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Abstract

Lichens incorporate heavy metals according to a selectivity sequence; therefore, their uptake rate can be affected when elements
with a high affinity for cell wall exchange sites or that provoke harmful alterations to the metabolism of lichen thalli are present in
the environment. The aim of this study was to examine the effect of urban pollutants on the accumulation of some heavy metals in
Usnea amblyoclada. Lichen samples were transplanted for 1 month to both a polluted and a nonpolluted area in Coérdoba,
Argentina. They were then collected and soaked in tridistilled water or in solutions containing different concentrations of Cu, Ni,
Pb, and Zn salts. The uptake of Cu’*,Ni?", Zn*", and Pb>", and other parameters indicative of lichen damage were measured in
all the lichen samples. The thalli retrieved from the polluted area showed significant increases in both the malonaldehyde content
and the electrical conductivity of the water in which they had been immersed. These results indicate that the atmospheric pollutants
could be responsible for the significant damage to the lichen’s cellular membranes, thus altering several mechanisms related to the
uptake of heavy metals. Both the area of transplantation and the concentration of the metallic solutions had significant effects on
the levels of Cu, Ni, and Pb measured in lichen thalli; however, no significant differences were observed in Zn concentrations. The
highest uptakes corresponded to Pb and Cu, suggesting that they probably have a higher affinity with the lichen cell wall exchange
sites. This study confirms the fact that, although lichens can be useful biological indicators, the physiological mechanisms involved
in metal uptake should be carefully analyzed. Therefore, when estimating the heavy metal content of an environment, the
competitive mechanism for cation uptake should be considered especially in areas where the presence of high levels of metals with a
strong binding affinity is suspected. The presence of secondary products in the lichens could be responsible for the selective uptake of
cations and for a possible tolerance to their presence.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Lichens have been extensively used for biomonitoring
air quality because of their great sensitivity to environ-
mental conditions that originate measurable changes in
some of their components or specific parameters. The
degradation of chlorophyll is one of the most obvious
signs that damage has occurred in lichens (Manrique et
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al., 1993; Riga-Karandinos and Karandinos, 1998).
However, many other parameters have also been
employed to assess the physiological damage in lichens
caused by atmospheric pollutants such as the malonal-
dehyde (MDA) content (Gonzalez et al., 1996), the level
of auxins or ethylene (Garty et al., 1997; Garty, 2000),
the variations in respiratory rate (Conti and Cecchetti,
2001), and the biosynthesis of lipids and proteins
(Silberstein et al., 1996). These changes have been
measured even before the appearance of the first visible
signs of damage.
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Several studies have been performed on the accumu-
lation of heavy metals in many different species (Sawidis
et al., 1995; Monaci et al., 1997; Scerbo et al., 1999;
Loppi et al., 2002). There are also many other studies
focused on the uptake, retention, localization, release,
tolerance, and toxicity of different elements, all under-
taken in controlled laboratory conditions (Branquinho
et al., 1997; Chettri et al., 1998; Kauppi et al., 1998).
However, when lichens are used as biomonitors of a
specific area, their responses could well be different from
those observed in the laboratory. This is due to the fact
that the lichens are exposed not only to a single
pollutant but to complex mixtures of them which are
also affected by different meteorological conditions.
Furthermore, lichen damage caused by the presence of
other gaseous or particulate pollutants in the environ-
ment can modify or interrupt the physiological processes
involved in the accumulation of heavy metals.

It has been assumed that the concentration of heavy
metals in lichens reflects the proportion of these
elements in the environment. However, competitive
studies in lichens have revealed that heavy metals are
incorporated according to a selectivity sequence by a
cation uptake mechanism which involves ion exchange
and is modified by the formation of metal complexes
(Chettri et al., 1997). Thus, the uptake and/or accumu-
lation rate of any element in the lichen thalli can be
affected by an increase in the concentration of other
elements present in the environment which form
relatively stronger complexes and are therefore incorpo-
rated more efficiently. The main aim of this investigation
was to examine the influence of real urban contamina-
tion conditions on the accumulation of some heavy
metals in the lichen Usnea amblyoclada, a species
commonly found in our country that has been success-
fully employed to monitor heavy metals in previous
studies. Additionally, we studied the relationship
between urban pollutants and some metallic cations,
comparing their different uptake rates.

2. Materials and methods
2.1. Study area

The present study was undertaken in Cordoba city (31°24'S,
64°11'W), capital of the province of Cordoba, at an altitude of
440m above sea level. The climate is subhumid, with an
average annual precipitation of 790 mm, concentrated mainly
in summer. The mean annual temperature is 17.4°C and the
prevailing winds are from the NE and SE. Two different
sampling zones were selected in the urban area of Coérdoba
city, according to their degree of contamination. The polluted
zone was located downtown, a densely populated area with
great traffic congestion during most of the day, high buildings
that limit wind circulation, and very scarce vegetation. During
winter, the temperature inversion hinders the vertical circula-

tion of air and the intense solar radiation favors the
photochemical reactions that originate smog. The nonpolluted
zone was located in a neighborhood topographically elevated
with respect to the downtown area, with very little traffic, one
or two flat buildings, and abundant natural and exotic
vegetation.

2.2. Lichen material and sampling procedure

Thalli of U. amblyoclada (Mill. Arg.) Zahlbr. were collected
from Los Gigantes, 70 km west of Cordoba city, which has a
very low level of pollution. The area was chosen because the
species is very abundant and therefore the collection of
samples had very low impact on the population density. The
basal parts of lichen thalli were detached with the adhering
pieces of rock substrate and were stored in the laboratory at
room temperature until exposure. These thalli corresponded to
the baseline material.

Lichen bags were prepared with 6.0 g fresh material packed
loosely in a fine nylon net; so each bag included several thalli.
Three of these bags were tied on a nylon rope on different
posts 3m above the ground at each sampling zone and exposed
for 1 month, from May 16 to June 17, 1999, and then collected.

The exposed samples and the baseline material were air-
dried, homogenized in a mortar with a pestle, and then freeze-
dried in polyethylene bags. From each lichen bag, three
subsamples of the homogenized material were taken to obtain
a mean arithmetic value+standard deviation for each chemi-
cal determination.

2.3. Sample treatment

To evaluate the ability of the exposed lichens to incorporate
Cu?™, Ni?*", Zn®>" and Pb>" from metallic solutions, lichens
retrieved from the polluted and the nonpolluted areas were
soaked for 30 min either in tridistilled water (control treat-
ment) or in the following salt solutions: CuSQOy, (0.5, 1, 2.5, 5,
and 10mM), NiSO, (0.5, 1, 5, and 10mM), ZnSO, (0.5, 1, 5,
and 10mM), and Pb(NO3), (0.5, 1, 5, and 10mM). These
concentrations correspond to the environmental concentra-
tions of the metals in urban or industrial areas (McKinney,
1993). The lichen thalli were then rinsed twice in tridistilled
water, shaken gently to remove any excess water, and left to
dry at room temperature.

Previous studies showed that the incorporation of heavy
metals can be affected by the acidity of the environment
(Kauppi et al., 1998). For that reason the acidity of all
solutions was adjusted to pH 3.5 by adding H,SO,4 or HNO;.

2.4. Physiological determinations

The procedures followed for the quantification of chlor-
ophyll-a (Chl-a), chlorophyll-b (Chl-b), phacophytin-a (Phaeo-
a), phaeophytin-b (Phaeo-b), carotenoids (Carot), hydroper-
oxy conjugated dienes (HPCD), malondialdehyde (MDA), dry
weight/fresh weight ratio (DW/FW), and other ratios mea-
sured are explained in detail in Carreras et al. (1998) and
Carreras and Pignata (2001). All determinations were ex-
pressed on a fresh-weight basis.

The electrical conductivity (EC) parameter is a relative
measure of membrane integrity (Garty et al., 2002).
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Conductivity measurements were performed in lichen thalli
that were previously incubated in a humidity chamber (80%)
for 1 h. After that, entire thalli were divided into samples of 2 g
each and immersed in 50 mL tridistilled water for 2h at room
temperature. The EC of the water was measured by an EC
meter with a glass electrode (Oakton WD-35610) and

expressed as mSm™".

2.5. Metal analysis

Lichen samples (0.5g) were dried at 60°C until constant
weight and then ashed at 650°C for 60 min. The ashes were
digested using a 5:1 mixture of HCI (18%) and HNOj5 (conc.)
at a mild temperature and the solid residue was separated by
centrifugation. Finally, 10 ppm of Ge (internal standard) was
added and the volume was adjusted to S0 mL with tridistilled
water. Aliquots of SpL were taken from this solution and
dried on an acrylic support. As a quality control, blank
samples and samples of the standard reference material Hay
TAEA-V-10 were prepared in the same way as described above.
The system was calibrated with known concentrations of
standard solutions of metals and Ge as an internal standard.
Samples were irradiated for 200s using the total-reflection
technique, at an X-ray fluorescence beamline of the National
Synchrotron Light Laboratory, Campinas, Brazil. For the
excitation, a polychromatic beam of approximately 2 mm wide
and 1 mm high was used. A Si detector with a resolution of
140eV at 5.9keV was used for the X-ray detection.

2.6. Statistical analysis
Results are expressed as the mean values of three

independent determinations corresponding to each of the
three sampling sites in each experimental area. Physiological

Table 1
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parameters and metal concentrations were submitted to an
analysis of variance (ANOVA). Post hoc comparisons were
conducted using the least significant difference test. A P-value
<0.05 was considered a significant difference. The assump-
tions of the ANOVA were previously verified by graphic
methods (residuals vs. fitted values, box plots, and steam leaf
plots).

3. Results and discussion

3.1. Effects of urban atmospheric pollutants on lichen
thalli

Table 1 shows the physiological parameters quantified
in thalli of U. amblyoclada transplanted to the polluted
and the nonpolluted areas.

Pigment degradation in lichens is related to atmo-
spheric pollutants because they can originate many free
radicals that have important effects on different
physiological processes such as photosynthesis (Gries,
1996). In the present experiment, the thalli exposed to
the polluted area had higher concentrations of the
photosynthetic pigments, although only Chl-a showed
significant differences. This has already been found in
previous studies of this species (Carreras et al., 1998).
Von Arb and Brunold (1989) observed the same in
Parmelia sulcata that had been transplanted in different
areas in Biel, Switzerland and attributed the difference
to urban air pollutants, mainly nitrogen oxides, which
have a fertilizing effect on lichens. Furthermore, the
Chl-b/Chl-a and Phaeo-a/Chl-a ratios were also higher

Psiological parameters quantified in baseline U. amblyoclada and in thalli transplanted to a polluted and a nonpolluted area

SP, Chl-a Carot Chl-5/Chl-a  Phaeo-a/Chl-a EC DW/FW MDA HPCD
(mg/g FW)  (mg/g FW) (mS/m/g FW) (nmol/g FW)  (mmol/g FW)
Baseline
0.124 0.079 1.211 1.752 61.28 0.905 0.108 0.124
0.100 0.082 0.924 1.716 88.45 0.904 0.118 0.124
0.204 0.065 0.598 2.709 47.18 0.904 0.074 0.179
Mean 0.142b 0.075 0.911b 2.059 65.64b 0.904a 0.100b 0.142
SD 0.054 0.009 0.307 0.593 20.98 0.001 0.023 0.032
Nonpolluted area
1 0.126 0.052 1.093 2.806 74.14 0.884 0.109 0.182
2 0.115 0.087 0.732 2.401 77.39 0.883 0.106 0.158
3 0.206 0.136 0.459 1.908 91.52 0.882 0.115 0.149
Mean 0.139b 0.092 0.670 ¢ 2.339 81.02b 0.883b 0.110b 0.163
SD 0.052 0.038 0.258 0.753 25.36 0.002 0.007 0.044
Polluted area
1 0.181 0.058 1.129 2.455 177.96 0.902 0.145 0.154
2 0.140 0.064 1.056 2.210 84.42 0.927 0.116 0.138
3 0.205 0.071 0.830 2.523 122.11 0912 0.123 0.150
Mean 0.179a 0.064 1.005a 2.369 139.27a 0.914a 0.128a 0.148
SD 0.033 0.029 0.156 0.358 59.37 0.011 0.015 0.009
ANOVA (P value) 0.012 ns 0.004 ns 0.023 0.000 0.016 ns

Mean values on each vertical column followed by the same letter do not differ significantly (P< 0.05). SP;, sampling point.
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in the polluted area, indicating that atmospheric
pollutants can also promote the degradation of Chl-a.
Therefore, it can be concluded that atmospheric
pollutants are possibly responsible for both the pigment
degradation and the increase of its synthesis.

Atmospheric pollutants are potent catalyzers of the
peroxidation of membrane lipids (Tarhanen et al., 1997).
On the other hand, the presence of MDA in biological
systems can be related to the peroxidation of unsatu-
rated fatty acids that constitute cellular membranes
(Turton et al., 1997). In this study, the concentration of
MDA was significantly higher in lichens transplanted to
the polluted area, suggesting that air pollutants may
have caused some damage to the cellular membranes of
lichen thalli. These results are in agreement with those
of Egger et al. (1994) who documented an increase of
the MDA content in thalli of Hypogymnia physodes
transplanted to a highly polluted area.

The integrity of cell membranes in U. amblyoclada
was also verified by changes in the EC of the water in
which intact thalli had been immersed. The lichens
transplanted to the polluted area had significantly
higher ED values than those of thalli transplanted to
the nonpolluted area and the baseline material, which is
in accordance with the MDA concentration data.
Similarly, Garty et al. (1992) found significant differ-
ences in the EC of lichens retrieved from industrial areas
with respect to other thalli retrieved from rural areas.

The DW/FW ratio was significantly higher in lichens
transplanted to the polluted area. The lowest value
corresponded to the lichens transplanted to the non-
polluted area but did not significantly differ from the
ratio of the baseline material. Previous investigations
using other lichen species have revealed that the content
of water can be altered in thalli transplanted to heavily
polluted environments (Levin and Pignata, 1995; Canas
et al., 1997).

3.2. Uptake of some metallic cations in transplanted thalli

Mean values 4+ standard deviation of Cu, Ni, Zn, and
Pb measured in baseline lichen material and in
transplanted thalli are presented in Table 2. In general,
the levels of all of these elements were higher in the thalli
transplanted to the polluted area, reflecting the con-
centration of heavy metals characteristic of this area.
The levels of Cu, Pb, and Zn were significantly higher in
the thalli transplanted to the polluted area. However, in
the thalli from the nonpolluted area only the levels of Cu
were significantly higher than the baseline material, as
Pb and Zn levels were not significantly different. The Ni
content did not vary significantly in any of the
transplanted thalli compared to the baseline samples.

When the concentrations of metals measured in lichen
thalli were compared, the values of Zn were two and
three times higher than the values of the other metals

Table 2
Concentration of Cu, Ni, Pb, and Zn in baseline U. amblyoclada and in
thalli transplanted to a polluted and a nonpolluted area

Sampling Cu Ni Pb Zn
point (ng/g FW) (ng/g FW) (ng/g FW) (ng/g FW)

Baseline

1 3.20 3.49 3.86 21.37

2 3.33 2.86 3.88 19.38
Mean 3.18¢c 3.27 3.87b 20.38b
SD 0.44 0.09 0.01 1.41
Polluted area

1 5.32 5.16 7.74 33.07

2 4.98 4.37 8.69 30.68
Mean 5.15a 5.13 8.2la 31.87a
SD 0.24 0.27 0.67 1.69
Nonpolluted area

1 3.79 3.21 4.99 22.57

2 5.10 4.63 4.31 24.95
Mean 4.45b 4.44 4.65b 23.76b
SD 0.92 0.93 0.48 1.68
ANOVA (P value) 0.022 ns 0.005 0.012

Mean values on each vertical column followed by the same letter do
not differ significantly (P< 0.05).

studied. This result could be related to the higher
content of Zn in the granite rocks which are the
characteristic substrate of this species. Saxicolous
lichens are known to encrust onto rocks by exuding
compounds that weather the rock and form minerals by
complexing their cations. Among these compounds,
lichen acids are suspected to play a prominent role as a
result of their strong metal binding ability (Sarret et al.,
1998). An elevated Zn content was also observed in the
thalli of Xanthoria parietina collected from different
areas of the Livorno province in Italy (Scerbo et al.,
1999). Our findings indicate that the levels of Zn in U.
amblyoclada are naturally high; therefore most of their
binding sites could be already occupied.

3.3. Dependence of metal uptake on the physiological
status of thalli

Table 3 shows the levels of Cu, Ni, Pb, and Zn
measured in lichen thalli exposed to the polluted or
nonpolluted areas and then immersed in different
metallic solutions. Taking into account that no sig-
nificant difference was observed between the baseline
thalli and the samples immersed in tridistilled water,
only the latter treatment was used as a control sample in
the statistical analysis.

Both the transplanting area and the different metallic
solutions had significant effects on the levels of Cu
accumulated on and in the cortical cells of U.
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Table 3
Ccentration of Cu, Ni, Pb, and Zn in U. amblyoclada thalli exposed to a polluted and a nonpolluted area and then immersed in different metallic
solutions

Cu (pg/g FW) Ni (ng/g FW) Pb (ug/g FW) Zn (ng/g FW)

(mean+SD) (mean +SD) (mean +SD) (mean + SD)
Treatment
H,O 5.535+3.314 4.009+0.722 5.349+1.031 23.3243.237
0.5mM 26.91+4.247 25.07+8.110 181.84+14.57 29.26+8.888
I mM 61.30+10.33 41.63+8.625 321.54+34.00 37.64+2.291
SmM 134.04+97.69 76.31+15.10 387.6+49.29 31.314+1.663
10mM 300.0+92.22 217.6+44.76 610.8+129.6 25.00+2.519
Area (A)
Polluted 29.18+56.82 30.55+61.98 104.8+201.7 28.46+6.935
Nonpolluted 44.924+100.6 24.12+46.14 90.50+161.2 31.18+13.09
ANOVA (P value)
Treatment (7) 0.001 0.000 0.023
Area (A) 0.048 0.30 ns
TxA ns ns ns
amblyoclada. In both transplanting areas, the levels of igg:
Cu in lichen thalli increased simultaneously with its 400+
concentration in the solution and the samples treated i ool
with the solution with the highest Cu concentration were 5 2504
significantly different from all the others (Fig. 1). The % fgg:
lichens exposed to the polluted area incorporated more 100
Cu from the less-concentrated metallic solutions than 58 ] B s e . . :
the samples retrieved from the nonpolluted area. On the H0 05mM Clg“g" 5mM 1o0mMm

u 4

contrary, when the samples were immersed in the more-
concentrated metallic solutions, it was the thalli
retrieved from the nonpolluted area that incorporated
more Cu. These findings could be related to the presence
of atmospheric pollutants that might have altered the
normal synthesis of lichen compounds that act as
binding sites of metallic ions, as suggested by Sarret et
al. (1998). Another possible explanation is that the
higher levels of atmospheric Pb in the polluted area, as
was suggested by the accumulation of Pb in the lichen
thalli retrieved from this area, could have been strongly
attached to the binding sites in the cell wall thus
preventing the binding of other cations. In any case, it
seems that the thalli that were not damaged are able to
incorporate Cu more efficiently than the thalli exposed
and damaged by air pollutants, which is in accordance
to the higher levels of Cu found in lichens retrieved from
the nonpolluted area. This hypothesis is supported by
observations of Chettri et al. (1997) that showed a
higher Cu uptake by living than by dead thalli.

The content of Ni in the thalli of U. amblyoclada was
significantly different between treatments and sampling
areas. As the interaction was also significant, the
mentioned factors were analyzed separately (Fig. 2).
The content of Ni in lichen thalli increased simulta-
neously with its concentration in the solution and the
thalli soaked in the most concentrated Ni*" solution
were significantly different from all other treatments.
The content of Ni was higher in the thalli retrieved from

O Polluted area H,O0 205 MM # 1 mM # 5mM # 10 mM ; (p < 0.001)

E Non polluted area H,0, 0.5 mM, 1 mM, 5 mM # 10 mM (p < 0.05)

Fig. 1. Copper incorporation of U. amblyoclada, previously exposed
to polluted and nonpolluted areas in Cordoba city, Argentina, from
different concentrations of a CuSQO, solution. Bars represent the
mean+ SD.

ug Ni/ g FW

PR NN WWw
g o u o ua o ua
O O O O O © O

T iﬁ%ﬁﬂm

H,0 05mM 1mM 5mMm 10 mM
NiSO,

o

O Polluted area H,0, 0.5 mM, 1 mM, 5 mM # 10 mM ; (p < 0.001)

m Non polluted area H,0, 0.5 mM, 1 mM, 5 mM # 10 mM ; (p < 0.05)

Fig. 2. Nickel incorporation of U. amblyoclada, previously exposed to
polluted and nonpolluted areas in Cordoba city, Argentina, from
different concentrations of a NiSO, solution. Bars represent the
mean+SD.

the nonpolluted area than that measured in thalli from
the polluted area when the concentration of this cation
in the solution was less than 1mM. This could be
explained either by an increase in the incorporation of
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Ni in undamaged thalli or by a decrease in the ionic
binding sites of the cell wall already occupied by other
elements with a greater affinity or damaged by air
pollutants. When the thalli were soaked in concentrated
Ni*" solutions, its content was higher in lichens
retrieved from the polluted area. These results suggest
that when the concentration of Ni in the thalli exceeds
SmM, the normal activity of the cellular membrane is
altered and cations can be incorporated without
restrictions. This is more evident in thalli retrieved from
the polluted area because when they are soaked in the
metallic solution they are probably already damaged by
atmospheric pollutants, leading to an additive effect
between the factors. Similarly, Hyvérinen Roitto et al.
(2000) found that only the thalli treated with a
concentrated Ni*" solution (6 mM) showed prejudicial
effects on some indicators of membrane permeability.

Significant differences were observed in the Pb
content in lichen thalli in relation to both the treatment
with metallic solutions and the transplanting area. The
uptake of Pb increased as did its concentration in the
solution. As expected, thalli retrieved from the polluted
area had higher Pb content than thalli retrieved from the
nonpolluted area (Fig. 3). In many lichen species, it has
been observed that Pb>" is mainly complexed to the
fungal cell wall (Kramer et al., 1996; Sarret et al., 1998).
On the other hand, it has been suggested that the uptake
of some metals such as Pb and U in lichens is higher in
dead than in living thalli (Chettri et al., 1997). One
would expect the accumulation of metals in dead tissue
if the living plasma membrane was responsible for
preventing the entrance of metals to the cell. In
agreement with this hypothesis, the increased content
of Pb cations in thalli retrieved from the polluted area
could be due to both the altered integrity of cell
membranes promoted by air pollutants and the presence
of higher environmental levels of this cation.

No significant differences were observed in the
content of Zn in thalli related to either the metallic
solutions or the transplanting area (Fig. 4). Considering
that the maximum limit for metal uptake is regulated by
the ionic exchange capacity of the cell wall, the high Zn
concentration found in baseline thalli of U. amblyoclada
could be limiting the incorporation of new cations. A
slower uptake of physiologically important metallic
cations such as Zn’>* and Mg>" was also found by
Brown and Beckett (1984). Also, the complexes formed
by the lichen acids with heavy metals have different
stabilities and the complexes formed by Zn>" are weak
and unstable (Chettri et al., 1997). In the present study,
the Zn content corresponding to thalli immersed in the
most concentrated solutions was lower than the Zn
content corresponding to thalli immersed in less
concentrated solutions, suggesting that Zn also forms
weak complexes with cell wall ligands and consequently
leaches when its concentration outside the thalli is low.

900

800
700
Z 600
2 500
£ 400
> 300
> 200
5 I
0+ : : : —L .
H,0 0.5 mM 1mM 5mM 10 mM
PbNO,

O Polluted area H,0 #0.5 mM # 1 mM, 5 mM # 10 mM (p < 0.001)

B Non Polluted area H,0#0.5mM# 1 mM, 5mM# 10 mM (p <0.001)

Fig. 3. Lead incorporation of U. amblyoclada, previously exposed to
polluted and nonpolluted areas in Cordoba city, Argentina, from
different concentrations of a PbNO; solution. Bars represent the
mean+SD.

45 4
40
35
a 304
2 254

2 15
10 +

H,0 0.5mM 1mMm 5mM 10 mM
Znso,

OPolluted area (ns)  @Non polluted area (ns)

Fig. 4. Zinc incorporation of U. amblyoclada, previously exposed to
polluted and nonpolluted areas in Cordoba city, Argentina, from
different concentrations of a ZnSO, solution. Bars represent the
mean+ SD.

If that is the case with U. amblyoclada, the levels of Zn
quantified in the thalli do not reflect its real environ-
mental proportion.

3.4. Differential uptake of metallic cations

Lichen thalli were immersed in different metallic
solutions but with the same cation concentration.
However, the uptake rate was different for every cation
in the thalli retrieved from both sampling zones (Fig. 5).
The uptake of Cu, Ni, and Pb increased with the
concentration of the corresponding cation in the
solution. The incorporation of Pb was two and three
times higher than that of other cations with the same
concentration in the solution followed by Cu and then
Ni. These findings suggest a selective metal uptake in U.
amblyoclada that could be related to the high concen-
trations of usnic acid deposited on the upper cortex of
thalli, characteristic of this genus.

The same pattern was not found for Zn uptake, as the
highest concentration was found in lichens immersed in
medium-concentrated solutions. This finding could be
explained by both the higher Zn level in baseline thalli
which prevents the binding of newly incorporated
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700
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L 400
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o 300+
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100 I
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Cu Zn Ni Pb
00.5mM O1imM E5mM

W 10mM

Fig. 5. Uptake rates of Cu, Ni, Pb, and Zn from metallic solutions in
U. amblyoclada thalli transplanted to polluted and nonpolluted areas
in Cordoba city, Argentina.

cations and by the formation of weak binding complexes
with cell wall ligands.

Taken together, the results of this study allow us to
conclude that urban environmental conditions can
seriously damage U. amblyoclada thalli by altering
several mechanisms related to the normal uptake and
incorporation of heavy metals. The highest uptake levels
correspond to Pb, which probably has a greater affinity
for the lichen cell wall exchange sites and is strongly
attached to binding sites, forming stable complexes. The
second uptake level corresponds to Cu, followed by Ni
and finally Zn. This sequence is in accordance to the
characteristics of B class cations, whose toxicity
increases with increasing B class characteristics (Cabral,
2003) and is similar to other results reported for other
lichen species or mosses.

The competitive mechanism of cation uptake in U.
amblyoclada should be taken into consideration when
this species is used as a biomonitor, especially when
estimating the concentration of some elements in areas
where high Pb or Cu levels are suspected. Moreover, the
high levels of secondary products characteristic of the
Usnea genus could be responsible for the selective
uptake of cations and for a possible tolerance to their
uptake.
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