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a b s t r a c t

Bioaccumulation ability and response to air pollution sources were evaluated for Tillandsia capillaris

Ruı́z and Pav. f. capillaris, T. recurvata L., T. tricholepis Baker and the lichen Ramalina celastri (Spreng.)

Krog. and Swinsc. Epiphyte samples collected from a non contaminated area in the province of Córdoba

were transplanted to a control site and three areas categorised according to agricultural, urban and

industrial (metallurgical and metal-mechanical) emission sources. Bioindicators were exposed for 3-, 6-

and 9-month periods. A foliar damage index was established for Tillandsia and a pollution index for the

lichen, and S, Fe, Mn and Zn concentrations were determined. An order of efficiency for the species and

conditions studied is proposed taking into account heavy metal accumulation: T. recurvata 4
T. tricholepis 4R. celastri 4T. capillaris. All species studied showed Mn to be related to agricultural

activity and Fe to industries and soil particles, and Zn was related to urban and industrial sources. As far

as physiological response is concerned, T. tricholepis and T. capillaris were more sensitive to agricultural

activities, whereas T. recurvata was sensitive to urban and industrial sources, and only partially to

agricultural sources. No relationship was found for R. celastri.

& 2008 Elsevier Inc. All rights reserved.

1. Introduction

Heavy metals have been a major concern for human and
environmental health in recent years because they can mobilize,
disperse and to some extent produce toxic effects, which in turn
can lead to growth reduction and decline in crop yield (Adriano,
1986, 1992). In this context, lichens and mosses are widely used
in biomonitoring studies of air pollution, either as bioindicators of
air quality or as bioaccumulators of atmospheric deposition (Conti
and Cecchetti, 2001; Wolterbeek, 2002; Sczepaniak and Biziuk,
2003, and references therein). These organisms can be easily
sampled, are low-cost and allow wide areas to be monitored.
Lichens do not have root systems, nor do they have waxy cuticles,
and thus they are strongly dependant on wet and dry deposition
for their mineral nutrients. Likewise, some epiphyte plants,
especially those from the Tillandsia genus, can also uptake and
accumulate elements in their tissues because they obtain
nutrients directly from the air. Therefore, their elemental
composition and physiological status largely reflect the atmo-
spheric input of air pollutants such as toxic gases and heavy
metals (Figueiredo et al., 2001).

In Argentina, studies on the multielemental composition of the
environment by means of bioindicators have mainly been under-
taken using not only lichens (González et al., 2003; Pignata et al.,
2004, 2007; Jasan et al., 2004; Carreras et al., 2005), but also
species of the Tillandsia genus (Pignata et al., 2002; Wannaz and
Pignata, 2006; Wannaz et al., 2006). For practical purposes, the
suitability of various lichen species to monitoring heavy metal air
pollution has become of special interest to determine which species
is the most suitable as a biomonitor of an environmental condition
(Cercasov et al., 2002; Minganti et al., 2003; Bergamaschi et al.,
2007). In this context, comparisons between lichens and mosses
have been performed in an increasing number of studies (Tretiach
et al., 2007; Bargagli et al., 2002; Basile et al., 2008). However,
comparison of mosses and lichens with vascular plants are scarce
(Chiarenzelli et al., 2001; Salemaa et al., 2004). Furthermore, the
compared suitability of both epiphyte plants and lichens as
biomonitors of either physiological response or heavy metals
accumulation remains uncertain.

Employing T. capillaris as a passive biomonitor, Pignata et al.
(2002) and Wannaz et al. (2006) demonstrated that Zn was
related to urban and industrial areas and Mn to agricultural
activity. The first condition was also proved in an earlier active
biomonitoring study (Wannaz and Pignata, 2006), while the
relationship of Mn to agricultural activity still needs to be tested.
Likewise, Fe content in epiphytes was ascribed to the contribution
of soil particles (Pignata et al., 2002; Wannaz et al., 2006) and
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industrial activities (Pignata et al., 2002; Wannaz and Pignata,
2006), but the level of Fe accumulation in epiphytes transplanted
to agricultural areas remains unknown.

Passive biomonitoring studies using Ramalina celastri have
associated high Zn thallus content with motor vehicle traffic and
industrial and agricultural activity (Pignata et al., 2004, 2007)
whereas soil contribution was recognised as the main source of
Fe (Pignata et al., 2007). However, the physiological response of
R. celastri to heavy metal accumulation in active biomonitoring
still remains unclear (Jasan et al., 2004). Knowledge about this
phenomenon may provide insight into the conditions that affect
lichen sensitivity to different air pollution sources.

The aim of this paper was to determine the best suitability
between T. capillaris, T. recurvata, T. tricholepis and R. celastri for
different air pollution sources by comparing physiological response
to heavy metal accumulation.

2. Materials and methods

2.1. Biological material and sample preparation

Plants of T. capillaris Ruı́z and Pav. f. capillaris, T. recurvata L., T. tricholepis Baker

and thallus of the lichen Ramalina celastri (Spreng.) Krog. and Swinsc. were

collected from trunks of standing trees in the Totoral Department, Province of

Córdoba (between 301 7501700 and 301 0503100S, and 641 0504100 and 641 1604600W)

These areas are considered to be unpolluted and represent the initial (baseline)

conditions of these species.

Bags containing 300 g of Tillandsia individuals and 10 g of R. celastri were

prepared according to González and Pignata (1994) and transplanted simulta-

neously to three areas (Fig. 1) with different atmospheric pollution emission

sources on 25 August 2003, namely, traffic (Córdoba city center), metallurgical and

metal-mechanical industries (South–East of Córdoba city) and agrochemicals and

agricultural activities (Rı́o Primero). In addition, bags were also exposed in an area

considered to be low-polluted which was defined as a control site (Mendiolaza).

Nine bags were placed at 3 m above ground level in each area for 3, 6 and

9 months (i.e., from 25 August 2003 to 25 November 2003, 25 February 2004 and

25 May 2004, respectively). Table 1 shows precipitation and temperature data of

these periods for each sampling area. After exposure, one bag of each species was

retrieved from each study area. Part of the sample was separated to determine

water content. Another fraction was stored in plastic vials at �15 1C in complete

darkness to be used for physiological determination. Remaining material was

prepared for metal determination.

2.2. Sampling points

2.2.1. City area (traffic, metallurgical and metal-mechanical industries)

The city of Córdoba is located in the center of the Argentine Republic (311240S,

641110W) at an approximate altitude of 400 m above sea level. Climate is sub-

humid and average annual precipitation is 790 mm, concentrated principally in

summer. Population is around 1.3 million and topography is irregular. Its general

structure is funnel shaped, with an increasing positive slope from the center

towards the surrounding areas. This somewhat concave formation reduces air

circulation and causes frequent thermal inversions both in autumn and winter.

The main source of air pollution in the downtown area is from mobile sources

(Stein and Toselli, 1996; Olcese and Toselli, 2002). There is also an important

industrial development of mainly metallurgic and mechanical industries located in

peripheral areas.

Two city areas were chosen for transplantation (Fig. 1). The south east (SE) is a

typically industrial area with metallurgic and metal-mechanic industries. The

sampling site was located near to an industrial plant where metal parts are made

(power transformers, tanks, radiators, covers, etc.). The downtown sampling site

was located in a densely populated area including most public buildings,

government offices and shops where almost all local bus lines run through. These

sites were chosen because of the substantial damage they caused in transplanted

Tillandsia species, as mentioned by Wannaz and Pignata (2006). Furthermore, both

urban and industrial sites showed the highest metal concentration in total

atmospheric deposition (Wannaz and Pignata, 2006).

2.2.2. Rı́o Primero (agricultural activities)

Rı́o Primero is located in the central region of Córdoba province at 58 km from

the city of Córdoba. Mean annual temperature is 18 1C, and average minimum and

maximum temperatures are 10 1C and 25 1C, respectively. The frost season extends

from early May until mid September. Annual precipitation reaches 800 mm

(Ramı́rez Sosa and Alé, 1997). Deforestation for agricultural practice, mainly

soybean crops, has led to the disappearance of a great number of woody

formations, and there is a high risk of desertization (Ramı́rez Sosa and Alé, 1997).

The city of Rı́o Primero has a population of around 5000 inhabitants.
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Fig. 1. Location of the four areas where biomonitors were transplanted in the Province of Córdoba in Argentina, i.e. Mendiolaza (control site), Rı́o Primero (agricultural

activity) and Córdoba city (detailed bottom square): center (downtown: motor vehicle traffic) and south east (metallurgical and metal-mechanical industries).
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2.2.3. Mendiolaza (control site)

Mendiolaza is located 20 km NW of the City of Cordoba. Mean annual

temperature is 15 1C and average annual precipitation ranges from 600 to 700 mm.

The frost season extends from early May until mid September (Servicio

Metereológico Nacional, 2007). Mendiolaza is part of the espinal phytogeographic

region. This small location is sparsely populated and has no industrial or

agricultural activity. Therefore, it is considered to be a ‘‘clean’’ control area.

2.3. Physiological determinations

Three sub-samples were taken at each sampling point. All concentrations were

expressed on a dry weight basis (g�1 DW).

Quantification procedures for chlorophyll a (Chl-a), chlorophyll b (Chl-b),

phaeophityn a (Phaeoph-a), malondialdehyde (MDA), hydroperoxy conjugated

dienes (HPCD), sulphur content (S), dry weight/fresh weight ratio (DW/FW) and

other ratios consisted in measurements performed in the manner previously

described by González et al., 1996).

A foliar damage index (FDI) was calculated for Tillandsia in order to combine

the variation of each individual parameter indicating stress due to atmospheric

pollution (Pignata et al., 2002). A pollution index (PI) was determined for R. celastri

using the equation cited by González et al. (1996). These indexes had been

statistically checked and used in previous biomonitoring studies of the same

species. Equations were the following:

FDI ¼ ½ðChl-b=Chl-aÞ þ ðS=SbÞ� � ½ðMDA=MDAbÞ þ ðHPCD=HPCDbÞ� � ðDW=FWÞ

PI ¼ ½ðPhaeoph-a=Chl-aÞ þ ðS=SbÞ�½ðMDA=MDAbÞ þ ðHPCD=HPCDbÞ�

where Chl-b is chlorophyll b concentration in mg g�1 DW; Chl-a is chorophyll

a concentration in mg g�1 DW; Phaeoph-a is phaeophityn a concentration in

mg g�1 DW; S is sulphur content in mg g�1 DW; MDA is malondialdehyde

concentration in nmol g�1 DW; HPCD is hydroperoxy conjugated dienes in

mmol g�1 DW; and DW/FW is the dry to fresh mass ratio. Parameters with

subscript b in the denominator stand for arithmetic mean values calculated in the

basal samples.

2.4. Determination of heavy metal concentration

Atomic absorption spectrophotometry (AAS) was used for analyzing heavy

metals. A portion (2.5 g dry weight) of Tillandsia leaf samples and 1 g of R. celastri

thallus were reduced in an oven at 500 1C for 7 h. Ashes were digested using a

mixture of HCl (20%) and concentrated HNO3 (5:1) V/V. Solid residue was

separated by centrifugation and the sample was diluted with ultrapure water to a

final volume of 25 ml. Finally, the sample was analyzed by AAS to determine Zn,

Mn and Fe concentration. Analysis accuracy was estimated by the relative standard

deviation of four replicates and was found to be 5–10% for all elements studied.

Certified material IAEA/V-10 Hay Powder was analyzed every 10 samples to

control the analytical method. Digestion blanks were prepared and analyzed in the

same manner (Pfeiffer and Barclay-Estrup, 1992).

2.5. EC ratios

The ratio of the concentrations of each metal in exposed samples to that of

control samples (exposed-to-control ratio) was used to calculate accumulation

rates in lichen thalli and Tillandsia leaves (Frati et al., 2005).

2.6. Statistical analysis

Statistical analyses were based on the mean value of determinations

performed on the three sub-samples obtained at each sampling point. A two-

way analysis of variance (ANOVA) for each parameter was carried out considering

the exposure period (three levels: 3, 6 and 9 months) and the transplantation area

(four levels: control, urban, agricultural and industrial areas). There being no

interaction, a one-way ANOVA was performed.

A pairwise comparison of means by least significant difference (LSD) was done

whenever the ANOVA indicated substantial effects (po0.05). An ANOVA was

performed between exposure periods including baseline concentrations for

accumulation parameters. Both FDI and PI were considered to be physiological

response biomarkers.

3. Results and discussion

Tables 2–5 show mean values, standard errors and ANOVA
results for chemical parameters and metal contents measured in
T. capillaris, T. recurvata, T. tricholepis and R. celastri, respectively.

3.1. FDI, PI and sulphur concentration

3.1.1. T. capillaris

The highest FDI values in T. capillaris were found in the
agricultural area in every period assayed, indicating specific
sensitivity of this species to the use of agrochemicals (Table 2).
This result concurs with Pignata et al. (2002) who obtained high
FDI values in a passive biomonitoring study in areas with intense
agricultural activity. Furthermore, agricultural FDI values were
very similar in both active and passive biomonitoring studies.

Sulphur dioxide is a by-product of coal or fuel oil combustion
in many industrial processes and is present in vehicle exhaust.
As expected, sulphur accumulation in T. capillaris after 6 months
showed higher values in the industrial area than in the control site
(Table 2). On the other hand, urban and agricultural sulphur
accumulation in plants was significantly higher after a 9-month
exposure period. Our results are in agreement with Wannaz and
Pignata (2006), although the highest concentrations we observed
might indicate a worsening of air pollution by sulphur oxides in
the sites under study.

3.1.2. T. recurvata

Physiological damage in the industrial area was the highest
after a 3-month exposure period in the case of T. recurvata.
Epiphytes transplanted to agricultural and urban areas showed
higher FDI values than the control site after three and 6 months
(Table 3). However, a recovery toward the initial or even lower
physiological damage, with end values not statistically different
from those of epiphytes transplanted to the control area in the last
period of transplantation, shows an unclear temporal pattern
of response that may probably be attributed to better weather
conditions in this period (summer).

Sulphur concentrations found in T. recurvata were higher in
epiphytes transplanted to urban and industrial areas (Table 3),
which is in accordance with Graciano et al. (2003).
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Table 1
Cumulative values of rainfall (mm) and mean, maximum and minimum values (1C, on a daily basis) in three transplantation areas from 25 August 2003 to 24 May 2004

Periods Areas of transplantation and air pollution emission sources

Córdoba City (traffic, metallurgical and

metal-mechanical industries)

Rı́o Primero City (agricultural activities) Control (low-polluted, control site)

Rainfall (mm) Mean T (1C)

(min-max)

Rainfall (mm) Mean T (1C)

(min–max)

Rainfall (mm) Mean T (1C)

(min–max)

25th August–24th November 82.9 18.9 (12.9–27.1) 53.5 16.9 (7.7–26.2) 81.2 18.3 (11–26.1)

25th November–24th

February

509 23.4 (17.6–30.0) 232.5 22.9 (15.5–30.3) 321 22.6 (16.5–28.9)

25th February–24th May 221.3 19.1 (13.6–24.6) 203 17.3 (11.1–23.6) 229 17.6 (12.8–23.6)

G.M.A. Bermudez et al. / Environmental Research 109 (2009) 6–148
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3.1.3. T. tricholepis

T. tricholepis showed the highest FDI values in agricultural and
urban areas (Table 4). Although the response to urban pollutants
is consistent with Wannaz and Pignata (2006), it seems reason-
able to assume that intense agricultural activity, as taken into
account in this study, may have revealed a specific sensitivity of
T. tricholepis to agrochemicals. It has been demonstrated that
some Tillandsia species are sensitive to herbicides and fungicides
(Caldiz and Beltramo, 1989; Bartoli et al., 1993).

In the case of T. tricholepis, sulphur concentration was
significantly higher in the agricultural and urban areas than in
the control site after 9 months (Table 4), and higher than those
cited by Wannaz and Pignata (2006).

It is important to note that sulphur concentration in the three
Tillandsia species transplanted to the agricultural area were higher
than in the control site 9 months after transplantation. This result
might indicate a strong influence of agricultural activities in
Córdoba, which was described by Garty et al. (1988). These
findings are likely to be the effect of the use of fertilizers
containing sulphates such as (NH4)2SO4 and insecticides contain-
ing sulphur like some cyclodienes (cyclic esters of sulphurous
acid), as previously described by Pignata et al. (2007). This
agrochemical is applied to soybean cultures and is frequently used
in summer before harvesting, which happened concurrently with
the 9-month transplantation period considered in this work.

Furthermore, the use of low-quality fossil fuels, such as those
employed in agricultural machinery at the time of harvesting,
could act as an additional source of sulphur in Argentina.

3.1.4. R. celastri

As far as R. celastri is concerned, the PI showed differences only
between exposure periods, and the highest values were recorded
6 months after transplantation (Table 5). R. celastri had shown
physiological damage to be related to urban and industrial air
pollution sources in earlier active biomonitoring studies (González
et al., 1996, 2003). This effect was also cited for other species of
the Ramalina genus (Garty et al., 2001, 2003). In the present work,
the absence of significant differences between the control site and
the agricultural, industrial and urban areas could be due to the
presence of previous physiological damage in baseline samples.
This may be connected to high phaeophytinization levels and lipid
peroxidation products (data not shown), which would indicate an
increase in oxidative processes in membranes. On the other hand,
earlier work with this species conducted by our group showed
that samples transplanted into control sites had PI values ranging
from 1.7 and 1.9 (Levin and Pignata, 1995; González et al., 1996;
Rodriguez et al., 2007). Damage shown by baseline samples used
in this work might have been caused by low temperature in the
collection area some weeks before sampling was done. This may
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Table 2
Comparison of average concentration values (7SE) with the results of variance analysis (ANOVA) of chemical parameters and metals on Tillandsia capillaris Ruiz and

Pav. f. capillaris between different areas and exposure periods

Mean7SE ANOVAb

Control Urban Agricultural Industrial

FDI

Baseline 1.28270.062 1.28270.062 1.28270.062 1.28270.062

3 months 0.99470.065 Bc 1.27570.077 Bb 2.12070.134 a 1.39070.183 b ���

6 months 1.41470.201 ABb 1.95170.280 Aa 2.06170.250 a 1.60570.123 ab �

9 months 1.45970.051 Ab 1.11370.192 Bb 2.03470.040 a 1.18670.066 b ��

ANOVAa � � ns ns

S

Baseline 1.51870.043 C 1.51870.043 B 1.51870.043 B 1.51870.043 B

3 months 2.18070.043 Aa 1.92370.077 Ab 1.92070.025 Ab 2.23570.107 Aa �

6 months 1.92670.028 Bb 1.96070.014 Ab 1.91070.070 Ab 2.22670.040 Aa ��

9 months 1.35670.015 Dc 1.96470.190 Aa 1.85270.029 Aab 1.51570.112 Bbc �

ANOVAa ��� � ��� ���

Fe

Baseline 15117177.5 B 15117177.5 B 15117177.5 15117177.5 B

3 months 22397426.5 A 16747187.8 B 17947163.5 25197181.2 A ns

6 months 16717106.1 Ba 850.57121.8 Cb 17367277.7 a 18297185.2 Ba �

9 months 22017153.5 A 25437358.4 A 2379724.62 25017507.5 A ns

ANOVAa � � ns �

Mn

Baseline 81.25717.68 B 81.25717.68 81.25717.68 81.25717.68

3 months 81.25713.26 B 85.94717.79 98.44724.31 104.7715.47 ns

6 months 118.378.431 A 84.67723.03 122.374.152 118.1716.15 ns

9 months 79.77710.87 Bb 90.6874.124 b 119.472.310 a 96.95710.17 b �

ANOVAa � ns ns ns

Zn

Baseline 21.1774.989 21.1774.989 B 21.1774.989 C 21.1774.989 B

3 months 35.2876.832 35.3875.998 B 35.2876.200 B 28.23714.97 B ns

6 months 30.5577.377 62.31728.29B 21.2175.430 C 57.25717.978 A ns

9 months 37.39711.24 c 139.0710.55 Aa 51.27720.04 Abc 62.40721.456 Ab ��

ANOVAa ns �� � �

ns: not significant; FDI: foliar damage index; S: sulphur; Fe: iron; Mn: manganese; Zn: zinc.
� Significant at po0.05.
�� Significant at po0.01.
��� Significant at po0.001.
a ANOVA among times (in capital letters).
b ANOVA among areas.

G.M.A. Bermudez et al. / Environmental Research 109 (2009) 6–14 9



Author's personal copy

account for the narrow difference observed in the response of
R. celastri to environmental conditions in transplantation sites.
When differences among periods occurred, these related to the
recovery of physiological conditions possibly in response to better
weather conditions.

3.2. Heavy metal content and EC ratios

3.2.1. T. capillaris

The greatest percentage of metal content corresponded to Fe.
It should be noted that Fe is the main element in Argentine
soils (Gaiero et al., 2003). Several authors have shown that the
distribution pattern of Fe and Mn originates mainly from soil
particles (Adriano, 1986; Guevara et al., 1995; Loppi et al., 1999;
Frati et al., 2005). We found that T. capillaris showed little
difference for Mn between areas in the course of this study. The
highest concentration was seen in the agricultural area 9 months
after exposure. Similar results were found by Wannaz et al.
(2006).

Fe and Zn concentration values in both the downtown area
of Córdoba and the industrial area were similar to those cited by
Wannaz and Pignata (2006) for the same sites and months of the
year. This might indicate that metal content in T. capillaris leaves
experiences a seasonal pattern of accumulation. Furthermore, a

substantial loss of Fe was observed 6 months after exposure, when
total precipitation was fairly higher than in the other two
transplantation periods thus strengthening the above hypothesis.
These results are in accordance with previous work performed
with bioindicators (Cercasov et al., 2002; Frati et al., 2005;
Bergamaschi et al., 2007; Ayrault et al., 2007), which acknowl-
edges a ‘‘washing effect’’ by rain. Frati et al. (2005) pointed out
that a balance between wet and dry deposition could account for
differences between periods under conditions of constant pollu-
tion load. Consequently, different amounts of pollutants possibly
cause direct toxicity to epiphytes. This leads to a high degree of
biological stress and in turn alters element uptake. Decreasing
metal concentration in tissues might also be explained by
biological excretion caused not only by toxic or saturation effects
but also by seasonally varying degrees of dilution in mass
increments, resulting from both seasonal variations and differ-
ential air pollution effects on growth rates (Wolterbeek, 2002).

On the other hand, we found a higher Fe concentration
in epiphytes than that mentioned by Wannaz et al. (2006)
for agricultural, urban, and particularly industrial areas in all
transplantation periods. This could be partially accounted for by
the greater impact of specific air pollution sources on biomonitors
in this study.

Table 6 shows EC ratios and the relative scale described by Frati
et al. (2005). T. capillaris accumulated Mn in agricultural and
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Table 3
Comparison of average concentration values (7SE) with the results of variance analysis (ANOVA) of chemical parameters and metals on Tillandsia recurvata L. between

different areas and exposure periods

Mean7SE ANOVAb

Control Urban Agricultural Industrial

FDI

Baseline 0.79670.118 0.79670.118 0.79670.118 0.79670.118

3 months 0.59570.058 Bd 2.13970.171 Ab 1.71870.165 Ac 2.49570.149 Aa ���

6 months 0.99170.092 Ac 1.43470.131 Ba 1.34570.158 Bab 1.15570.050 Bbc ��

9 months 0.98670.053 Aab 1.29170.170 Ba 1.02070.103 Bab 0.66870.131 Cb �

ANOVAa �� �� �� ���

S

Baseline 1.67670.034 A 1.67670.034 B 1.67670.034 C 1.67670.034 C

3 months 1.92470.005 Aa 1.67870.098 Bb 1.60770.020 Cb 1.93570.060 Ba �

6 months 1.75070.145 Ac 2.15770.106 Aab 1.85970.029 Bbc 2.20070.061 Aa �

9 months 1.28370.057 Bb 1.87970.108 ABa 1.99270.031 Aa 1.81470.041 BCa ���

ANOVAa �� � ��� ���

Fe

Baseline 12877260.7 12877260.7 B 12887260.7 B 12877260.7 B

3 months 23767243.1 b 16837290.7 Bc 21457199.8 Ab 28617218.8 Aa �

6 months 18307350.2 16797466.6 B 907.37177.7 B 17087280.6 B ns

9 months 16107788.9 26157319.2 A 27907313.7 A 29067478.6 A ns

ANOVAa ns � � ��

Mn

Baseline 34.3774.419 B 34.3874.419 C 34.3874.42 B 34.3874.419 C

3 months 74.8072.850 Aa 40.6374.419 Cc 64.0672.210 Bb 75.0074.420 Ba �

6 months 85.7872.523 Ab 82.0776.145 Ab 102.276.813 Aa 88.1671.146 Ab �

9 months 31.95716.71 Bc 70.1873.299 Bb 118.2719.79 Aa 80.9371.146 ABb �

ANOVAa �� �� � ��

Zn

Baseline 28.3371.410 BC 28.3671.410 D 28.3671.410 28.3671.410 C

3 months 40.5772.495 Ab 31.8570.141Cc 35.2874.989 bc 51.1672.495 Ba �

6 months 20.1674.977 Cc 75.5371.808 Aa 38.35711.16 b 47.4072.862 Bb �

9 months 39.2775.797 ABc 59.6370.730 Bab 60.0073.285 b 67.5271.094 Aa �

ANOVAa � � ns ���

ns: not significant; FDI: foliar damage index; S: sulphur; Fe: iron; Mn: manganese; Zn: zinc.
� Significant at po0.05.
�� Significant at po0.01.
��� Significant at po0.001.
a ANOVA among times (in capital letters).
b ANOVA among areas.
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industrial areas. Wannaz et al. (2006) suggested that Mn could be
related to agrochemicals (fertilizers and pesticides) since their use
has noticeably grown in Argentina in recent years. T. capillaris

showed severe Zn accumulation. It should be noted that Zn
behaves as an atmosphile element (Loppi et al., 1997) in urban and
industrial areas as seen in a previous study (Wannaz et al., 2006).
Zinc is also considered to be related to the use of fertilizers (Loppi
et al., 1999) or fungicides such as zinctetramethyl dithiocarbo-
mated ethyl-bisdithiocarbamated (Novo et al., 1998). In the course
of this study, however, T. capillaris only accumulated Zn in the
agricultural area 9 months after exposure.

3.2.2. T. recurvata

Fe concentration in T. recurvata differed significantly from that
in the control site only in the industrial area (Table 3), suggesting
that industrial air pollution sources had a greater impact than soil
contribution. Temporal variation was similar to the pattern
described for T. capillaris. The highest Mn content was recorded
in the agricultural area followed by urban and industrial areas
9 months after exposure. This difference between sites indicates
that T. recurvata seems to accumulate Mn more effectively than
T. capillaris. On the other hand, Zn concentration was higher in
industrial and urban areas.

EC ratios observed in this study indicate that T. recurvata

accumulated Fe and severely accumulated Mn at the end of the
9-month exposure period. The highest ratios corresponded to
industrial and agricultural areas, respectively (Table 6). These
results are in agreement with those obtained for T. capillaries. Yet,
it should be pointed out that T. recurvata accumulated Zn
stemming from agricultural activities somewhat more efficiently
than T. capillaris.

3.2.3. T. tricholepis

Fe concentration in T. tricholepis was higher in agricultural and
industrial areas (Table 4). Similar results were observed by
Wannaz and Pignata (2006). As described earlier for T. capillaris

and T. recurvata, Mn content in T. tricholepis was higher in the
agricultural area, but with a slightly lower concentration than that
mentioned by Wannaz and Pignata (2006). Zn was partially
related to urban, agricultural and industrial air pollution sources.

Considering EC ratios shown in Table 6, it can be seen that
T. tricholepis accumulated Mn, Zn and mainly Fe in the industrial
area. This study seems to indicate that T. tricholepis is the best Mn
accumulator in the agricultural area since it exhibited average or
severe accumulation rates for this metal in all exposure periods.
On the other hand, only Zn was observed to be accumulated in the
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Table 4
Comparison of average concentration values (7SE) with the results of variance analysis (ANOVA) of chemical parameters and metals on Tillandsia tricholepis Baker between

different areas and exposure periods

Mean7SE ANOVAb

Control Urban Agricultural Industrial

FDI

Baseline 0.63370.116 0.63370.116 0.63370.116 0.63370.116

3 months 0.67170.036 Bd 1.84370.072 Ab 5.79070.442 Aa 1.41370.078 Ac ���

6 months 0.82770.107 Ab 1.20370.048 Ba 1.07670.147 Ba 0.87670.012 Bb ��

9 months 0.61770.028 Bb 0.88570.055 Ca 0.89670.023 Ba 0.67070.092 Cb �

ANOVAa � ��� ��� ���

S

Baseline 1.66570.075 B 1.66570.075 B 1.66570.075 B 1.66570.075 B

3 months 2.03370.061 A 1.85870.113 B 1.90470.083 AB 1.87870.063 B ns

6 months 2.18670.073 Aab 2.35070.031 Aa 2.01070.064 Ab 2.35470.069 Aa ��

9 months 1.37170.034 Cb 1.85070.057 Ba 1.90670.060 Aa 1.32270.138 Cb ��

ANOVAa ��� ��� � ���

Fe

Baseline 567.2767.57 Cb 567.2767.57 Cb 567.2767.57 Ba 567.2767.57 Ba

3 months 879.77134.8 BCb 865.77104.4 Bb 14287238.6 Aa 15887246.4 Aa �

6 months 10257165.2 Bb 990.57157.1 Bb 12447205.7 Aab 16797280.6 Aa �

9 months 15767245.8 A 1258788.19 A 15047232.0 A 13147129.6 A ns

ANOVAa � � �� �

Mn

Baseline 31.2574.419 BC 31.2574.419 BC 31.2574.419 C 31.2574.419 B

3 months 26.5672.210 C 28.6372.707 C 53.13713.26 BC 39.0672.210 B ns

6 months 48.7373.947 Ab 53.9374.001 Ab 73.7574.365 Aa 69.7676.847 Aa ��

9 months 40.0376.285 ABb 44.25710.49 ABb 67.7276.182 ABa 35.5671.029 Bb �

ANOVAa � �� � ���

Zn

Baseline 28.2379.979 B 28.2379.979 B 28.2379.979 C 28.2379.979 C

3 months 26.4672.495 B 31.4075.495 B 28.2374.989 C 38.8179.980 C ns

6 months 110.0736.58 Aab 160.6747.80 Aa 52.4075.128 Bc 89.0473.292 Bbc �

9 months 77.01714.19 ABb 127.274.865 Aa 114.179.991 Aa 119.675.852 Aa �

ANOVAa � � � ���

ns: not significant; FDI: foliar damage index; S: sulphur; Fe: iron; Mn: manganese; Zn: zinc.
� Significant at po0.05.
�� Significant at po0.01.
��� Significant at po0.001.
a ANOVA among times (in capital letters).
b ANOVA among areas.
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urban area. These results are in agreement with previous data
obtained for this species.

3.2.4. R. celastri

Increasing metal concentration in R. celastri was acknowledged
after each exposure period. However, significant differences
between exposure areas were ascertained only in the case of
Fe and Zn (Table 5). The highest Zn content was observed in
agricultural and industrial areas 9 months after transplantation.
The use of fungicides containing Zn in agricultural areas has been
reported in previous biomonitoring studies with R. celastri

(Pignata et al., 2007). Zn content regarding industrial activity
could relate to manufacturing processes of power transformers,
which is the main activity in the area. Furthermore, EC ratios
(Table 6) show that R. celastri performs as a good Zn accumulator
in connection with air pollution sources currently under study. On
the other hand, the longer the transplantation period, the more
significantly Mn increased in the agricultural area. This result is
very similar to that described above for Tillandsia. Pignata et al.
(2007) have mentioned that Fe accumulation in R. celastri could be
ascribed to soil contribution and that Fe uptake could additionally
be influenced by industrial activities.

EC ratios indicate that a decrease of heavy metal content was
noticed in all species except R. celastri both in urban and

agricultural areas, particularly 6 months after transplantation.
This period corresponded to the highest precipitation values
recorded at the time (Table 1) thus strengthening the ‘‘washing
effect’’ hypothesis referred to above.

4. Conclusion

The relationship of Mn to agricultural activity and Fe
to industrial and agricultural activity was proved. Zn was the
most specific-dependent heavy metal as it was related to urban
activity (T. capillaris and T. tricholepis), urban and industrial
activity (T. recurvata), and industrial and agricultural activity
(R. celastri).

Considering physiological response, T. tricholepis and T. capil-

laris were more sensitive to agricultural activity while T. recurvata

was more sensitive to urban and industrial activity. The FDI
proved to be a good biomarker for physiological response of
Tillandsia in all transplantation periods, but it was not necessarily
related to the heavy metal concentration in tissue measured in
this work. Therefore, clear physiological differences for Tillandsia

species could be established 3 months after exposure. This work
might demonstrate that agricultural activity is a source of air
pollution having a great impact on the native flora. No relation-
ship was found for R. celastri.
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Table 5
Comparison of average concentration values (7 SE) with the results of variance analysis (ANOVA) of chemical parameters and metals on Ramalina celastri (Spreng.) Krog.

and Swinsc. between different areas and exposure periods

Mean7SE ANOVAb

Control Urban Agricultural Industrial

PI

Baseline 4.38570.668 4.38570.668 4.38570.668 4.38570.668

3 months 2.61270.120 B 3.51470.157 B 3.43870.073 2.11570.800 B ns

6 months 4.21070.653 A 4.10570.908 A 3.68370.403 4.56070.720 A ns

9 months 3.20570.197 B 3.15170.321B 3.11370.326 3.74470.126 A ns

ANOVAa �� ��� ns ��

S

Baseline 1.82870.107 1.82870.107 1.82870.107 1.82870.107

3 months 1.89670.213 2.05470.117 2.13770.039 1.94270.065 ns

6 months 1.64870.413 1.53470.575 1.96070.123 1.77370.260 ns

9 months 2.01870.096 1.87370.140 2.20270.201 2.05370.208 ns

ANOVAa ns ns ns ns

Fe

Baseline 698.91779.28 B 698.9779.28C 698.9779.28 C 698.9779.28 D

3 months 1073747.57 A 833.4726.43 BC 953.1768.71 BC 938.1789.86 C ns

6 months 1347797.77 Aa 979.2771.60 ABb 12357167.7 Aa 1203730.59 Ba �

9 months 13357177.3 Ab 1111775.25 Ab 12237112.1 ABb 15807103.6 Aa �

ANOVAa � � � �

Mn

Baseline 14.0074.272 B 14.0074.272 B 14.0074.272 C 14.0074.272 C

3 months 28.0073.443 A 24.0075.657 A 28.0072.891 B 28.1570.212 B ns

6 months 32.6674.141 A 25.6674.041 A 35.0376.154 A 32.6674.449 AB ns

9 months 32.6678.08 A 28.0574.360 A 37.3374.475 A 35.0175.992 A ns

ANOVAa � � � �

Zn

Baseline 6.90971.954 B 6.90971.954 C 6.90971.954 C 6.90971.954 C

3 months 6.35871.788 Bb 12.4471.704 BCa 12.4471.930 BCa 11.0671.772 Ca �

6 months 20.2671.595 A 23.9475.750 AB 28.5575.164 AB 35.9376.024 B ns

9 months 21.1876.380 Ac 28.5577.975 Abc 38.6775.525 Aab 46.0476.380 Aa �

ANOVAa � � �� �

ns: not significant; PI: pollution index; S: sulphur; Fe: iron; Mn: manganese; Zn: zinc.
� Significant at po0.05.
�� Significant at po 0.01.
��� Significant at po0.001.
a ANOVA among times (in capital letters).
b ANOVA among areas.
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EC ratios allow the accumulation ability of different species to
be normalized and hence enable their biomonitor behaviour to be
compared. We propose an order of efficiency for the species and
conditions studied taking into account heavy metal accumulation
and severe accumulation events, i.e., T. recurvata 4T. tricholepis

4R. celastri 4T. capillaris.

Funding source

This work was partially supported by the Agencia Nacional de
Promoción Cientı́fica y Tecnológica (FONCyT) and the Secretarı́a
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Table 6
EC ratios for elements assayed in three transplanted Tillandsia species and the

lichen R. celastri exposed as of 24 August 2003 for 3–9 months

Metal Species Time Areas of exposure

Urban Agricultural Industrial

Fe T. capillaris 3 months 0.75 0.80 1.13

6 months 0.51y 1.04 1.09

9 months 1.16 1.08 1.13

T. recurvata 3 months 0.71y 0.90 1.20

6 months 0.92 0.50y 0.93

9 months 1.63 1.73 1.81z

T. tricholepis 3 months 0.98 1.62 1.81z

6 months 0.97 1.21 1.64
9 months 0.79 0.95 0.83

R. celastri 3 months 0.78 0.89 0.88

6 months 0.73y 0.92 0.89

9 months 0.83 0.92 1.18

Mn T. capillaris 3 months 1.06 1.21 1.29
6 months 0.72y 1.03 1.00

9 months 1.14 1.50 1.22

T. recurvata 3 months 0.54y 0.86 1.00

6 months 0.96 1.19 1.03

9 months 2.20z 3.70z 2.53z

T. tricholepis 3 months 1.08 2.00z 1.47
6 months 1.11 1.51 1.43
9 months 1.11 1.69 0.89

R. celastri 3 months 0.86 1.00 1.01

6 months 0.79 1.07 1.00

9 months 0.86 1.14 1.07

Zn T. capillaris 3 months 1.00 1.00 0.80

6 months 2.04z 0.69y 1.87z

9 months 3.72z 1.37 1.67

T. recurvata 3 months 0.79 0.87 1.26
6 months 3.75z 1.90z 2.35 z

9 months 1.52 1.23 1.72z

T. tricholepis 3 months 1.19 1.07 1.47
6 months 1.46 0.48y 0.81

9 months 1.65 1.48 1.55

R. celastri 3 months 1.96z 1.96z 1.74
6 months 1.18 1.41 1.77z

9 months 1.35 1.83z 2.17z

The y symbol represents loss (0.254EC40.75), bold numbers indicate accumula-

tion (1.25oECo1.75), and bold numbers with the z symbol represent severe

accumulation (EC41.75) of heavy metals (Frati et al., 2005).
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