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Abstract

Improving the use of lichens as biomonitors of atmospheric metal pollution is the main objective of this
work. For that a better insight into the availability and location of heavy metals in lichens subjected to polluted
conditions both under laboratory and field conditions was attained. The data in this work supported the
hypothesis that the absence of the lichen Ramalina fastigiata near a copper mine site, located in the south of
Portugal, was related with toxic levels of Cu-dust near the centre of the mine. Lichen biodiversity, measured by
the parameter number of lichen species, reflected the impact of the copper-mine dust emissions. The extent of the
impact was more widespread towards east, which appears to be correlated with the frequency of the winds. The
chemical analysis of in-situ samples of R. fastigiata collected at different distances and in different directions
from the mine showed that Cu, K and Mg were emitted from the centre of the mine site, confirming that major
sources of atmospheric dust were located there. Total inhibition of PSII (photosystem II) photochemical reactions
occurred in R. fastigiata both under field and controlled conditions, when intracellular Cu concentrations
exceeded a threshold of ca. 2.0 umol g"1. No samples of this species were found under field conditions beyond
the Cu threshold, suggesting that the absence of the lichen R. fastigiata might be used as an indicator of
intracellular Cu concentrations above 2.0 umol g"1 in the surroundings of the copper-mine. The fluorescence
parameter Fv/Fm proved to be a good estimator of the survival capacity of R. fastigiata under field conditions and
thus a useful parameter in determining the sensitivity of the lichens (photobiont) to Cu pollution. The intracellular
location of Cu, K and Mg allowed to explain the physiological changes and the survival of the species in the
surroundings of the copper-mine.

1. INTRODUCTION

Research on the effects of dust pollution on plant communities has never received the same
degree of attention as that of phytotoxic pollutants such as SO2, NO2 and O3. However, most of the
plant communities are affected by dust deposition, so that community structure is altered [1]. Dust
pollution may affect photosynthesis, respiration, transpiration and allows the penetration of
phytotoxic gaseous pollutants. It is, therefore, important to assess the impact of dust deposition upon
vegetation. Epiphytic lichens and Sphagnum communities are the most sensitive of the studied
vegetation groups [1]. The main processes that regularly cause dust pollution are those concerned
with mineral extraction.

Epiphytic lichens have been traditionally used as bioindicators of atmospheric pollution
because they show differential sensibilities to air pollution, i.e., the most sensitive lichens tend to
disappear from polluted areas whereas the most tolerant species can be seen in areas with moderate
pollution emissions [2, 3].

Despite the large number of publications dealing with the interaction of lichens with heavy
metals [4], a detailed knowledge on their physiology related to the form and cellular location of
metals is needed before lichens can be extensively used for monitoring metal deposition patterns [5].
However, most studies concerning this matter relate to total metal content [6, 7], irrespective of its
availability to the lichen. It is important to know the physico-chemical form of the metal in lichens
because that influences its mobility and toxicity. It is well established that lichens acquire elements by



interception of either soluble or participate material although soluble ions are expected to have the
major impact on lichens on a short-term basis [5, 8, 9, 10]. The relative contribution of these
accumulation mechanisms to the total lichen element burden has not been sufficiently evaluated in the
field situation [8]. Only [11] reported that lichen total metal content shows no seasonal pattern,
whereas data on leachable elements showed seasonal variations with pollution.

Soluble metals in lichens may be located extracellularly or intracellularly [9]. The extracellular
metals are more related to environmental sources whereas those located within the cell are more
related to the effects on the physiological processes [12]. In biomonitoring studies, it is important to
quantify the amount of extracellular soluble metals in lichens since it is physico-chemically related to
environmental sources [12]. To locate the metals in lichens, a sequential elution technique has been
used in routine studies [13, 14, 15, 16]. Most of these studies deal with uptake of artificial solutions in
the laboratory and only a few studies have been performed under field conditions [17].

Quantification of the amount of metals associated with extracellular exchange sites on the cell
wall of plants, fungi, bryophytes and lichens has been established through cation exchange techniques
[18, 19, 20, 21]. In lichens, the absence of a cuticle allows the location and quantification of
extracellular and intracellular metals, by using a sequential elution technique [14, 16, 22]. The cations
bound to the wall can be displaced efficiently by other cations with a strong affinity for those binding
sites [13, 23] or by chelating agents [14]. What is subsequently released corresponds to the amount of
intracellular elements retained by the cell membrane [13].

Work on the physiological effects of metals has often emphasized the inhibition of
photosynthesis and membrane damage both in lichens [24, 26, 29] and higher plants [18, 27]. Ion loss
from the cell interior of lichens, particularly K, has been widely used as an indicator of the state of
membrane integrity [28]. Chlorophyll fluorescence is becoming a valuable, non-destructive procedure
with which to measure changes associated with photosystem II (PSII) of lichens due to gaseous
pollutants [29, 30] and heavy metals [15, 16]. The chlorophyll fluorescence parameter ratio of
variable fluorescence to maximal fluorescence (Fv/Fm), has been widely used to assess the state of
the photosynthetic apparatus and to reflect the efficiency of the primary photochemical reactions in
PSII in higher plants [31, 32] and in lichens [33, 34, 35].

Improving the use of lichens as biomonitors of atmospheric metal pollution is the main
objective of this work. For that a better insight into the availability and location of heavy metals in
lichens subjected to polluted conditions both under laboratory and field conditions is attained.

2. MATERIALS AND METHODS

2.1. Site characterization

This study was conducted in the mine site of the Neves-Corvo underground copper-mine. This
is the largest operating mine in Portugal, probably the most significant base metal mine in Western
Europe, and is one of the world's top 15 Cu producers. This mine is located in the Alentejo region.
The mine produces Cu by processing mostly massive sulphide ore in two on-site concentrators.

The underground primary crushers reduce the Cu-ore to particle sizes of less than 250 mm.
After being crushed, the ore is transported by a conveyor belt to a silo storage system prior to
hoisting. Following secondary crushes (through cone crushers) the Cu-ore attains particle sizes less
than 19 mm and is discharged to an open air raw ore stockpile. The raw ore is then transported to ore
concentrators where it goes through several processes of size reduction (milling), concentration
(flotation, hydroclassification, etc.) and drying before the final concentrate is discharged in a
concentrate stockpile. The Cu-concentrate is characterised by a size distribution with 80% of the
particles under 20 ]xm of size. In this mine, the tailings from the concentrators are pumped through a
sealed pipeline to a tailings pound, 3 km away from the mine site. Tailings are discharged under water
to avoid oxidation of the pyrite.

The Cu-concentrate stockpiles and the waste heaps, which are affected by climatic long dry
periods, create potential conditions for the dispersion of windblown dust from the operation site.



Thus, the main source of dust at the mine are fugitive dust emissions from the stockpiles and waste
heaps. The Cu-concentrate occurs mainly as chalcopyrite, CuFeS2, with high Cu (24%), Fe (31%) and
S (35%) levels. The waste heaps are composed of barren rock, which have Fe but not significant
amounts of Cu. Since the mine is located in a rural area far away from any other industry or major
city, there are no other local significant sources of air pollution. The average of the maximum SO2

emissions measured at the mine site on a daily basis is 15 ug m"J for 1993 and 19 fig m"3 for 1994,
whereas the maximum limit both for Portugal and EU is 100-150 ug m~3. The values reported for the
mine region are lower than SO2 values reported for other rural areas in south of Portugal [36].

The climate is semi-arid warm (annual total rainfall of 400-500 mm and air temperatures range
between 4 and 32°C). The topography of the region is mainly smooth (altitude range 190-250 m) and
consequently altitude will not be considered in this study as an important factor. The landscape is
dominated by low density Quercus ilex woodlands. From July 93 to July 95 the wind speed and wind
direction was obtained at the nearest national meteorological station Beja, 45 km NE from the mine.

2.2. Biodiversity sampling

The impact of the mine on the lichen biodiversity was evaluated by studying the variation of the
number of epiphytic lichen species with distance from the centre of the mine. The 20 sampling points
were distributed along two transects on the north-south and east-west directions, ca. 2 km away from
the centre of the mine. At each sampling point the number of epiphytic lichen species was recorded
from 6-10 Quercus ilex mature trees. The sampling campaign occurred in 1993. The sampling within
each tree occurred for all directions of trunks and branches. The sampling campaign occurred in 1993.
The frequency of R. fastigiata was calculated by divinding the number of sampling sites where we
had observed this species by the total number of sampling sites for each different class of distance.

2.3. Analysis of in-situ lichens around a copper-mine

2.3.1. Lichen sampling

Samples of the in-situ lichen Ramalina fastigiata (Pers.) Ach., of similar size (5-7 cm), were
collected in October 1994 from tree trunks and branches of Quercus ilex facing a copper mine site at a
height greater than 1.5 m. The spatial sampling occurred along two transects on the north-south and
east-west directions, comprising 20 sampling points distributed at varying distances up to ca. 5 km
from the centre of the mine.

2.3.2. Sequential elution analysis

Before the sequential elution, samples were stored in a high relative humidity atmosphere for
24 h (over water in a closed box), to reactivate the physiological activity and reduce membrane
permeability [28].

Soluble extracellular Cu, either bound or unbound to the extracellular surfaces of the lichen,
were obtained by washing lichen samples with Na2-EDTA at pH 4.5 as displacing agent [14, 15, 16].
Lichen samples (30-80 mg) were shaken for 40 min in 10 ml of 20 mM Na2-EDTA followed by a
second washing with 20 mM Na2-EDTA solution (5 ml) for 30 min. All lichen samples, after this
extraction, were dried overnight at 80°C and weighed. The oven drying process was shown to rupture
cell membrane without alterations in the distribution of the elements [21]. Then, the soluble
intracellular fraction was obtained by shaking the samples in 10 ml of 20 mM Na2-EDTA, for 2 h
[21]. The paniculate fraction was then obtained by digestion of the samples in 3 ml of 65% HNO3 on
a hot plate at ca. 120°C. The digestion was completed after all organic material had disappeared.

Extracellular K and Mg concentrations were extracted based on the sequential elution
developed by [13].



Each fraction was analysed by atomic absorption spectrophotometry (Varian Techtron AA6,
UK) using an air/acetylene flame and with added CsCl and LaCl3 (lg I"1) to both samples and
standards, as suppressants of ionization and refractory compound formation, respectively. Plant metal
concentrations were expressed on a total dry weight basis. The blanks were all below the detection
limit. All the material in contact with the lichens during laboratory processing were acid washed to
avoid metal contamination.

2.3.3. Fluorescence measurements

A PAM 101 Chlorophyll Fluorometer (Walz, Effeltrich, Germany) was used to measure
chlorophyll fluorescence in different thalli of the lichen R. fastigiata. During storage, the samples
were kept at room temperature {ca. 15°C) in a closed box at high relative humidity. Lichen samples
were dark-adapted for 5 min before the measurements of fluorescence to maximize oxidation of the
primary quinone electron acceptor of PSII. After this period, the minimum fluorescence level with
open PSII reaction centres (Fo) was measured by a weak red measuring beam, followed by a saturation
light pulse to determine the maximum fluorescence (Fm) level with closed PSII reaction centres.
Variable fluorescence, Fv, is the difference between Fm and Fo, and it was calculated in order to obtain
the parameter Fv/Fm.

2.3.4. Data treatment and statistical analysis

The variation in concentration of elements with distance from an emission source was
represented by the function: Y=b+(a/d), where Y is the concentration of the element, b is the control
value or background value, a is the slope and d the distance from the source. This equation is
preferred to the exponential function because non-zero backgrounds exist [37]. Significant fittings
were considered whenever significant correlation coefficients (Pearson r), for P<0.05, were found
between the data fitted to the respective function and the observed values. Correlation coefficients
between variables were calculated through Pearson r (P<0.05), and one-way ANOVAs (for P<0.05)
were performed to test differences between means.

2.4. Effect of Cu concentration on Ramalina fastigiata under controlled conditions

Samples of the fruticose epiphytic lichen Ramalina fastigiata (Pers.) Ach. were collected in
February 1994, from branches of Olea europaea L. located in an unpolluted site at Serra de Grandola,
SW Portugal. The presence of the Lobarion community in this area showed that this site was
pollution-free, since this community is very sensitive to general air pollution [38]. All lichen samples
were air dried in the laboratory for no more than 7 days.

Samples of R. fastigiata (200-350 mg each) were incubated and agitated for 2 h in 1 1 of
different Cu concentrations (deionized water, 0.0157, 0.079, 0.157, 0.393, 0.786, 1.573, 3.934, 7.868
and 15.737 mM), to reach concentrations of ca. 400 umol g"1 [39]. Samples were then separately
rinsed with 2 1 deionized water and divided into five replicates before subsequent sequential elution
extraction procedures.

The cation location and analysis followed the procedure described in section 2.2.2. However
intracellular cations (Cu, K and Mg) were then extracted by shaking the samples in 3-5 ml of 1 M
HNO3 for 2 h at ca. 15°C [13].

Chlorophyll fluorescence in each lichen species was measured 24 h after incubation in different
Cu concentrations, following the procedures described in section 2.2.3. Effects on photosynthesis are
observed more clearly 24 h after incubation with potentially toxic elements [15, 16].

To test whether the relationship between the intra- or extracellular Cu concentration in lichens
with the Cu concentrations supplied or incubation time is described by saturation kinetics, the data
were fitted to a rectangular hyperbola [40]. Correlation coefficients between variables were calculated
by Pearsons r.



3. RESULTS AND DISCUSSION

3.1. Lichen biodiversity around a copper-mine

The total number of epiphytic lichens species, increased with increasing distances from the
centre of the mine (Fig. 1). At the different sampling points the total number of epiphytic lichen
species varied between 5 and 35. The impact on the lichen biodiversity was clearer around the centre
of the mine and it was more extended towards east (Fig. 1).
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Fig. 1. Estimated spatial distribution of the total number of epiphytic lichens in the surroundings of a
copper-mine obtained by kriging of data based on 20 sampling points (+). The centre of the mine is
represented by • , the Cu-concentrate stockpile by A, and the waste heaps by M. The studied area
was divided into classes with different numbers of lichen species: • < / 0 , j j | 10-18 and V~\ >18
species.
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Fig. 2. Frequency of Ramalina fastigiata for different classes of distances from the centre of the mine.



The frequency of the fruticose lichen Ramalina fastigiata was calculated for classes of different
distances from the mine (Fig. 2). The lichen R. fastigiata was observed at distances greater than
500 m (Fig. 2).

One of the most usual approaches in biomonitoring with lichens is by means of indices of
atmospheric purity (IAP). Most of these indices require, for their calculation, a toxitolerance factor
for each species, which is determined on a rather subjective basis [3]. Furthermore, there are
evidences that the tolerance of a given species to air pollution may differ according to the general
climatic conditions [3]. Thus, even in the rare cases where a toxitolerance factor for calculating IAP
index is based on experimental data, its extrapolation to another area, with different climatic
conditions, may not be accurate and it is not recommended [3]. In this work, the number of lichen
species was shown to be a reliable and objective measure of impact on lichen flora, since it varied
widely (5-35) within short distances from the pollution source (Fig. 1). Lichen biodiversity, measured
by the parameter number of lichen species, reflects the impact of the copper-mine dust emissions
(Fig. 1). The distribution of epiphytic lichen species has been studied in the area of a copper-smelter
in Canada and around a Zn-smelter in the USA [41,42]. Rather than affected by metal pollution, it is
suggested from these studies that the lichen distribution was greatly influenced by SO2 emissions.
Few studies reported the effects of metal pollution on lichen flora without gaseous emissions [43].

The biodiversity pattern can be influenced by distance from the source and wind direction [3].
The main source of pollution was focused on the centre of the mine (Fig. 1). At the sampling points
observed, the maximum number of epiphytic lichen species found (35) was within the range of those
found by other authors in the south of Portugal for unpolluted sites [44].

The estimated spatial distribution of the number of epiphytic lichen species around the mine
site allows areas with different levels of impact on lichen flora to be distinguished (Fig. 1). The extent
of the impact was more widespread towards east, which appears to be correlated with the frequency of
the winds (Fig. 3) and thus with a greater dispersion of particles in that direction. No relationship with

6 km K1

Fig. 3. Wind speed (left) and wind frequency (right) referred to 1951-1980 at the nearest
meteorological station Beja (ca. 45 km NEfrom the mine).

the wind speed was found due to the lack of variation in this factor between the different directions
(Fig. 3). Lichens are slow-growing organisms, hence, they may be used as long-term integrators of
environmental conditions. This lichen biodiversity study allowed an easy identification of the zones of
the mine which reflected the long-term emissions (Fig. 1).

This biodiversity study suggested that pollutants emission from the centre of the mine might be
important in terms of the lichen survival at short distances around the mine site. It was then
hypothesised that the absence of the lichen R. fastigiata near the mine site was related with toxic
levels of Cu-dust near the centre of the mine.
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3.2. Effects of Cu pollution on lichen physiology

3.2.1. Source of elements in lichens around a copper-mine

The Cu concentration in different fractions, soluble extracellular, soluble intracellular and
particulate with increasing distances from the mine site also significantly fitted the function
Y=b+(a/d)) (Fig. 4). At the sampling points nearest to the centre of the mine, Cu was in greater
proportion in the particulate fraction, followed by the extracellular and the intracellular fraction (Fig.
4). However the predicted background intracellular soluble Cu concentrations in R. fastigiata
(0.20 fimol g"1) were greater, when compared to the either extracellular or particulate, that showed a
trend to zero values (Fig. 4). Approximately 2.0 umol g"1 was the highest intracellular
Cu concentration found in samples of in-situ R. fastigiata (Fig. 4B). The highest Cu concentrations in
the three fractions could be found within the firsts 2 km radius from the centre of the mine site
(Fig. 4).
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Fig. 4. Mean concentration ofCu in extracellular (A), intracellular (B) and particulate (C) fractions
in the lichen Ramalina fastigiata collected at different distances from the centre of the mine. Lines
represent the function Y=b+(a/d), fitted to the observed values. Significant (P<0.05; n=20)
correlation coefficients (r) were found for Cu concentration in extracellular (r=0.65), intracellular
(r=0.78) and particulate fractions (r-0.81). Symbols are the means of five replicates.

Far away from the centre of the mine (> 2 km), the low total Cu background concentrations
appear to be related mostly with the physiological Cu requirement, since the intracellular soluble Cu
fraction (Fig. 4B) had the greatest background concentration at remote sites as compared to
extracellular or particulate fractions (Figs. 4A and 4C).

In order to establish whether K and Mg were being emitted from the mine site, their
concentrations in extracellular, intracellular and particulate fractions were plotted against distance
from the mine and were fitted to the function Y=b+(a/d) (Fig. 5). Extracellular K and Mg
concentrations and Mg concentration in the particulate fraction showed a significant fitting with the
previous function (Figs. 5A, 5D and 5F). No significant fittings were found between the
concentrations of K and Mg in intracellular fraction and K in the particulate fraction (Figs. 5B, 5C
and 5E).

Despite observing that the extracellular K and Mg concentrations decrease with increasing
distances from the mine, intracellular K and Mg were not influenced by the distance to the mine site
(Figs. 5B and 5E), suggesting that their concentrations were controlled under certain limits due to
their physiological role.

The chemical analysis of in-situ samples of R. fastigiata collected at different distances and in
different directions from the mine showed that Cu, K and Mg were emitted from the centre of the
mine site, confirming that major sources of atmospheric dust were located there (Figs. 4 and 5);
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F/g. 5. Mean concentrations of K (A, B, C; closed symbols) and Mg (D, E, F; open symbols) in
extracellular (A, D; circles), intracellular (B, E; squares) and particulate (C, F; triangles) fractions
in the lichen Ramalina fastigiata collected at different distances from the centre of the mine. Lines
represent the function Y=b+(a/d), fitted to the observed values. Significant (P<0.05; n=21)
correlation coefficients were found for extracellular K (r=0.46), extracellular Mg (r=0.69) and
particulate Mg (r=0.61). Symbols are the means and bars the standard deviations of five replicates.

lichens intercepted Cu and Mg in soluble and particulate forms, whereas K was only intercepted in the
soluble form (Figs. 4 and 5).

3.2.2. Impact on lichen physiology under field and controlled conditions

To investigate possible alterations in cellular membrane permeability due to Cu dust,
intracellular K and Mg concentrations were correlated with intracellular Cu concentrations in lichens
(Table I). Increasing concentrations of intracellular Cu in samples of in-situ R. fastigiata were
significantly correlated with the decrease in intracellular K (Table I). The increase in intracellular Cu
concentration was correlated with K-loss from the cell but not with Mg-loss (Table I). This result was
in total agreement with a controlled experiment performed for the same species (Table II). The effects
of Cu on membrane integrity were tested by measuring the loss of cations from the cell with
increasing supplied Cu concentrations [15,16]. The intracellular K concentrations in R. fastigiata
were significantly (P<0.05) correlated with increasing supplied Cu concentrations (Table II). No
significant (/>>0.05) linear correlation between intracellular Mg concentration and intracellular Cu
concentration in R. fastigiata was observed (Table II). Thus, the high intracellular Cu concentration
found in lichens near the mine site might be responsible for the K-loss.

Although many investigators have used only K loss as a measure of membrane integrity [24,
25], it is important to note that we found no losses of intracellular Mg. Some proportion of this
element is readily available within the cell, and is lost when generalised membrane damage [28].
Therefore, we suggest that Cu induces specific K loss in lichens rather than a non-selective membrane
damage [22].
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TABLE I. CORRELATION COEFFICIENT (PEARSON r) OF INTRACELLULAR COPPER
CONCENTRATION WITH INTRACELLULAR POTASSIUM AND MAGNESIUM
CONCENTRATIONS IN THE LICHEN Ramalina fastigiata COLLECTED AT DIFFERENT
DISTANCES FROM THE MINE SITE

Fraction

Intracellular

Correlation

Cu-K

-0.40*

coefficient (Pearson r)

Cu-Mg

-0.24

n=21,*/><0.01

TABLE II. CORRELATION COEFFICIENT (PEARSON r) OF INTRACELLULAR COPPER
CONCENTRATIONS WITH CHANGES IN THE DISTRIBUTION OF INTRACELLULAR
POTASSIUM AND MAGNESIUM CONCENTRATIONS IN Ramalina fastigiata AFTER
INCUBATION IN DIFFERENT COPPER CONCENTRATIONS FOR 2 HOURS

Correlation coefficient (Pearson /-)

Fraction Cu-K Cu-Mg

Intracellular -0.82* -0.47

# Cation measurements were performed after incubation for 2 h in solutions of different Cu
concentrations. Significant linear correlations are marked * P < 0.05, n=9.
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Fig. 6 - Variation of chlorophyll fluorescence parameter (FJFm) with intracellular Cu concentration
in the lichen Ramalina fastigiata collected at different distances from the mine (r=-0.88; P<0.05;
n=14). Symbols represent the mean and bars the standard deviations of five replicates.

The effect of the Cu dust on the lichen PSII photochemical reactions was investigated (Fig. 6).
There was a significant correlation between the decrease in (Fv/Fm) and the increase in intracellular
Cu concentrations under field conditions (Fig. 6). The zero value of Fv/Fm corresponded to
intracellular Cu concentrations beyond 2.0 umol g"1 (Fig. 6). The observed decrease in Fv/Fm might be
a consequence of excessive intracellular Cu concentrations in the lichens near the mine site (Fig. 6).
For intracellular Cu concentrations above ca. 2.0 umol g"1 the lichen R. fastigiata showed a complete
inhibition of the photochemical reactions at PSII level (Fig. 6). These results were in total agreement
with controlled Cu uptake experiments performed in R. fastigiata (Fig. 7). Ramalina fastigiata
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Fig. !-(•)- Response of chlorophyll fluorescence (ratio F/Fni) in the lichens Ramalina fastigiata
after incubation for 2 h in different Cu concentrations. Symbols are the means and bars the standard
deviations of three replicates. (O) - Response on incubation for 2 h in different Cu concentrations of
intracellular mean concentrations ofCu in Ramalina fastigiata. Symbols are means and bars are the

standard deviations of five replicates. The control sample (C) was incubated in
deionized water for 2 h.

samples submitted to Cu addition under controlled conditions, showed Fv/Fm values equal to zero for
supplied Cu concentrations above 1.6 mM (with intracellular Cu concentrations between 3.7-4.3 |nmol
g'1) (Fig. 7). A highly significant (P<0.01) linear correlation (correlation coefficient, r = -0.90, n = 10)
was found between the Fv/Fm values and the intracellular Cu concentration in R. fastigiata.

Note that Fv/Fm values showed an increase in variability with increasing intracellular Cu
concentrations (Fig. 6). A similar result was also observed with the Cu uptake by R. fastigiata in the
laboratory (Fig. 7). These results might be related with an heterogeneous response of the lichen
thallus to Cu uptake and deserve future research.

The data in this work supported the hypothesis that the absence of the lichen R. fastigiata near
the mine site was related with toxic levels of Cu-dust near the centre of the mine. Total inhibition of
PSII photochemical reactions occurred in R. fastigiata both under field and controlled conditions,
when intracellular Cu concentrations exceeded a threshold of ca. 2.0 p.mol g"1 (Figs 6 and 7). No
samples of this species were found under field conditions beyond the Cu threshold (ca. 2.0 umol g"1),
suggesting that the absence of the lichen R. fastigiata might be used as an indicator of intracellular Cu
concentrations above 2.0 umol g"1 in the surroundings of the copper-mine. The fluorescence
parameter Fv/Fm proved to be a good estimator of the survival capacity of R. fastigiata under field
conditions and thus a useful parameter in determining the sensitivity of the lichens (photobiont) to Cu
pollution. The results also showed that variation in independent physiological responses to Cu (losses
of intracellular K and chlorophyll fluorescence) were concomitant with changes in intracellular Cu
concentration for both species. Although the proportion of intracellular Cu uptake was much smaller
(6%) than extracellular [16], the intracellular Cu concentration appeared to be a relevant factor in
explaining Fv/Fm changes due to Cu uptake (Fig. 7). The intracellular location of Cu allowed to
explain the physiological changes and the survival of the species in the surroundings of the copper-
mine.
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