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Beta diversity and similarity of lichen communities
as a sign of the times
Paolo GIORDANI, Giorgio BRUNIALTI, Marco CALDERISI,
Paola MALASPINA and Luisa FRATI
Abstract: Currently, change in lichen community structure depends on a combination of several
pollutants instead of just one. Consequently, alpha lichen diversity no longer represents an effective
response variable for assessing trends in atmospheric pollutants over time. Here we investigated the
value of the relationship between alpha diversity and different aspects of gamma diversity (similarity,
replacement and differences in richness of species) together with that of beta diversity (calculated as the
sum of replacement and difference in richness of species), for assessing complex variations in epiphytic
lichen communities in response to a changing pollution scenario. We considered an area subjected to
extreme variation in atmospheric pollution in recent decades and explored temporal and spatial aspects
of lichen community succession over short-, intermediate- and long-term reference periods. We found
that variation in lichen communities for long- and intermediate-term reference periods was strongly
dependent on the alpha diversity of single trees at the beginning of the observation period. The
occurrence of nitrophytic species, which responded to the decrease in SO2 concentrations, contribute
to this trend. The effect of land use was observed only over long observation periods, with trees in urban
areas showing less variation than those located in rural areas. In particular, the analysis of similarity,
species replacement and differences in richness of tree pairs demonstrated that trends and patterns
within lichen communities are neither always nor to the same extent associated with alpha diversity.
Our results show that a thorough study of gamma diversity, including beta diversity and similarity,
is required to detect changes in air quality in long-term biomonitoring surveys.
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Introduction
The sensitivity of lichens to phytotoxic gases
(mainly SO2 and NOx) underlies their use in
assessing and monitoring the effects of
atmospheric pollution (Hawksworth & Rose
1970; Richardson 1993). Lichen biomonitoring is often used to integrate instrumental
data on atmospheric pollution (Nimis et al.
1990; Giordani et al. 2002; Pinho et al. 2004;
Giordani 2007) and for developing forecasts
in connection with human health (Cislaghi &
Nimis 1997). Lichen diversity is also used for
long-term biomonitoring in both small-scale
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(Nimis et al. 1990; Loppi et al. 2004;
Giordani 2007) and large-scale surveys
(Nimis et al. 1991; van Dobben & DeBakker
1996; Bennett & Wetmore 1999; Frati &
Brunialti 2006; Giordani 2006; Giordani
et al. 2014a; Matos et al. 2017).
Species richness and abundance are the
most commonly considered components
of biodiversity (Purvis & Hector 2000).
However, because biodiversity is a multidimensional concept, it cannot be sensibly
reduced to a single number. Ecological data
matrices carry more information on numerous
important ecological phenomena which are
often overlooked, including beta diversity
and nestedness (Podani et al. 2013). In
particular, beta diversity was originally deﬁned
to describe variation in communities as a
response to complex environmental gradients
or patterns (Whittaker 1960), which is often
the ﬁnal goal of biomonitoring studies.
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Yet lichen communities are mainly analysed in
terms of alpha diversity and/or by means of
abundance descriptors (Nimis et al. 2002),
with few studies assessing beta diversity
(Nascimbene et al. 2013, 2015; Giordani et al.
2014b, 2016). Beta diversity could provide
insights into the mechanisms and drivers
inﬂuencing species turnover and replacement
in lichen communities. These aspects could be
easily exploited in repeated biomonitoring
campaigns, such as for studying substratum
re-colonization related to the decreasing
impact of air pollutants. Moreover, beta
diversity could be effectively used in spatiotemporal biomonitoring studies to elucidate
how spatial variation changes through time, or
conversely how and why the temporal variation differs from site to site (Legendre &
Gauthier 2014).
The way in which beta diversity is deﬁned
and quantiﬁed remains extremely controversial (e.g. Whittaker 1960, 1972;
Legendre et al. 2005; Baselga 2010; Podani &
Schmera 2011). In the current study, we
adopted the method proposed by Podani &
Schmera (2011) which calculates three
complementary indices that measure similarity (S), species replacement (R) and
differences in richness (D) for all pairs of sites
by partitioning pairwise gamma diversity into
three additive components. According to this
approach, beta diversity is expressed as the
additive result of R and D. We aimed to
investigate the utility of the relationship
between the alpha and gamma diversity
components (R, D and S), together with that
of beta diversity (R + D) and similarity, for
assessing complex variation in epiphytic
lichen communities along a changing pollution scenario. We hypothesized that beta
diversity (R + D) and similarity are efﬁcient
indicators of pollution trends at both spatial
and temporal scales. In particular, we separated the effects of spatial versus temporal
variation in the gamma diversity components
(R, D and S), taking into account short-,
intermediate- and long-term reference periods. Our results are expected to inform
researchers and managers of the timescales
required for detecting changes in air quality
in long-term biomonitoring surveys.
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Material and Methods
Study area
This study was conducted in the municipality of
Porcari, in the Province of Lucca (Tuscany, central
Italy), which has a population of c. 8000 (Fig. 1). The
study area (18·2 km2) is essentially ﬂat, with an elevation
in the range of 8–107 m a.s.l. Two main land use
categories are represented: 1) urban and industrial areas
(CORINE Land Cover code 1: artiﬁcial surfaces,
including urban, industrial and artiﬁcial non-agricultural
vegetated areas; 6·2 km2, 34% of the study area), and
2) rural areas (CORINE Land Cover code 2: agricultural
areas, including arable lands, permanent crops, pastures,
heterogeneous agricultural areas; 12 km2, 66% of the
study area). The climate is sub-Mediterranean, with a
mean annual rainfall of c. 980 mm and a mean annual
temperature of 14·1 °C. Prevailing winds are southwesterly.
A railway line crosses the northern part of the study
area which also contains 20 large factories with over
2000 employees. Seven of the factories are paper mills
that account for over 30% of national production.
The impact on the region of this important industrial
sector includes both direct emissions into the atmosphere and also those from heavy trafﬁc. A decreasing

Sampled trees
rural area
urban/industrial area
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N

FIG. 1. Survey area used in this study, the municipality
of Porcari (LU), Tuscany, central Italy. Location of 93
sampled trees (circles) within two main land use
categories, rural and urban/industrial.
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FIG. 2. Mean annual concentration (μg m−3) of sulphur and nitrogen dioxides in the study area measured using a
regional network of automatic gauges. From 2005 onwards sulphur dioxide was below the threshold of
detectability. Data source: http://www.arpat.toscana.it.

trend in SO2 concentration has been detected over the
time-span of this study, while nitrogen dioxide does not
show any clear trend (Fig. 2; data source: www.arpat.
toscana.it).

Sampling
After a preliminary investigation of suitable trees
within the survey area, sampled trees were selected by
means of plot-less (tree-based) stratiﬁed random
sampling, with strata being based on land use categories
(urban/industrial vs. rural). In 1997, 2010 and 2015, the
same 93 trees belonging to species with sub-acid bark
(Quercus robur, Q. rubra, Q. ilex, Q. pubescens and
Tilia sp.) were sampled (Fig. 1), conforming to the
standards described by Asta et al. (2002). In all instances
tree circumference was >60 cm, inclination of the bole
<10° and damaged and decorticated areas were absent.
The abundance of each lichen, including crustose
species, was sampled on the bole of each tree (from
1–1·5 m above the ground), following the protocol

suggested by Asta et al. (2002). In this approach,
a sampling grid consisting of four 10 × 50 cm ladders,
each divided into ﬁve 10 × 10 cm quadrats was used.
For nomenclature, we followed Nimis (2016). For
calculating the relative contribution of nitrophytes,
species were grouped according to nitrogen tolerance
using an a priori classiﬁcation (Nimis 2016). This
classiﬁcation uses a ﬁve-class ordinal scale where 1 is
given to lichen species associated with sites with no
eutrophication, while 5 corresponds to species able to
tolerate very high eutrophication. For the purpose of this
study, the maximum tolerance of each species was used;
that is, the highest value within the range given by the
classiﬁcation. Species classiﬁed as 4–5 were considered
as nitrophytic.

Data analyses
The presence/absence data matrix was analysed
with SDR Simplex software (Podani 2001), using the
Simplex method (SDR Simplex; Podani & Schmera
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2011). For all pairs of plots, we evaluated the relative
contributions of components of gamma diversity
(i.e. species replacement, R; richness difference, D; and
similarity, S). In particular, S corresponds to the Jaccard
coefﬁcient of similarity such that:

was calculated for each model, using the lme4 package in
R version 3.0 (R Core Team 2017).

S = a = n ´ 100

Overall, 54 lichen species were found in the
study area. Twenty-ﬁve species were found
in 1997, 47 in 2010 and 44 in 2015. (Table 1;
Appendix 1). Of these species, 26 were
crustose (including both leprose and squamulose types), 24 foliose (14 narrow-lobed
and 10 broad-lobed) and only four were fruticose. In each survey, the highest values of
alpha diversity were found in rural (mean
number of species ranging from 4·1 ± 2·0 to
8·9 ± 3·0) rather than urban and industrial
areas (from 3·5 ± 2·5 to 6·6 ± 3·3).
The median value of the number of nitrophytic species per tree increased from 30% in
1997 to 50% in 2015; both the 25th and 75th
percentile of the distribution of these species
showed a comparable increase, rising from
50% to 60% and from 15% to 35%, respectively. Accordingly, the number of trees that
showed variation in the relative contribution
(%) of nitrophytic species to the lichen
community was fairly high (Fig. 3). In
particular, nitrophytic species increased on 71
trees when considering long- and intermediateterm periods and on 41 trees in the shortterm period. A decline in nitrophytic species
was observed in 15, 21 and 37 trees for
long-, intermediate-, and short-term reference
periods, respectively.

where a is the number of species shared by two trees and
n is the total number of species. D was calculated as the
ratio of the difference between the number of species on
each tree (b,c) and the total number of species (n):
D = j b - c j =n ´ 100
R was calculated as:
R = 2 ´ minfb;cg = n ´ 100
Podani & Schmera (2011) stated that beta diversity may be
calculated as the sum of R + D. Tree pair comparisons
were organized into subsets, based on the type of land use
where trees were located and on the years of observation.
Pairwise comparisons between lichen communities sampled on the same trees during different time periods provided information on a purely temporal effect. Speciﬁcally,
we considered three reference periods: long-term (1997
vs. 2015), intermediate-term (1997 vs. 2010) and shortterm (2010 vs. 2015). Pairwise comparisons between different trees for a given time period were used to explore the
spatial variability of R, D and S components. Trees were
identiﬁed as pairs in either a rural or an urban area as well
as pairs that occurred on two different land use types (i.e.
one tree in a rural area and one tree in an urban area).
Generalized Linear Models (GLM) were obtained to
explore the relationships between R, D and S, alpha
diversity and land use for short-, intermediate- and longterm comparisons. A Gaussian error distribution and an
identity link function were considered for the models.
The Akaike Information Criterion (AIC) (Akaike 1979)

Results

TABLE 1. Alpha diversity of lichens and percentage of nitrophytic species on trees sampled during three surveys in the Province of
Lucca, NW Italy (Fig. 1).
Alpha diversity

Nitrophytic species (%)

per tree
Survey year

Land use

1997

Whole area
Urban and industrial
Rural
Whole area
Urban and industrial
Rural
Whole area
Urban and industrial
Rural

2010
2015

Total

Mean ± SD

Min–max

25th percentile

Median

75th percentile

25
19
25
47
36
43
44
38
40

3·9 ± 2·2
3·5 ± 2·5
4·1 ± 2·0
7·8 ± 3·2
6·2 ± 2·8
8·9 ± 3·0
7·6 ± 3·3
6·6 ± 3·3
8·3 ± 3·1

0–10
0–10
1–9
1–17
1–12
5–17
1–17
1–16
3–17

14
10
16
36
50
33
33
40
33

29
33
25
43
56
40
50
56
44

50
50
38
60
71
50
60
67
50

Downloaded from https://www.cambridge.org/core. IP address: 37.221.244.57, on 09 May 2018 at 10:40:06, subject to the Cambridge Core terms of use, available
at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0024282918000221

2018

Beta diversity of lichen communities—Giordani et al.

375

80
70

Number of trees

60
50
40
30
20
10
0

Decreasing

Constant

Increasing

Number of nitrophytic lichen species

FIG. 3. Changes in the number of nitrophytic lichen species on trees sampled in each of three reference periods in
the study area: long-term (1997 vs. 2015, grey bars), intermediate-term (1997 vs. 2010, white bars) and short-term
(2010 vs. 2015, black bars).

SDR analysis
The SDR analysis revealed that the structures of lichen communities in the study area
were nearly random, being characterized by
comparable values of similarity, species
replacement and differences in richness
for most of the subset of data considered
(Fig. 4). In particular, R was fairly constant,
with median values of mostly c. 30%, whereas
D and S showed much more variability, with
the former ranging from 12·9 to 42·9% and
the latter ranging from 18·2 to 71·4%.
When considering spatial variation
between trees located in different land uses
for given time periods, in 1997 signiﬁcantly
lower R and D and signiﬁcantly higher S
were observed when compared with 2010
and 2015. A similar pattern was also
observed for tree pairs from rural areas,
which had signiﬁcantly higher S and signiﬁcantly lower D in 1997 versus 2010 and
2015. In 2015, tree pairs in urban areas had
higher D and lower S compared with tree
pairs in previous surveys.
Species replacement (R) was also noticeably constant when analysing the structure of
communities on the same tree (purely
temporal effect). In these cases, in both urban

and rural areas we observed lower S and higher
D in short-term pairs (2010 vs. 2015) compared with intermediate- (1997 vs. 2010) and
long-term (1997 vs. 2015) pairs.
GLM models
We explored the effects of land use and
alpha diversity on variation in R, D and S
components in the ‘same tree’ datasets
(Table 2). Alpha diversity in 1997 consistently
showed signiﬁcant effects on the three components (R, D, S) for both intermediate- and
long-term reference comparisons, with the
exception of D in intermediate-term pairs.
When focusing on long-term variation, a shift
from low to highly diverse lichen communities
was detected, with R increasing from 0 to c.
70%, S increasing from 15 to 40% and D
decreasing from 80 to 0% (Fig. 5).
Land use was a signiﬁcant driver for R
and D in long-term comparisons, whereas it
had no effect when comparing tree pairs of
1997 versus 2010. Variation in R, D and S in
the short-term seemed to be unaffected by
the alpha diversity of the community measured at the beginning of the observation
period. It is noteworthy that the interaction
between alpha diversity and land use had no

Downloaded from https://www.cambridge.org/core. IP address: 37.221.244.57, on 09 May 2018 at 10:40:06, subject to the Cambridge Core terms of use, available
at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0024282918000221

50

D (%)

25
0
100
75
50

S (%)

25
0
100
75

R (%)

50
25
0
Same tree 2010 vs. 2015 (rural areas)
Same tree 1997 vs. 2015 (rural areas)
Same tree 1997 vs. 2010 (rural areas)
Same tree 2010 vs. 2015 (urban areas)
Same tree 1997 vs. 2015 (urban areas)
Same tree 1997 vs. 2010 (urban areas)
Between land uses 2015
Between land uses 2010
Between land uses 1997
Within rural areas 2015
Within rural areas 2010
Within rural areas 1997
Within urban areas 2015
Within urban areas 2010
Within urban areas 1997

FIG. 4. Distribution of gamma diversity components in spatial and temporal datasets. R = species replacement, S = similarity and D = difference in richness.
Box = 25th–75th percentiles, line = median, whiskers = range, black circles = outliers.

THE LICHENOLOGIST

75

376

Vol. 50

signiﬁcant effects on the three components
throughout the study period.
Spatial patterns in temporal variation
In 1997 alpha diversity was low and
homogeneous throughout the survey area
(Fig. 6). Alpha diversity increased in 2010
and was particularly evident in the SW and
NE parts of the study area. The overall
pattern of alpha diversity was maintained in
2015, with no obvious major changes.
The spatial pattern of beta diversity
(calculated as the sum of R + D) was somewhat homogeneous, even though differences
were observed at different time periods. For
both intermediate- and long-term comparisons, beta diversity was high (>50%)
throughout the study area. For short-term
comparisons, beta diversity decreased and
was mostly <50% in all sampled trees.

Discussion
This study explored changes in lichen diversity
and composition in an area subjected to drastic variation in atmospheric pollution in recent
decades (Fig. 2). Our results showed that the
SDR approach was useful for discriminating
between temporal and spatial effects, improving our understanding of the mechanisms
underlying the succession of lichen communities through short-, intermediate- and longterm reference periods. In particular, the
analysis of similarity, species replacement and
differences in richness of tree pairs highlighted
that the trends and patterns within lichen
communities are not always, and not to the
same extent, associated with alpha diversity.
Consequently, spatial variability is expressed
in terms of comparisons of lichen communities
colonizing different trees within and between
land use categories. Similarity (i.e. the proportion of species shared by two trees) was the
diversity component that succeeded in expressing spatial variation in lichen communities
more than species replacement and differences
in richness which were more homogeneous. In
fact, similarity between trees located in different
land uses exceeded 75% in 1997 and decreased

Tree pairs
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R
Estimate
Long-term (1997 vs. 2015)
Intercept
Alpha diversity 1997
Urban land use
Alpha diversity 1997 × urban
land use
Intermediate-term (1997 vs. 2010)
Intercept
Alpha diversity 1997
Urban land use
Alpha diversity 1997 × urban
land use
Short-term (2010 vs. 2015)
Intercept
Alpha diversity 2010
Urban land use
Alpha diversity 2010 × urban
land use

D

S

SE

t

Estimate

SE

t

Estimate

SE

t

− 2·498
8·057
19·932
− 3·097

AIC = 839·5
6·606
1·450
9·053
2·051

− 0·378
5·556***
2·202*
− 1·510

88·924
− 10·934
− 18·110
3·474

AIC = 812·0
5·700
1·251
7·812
1·770

15·602***
− 8·739***
− 2·318*
1·963

13·558
2·886
− 1·806
− 0·383

AIC = 721·3
3·499
0·768
4·796
1·086

3·875***
3·757***
− 0·377
− 0·353

− 1·912
7·534
15·176
− 1·144

AIC = 820·2
5·955
1·307
8·162
1·849

− 0·321
5·763***
1·859
− 0·619

88·939
− 10·337
− 17·728
2·046

AIC = 787·4
4·994
1·096
6·844
1·551

17·810
− 9·429
− 2·590
1·320

12·973
2·804
2·559
− 0·901

AIC = 742·9
3·932
0·863
5·389
1·221

3·299**
3·248**
0·475
− 0·738

17·450
0·284
− 22·825
1·822

AIC = 779·2
6·449
0·686
9·028
1·156

2·706**
0·415
− 2·528*
1·577

13·188
0·088
11·547
− 0·842

AIC = 768·0
6·072
0·645
8·499
1·088

2·172*
0·137
1·359
− 0·774

69·333
− 0·367
11·291
− 0·980

AIC = 786·2
6·698
0·712
9·375
1·200

10·352***
− 0·518
1·204
− 0·817
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*P < 0·05; **P < 0·01; ***P < 0·001. AIC = Akaike Information Criterion.
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D (difference in richness) for long-, medium- and short-term reference periods. * = statistically signiﬁcant.
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Species Replacement (%)

100
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0

Richness Difference (%)

100
75
50
25
0

Similarity (%)

100
75
50
25
0
0.0
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Alpha diversity 1997

2.5

5.0

7.5

10.0

12.5

15.0

Alpha diversity 2010

FIG. 5. Fitted modelled relationships between alpha diversity, land use and diversity components R, D and S,
according to the GLM models of Table 2, for long-term (right) and short-term reference periods (left). Bands
represent 95% conﬁdence intervals. Solid line = rural land use, dashed line = urban/industrial land use

in more recent comparisons. Similarity between
trees in rural areas, which was very high in 1997,
decreased considerably in subsequent surveys
whereas comparable effects were not detected
between trees located in urban areas.
Sign of the times: temporal variation
in beta diversity
In this work we partitioned a pure temporal
effect on lichen communities, taking into
account variation in their composition on the
same tree after different time periods (i.e. 1997
vs. 2015, 1997 vs. 2010 and 2010 vs. 2015).
The analysis of the temporal variation in gamma
diversity components revealed that species

replacement was constant for all reference periods. However, greater differences in richness
and lower similarity occurred over the shortterm.
Variation in lichen communities over the
long- (1997 vs. 2015) and intermediateterms (1997 vs. 2010) was strongly dependent on the alpha diversity of single trees at
the beginning of the observation period. This
effect was evident for all diversity components. In fact, species-rich lichen communities had higher species replacement
compared with those with a lower diversity.
Thus, the total number of lichen species in
the richest communities did not change but
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FIG. 6. Spatial patterns of lichen diversity on sampled trees (circles) in the study area. A, alpha diversity (number of
species) in surveys undertaken in 1997, 2010 and 2015; B, beta diversity (sum of R and D) for three reference
periods, 1997 vs. 2015, 1997 vs. 2010, and 2010 vs. 2015.

considerable variation in species composition
was detected. This phenomenon leads to
increasing similarity and decreasing differences

in richness between lichen communities. Conversely, for lichens on species-poor trees, most
variation over intermediate- and long-term was
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due to an increased difference in richness
compared to 1997 and indicated increasing
overall diversity of these communities through
time. Finally, on a short-term basis (2010 vs.
2015), variation in gamma components was
independent of alpha diversity measured at the
beginning of the study period. These results
could be attributed to the increasing contribution of nitrophytic species which beneﬁtted
from a decrease in SO2 concentrations. Sulphur dioxide has been the main pollutant
affecting the distribution of lichens in urban
and industrial areas (Hawksworth & Rose
1970), with high concentrations of SO2 being
strongly correlated with a decline in lichens
(Seaward 1993). However, in recent decades a
signiﬁcant reduction in SO2 emissions globally
has been observed, mainly due to recent policies for reducing pollution. In Europe, SO2
emissions decreased by 76% between 1990 and
2009. Substantial reductions in SO2 emissions
have been made across a number of sectors,
including road transport (98% reduction),
energy use in industry (80%), commercial,
institutional and households (76%) and waste
(72%) (http://www.eea.europa.eu). As a consequence of decreasing SO2 emissions, several
long-term lichen biomonitoring studies carried
out in the past 15 years have shown marked recolonization, mainly by nitrophytic species,
which has resulted in a general improvement in
lichen biodiversity (see e.g. van Dobben & Ter
Braak 1998; Hultengren et al. 2004; Frati &
Brunialti 2006; Larsen et al. 2007; Adamska
2011). Decreasing SO2 levels lead to an upward
trend in bark pH, resulting in ameliorated conditions for nitrophytic species that prefer sites
with a high bark pH (van Herk 2001). Nitrophytic species are more sensitive to SO2 compared to other species and, consequently,
beneﬁt from the decline of this pollutant in the
environment. Moreover, in ameliorating environmental conditions, nitrophytic species are
able to colonize new sites more rapidly compared to other lichen species (van Dobben &
Ter Braak 1999). It is worth noting that lichen
communities during the short-term period were
subjected to a different pollution scenario, such
that SO2 atmospheric concentrations were
below detectable levels. However, our results
suggest that analysis of lichen diversity in
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biomonitoring studies should incorporate previous dynamics in the colonization processes of
lichen communities because these dynamics
could inﬂuence current compositions and could
lead to data being misinterpreted in terms of the
effects of atmospheric pollution.
Effect of land use on lichen diversity
decreased as a result of biotic
homogenization
The effect of land use on lichen diversity was
only detected over the long-term reference
period (1997 versus 2015), with lichens on
trees in urban areas showing less variation than
those located in rural areas (Fig. 1). However,
the interaction between alpha diversity and land
use type was not signiﬁcant (Table 2). Thus,
the relationship between alpha and beta lichen
diversity followed similar trends, independent
of the land use type where the trees occurred.
This observation supports a progressive biotic
homogenization of lichen communities. Giordani & Malaspina (2017) observed that, under
high eutrophication levels, differences in bark
pH did not cause signiﬁcant differentiation in
the composition of epiphytic lichen communities. Nascimbene et al. (2015) reported the
progressive biological homogenization of highly
competitive, nitrogen-tolerant species associated with the spread of alien black locust forests. A similar trend was also observed for
epilithic lichen communities in alpine pasturelands as a consequence of increased cattle load
(Giordani et al. 2014b).
Conclusions
Detailed information on the different aspects
of gamma diversity, including beta diversity
and similarity, is required to detect air quality
changes in long-term biomonitoring surveys.
At present, no single pollutant causes major
changes in the structure of lichen communities; instead, several pollutants are acting
together, leading to different impacts. Consequently, alpha lichen diversity no longer
represents an effective response variable for
assessing trends in atmospheric pollutants
over time. This study shows that temporal
and spatial variation in lichen diversity could
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be evaluated using beta diversity and similarity. This information could then be used to
quantify anthropogenic impacts in a given
region and monitor the effects of the policy
measures adopted to reduce pollution levels.
This study was funded by the Municipality of Porcari
(LU). Special thanks are due to Franco Fanucchi and
Angelo Marchi (Municipality of Porcari) for their collaboration and to Monica Pisani (ARPAT) for local air
quality information.
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Appendix 1. List of epiphytic lichen species found in three surveys conducted in
the municipality of Porcari, N. W. Italy. Occurrence (number of trees) is reported
for each species. * nitrophytic species (eutrophication index from 3 to 5).
Exclusive species in each survey are reported in bold.

Species occurrence
(Number. of trees)

Alyxoria varia (Pers.) Ertz & Tehler
Amandinea punctata (Hoffm.) Coppins & Scheid.
Arthonia radiata (Pers.) Ach.
*Athallia cerinella (Nyl.) Arup, Frödén & Søchting
*Caloplaca obscurella (J. Lahm) Th. Fr.
*Candelaria concolor (Dicks.) Stein
Candelariella xanthostigma (Ach.) Lettau
Cladonia sp.
Coenogonium pineti (Ach.) Lücking & Lumbsch
Collema furfuraceum Du Rietz
Dendrographa decolorans (Sm.) Ertz & Tehler
Diploicia canescens (Dicks.) A. Massal.
Evernia prunastri (L.) Ach.
Flavoparmelia caperata (L.) Hale
F. soredians (Nyl.) Hale
Heterodermia obscurata (Nyl.) Trevis.
*Hyperphyscia adglutinata (Flörke) H. Mayrhofer & Poelt
Lecanora carpinea (L.) Vain.
L. chlarotera Nyl. subsp. Chlarotera
L. expallens Ach.
L. horiza (Ach.) Linds.
Lecidella elaeochroma (Ach.) M. Choisy var. elaeochroma
Lepra albescens (Huds.) Hafellner
L. amara (Ach.) Hafellner
Lepraria incana (L.) Ach.
Leprocaulon quisquiliare (Leers) M. Choisy
Melanelixia subaurifera (Nyl.) O. Blanco, A. Crespo, Divakar, Essl., D. Hawksw. & Lumbsch
Melaspilea enteroleuca (Ach.) Ertz & Diederich
Micarea sp.
Mycomicrothelia confusa D. Hawksw.
Myriolecis hagenii (Ach.) Sliwa, Zhao Xin & Lumbsch
Normandina pulchella (Borrer) Nyl.
Parmelia sulcata Taylor
Parmelina tiliacea (Hoffm.) Hale
Parmotrema perlatum (Huds.) M. Choisy
P. reticulatum (Taylor) M. Choisy
Pertusaria hymenea (Ach.) Schaer.
P. pertusa (L.) Tuck. var. pertusa
*Phaeophyscia hirsuta (Mereschk.) Essl.
*P. orbicularis (Neck.) Moberg
*Phlyctis argena (Spreng.) Flot.
*Physcia adscendens H. Olivier
*P. aipolia (Humb.) Fürnr.
*P. biziana (A. Massal.) Zahlbr. var. biziana
P. clementei (Turner) Lynge
P. leptalea (Ach.) DC.
*Physciella chloantha (Ach.) Essl.
*Physconia distorta (With.) J.R. Laundon
*P. grisea (Lam.) Poelt subsp. grisea
Physconia sp.
Punctelia subrudecta (Nyl.) Krog
Ramalina fastigiata (Pers.) Ach.
*Xanthoria parietina (L.) Th. Fr.

1997 survey

2010 survey

2015 survey

4
0
0
0
0
4
7
4
0
0
0
2
3
55
0
0
21
1
19
0
1
46
4
0
45
0
11
0
2
0
0
0
6
1
3
0
14
5
0
0
0
72
0
0
0
0
0
0
0
0
16
4
10

2
12
3
1
1
67
15
5
0
1
2
0
4
52
9
0
84
13
44
59
5
66
0
1
6
3
10
1
0
7
2
12
17
5
8
2
0
0
2
25
1
92
1
1
3
2
3
1
3
1
22
4
41

1
10
4
0
0
64
7
5
1
1
2
3
3
48
17
2
83
12
49
46
5
57
0
2
11
9
6
1
0
8
2
19
16
5
12
4
0
0
2
37
2
92
0
0
2
4
4
3
3
0
18
2
32
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