersed via the atmosphere and may then precipitate and enter wa-
terways. Spatial interpolation techniques are often appliedwhen terres-
trial mosses are used to biomonitor atmospheric contamination (e.g.
Fernández et al., 2000; Figueira et al., 2002; Nickel et al., 2014). In the
present study, we moved away from the usual catchment approach
used in river pollution studies and applied a spatial interpolation
Fig. 1. Location of the
technique that ignored the catchment borders. We believe that the
technique may be of practical use for monitoring contamination by
Hg, which is readily dispersed in the atmosphere.

2. Material and methods

Extensive sampling of aquatic bryophytes for use as biomonitors of
metal pollution in inland waters was carried out for the first time in
the study region in 1990. Samples of the mosses Fontinalis antipyretica
Hedw., Platyhypnidium riparioides (Hedw.) Dixon, Brachythecium
rivulare Schimp., Fissidens polyphyllus Wilson ex Bruch & Schimp., and
the liverwort Scapania undulata (L.) Dum were collected at 218 sam-
pling sites (SS) (Fig. 1). A total of 424 moss samples were collected, as
various species were often collected at each SS. Although the Hg con-
tents of the samples were not determined at the time, due to a lack of
appropriate equipment, the samples were stored in the Galician Envi-
ronmental Specimen Bank. Other sampling surveys were carried out
in the same area in 2001 and 2003 (for a detailed description of this
new aquatic biomonitoring network, see Vázquez et al., 2007). Briefly,
in 2001, samples of Fontinalis squamosa Hedw., F. antipyretica and
P. riparioideswere collected at 89 SS. In 2003, the networkwas extended
and sampling was concentrated on a single genus, and specimens of
sampling sites.



Table 2
Descriptive statistics of the concentrations of Hg (ng g−1) in different species of aquatic
moss in NW Spain in different years. S.D., standard deviation; C.V., coefficient of variation.

n Mean Median S.D. C.V.

1990
F. antipyretica 174 147.2 101.0 150.6 102.3
P. riparioides 139 128.7 89.1 126.9 98.6
B. rivulare 22 119.0 80.2 105.8 88.9
F. polyphyllus 22 225.1 163.0 182.6 81.1
S. undulata 67 139.4 105.7 120.7 86.5
Pooled data 424 142.5 96.8 139.5 97.9

2001
F. antipyretica 14 76.7 70.5 33.6 47.7
F. squamosa 47 102.1 82.0 84.6 103.1
F. antipyretica + F. squamosa 13 74.5 75.0 24.9 33.2
P. riparioides 15 89.5 87.0 38.3 44.1
Pooled data 89 91.9 82.0 66.0 80.5

2003
F. antipyretica 30 38.4 34.5 14.6 42.4
F. squamosa 73 50.8 45.0 27.5 61.1
F. antipyretica + F. squamosa 7 57.6 49.0 29.1 59.5
Pooled data 110 47.8 42.5 25.3 59.5
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F. antipyretica and F. squamosawere collected at 99 SS (Fig. 1). All sam-
pling was carried out in summer.

The same sampling procedure was used each time. Each sampling
site comprised a 100 m-long stretch of river and at least 5 weight-
equivalent subsamples of each of the species selected were pooled to
make composite samples. The samples were washed in the river
water and transported in cool boxes to the laboratory where they
were stored in a freezer at −30 ± 1 °C until analysis. The samples
were defrosted at room temperature prior to analysis. Apical (2 cm) sec-
tions of the mosses were analyzed in order to standardize the time of
exposure of the tissues (Wehr et al., 1983, Satake et al., 1989). The apical
segments were washed in distilled water, dried in a forced air oven at
45 ± 1 °C and homogenized in an ultra centrifugal mill (Restsch ZM-
100). Aliquots (0.35 g) of the dried samples were extracted in Teflon
bombs with 10 ml HNO3 (65% analytical grade), in a microwave oven
(CEM model MDS 2100).

The extracts of the samples from1990were analyzed by atomicfluo-
rescence spectroscopy (PSA Merlin Plus). Certified reference material
(BCR-61) (Platyhypnidium riparioides) supplied by the Community Bu-
reau of Reference was also analyzed in parallel (Table 1). The extracts
of samples from 2001 and 2003 were analyzed by graphite furnace
atomic absorption spectrometry (Perkin Elmer A 600), alongwith certi-
fied reference material (GBW 07604, poplar leaves, National Research
Center for Certified Reference, China). In the 2001 and 2003 sampling
surveys, duplicate samples were also analyzed and the overall percent-
age error was calculated (Čeburnis and Steinnes, 2000; Ares et al.,
2014). The overall error was 7% for the analyses in the 2001 survey
and 13% for those in the 2003 survey (Table 1).

The wind roses were compiled using data from the meteorological
station in A Coruña (Agencia Estatal de Meteorología, 43° 21′ 57″ N–8°
25′ 17″ W) (Klein Tank et al., 2002). The maps were constructed with
QGIS software, version 2.8.2-Wien, using inverse distance weighting
to interpolate the concentrations (Herpin et al., 1996).

3. Results

The basic statistics on the concentrations of Hg found in the different
species are summarized in Table 2. The mean and median values de-
creased gradually over time, as well as the within year variability, as in-
dicated by the standard deviations and the coefficients of variation. As
the species used in the present study have a similar capacity to accumu-
late Hg (Vázquez et al., 2007; Díaz et al., 2013), we can focus on the
pooled data for each year (final row for each year in Table 2). Examina-
tion of the pooled data, considered as a summary for each year, clearly
shows the progressive decrease in the concentrations and in the statis-
tical variation.

Interpolation of the concentrations in all samples in 1990 (Fig. 2)
clearly shows that the highest concentrations occurred in a zone to
the NE of a power plant. The results of the individual interpolation for
the two most abundant species in the 1990 sampling survey (data not
shown), Fontinalis antipyretica (n=174) and Platyhypnidium riparioides
(n=139),were very similar to the results of interpolation for all species
together, as expected from the similar Hg accumulation capacity of
these species.

Separate consideration of the samples from themost strongly affect-
ed zone showed mean values that were approximately four times
higher than the mean value for the other samples (Table 3).
Table 1
Results of analysis of reference material and of duplicate samples.

Year Analysis of reference material

Reference material Certified value Obta

1990 BCR-61 230 ± 20 192
2001 GBW 07604 26 ± 3 24.1
2003 GBW 07604 26 ± 3 19.8
The interpolation map for 2001 was very different from the map
constructed with the 1990 data (Fig. 3a), with most of the concentra-
tions falling below 120 ng g−1. Adjustment of the scale by decreasing
the range of concentrations to fit the new situation also revealed a
zone of high concentrations in the surroundings of an alumina-
aluminium factory (Fig. 3b).

For the 2003 data, interpolation using the same scale of concentra-
tions as in 1990 showed low, homogeneous concentrations throughout
the region (Fig. 4a). However, adjustment of the scale to the new con-
centrations again indicated an area to the NE of the power plant that
was particularly affected (Fig. 4b), although the concentrations were
much lower than in 1990; other zones with relatively high concentra-
tions are also evident, unlike in 1990.
4. Discussion

The mean concentrations of Hg in the samples collected in 1990 in
the area to the NE of the As Pontes power plant (Table 3) and the max-
imum concentration detected in this zone (717 ng g−1) are characteris-
tic of moderately contaminated areas, as indicated by comparison with
previous findings for aquatic bryophytes (Roeck et al., 1993;
Trémolières et al., 1994), although very different from the 9.14 μg g−1

Hg reported by Kuzio et al. (1998) and the 26.4 μg g−1 found by Cenci
(2001) in transplanted specimens of F. antipyretica. The low dispersion
of the concentrations (indicated by the standard deviation and the coef-
ficient of variation) in themost severely contaminated zonewas partic-
ularly notable: only two of the 43 concentration data points available for
this area were typical of clean areas (56 and 71 ng g−1 respectively),
and the other 41 concentrations were higher than 225 ng g−1. The
mean and particularly the median concentrations of Hg in the rest of
the study area (Table 3) were close to the concentrations of Hg
established as background levels in various studies carried out with
aquatic bryophytes (Carter and Porter, 1997; SEPA, 2000; Vázquez
et al., 2004).
Analysis of duplicate samples

ined Recovery n Global error

± 12 (n = 3) 84%
± 7.7 (n = 6) 93% 9 7%
± 2.0 (n = 3) 76% 20 13%



Fig. 2. Interpolation of concentrations of Hg in samples of aquatic bryophytes collected in 1990.
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The area with the highest concentrations in 1990 was affected by
two important industries: a coal fired power plant in As Pontes and a
factory that produces aluminium, alumina and derivates, located in
San Ciprian (Fig. 2). Apart from these installations, the area is scarcely
industrialized and urbanized. The land is mainly covered by forests,
shrub and grassland. There are no very large population nuclei in the
area: the largest is Viveiro (16,000 inhabitants). Interestingly, some of
the highest concentrations of Hg were detected in rivers in almost pris-
tine surroundings.

Coal contains most naturally existing elements, and its use as a fuel
therefore leads to contamination of the atmosphere by numerous ele-
ments. Combustion of coal in power plantswas themain anthropogenic
source of Hg in the atmosphere in Europe in 2000 (Pacyna et al., 2006),
representing 26% of the emissions, despite the fact that emissions from
fossil fuels decreased by 67% between 1980 and 2000. Some power
plants burn coal with a low Hg content and thus do not have a
Table 3
Descriptive statistics of the Hg concentrations (ng g−1) in aquatic bryophytes collected in
1990 in NW Spain considering the sampling sites to the NE of the As Pontes power plant
separately from the other sampling sites (S.D., standard deviation; C.V., coefficient of
variation).

n Mean Median S.D. C.V.

NE of power plant 46 423.1 415.6 173.7 41.04
Other sampling sites 378 108.4 87.43 86.43 79.76
significant impact on the accumulation of this metal in topsoils
(Rodríguez-Martin et al., 2014); however, this is not common. The
main chimney of the As Pontes power plant (installed generating capac-
ity, 1400 MW) is one of the tallest (356 m) in the world and the largest
in terms of volume. Until 1993, brown coal obtained from an adjacent
opencast mine was used almost exclusively in this power plant. Al-
though we do not have available any data on the Hg content of this
coal, it is probably quite high as the coal is rich in sulphur (2.5–3%,
Dios et al., 2012), which usually indicates a high concentration of Hg
(Yudovich and Ketris, 2005; Liu et al., 2007). Between 1993 and 1996,
the power plant was gradually adapted to burn a mixture of autochtho-
nous coal and sub-bituminous coalwith low contents of sulphur andHg,
mainly imported fromWyoming (USA) and Indonesia, until themixture
used comprised 50% of each type of coal (Nóvoa-Muñoz et al., 2008;
Otero-Rey et al., 2003; Dios et al., 2013). The mean concentration of
Hg in this mixture has been reported to be 0.16 mg/kg (Otero-Rey
et al., 2003). The use of the imported coal led to the SO2 emissions
being halved between 1991 and 1995. Another drastic reduction in
emissions of this gas occurred in 2008 (Dios et al., 2013), as imported
coal began to be used exclusively in the power plant on 1 January
2008. The reduction in Hg was also considerable, and data from the
European Pollutant Release and Transfer Register (E-PRTR; http://prtr.
ec.europa.eu/) show a decrease in Hg emissions in this power plant of
353 kg in 2007 to 67.5 kg in 2008. All of this indicates that the autoch-
thonous coal (the only type used in 1990) probably contained large
amounts of this metal.

http://prtr.ec.europa.eu
http://prtr.ec.europa.eu


Fig. 3. Interpolation of concentrations of Hg in samples of aquatic moss collected in 2001.
The results obtained are shown on two different scales.

Fig. 4. Interpolation of the concentrations of Hg in samples of aquatic moss collected in
2003. The results obtained are shown on two different scales.
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Fig. 5. Sources of emission of Hg to the atmosphere in the study area and bordering
regions.
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In a study carried out in the catchment of one of the rivers affected,
Nóvoa-Muñoz et al. (2008) detected high concentrations of Hg in soils
and attributed these to the atmospheric deposition of metal derived
from the power plant (samples from 1992 to 2001). On the other
hand, the bedrock in the area affected by the power plant does not ap-
pear to be a significant source of Hg, given the low levels reported
(Martínez-Cortizas et al., 1999; Nóvoa-Muñoz et al., 2008), and would
obviously not explain the later decrease in the concentrations in 2001
and 2003.

The data indicate that the enrichment of the aquatic mosses with Hg
in the area is due to atmospheric deposition of the emissions from the
As Pontes power plant. Although there is another coal-fired power
plant in the study region (in Meirama), it is of lower capacity
(563MW) and did not appear to have a significant effect on the concen-
trations of Hg in the moss samples. López-Alonso et al. (2003) reported
that both power plants influenced samples taken from cattle in the
study region, although the samples were obtained in 1996 when the
mixture of coal was already being used in the As Pontes power plant.
More specifically, these authors found that the renal concentrations of
Hg were related to the distance from the nearest coal-fired power
plant, but not to other possible anthropogenic sources of Hg in the at-
mosphere (other industrial sources and cities). The model constructed
by these authors was considerably improved by limiting the analysis
to farms located directly downwind of one or other of the two power
plants. The renal concentrations of Hg in calves were positively and sig-
nificantly correlated with Hg in terrestrial mosses growing close to the
areas where the cattle had been reared. These authors indicated that al-
though the relationship did not demonstrate that the accumulation of
Hg in calves was due to atmospheric deposition, the lack of a significant
association between the renal Hg and soil Hg supports this idea.

In addition to the power plant, the only large industry in themost se-
riously affected area in 1990 is an alumina-aluminium factory, which
emits large amounts of Hg to the atmosphere (European Pollutant Re-
lease and Transfer Register, E-PRTR; http://prtr.ec.europa.eu/). Howev-
er, the lack of a chimney of the dimensions of the chimney at As
Pontes would make dispersion of the Hg over long distances unlikely
and therefore only a local effect is expected. Indeed, Varela et al.
(2014) classified the impact of this factory as local. Moreover, the dom-
inant winds in the rainy season should carry the depositions seaward
because of the location of the factory.

Otherminor sources of Hg in the study area (Fig. 5) did not appear to
influence the concentrations in themoss samples. The figure also shows
other sources of atmospheric Hg, which although outside of the study
area are worthy of mention, given the potential migration of Hg via at-
mospheric transport. Mining and other industries are important in the
bordering region of Asturias. Mercury mining used to be important in
the central and eastern zones of Asturias, and between the end of the
1960s and beginning of the 1970s one of the mercury mines in the re-
gion was the eight most productive in the world (Ordóñez et al.,
2013). However, the last mercury mines closed in 1972 and 1974
(Loredo et al., 2005). Although the concentrations of this element in
the air may remain high in the abandoned mining areas (Ordóñez
et al., 2013), the concentrations decrease greatly within a few
kilometres (Loredo et al., 2007). The westernmost zone of this mining
area and the most industrialized zone of Asturias are located at a
straight line distance of 100 km from the easternmost zone of the
study area. Despite the high dispersion capacity of Hg, the absence of
high levels of the element in the eastern zone of the study area
(Fig. 2) seems to indicate the lack of an important direct effect. This is
also logical given the scarcity of winds from the east, as can be observed
in the wind roses shown in Fig. 6a.

In the As Pontes power plant, 99.8% of the Hg in the emissions from
the chimney are in the gaseous phase, and Hg(II) is the predominant
species in flue gas (approximately 60%) (Otero-Rey et al., 2003). This
species is highly soluble in water, unlike metallic Hg (Hg0). The most
frequent rains in the study area usually coincide with SW winds
(Carballeira et al., 1983), this is illustrated by the wind roses corre-
sponding to the 6 months prior to each sampling campaign and for
rainy days only (Fig. 6). These SW winds would carry the emissions to
the affected area (NE from the power plant) and favour wet deposition
of readily soluble Hg(II), the annual mean precipitation in As Pontes is
1684 mm (Carballeira et al., 1983). Fernandez and Carballeira (2001)
and Real et al. (2008) observed high levels of Hg in terrestrial mosses
all around the power plant (not concentrated in one zone as in the pres-
ent study), and they also observed an effect of theMeirama power plant.
Terrestrialmosses probably also reflect the deposition of a fraction of Hg
that does not usually reach the rivers, or does so in a chemical form that
cannot be assimilated by aquatic bryophytes, such as Hg0, which is not
readily soluble in water. In anticylonic situations and in the absence of
rain, the predominant winds in the area come from the opposite direc-
tion to the winds that predominate when it rains, so that the atmo-
spheric deposition of Hg will be distributed all around the power
plant. It should be noted that in the studies by Fernandez and
Carballeira (2001) and Real et al. (2008), sampling was carried out
when the As Pontes power plant was already using a mixture of
imported and autochthonous coal.

http://prtr.ec.europa.eu


Fig. 6.Wind roses for different periods. The scale indicates the percentage of days onwhich thewind came froma particular direction: a) period 1973–2003; b) 6months prior to sampling
in 1990, only on rainy days; c) 6 months prior to sampling in 2001, only on rainy days; d) 6 months prior to sampling in 2003, only on rainy days.
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In 2001, the concentrations of Hgweremuch lower than in 1990 and
the influence of the power plant had disappeared (Fig. 3a), probably due
to the reduction in the use of autochthonous coal. In the interpolation
map for this year, with the scale adjusted to the concentrations reached
(Fig. 3b), the possible effect of the aluminium-alumina factory on the
north coast can be observed. The other area in the interior with high
concentrations of Hg was close to the city of Lugo (90,000 inhabitants
in 2001).

In the interpolation map for 2003, with the same scale as used in
1990 (Fig. 4a), a further reduction in the concentrations was observed.
Adjusting the scale (Fig. 4b) revealed possible emissions from the As
Pontes power plant and the alumina-aluminium factory. With the
new scale, other zones with high concentrations of Hg appeared, al-
though the maximum now only indicated concentrations above
70 μg g−1. A chlor-alkali plant represented another source of Hg in the
study area. Very high concentrations of Hg were found in terrestrial
moss in the surroundings of the latter factory, although its impact ap-
pears to be restricted to the immediate surroundings of the factory
(Fernández et al., 2000, Fernandez et al., 2004) and relevant concentra-
tions were only found in nearby areas in 2003 in the present study.

In 2001 and 2003, the situationwas very different from that in 1990,
after substitution of the fuel used in the main source of large-scale con-
tamination. In these new cases, the application of spatial interpolation
to bryophytes in running water does not appear to be suitable when
small scale sources of atmospheric contamination and liquid effluents
are revealed. In such cases, we recommend the use of the catchment
as the working scale.

5. Conclusions

Studies of fluvial contamination should consider atmospheric depo-
sition of contaminants that are easily dispersed via the atmosphere.
Such depositions can even reach apparently pristine areas and contam-
inants can be found at high concentrations, as in the present study. For
aquatic biomonitoring with aquatic bryophytes, the use of spatial inter-
polation techniques that do not take into consideration the catchment
limits appears justified for interpreting the data of this type of pollut-
ants, especially when a strong source of atmospheric contamination
may mask other local sources.

The study findings also demonstrate the usefulness of environmen-
tal specimen banks for retrospective biomonitoring, i.e. for analyzing
stored samples to detect contaminants that in the past may not have
been known or considered relevant or that could not be analyzed due
to lack of economic resources. In the present study, the samples stored
in a specimen bank were used to assess the impact of Hg emissions
from a power plant at a time when no studies of Hg pollution had
been carried out in the area.
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