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Abstract We assess here, through an experimental simulation
using lead nitrate, the response to lead deposition of three
common Mediterranean bryophyte species in the family
Pottiaceae. Five concentrations of lead nitrate (from 0 to
10−3 M) were sprayed for 4 months on plants belonging to
Tortula muralis (reported as toxitolerant), Syntrichia ruralis
(medium-tolerant), and Tortula subulata (less tolerant). The
three species showed a remarkably high tolerance to lead ni-
trate, with a low incidence of damage even at concentrations
as high as 10−4 M. The maximum concentration (10−3 M),
although resulting eventually in serious damages in the game-
tophyte of the three species (high mortality rates in S. ruralis
and T. subulata, or a significant percentage of damaged tissue
in T. muralis), did not prevent the production of sporophytes
in the two species with fertile samples (T. muralis and
T. subulata). Growth parameters show limited value as
bioindicators of lead deposition, as they only show clear ef-
fects at very high concentrations. Besides, we identified the
existence of a lead exclusion strategy mediated by mucilage
using histochemical analyses and scanning electron microsco-
py combined with energy-dispersive X-ray spectroscopy. This
mechanism can hamper the usefulness of these mosses in
quantitative estimation of lead deposition.
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Introduction

Bryophytes have been frequently used as indicators of environ-
mental pollution, and more specifically, they have been consid-
ered excellent tools to monitor atmospheric metal pollution
(Onianwa 2001; Giordano et al. 2004; Zechmeister et al.
2007; Harmens et al. 2010, 2015a). Alterations in the physiog-
nomy, physiology or reproductive state of the species and/or
the properties of bryophyte communities have been successful-
ly used as indirect indicators of the concentrations of heavy
metals in the environment (see for example, the review of
Onianwa 2001 and references therein). However, we lack rel-
evant information on the biology of many species, their level of
sensitivity, and the expected responses under different pollution
concentrations, especially in the Mediterranean region.
Besides, the sensitivity categories (Dierβen 2001; Hill et al.
2007) are usually established taking into account solely the
presence or abundance of the species in urban catalogs. This
does not allow separating the effect of the different pollutants
and other typically urban characteristics that are known to be
detrimental for the growth and development of bryophytes
(such as drought conditions or habitat alterations).

Bryophytes have also been employed in quantitative esti-
mations of atmospheric deposition of heavy metals. They are
said to be good biomonitors because they absorb water, nutri-
ents, and pollutants over all their surface, so a predictable
relationship of metal content in the tissues with atmospheric
deposition is more likely in bryophytes than, for example, in
vascular plants. In fact, some selected species have been al-
ready used for systematic monitoring of pollution by heavy
metals (Gerdol et al. 2002; Ötvös et al. 2003; Zechmeister
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et al. 2007; Basile et al. 2009, 2013). They have been even
used at large spatial scales, allowing the estimation of tempo-
ral and spatial trends of atmospheric nitrogen and heavy metal
deposition (Harmens et al. 2010, 2013, 2015b).

The monitoring networks using bryophytes are much
cheaper than direct atmospheric measurements, making it pos-
sible to have a better coverage of the territory (Harmens et al.
2010). However, they also have some shortcomings. Again,
the available information is biased towards European temper-
ate climates and it is difficult to extrapolate the estimations
across biomes. Besides, some authors (Aboal et al. 2010) have
questioned the possibility of establishing predictable relations
between the metal concentrations in the moss tissues and the
atmospheric deposition. This is an unresolved controversy
(Fernández et al. 2015; Harmens et al. 2015b) that may have
important implications in the use of bryophyte bioindication
as a tool for heavy metal monitoring.

One of the distorting factors in quantitative estimations is
the existence of biological processes that interact with the
uptake of contaminants (Aboal et al. 2010). Interestingly
enough, some of the mechanisms of plant adaptation to heavy
metal pollution involve exclusion mechanisms that reduce
heavy metal uptake. The sensitivity of a given species to metal
pollution is expected to depend on its functional balance of
metal tolerance and its ability to regulate metal uptake (Shaw
1989). Therefore, the study of uptake and accumulation pat-
terns of heavy metals by species with different levels of sen-
sitivity under controlled conditions is necessary to link the
atmospheric metal deposition and its accumulation in the tis-
sues and, at the same time, to understand the mechanisms that
allow plants to survive in polluted environments.

However, there are just a limited number of works focusing
on the patterns of accumulation and effects of heavy metals in
bryophytes (Gullvåg et al. 1974; Basile et al. 1994, 1995;
Krzesłowska and Woźny 1996; Basile et al. 2001).
Furthermore, most of these studies analyze juvenile stages of
the mosses, despite the fact that the bioindicator networks are
based on the metal content in the tissues of adult mosses.

Through an experimental simulation of lead deposition, we
study here the sensitivity to this metal of three common spe-
cies in the Mediterranean region with diverse reported sensi-
tivity to urban environments and evaluate the lead uptake and
accumulation patterns using different lead nitrate concentra-
tions, in order to assess the existence of tolerance or exclusion
mechanisms.

Material and methods

Species used

We tested three Mediterranean, taxonomically close, moss
species of the family Pottiaceae: Tortula muralis Hedw.,

Syntrichia ruralis (Hedw.) F. Weber & D. Mohr, and Tortula
subulata Hedw. The three species are unprotected and com-
mon within the Mediterranean region. They are known to
produce protective mucilage in leaf axillary hairs (Guerra
et al. 2006). Additionally, and as a reference, we have exam-
ined the accumulation pattern in the liverwort Cephaloziella
rubella (Nees) Warnst., a metallophilous species collected on
polluted soil in an abandoned lead mine.

According to previous evaluations (Dierβen 2001; Guerra
et al. 2006) and their frequency in European urban catalogs
(e.g,. Soria Tosantos 2002; Gerdol et al. 2002, etc.), T. muralis
is considered as a very tolerant moss, almost ubiquitous in
cities, S. ruralis is regarded as moderately tolerant species,
not rare in cities, and T. subulata, although it has been record-
ed in Belgrade (Sabovljevic and Grdovic 2009), and usually
collected fromwall tops and road sides, would be less frequent
in urban environments, and thus considered as less resistant to
pollution.

The samples of the three species were collected in Spain, in
the province of Madrid; and the metallophilous liverwort was
collected in Ireland, near Dublin, as follows:

Tortula muralis Spain, Madrid: S. Lorenzo de El Escorial.
40° 34′ 25″ N 4° 09′ 12″ W, 970 m, on mortar, 2 Oct. 2015.
Cogolludo Cruz, J., Estébanez Pérez, B. & Medina, N.G.
Syntrichia ruralis Spain, Madrid Madrid, Canencia: 40° 52′
11″ N 3° 45′ 56″ 0, 1530 m, on soil, 15 Oct. 2015. Cogolludo
Cruz, J. & Estébanez Pérez, B. Tortula subulata Spain,
Madrid Madrid: S. Lorenzo de El Escorial. 40° 34′ 03″ N
4°09′ 13″ W, 1055 m., on a stone wall, 2 Oct. 2015.
Cogolludo Cruz, J., Estébanez Pérez, B. & Medina, N.G.
Cephaloziella rubella Ireland, Dublin: Ballycorus, 53° 13′
29″ N 6° 9′ 56″ 0, 220 m., on soil. 22 Apr. 2011. Estébanez,
R., Estébanez, C. & Pérez Sierra, C.

Voucher specimens were deposited at MA-UAM
herbarium.

Experiments of lead deposition simulation

There is a limited number of commonly available soluble lead
salts: nitrate, acetate, and chloride. We chose lead nitrate for
our experiments, as the anion is common in natural environ-
ments (contrary to acetate), and with higher solubility than
chloride. We tested four concentrations of lead nitrate
(Pb(NO3)2, Aldrich 203,580): 10−6 M, 10−5 M, 10−4 M, and
10−3 M, and a control solely with water, totalling five treat-
ments. Each sample consisted of a moss tuft of 20 to 30
shoots. The samples were transferred to plaques covered with
coarse siliceous sand. As both T. muralis and T. subulata are
small-sized, cushion-forming mosses, their samples were
placed with their original substrate on the sand, whereas
S. ruralis samples, larger in size and forming loose tufts, were
directly placed on the sand substrate. During the experiment
(4 months), the plaques were kept protected from rainwater, in
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a 90 × 90 cm outdoor greenhouse, so that all the water re-
ceived by the mosses comes from the watering experiments,
and the temperature is similar to outside, Mediterranean win-
ter conditions (slightly tempered). The plaques were watered
once or twice a week, spraying 21 mL of its corresponding
lead nitrate solution (or water) homogeneously across the
plaque surface, under a fuming hood, and then transferred
back to the greenhouse. The watering solutions were freshly
prepared before applying the treatments from 10× stock solu-
tions. The stock solutions were freshly prepared every 3 weeks
using dehydrated lead nitrate (in oven at 120 °C, overnight),
adjusted to pH = 6.5 ± 0.1, and kept frozen. Before each
watering event, the solution pH was checked again and re-
adjusted if necessary. The plaques were randomly positioned
in the greenhouse after each watering event.

The experiment consisted of 29 watering events so that
total accumulated lead quantities were high. For example,
for the highest lead nitrate concentration (10−3 M), the total
simulated lead (Pb2+) flux was 0.87 mg/cm2, which is near 24
times the lead deposition flux estimated in the vicinities of a
major lead smelter for the same period (4 months) in Jiyuan,
China (Qiu et al. 2016). Even the lowest concentration,
10−6 M, is around 7500 times the natural lead deposition esti-
mated for Europe in the ‘90s, before lead in gasoline was
banned (Harmens et al. 2015a).

Morphological and growth parameters

After the experiment, we recorded a set of parameters to eval-
uate the vegetative and reproductive state of the plants. Given
the differences among species in size and growth forms the
production of new shoots was measured in different ways in
the three species. For S. ruralis, we examined all the material
and recorded all new apical shoots produced in the replicates.
However, the other two species have more compact growth
forms and thus it was not possible to count all the shoots so we
recorded the number of new apical shoots in the center of each
cushion, in 1 cm2 for T. subulata and in 0.5 cm2 for T. muralis.
We also measured the length of the apical leaves as an indica-
tor of growth, and we estimated the damaged tissue (turning
brown or yellow) in the leaves as a percentage of the total leaf
area, in 20% steps. The latter two parameters were measured
in 5 apical leaves selected from 3 shoots per replicate (15
leaves per replicate in total).

Reproduction success was measured only on the samples
of T. muralis and T. subulata (S. ruralis is a dioecious species
and all our specimens were male and thus unable to fructify).
To evaluate the reproduction success, we counted all newly
produced sporophytes and their maturing stage in a qualitative
scale ranging from 1 (green sporophytes without capsule ex-
pansion) to 7 (mature sporophytes, with brown and fully ex-
panded capsules) in three moments (after 1 month, after
2.5 months and at the end of the experiment), during the

4 months of the deposition simulation. Additionally, we also
measured the length of the sporophytes at the end of the treat-
ment. In T. muralis, we measured total length of 3 sporophytes
per replicate, whereas in T. subulata, that produced few spo-
rophytes, we measured all of them.

The results were analyzed using R software (R
Development Core Team 2011). For the parameters in which
there were repeated measures (length of leaves and percentage
of damaged tissue measured in leaves of 5 different shoots),
we employed mixed ANOVA models with shoot as a random
factor to correct for the correlated errors. For the parameters
related to the sporophyte production, as we took three mea-
surements during the 4 months of treatment, we applied a two-
way ANOVA with lead nitrate concentrations and measure-
ment time as factors and an interaction term. The rest of the
parameters were compared through ANOVA with the lead
nitrate concentration as a factor. Normality and homoscedas-
ticity were checked by visually analyzing the residuals of the
ANOVA models. To test for multiple comparisons of treat-
ment effects we used the Tukey HSD test.

Histochemical and scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM-EDX)

Analytical tests were performed on individual shoots after the
experiment and on the metallophilous liverwort species used
as reference. For these tests, we selected the healthier speci-
mens (green shoots with no visible signs of damage) available
in each sample. To remove the mucilage, the shoots were
placed in Eppendorf tubes, soaked 15 min in warm (37 °C)
sodium hypochlorite 1%, and washed in water at least ten
times. Mucilage removal using sodium hypochlorite is a com-
mon procedure for seeds (e.g., Jesus et al. 2016). For this more
delicate moss material, we have used a gentler protocol: sodi-
um hypochlorite 1% rather than 8%, and avoidance of me-
chanical stress (stirring or exposure to running water). Basal
parts (in mosses, consisting mostly of dead tissues due to
natural senescence processes even in healthy specimens) and
apical parts were tested separately in both unwashed and
washed shoots.

For histochemical detection of lead, we used a slightly
modified version of the dithizone test after Baranowska-
Morek and Wierzbicka (2004). The reagent solution was
0.3% dithizone (Aldrich 43820) dissolved in 4:1 acetone: wa-
ter, and then acidulated (6 acetic acid drops per 100 ml solu-
tion). Moss shoots were incubated in darkness at 4 °C for 3 h
(90 min in the original protocol), rinsed in water and observed
immediately. Lead is detected as a red, needle-like chelate
(Seregin and Ivanov 1997). The presence of mucilages was
assessed using the Alcian Blue test after Kremer et al. (2004).
Moss shoots were soaked 2–5 min in Alcian Blue 8GX (C.I.
74240) 1% in 3% aqueous acetic acid. Acid mucopolysaccha-
rides stain bright blue (Cole et al. 1985).

26196 Environ Sci Pollut Res (2017) 24:26194–26205



For SEM-EDX analyses, samples were air-dried, gold-
sputtered, and observed with a scanning electron microscope
(Hitachi S-3000N) operating at 20 kv, equipped with an envi-
ronmental secondary electron detector (ESED) coupled to an
X-ray dispersive energy analyzer (Oxford Instruments,
NCAx-sight).

Results and discussion

Morphological and growth parameters

Overall, the results show that the three species have a high
tolerance to lead nitrate over prolonged periods (4 months).
The culturing conditions have produced some damages in all
three species, as shown in the controls (Fig. 2). This is more
notorious in Syntrichia ruralis, where the average percentage
of damaged tissues is estimated in ca. 20% (with some
scattered shoots affected up to 60%). The other two species,
T. muralis and T. subulata, have performed better, with an
average damage of less than 10% (with a maximum in some
shoots of 30% and 20% respectively). The three species show
non-lethal damages up to a lead nitrate concentration as high
as 10−4 M and the two species with fertile specimens
(T. subulata and T. muralis) were capable of producing spo-
rophytes even at the highest lead nitrate concentrations.
Besides, the high resistance of the species was also apparent
from the visual assessment of the damage of the plants over
time. For the highest lead nitrate concentration (10−3 M),
S. ruralis showed some damage signs after 1 month and al-
most total mortality after 2 months. In T. subulata, damages
were observed at the end of the second month, and high dam-
age rates (almost total mortality) after 3 months. In turn, we
observed no damage signs in T. muralis until the fourth
month.

The lead nitrate treatment had a statistically significant ef-
fect on the production of new apical shoots in Syntrichia
ruralis (Table 1, Fig. 1). The other two species did not show
any statistically significant differences among treatments in
new shoot production (Table 1, Fig. 1). In S. ruralis, the av-
erage production of new apical shoots varied from 51 new
shoots in the control, to 0 (no shoots were produced) in the
highest concentration (Fig. 1). The strongest decrease in the
production of new shoots was from the concentrations 10−4 M
to 10−3 M (Fig. 1).

The percentage of damaged tissue in apical leaves showed
significant differences among treatments in the three species
(Table 1, Fig. 2). There were also important differences in the
response among the species. In Tortula muralis the average
percentage of damaged tissue in the highest concentration was
76.1%, with a large range of variation (Fig. 2), so that some
leaves maintained high percentages of living tissue. In
S. ruralis and T. subulata the percentage of damaged tissue

in the highest concentration was over 90% (90.1 and 90.0%,
respectively), with much lower variability (Fig. 2). In these
two species, most of the leaves were almost totally damaged.
Besides, in T. muralis, the first statistically significant increase
in tissue damage was detected in the 10−3 M concentration,
while in the other two species we found a statistically signif-
icant increase in the percentage of damaged tissue in much
lower concentrations, in the 10−6 M concentration in S. ruralis
and in the 10−4 M concentration in T. subulata (Fig. 2).

The effect of the lead nitrate treatment on the length of the
leaves was significant in the three species (Table 1). However,
the multiple comparisons test showed no clear pattern of de-
crease in size related to the increase in lead nitrate concentra-
tion in any of the species (see Figure in Online Resource 1).

The production of sporophytes was not significantly affect-
ed by the lead nitrate treatment. Neither the number of sporo-
phytes nor their size and maturing state were significantly
influenced by the application of lead nitrate (Table 2).

The three species showed an unexpected high resistance to
lead nitrate. Overall, the damage was minimal in the lowest

Table 1 Results of the tests of the effect of lead treatment on the
vegetative parameters. The table of the number of new apical shoots
(A) is the result of an ANOVA with one factor (lead treatment). The
percentage of damaged tissue (B) and the length of the leaves (C) are
the result of a mixed regression model with a fixed factor (lead treatment)
and a random factor (shoot). Tmur: Tortula muralis; Tsub: Tortula
subulata; Syn: Syntrichia ruralis; df: degrees of freedom, dfden:
denominator degrees of freedom; dfnum: numerator degrees of fredom

A—Number of new apical shoots

Species Term df F value p value

Tmur Treatment 4 1.3 0.3

Tmur Residuals 25

Syn Treatment 4 18.1 <0.01

Syn Residuals 25

Tsub Treatment 4 1.1 0.4

B—Percentage of damage tissue in apical leaves

Term Species dfnum dfden F value p value

Tmur Intercept 1 218 424.5 <0.01

Tmur Treatment 4 218 89.2 <0.01

Syn Intercept 1 182 47.4 <0.01

Syn Treatment 4 182 19.4 <0.01

Tsub Intercept 1 218 102.8 <0.01

Tsub Treatment 4 218 291.2 <0.01

C—Length of apical leaves

Term Species dfnum dfden F value p value

Tmur Intercept 1 218 3472.3 <0.01

Tmur Treatment 4 218 19.6 <0.01

Syn Intercept 1 182 4491.6 <0.01

Syn Treatment 4 182 8.5 <0.01

Tsub Intercept 1 218 1319.5 <0.01

Tsub Treatment 4 218 2.9 0.02
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concentrations (10−6, 10−5 y 10−4 M), which is striking taking
into account that these concentrations are not low in absolute
terms. Quite the opposite, even the lowest concentration ap-
plied is 5000 times higher than the natural lead deposition
throughout Europe in the 90s before the use of lead in gasoline
was banned (Harmens et al. 2010). The resistance of Tortula
muralis is evenmore surprising, since it maintained noticeable

percentages of undamaged leaf tissue at the highest concen-
tration (10−3 M).

This high tolerance is beyond the usual range described for
bryophytes in experimental studies. For example,
Krzesłowska andWoźny (1996) found alterations in organelle
structure in samples ofFunaria hygrometrica that were treated
with a maximum of 2.5 × 10−4 M of PbCl2 for 6–24 h, while

Fig. 1 Box plots of the number of shoots in the different lead treatments. Different letters above the box plots (a, b, c) indicate statistically significant
differences among the means (p value <0.05) in the Tukey HSD tests (see also Table 1)

Fig. 2 Box plots of the percentage of damage tissue in the leaves. Different letters above the box plots (a, b, c, d) indicate statistically significant
differences among the means (p value <0.05) in the Tukey HSD tests (see also Table 1)
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Basile et al. (1995) reported the first damage signs in proto-
nemata treated with a solution of 10−4 M of lead nitrate during
15 days and they reported severe damage in concentrations
above 10−5M. In adult plants ofFunaria hygrometrica, Basile
et al. (1994) reported some damages and survival using also
lead nitrate, up to 10−2 M, but not longer than 7 days. The
higher tolerance in our studymay be explained by the different
lead application methods. Previous works applied the treat-
ments by submerging (or floating: Basile et al. 1994) the
plants in a liquid solution of lead so that the heavy metal
was constantly in contact with the tissues, while we sprayed
the samples with lead nitrate solutions once or twice a week.
Besides, this difference in resistance might be due to the lower
pH associated to high lead concentrations. Previous studies
did not report any pH correction of the applied solutions. As
low pH values are known to be detrimental for spore devel-
opment (Wiklund and Rydin 2004), a large part of the damage
previously recorded might be in fact more related the lower
pH of the lead solutions, than to the actual lead toxicity.

Our higher concentrations present also an excessive supply
of nitrate (totaling around 50 kg N ha−1 for the 10−3 M con-
centration) and could really cause some deleterious effects on
the plants (Bobbink et al. 2010). Nevertheless, Olsson and
Kellner (2006), in some experimental nitrogen fertilization
studies, have shown that even much higher concentrations
(in some plots, as much as 2400 kg N ha−1 in a single

application), and longer periods, may produce only moderate
effects on boreal mosses if the species considered are meso-
trophic. Our species are clearly mesotrophic and able to live in
urban environments (Dierβen 2001; Guerra et al. 2006).
Although long-term effects of nitrate, and its synergistic ef-
fects with lead merits further analysis, assigning that the acute
effects of our treatment to lead is a fair assumption given the
moderate effect of nitrogen on bryophytes in the short term. In
any case, the consideration of the potential toxic effects of
nitrate added to those of lead would only enhance the remark-
able resistance of these three species.

Also, the capacity of the three species to maintain sexual
reproduction even at the highest concentrations is unexpected,
especially because previous works prove that lead has a gen-
eral inhibitory effect on the meiotic and mitotic divisions
(Pourrut et al. 2011). The most surprising result is the ability
to develop sporophytes of T. subulata. The species showed
high damage rates (with an average damage percentage over
90% in the 10−3 M treatment) at the end of the 4-month treat-
ment. In this species, the first damage signs using the highest
concentration appeared after the second month, and high rates
of damage were apparent after 3 months. And yet, we found
no evident effects on the sporophyte development. It has been
shown that some species are able to minimize damages in the
sporophyte through accumulation of lead in the placental tis-
sues (contacting area between the gametophyte shoot and the
sporophyte foot), so that the pollutant does not reach the spo-
rophyte (Basile et al. 2001). In any case, the gametophytes,
despite being under stressful conditions, seem to have devel-
oped a strategy that would involve investing resources in the
production of sporophytes and spores. Success of bryophytes
in polluted environments has been linked to their high repro-
ductive potential and relies on the ability of bryophyte of
producing large amounts of spores or vegetative propagules
(Gilbert 1970, Castaldo et al. 1993). Our results support this
hypothesis.

Even though the three species showed high resistance to
lead nitrate, there are important differences among them that
are partially congruent with the tolerance to urban environ-
ments reported in the literature (e.g., Dierβen 2001;
Sabovljevic and Grdovic 2009). As reported in previous
works, T. muralis is the most tolerant species of the three.
However, in this research also T. subulata showed high toler-
ance to lead, even higher than S. ruralis despite the fact that
the latter is recorded with lower abundance than S. ruralis in
cities. It is very likely that the absence of T. subulata in urban
environments is due to other pollutants (such as nitrogen ox-
ides, ozone, or sulfates) or to the drought conditions that are
preeminent in urban habitats. Besides, our results show that
the growth and reproductive parameters of the species ana-
lyzed are not adequate as indirect bioindicators of atmospheric
lead deposition, since they are not responsive enough. The
critical concentration from which the highest damages are

Table 2 Results of the tests: effect of lead treatment on the reproductive
parameters. The tables show the result of an ANOVA with two factors
(lead treatment with five levels and week at which the measure was taken
with three leves). Tmur: Tortula muralis; Tsub: Tortula subulata; df:
degrees of freedom

Species Term df F value p value

A—Number of sporophytes

Tmur Treatment 4 0.96 0.44

Tmur Week 2 0.83 0.44

Tmur Treatment:week 8 0.27 0.97

Tmur Residuals 75

Tsub Treatment 4 1.03 0.42

Tsub Week 2 0.08 0.92

Tsub Treatment:week 8 0.07 1.00

Tsub Residuals 21

B—Maturing state

Tmur Treatment 4 0.31 0.87

Tmur Week 2 35.84 <0.01

Tmur Treatment:week 8 0.09 1.00

Tmur Residuals 75

Tsub Treatment 4 0.98 0.44

Tsub Week 2 5.72 0.01

Tsub Treatment:week 8 0.21 0.99

Tsub Residuals 21
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detected is between 10−4 y 10−3 M, an extremely high con-
centration that will be difficult to find even in urban environ-
ments. Besides, the growth parameters and level of damage at
intermediate concentrations, more similar to those plausible in
polluted areas, are highly variable. Any estimations of envi-
ronmental lead deposition based on those parameters would
be unreliable.

Histochemistry and SEM-EDX analyses

The histochemical tests detected lead accumulation in the
samples treated with the two highest concentrations (10−4 M
and 10−3 M). In the rest of the treatments, with lower concen-
trations, both histochemical tests and SEM-EDX analyses
found no detectable lead accumulation in the moss tissues.

The detection of lead with dithizone produced a general-
ized reddish coloring and the precipitation of small sized,
needle-like Pb-dithizone chelates (Fig. 3a, d, e: S. ruralis;
Fig. 4a, d, e: T. subulata; Fig. 5d, e: T. muralis). Our

observations with dithizone were consistent in all the samples
with the lead detection using SEM-EDX. In turn, Alcian Blue
also detected successfully mucilages as an extracellular sur-
face material on the leaves (Fig. 3a, d: S. ruralis; Fig. 4d:
T. subulata; Fig. 5a: T. muralis). The removal of mucilages
using sodium hypochlorite resulted in the corresponding
disappearing of the staining (Fig. 3b, e: S. ruralis; Fig. 4b, e:
T. subulata; Fig. 5e: T. muralis), although sometimes the re-
agent could enter passively in the rhizoids, or damaged cells.
In this respect dithizone, which has not been used in mosses
before, is confirmed as a cheap, convenient and, in a sense,
more sensitive method for lead detection than the X-ray ener-
gy-dispersive analyses, since the latter has a penetration depth
limited to 3–5 μm. The Alcian Blue is also confirmed as a
useful and convenient method for mucilage detection (Kremer
et al. 2004) since it exhibited quite specific staining and it only
showed certain unspecific but localized staining.

The basal, senescent samples that were not washed with
sodium hypochlorite (Table 3) usually showed lower

Fig. 3 Microanalytical tests on Syntrichia ruralis after 4-month
exposure. a, b, c 10−4 M concentration. a Leaf from an unwashed
shoot. Alcian blue stains mucilage; small, purple dots (arrowheads)
show lead detected with dithizone. b Leaf from a sodium hypochlorite
(NaClO)-washed shoot. Neither mucilage nor lead are detected. c SEM-
EDX analysis on a NaClO-washed leaf. No lead detected. d, e, f 10−3 M

concentration. d Leaf from an unwashed shoot. Alcian blue staining:
mucilage; purple needles: lead detected with dithizone. e Leaf from a
NaClO-washed shoot. Mucilage has been removed, but needles of lead-
dithizone chelate are still abundant. f SEM-EDX analysis on a NaClO-
washed leaf apical hair. The presence of lead in large quantities, absorbed
by the cell walls, is confirmed
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quantities of lead than the apical areas in the three species (as
expected, since the watering was performed spraying the top
of the specimens).

In samples treated with the 10−4 M concentration, where
the survival was high for all three species, lead was detected
both with the dithizone reagent and using SEM-EDX in very
small quantities even in unwashed specimens, both in basal
and apical areas (Table 3; Fig. 3a: S. ruralis, Fig. 4a:
T. subulata, Fig. 5a, b: T. muralis).When detected, it is usually
associated to the presence of scattered lead precipitates
(Fig. 3a: S. ruralis, Fig. 4a: T. subulata, Fig. 5c: T. muralis).
After washing with sodium hypochlorite, most of the lead
disappears, confirming that it has been maintained outside
the cells by extracellular barriers. The histochemical analysis
did not show any staining inside the cells. An exception is
found in the basal parts of T. muralis samples (Table 3), where
the lead atomic percentage detected increases slightly after
washing the samples. Here, it is known that dead and old
tissues tend to accumulate higher metals because the breakage
of the cell wall exposes new binding sites (Carginale et al.
2004) and therefore lead has probably impregnated the cell

wall and is detected more easily by the EDX probe after the
removal of extracellular material.

When analyzing samples treated with the 10−3 M concen-
tration, larger quantities of lead were detected not only in
unwashed shoots (as expected), but also in washed specimens.
Here we found a different behavior between the two more
sensitive species (S. ruralis and T. subulata), and the more
resistant T. muralis. In the former two species, where tissue
survival is less than 10%, lead is detected in large quantities
both in basal areas (Table 3) and, especially, in apical regions
(Table 3, Fig. 3d–f: S. ruralis, Fig. 4d–f: T. subulata). After
mucilage removal (Fig. 3e, f and Fig. 4e, f), the lead levels
measured with SEM-EDX are even higher (Table 3), showing
again that the pollutant has been absorbed by the tissues.
Probable both the higher binding capacity of the dead tissues
(Carginale et al. 2004) and the lack of extracellular interfer-
ences after mucilage removal are affecting this higher lead
detection.

Interestingly, in T. muralis, the only species with relevant
survival, the lead is detected in much lower quantities than in
the other two species (Table 3, Fig. 5d–g). In samples where

Fig. 4 Microanalytical tests on Tortula subulata after 4-month exposure,
showing a behavior very similar to S. ruralis. a, b, c 10−4 M
concentration. a Leaf from an unwashed shoot. Small, purple dots
(arrowheads) show lead detected with dithizone. b Leaf from a NaClO-
washed shoot, with no lead detected. c SEM-EDX analysis on a NaClO-
washed leaf. No lead detected. d, e, f 10−3 M concentration. d Leaf from

an unwashed shoot. Alcian blue staining: mucilage; abundant purple
needles: lead detected with dithizone. e Leaf from a NaClO-washed
shoot, with no mucilage, showing abundant lead-dithizone needles. f
SEM-EDX analysis on a NaClO-washed leaf, confirming the presence
of lead in the cell walls
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mucilage material has been removed (Table 3, Fig. 5 e, f, g),
the lead levels decrease, showing that, although the metal
enters the leaf cell walls at some points (Fig. 5f), some

proportion of the lead detected is extracellular and washes
away with the mucilage. In fact, in some areas the washing
of mucilages results in a complete removal of lead (Fig. 5g).

Fig. 5 Microanalytical tests on Tortula muralis after 4-month exposure.
a, b, c 10−4 M concentration. a Leaf from an unwashed shoot. Most lead
has been shed away, probably by mucilage production (blue stains).
Arrowhead: some occasional lead-dithizone purple needles still remain.
b SEM-EDX analysis on a large area of an unwashed leaf, with no lead
detected. Still, some external, precipitated lead particles are observed (as
white dots, for instance, near the lower margin). c SEM-EDX analysis on
an unwashed leaf, on one of thewhite dots, confirming that it corresponds

to precipitated lead. d, e, f 10−3 M concentration. d Leaf from an
unwashed shoot, with abundant purple needles corresponding to lead-
dithizone complex. e Leaf from a NaClO-washed shoot, showing
abundant lead-dithizone needles. f SEM-EDX analysis on a NaClO-
washed leaf, detecting lead in the cell walls, not restricted to external
particles. g SEM-EDX analysis on another area of the same leaf, with
no lead detection

Table 3 Ranges of atomic
percentage corresponding to lead
as observed with SEM-EDX.
Onlymeasurements onwide areas
are considered here, those on
individual particles have been
discarded. N = number of
analyses performed in each kind
of sample

10−4 M concentration 10−3 M concentration

Unwashed NaOCl-washed Unwashed NaOCl-washed

Syntrichia ruralis Basal area 0–0.04

(n = 3)

0–0.04

(n = 6)

0.08–0.22

(n = 3)

0.12–0.27

(n = 4)

Apical area 0

(n = 4)

0

(n = 6)

0.06–0.14

(n = 3)

0.28–0.55

(n = 2)

Tortula subulata Basal area 0–0.02

(n = 2)

0

(n = 3)

0.12–0.21

(n = 3)

0.06–0.21

(n = 4)

Apical area 0

(n = 3)

0–0.02

(n = 3)

0.06–0.25

(n = 5)

0.13–0.41

(n = 4)

Tortula muralis Basal area 0–0.04

(n = 7)

0.02–0.04

(n = 2)

0.15–0.5

(n = 4)

0.04–0.1

(n = 4)

Apical area 0

(n = 7)

0

(n = 6)

0–0.24

(n = 6)

0–0.14

(n = 10)
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Besides, the presence of lead in the living tissues of this spe-
cies seems to imply some tolerance to a direct contact with this
heavy metal that has not been observed in the other two spe-
cies. This tolerance is similar to the expected resistance mech-
anism in metalophillous bryophytes, as illustrated by
Cephaloziella rubella, here used as a reference material
(Fig. 6), where lead (from its natural substrate) is shown to
enter the cell walls of healthy specimens.

Altogether, we have shown that for most of the treatments
where all these species were able to survive (up to 10−4 M) the
lead was accumulated predominantly outside the cells and it
was washed out when samples were treated with sodium hy-
pochlorite. Therefore, our results prove the existence of a
mechanism of lead exclusion in the three analyzed species.
In general terms, the three species showed low damage up to
10−4 M, which implies that the exclusion mechanism effec-
tively protects the plant from damage even at high lead nitrate
concentrations. Exclusion mechanisms had been described in
other plants like Silene paradoxawhere the apices of the roots
showed external accumulation of copper (Colzi et al. 2015).
Besides, there was previous evidence that suggested that bryo-
phytesmight also have exclusionmechanisms. Several studies
comparing the lead uptake on different bryophyte species
(Fernández et al. 2000; Fernández and Carballeira 2000;
Tabors et al. 2004) had shown the existence of important dis-
parities in the uptake of heavy metals, implying that some
species might be excluding or actively accumulating heavy
metals. Furthermore, Brown and Bates (1972) analyzed the
amount of lead inside and outside the cells by sequential ex-
tractions and showed that the moss Grimmia donniana accu-
mulated most of the lead outside the cells and that, similar to
our results, the mechanism was effective when the tissue was
alive but not in dead tissues. This implies an active strategy to
limit the entry of this heavy metal in the cells. Known active
metal sequestration mechanisms for bryophytes include metal
deposition in vacuoles, and active accumulation in the cell
wall of phytochelatins, i.e. pectic substances rich in carboxylic
groups which are able to bind Pb (Carginale et al. 2004).

However, to date, no study has reported extracellular mecha-
nisms involved in the exclusion of heavy metals in mosses.
Here, we describe for the first time the use of a mucilage
barrier as a mechanism to exclude the lead from the tissues
in these three species.

This mechanism was less effective in the highest treatment
concentration (10−3M), as we have detected lead in the tissues
of the three species. In S. ruralis and T. subulata, this concen-
tration entailed lethal damages on the plants (ca. 90% of the
tissue was dead in both species at this concentration treatment,
Fig. 2), and thus, such an active mechanism would be conse-
quently affected. Besides, dead tissues would show higher
lead concentration due to their higher number of binding sites.
However, T. muralis showed a noticeable proportion of living
tissues. Interestingly, in these green, living areas, although
some lead is washed away (showing that the exclusion mech-
anism is still partly operative), we detected noticeable
amounts of lead in the cell walls. The moss seems to tolerate
a certain amount of lead in the cells, therefore combining two
resistance strategies: exclusion and tolerance.

Due to the existence of this exclusion mechanism, the
amount of lead in the tissues does not correspond with the
amount of lead externally supplied in the treatments.
Therefore, the three species would have limited value for the
quantitative assessment of lead deposition.

Conclusions

& All three species of Pottiaceae family (Syntrichia ruralis,
Tortula muralis y Tortula subulata) show a great resis-
tance to very high lead nitrate concentrations, in both the
gametophyte and, especially, the sporophyte.

& The species considered as toxitolerant, T. muralis, is also
the most resistant to lead nitrate, keeping some survival in
the maximum concentration used, which is lethal to the
other species.

Fig. 6 SEM-EDX analysis on a NaClO-washed shoot of Cephaloziella
rubella, the metalophillous species used as a reference. In all three areas
analyzed, lead (absorbed from the soil of its natural habitat) was detected

in the cell walls both in unwashed and in washed samples, showing the
lack of an exclusion mechanism in this tolerant species
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& A lead exclusion mechanism mediated by mucilage pro-
duction is pointed out as the main resistance strategy in all
three species, allowing them to keep the pollutant out of
the living tissues. The most resistant species, T. muralis,
also has a lead tolerance mechanism, since it is able to
survive even when lead enters the cell walls.

& This exclusion mechanism would compromise the use of
these species in bioindication programs, in spite of their
wide distribution areas. The lead concentrations in their
tissues would result in a clear underestimation of environ-
mental concentrations of pollutants, and the growth pa-
rameters show no progressive response in samples when
the lead concentrations increase. Besides, all three species
show no clear effects in concentrations equivalent to lead
fluxes only possible in extremely polluted sites.

Acknowledgements We wish to thank Esperanza Salvador and
Enrique Rodríguez (SEM-EDX Laboratory, SIdI, UAM), the collectors
of Cephaloziella rubella, and the two anonymous reviewers for their
constructive suggestions and comments.

References

Aboal JR, Fernández JA, Boquete T, Carballeira A (2010) Is it possible to
estimate atmospheric deposition of heavy metals by analysis of ter-
restrial mosses? Sci Total Environ 408:6291–6297. doi:10.1016/j.
scitotenv.2010.09.013

Baranowska-Morek A, Wierzbicka M (2004) Localization of lead in root
tip of Dianthus carthusianorum. Acta Biol Cracov Ser Bot 46:45–
56

Basile A, Giordano S, Cafiero G et al (1994) Tissue and cell localization
of experimentally-supplied lead in Funaria hygrometrica Hedw.
using X-ray SEM and TEM microanalysis. J Bryol 18:69–81. doi:
10.1179/jbr.1994.18.1.69

Basile A, Giordano S, Spagnuolo V et al (1995) Effect of lead and col-
chicine on morphogenesis in protonemata of the moss Funaria
hygrometrica. Ann Bot 76:597–606. doi:10.1006/anbo.1995.1137

Basile A, Cogoni AE, Bassi P et al (2001) Accumulation of Pb and Zn in
gametophytes and sporophytes of the moss Funaria hygrometrica
(Funariales). Ann Bot 87:537–543. doi:10.1006/anbo.2001.1368

Basile A, Sorbo S, Aprile G et al (2009) Heavy metal deposition in the
Italian Btriangle of death^ determined with the moss Scorpiurum
circinatum. Environ Pollut 157:2255–2260. doi:10.1016/j.envpol.
2009.04.001

Basile A, Sorbo S, Conte B et al (2013) Ultrastructural changes and heat
shock proteins 70 induced by atmospheric pollution are similar to
the effects observed under in vitro heavy metals stress in
Conocephalum conicum (Marchantiales – Bryophyta). Environ
Pollut 182:209–216. doi:10.1016/j.envpol.2013.07.014

Bobbink R, Hicks K, Galloway J, Spranger T, Alkemade R, Ashmore M,
Bustamante M, Cinderby S et al (2010) Global assessment of nitro-
gen deposition effects on terrestrial plant diversity: a synthesis. Ecol
Appl 20:30–59. doi:10.1890/08-1140.1

Brown DH, Bates JW (1972) Uptake of lead by two populations of
Grimmia donniana. J Bryol 7:187–193. doi:10.1179/jbr.1972.7.2.
187

Carginale V, Sorbo S, Capasso C et al (2004) Accumulation, localisation,
and toxic effects of cadmium in the liverwort Lunularia cruciata.
Protoplasma 223:53–61. doi:10.1007/s00709-003-0028-0

Cole KM, Park CM, Reid PE, Sheath RG (1985) Comparative studies on
the cell walls of sexual and asexual Bangia atropurpurea
(Rhodophyta). I. Histochemistry of polysaccharides 1. J Phycol
21:585–592. doi:10.1111/j.0022-3646.1985.00585.x

Colzi I, Pignattelli S, Giorni E et al (2015) Linking root traits to copper
exclusion mechanisms in Silene paradoxa. Plant Soil 390:1–15. doi:
10.1007/s11104-014-2375-3

Dierβen K (2001) Distribution, ecological amplitude and phytosociolog-
ical characterization of European bryophytes. J. Cramer, Berlin &
Stuttgart

Fernández JA, Carballeira A (2000) Differences in the responses of native
and transplanted mosses to atmospheric pollution: a possible role of
selenium. Environ Pollut 110:73–78. doi:10.1016/S0269-7491(99)
00278-X

Fernández JA, Aboal JR, Carballeira A (2000) Use of native and
transplanted mosses as complementary techniques for biomonitor-
ing mercury around an industrial facility. Sci Total Environ 256:
151–161. doi:10.1016/S0048-9697(00)00478-2

Fernández JA, Boquete MT, Carballeira A, Aboal JR (2015) A critical
review of protocols for moss biomonitoring of atmospheric deposi-
tion: sampling and sample preparation. Sci Total Environ 517:132–
150. doi:10.1016/j.scitotenv.2015.02.050

Gerdol R, Bragazza L, Marchesini R et al (2002) Use of moss (Tortula
muralisHedw.) for monitoring organic and inorganic air pollution in
urban and rural sites in northern Italy. Atmos Environ 36:4069–
4075. doi:10.1016/S1352-2310(02)00298-4

Giordano S, Sorbo S, Adamo P et al (2004) Biodiversity and trace ele-
ment content of epiphytic bryophytes in urban and extraurban sites
of southern Italy. Plant Ecol 170:1–14. doi:10.1023/B:VEGE.
0000019025.36121.5d

Guerra J, CanoMJ, Ros RM (eds) (2006) Flora Briofitica Ibérica, Vol. III.
Pottiales, Encalyptales. Universidad de Murcia - Sociedad Española
de Briología, Murcia

Gullvåg BM, Skaar H, Ophus EM (1974) An ultrastructural study of lead
accumulation within leaves of Rhytidiadelphus squarrosus (Hedw.)
Warnst. A comparison between experimental and environmental
poisoning. J Bryol 8:117–122. doi:10.1179/jbr.1974.8.1.117

Harmens H, Norris DA, Steinnes E et al (2010)Mosses as biomonitors of
atmospheric heavy metal deposition: spatial patterns and temporal
trends in Europe. Environ Pollut 158:3144–3156. doi:10.1016/j.
envpol.2010.06.039

Harmens H, Norris DA, Mills GE (2013) Heavy metals and nitrogen in
mosses: spatial patterns in 2010/2011 and long-term temporal trends
in Europe. http://icpvegetation.ceh.ac.uk/publications/documents/
Finalmossreport2010-11forweb.pdf. Accessed 7 Nov 2016

Harmens H, Norris DA, Sharps K et al (2015a) Heavy metal and nitrogen
concentrations in mosses are declining across Europe whilst some
Bhotspots^ remain in 2010. Environ Pollut 200:93–104. doi:10.
1016/j.envpol.2015.01.036

Harmens H, Schröder W, Zechmeister HG et al (2015b) Comments on
J.A. Fernandez, M.T. Boquete, A. Carballeira, J.R. Aboal (2015). A
critical review of protocols for moss biomonitoring of atmospheric
deposition: sampling and sample preparation. Science of the Total
environment 517:132–150. Sci Total Environ 538:1024–1026. doi:
10.1016/j.scitotenv.2015.07.070

Hill MO, Preston CD, Bosanquet SDS, Roy DB (2007) BRYOATT:
attributes of British and Irish mosses, liverworts and hornworts.
Centre for Ecology and Hydrology, Cambridge

Jesus VAM, Araújo EF, Neves AA et al (2016) Ratio of seeds and sodium
hypochlorite solution on the germination process of papaya seeds. J
Seed Sci 38:57–61. doi:10.1590/2317-1545v38n1151150

Kremer C, Pettolino F, Bacic A, Drinnan A (2004) Distribution of cell
wall components in Sphagnum hyaline cells and in liverwort and
hornwort elaters. Planta 219:1023–1035. doi:10.1007/s00425-004-
1308-4

26204 Environ Sci Pollut Res (2017) 24:26194–26205

http://dx.doi.org/10.1016/j.scitotenv.2010.09.013
http://dx.doi.org/10.1016/j.scitotenv.2010.09.013
http://dx.doi.org/10.1179/jbr.1994.18.1.69
http://dx.doi.org/10.1006/anbo.1995.1137
http://dx.doi.org/10.1006/anbo.2001.1368
http://dx.doi.org/10.1016/j.envpol.2009.04.001
http://dx.doi.org/10.1016/j.envpol.2009.04.001
http://dx.doi.org/10.1016/j.envpol.2013.07.014
http://dx.doi.org/10.1890/08-1140.1
http://dx.doi.org/10.1179/jbr.1972.7.2.187
http://dx.doi.org/10.1179/jbr.1972.7.2.187
http://dx.doi.org/10.1007/s00709-003-0028-0
http://dx.doi.org/10.1111/j.0022-3646.1985.00585.x
http://dx.doi.org/10.1007/s11104-014-2375-3
http://dx.doi.org/10.1016/S0269-7491(99)00278-X
http://dx.doi.org/10.1016/S0269-7491(99)00278-X
http://dx.doi.org/10.1016/S0048-9697(00)00478-2
http://dx.doi.org/10.1016/j.scitotenv.2015.02.050
http://dx.doi.org/10.1016/S1352-2310(02)00298-4
http://dx.doi.org/10.1023/B:VEGE.0000019025.36121.5d
http://dx.doi.org/10.1023/B:VEGE.0000019025.36121.5d
http://dx.doi.org/10.1179/jbr.1974.8.1.117
http://dx.doi.org/10.1016/j.envpol.2010.06.039
http://dx.doi.org/10.1016/j.envpol.2010.06.039
http://icpvegetation.ceh.ac.uk/publications/documents/Finalmossreport2010-11forweb.pdf
http://icpvegetation.ceh.ac.uk/publications/documents/Finalmossreport2010-11forweb.pdf
http://dx.doi.org/10.1016/j.envpol.2015.01.036
http://dx.doi.org/10.1016/j.envpol.2015.01.036
http://dx.doi.org/10.1016/j.scitotenv.2015.07.070
http://dx.doi.org/10.1590/2317-1545v38n1151150
http://dx.doi.org/10.1007/s00425-004-1308-4
http://dx.doi.org/10.1007/s00425-004-1308-4


Krzesłowska M, Woźny A (1996) Lead uptake, localization and changes
in cell ultrastructure of Funaria hygrometrica protonemata. Biol
Plant 38:253. doi:10.1007/BF02873855

Olsson BA, Kellner O (2006) Long-term effects of nitrogen fertilization
on ground vegetation in coniferous forests. For Ecol Manag 237:
458–470. doi:10.1016/j.foreco.2006.09.068

Onianwa PC (2001) Monitoring atmospheric metal pollution: a review of
the use of mosses as indicators. Environ Monit Assess 71:13–50.
doi:10.1023/A:1011660727479

Ötvös E, Pázmándi T, Tuba Z (2003) First national survey of atmospheric
heavy metal deposition in Hungary by the analysis of mosses. Sci
Total Environ 309:151–160. doi:10.1016/S0048-9697(02)00681-2

Pourrut B, Shahid M, Dumat C et al (2011) Lead uptake, toxicity, and
detoxification in plants. In: Whitacre DM (ed) Reviews of environ-
mental contamination and toxicology volume 213. Springer, New
York, pp 113–136

Qiu A, Xing W, Scheckel Kg, Cheng Y, Zhao Z, Ruan X, Li L (2016)
Temporal and seasonal variations of As, Cd and Pb atmospheric
deposition flux in the vicinity of lead smelters in Jiyuan, China.
Atmospheric Pollution Research 7(1):170–179

R Development Core Team (2011) R: A Language and Environment for
Statistical Computing. Vienna, Austria

SabovljevicM, Grdovic S (2009) Bryophyte diversity within urban areas:
case study of the city of Belgrade (Serbia). Int J Bot 5:85–92. doi:10.
3923/ijb.2009.85.92

Seregin IV, Ivanov VB (1997) Histochemical investigation of cadmium
and lead distribution in plants. Russ J Plant Physiol 44:791–796.
doi:10.1023/B:RUPP.0000035747.42399.84

Shaw J (1989) Heavy metal tolerance in plants: evolutionary aspects.
CRC Press, Florida

Soria Tosantos A (2002) Ensayo para una caracterización de briófitas
como indicadores de urbanización mediante el estudio de la
brioflora de ciudades españolas. Ph.D.Dissertation, Universidad
Complutense de Madrid

Tabors G, Brumelis G, Lapina L, Pospelova G, Nikodemus O (2004)
Changes in element concentrations in moss segments after cross-
transplanting between a polluted and non-polluted site. J Atmos
Chem 49:191–197. doi:10.1007/s10874-004-1224-9

Wiklund K, Rydin H (2004) Ecophysiological constraints on spore estab-
lishment in bryophytes. Funct Ecol 18:907–913. doi:10.1111/j.
0269-8463.2004.00906.x

Zechmeister HG, Dirnböck T, Hülber K, Mirtl M (2007) Assessing air-
borne pollution effects on bryophytes – lessons learned through
long-term integrated monitoring in Austria. Environ Pollut 147:
696–705. doi:10.1016/j.envpol.2006.09.008

Environ Sci Pollut Res (2017) 24:26194–26205 26205

http://dx.doi.org/10.1007/BF02873855
http://dx.doi.org/10.1016/j.foreco.2006.09.068
http://dx.doi.org/10.1023/A:1011660727479
http://dx.doi.org/10.1016/S0048-9697(02)00681-2
http://dx.doi.org/10.3923/ijb.2009.85.92
http://dx.doi.org/10.3923/ijb.2009.85.92
http://dx.doi.org/10.1023/B:RUPP.0000035747.42399.84
http://dx.doi.org/10.1007/s10874-004-1224-9
http://dx.doi.org/10.1111/j.0269-8463.2004.00906.x
http://dx.doi.org/10.1111/j.0269-8463.2004.00906.x
http://dx.doi.org/10.1016/j.envpol.2006.09.008

	The effects of experimentally supplied lead nitrate on three common Mediterranean moss species
	Abstract
	Introduction
	Material and methods
	Species used
	Experiments of lead deposition simulation
	Morphological and growth parameters
	Histochemical and scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX)

	Results and discussion
	Morphological and growth parameters
	Histochemistry and SEM-EDX analyses

	Conclusions
	References


