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The ongoing global change affects 

many planetary systems functioning. 

Although the environmental factors 
associated to global change work at a 
planetary scale, their effects on 
ecosystems must be assessed locally. This 
assessment is complicated by the need to 
have information with high spatial 
resolution and taking into account the 

different spatial scales of analysis and 
potential co-occurrence of environmental 
factors. Although physical-chemical 
monitoring stations must be used to 
measure variations in many environmental 
variables, they cannot be located 
everywhere and cannot measure all 

possible environmental changes, 

especially when the time of change or 
even the presence of some of 
environmental factor is not known. 
Additionally, physical-chemical monitoring 
stations cannot provide any evidence that 
the environmental change caused a 

biological impact. The use of ecological 
indicators could fulfil these gaps, helping 
in the identification of the critical areas 
under the influence of the factors 
associated to global change in order to 
ameliorate the impacts or rank priorities. 

The general aim of this thesis was 
to provide a general framework for the 
use of lichen functional-diversity as an 
integrating ecological-indicator of 

environmental changes in Mediterranean 
type ecosystems. This was supported by 
the analyses of the lichen community 

responses to environmental factors in 
order to select of lichen-variables as 
potential ecological indicators. The 
selected indicators could then be modelled 
against the key environmental factors, 
such as the ones associated to drivers of 
global change (eutrophication, climate 

and, air pollution). For that, a spatial 
explicit analysis was used in order to 
disentangle the response of lichen 
communities to multiple environmental 
factors and ultimately to apply the 

selected ecological indicators to monitor 

the complex Mediterranean-type 

ecosystems in a changing environment. 
Environmental factors work at 

different spatial scales, sometimes 
superimposed in some areas. To use 
lichens as ecological indicators of the 
influence of multiple environmental 
factors, a spatial explicit analysis was 

necessary, which was done in sub-
chapter 2.1. Lichens were shown to 
respond to environmental factors working 
at different spatial scales and each factor 
had a particular distance of influence, 
which was due to the different patterns of 
pollutants dispersion. This chapter 

highlighted the importance of a spatial 

explicit analysis to interpret the relation 
between lichen-variables and the 
underling environmental factors. 

Besides a spatial analysis, lichen 
variables based on functional-diversity are 
promising tools as ecological indicators, 

especially if they can be used to 
disentangle the influence of multiple 
environmental factors. The response of 
lichen species to the key environmental 
factors was studied in sub-chapter 2.2 
and was shown to be dependent on their 

functional characteristics, which allowed to 
group species into functional groups. This 
chapter showed that lichen functional 
groups can provide a link between a 

known physiological response and the 
environment factor to monitor, 
highlighting the advantages of considering 

functional groups as ecological indicators.  
To know the spatial and temporal 

patterns of response of lichen-variables to 
the drivers of global change we used a 
spatial explicit analysis (ch.02.1) and 
functional groups (ch.02.2). In chapter 3 
two lichen functional groups were studied 

in a spatial gradient of climate alterations. 
A high resolution mapping of the effect of 
climate alterations was obtained. The key 
period of the year that has the greatest 
effect on lichen functional groups was 
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discussed within the framework of the 

particular physiological traits of concern. 
Because most Mediterranean 

ecosystems are not natural but rather 
semi-natural areas with low intensity land-

use, it was important to determine the 
influence of low-intensity land-use on 
lichens, which is rarely studied. This was 
done in chapter 4, where the influence of 
low-intensity land-use in lichens was 
assessed in traditionally managed 
Mediterranean woodlands. The results 

have shown that lichens functional groups 
responded to low-intensity land-use, with 
eutrophication sensitive species 
decreasing in abundance while tolerant 
ones increased. Interestingly, the level of 

land-use intensity was such that the 

number of sensitive species has not 
decreased, revealing the capability of 
traditional Mediterranean management to 
support high species richness. These 
results highlighted the possibility of using 
lichens as ecological indicators of low-
intensity environmental changes and thus 

as early-warning indicators for the first 
effects of those changes. 

One of the key environmental 
factor influencing lichens in all previous 
chapters was associated to agriculture 
activities. Most effects of agriculture on 
terrestrial biodiversity are due to 

atmospheric ammonia (NH3) although the 

isolated effect of this air pollutant on 
lichens species and functional groups is 
not well understood, especially for 
Mediterranean areas. This was studied in 
chapter 5, in cork-oak woodland 

influenced by a single point source of NH3. 
We showed that most changes that 
occurred in species distribution and on 
functional groups could be explained by 
the measured atmospheric NH3. This 
allowed mapping with high confidence the 
area of impact of NH3 in woodland.. The 

expert-knowledge classification of lichen 
species into functional groups could be 
tested explicitly for the first time under 
field conditions with an isolated source of 

atmospheric NH3. 
Using the relation obtained in the 

previous chapter, where NH3 explained 

most variance of lichens functional groups 
(ch05), it was possible to calculate the 
critical level of NH3 for Mediterranean 
woodlands. This was done testing several 
variables based on lichens, including total 
and functional diversity, in chapter 6. The 

critical levels were found to be between 1 
and 2 mg m-3, what contributed for the 
proposal for revision of the current critical 
levels in Europe that were previously set 
on 8 mg m-3. For the first time it was 
possible to determine the critical level of 

atmospheric NH3 in Mediterranean 

woodlands. 
Because in a multiple factor 

context potential confounding factors 
might cause the same response in lichen 

community, an additional strategy of using 
lichens as ecological indicators was 
employed. This was done in chapter 7 by 
relating total nitrogen measured in lichens 
to atmospheric NH3 emissions, estimated 
in two different ways at the regional scale. 
The results have shown that nitrogen 

concentrations in lichens were significantly 
correlated with NH3 estimated emissions. 
Additionally we used the spatial analysis 
tools developed on the previous chapters 
to map the areas at greatest risk, 

especially within Natura 2000 network. 

Finally, in chapter 8 the goal was 
to apply the developed framework for 
using lichens as ecological indicators, on a 
large, complex region with different land-
uses and multiple sources of air pollution. 
The simultaneous influence of natural and 
anthropogenic factors, working at different 

spatial scales in a large and patchy 
Mediterranean region, was studied using 
lichen functional groups as ecological 
indicators. Using a spatial explicit analysis, 
the areas of impact of the key 
environmental factors and associated 
pollutants were determined, and the 

spatial scale associated to each 

environmental factor could also be 
determined. This allowed to disentangle 
the impact of multiple environmental 
factors and to support the use of lichens 
as ecological indicators in a complex 

landscape in a changing environment. 
In chapter 9 a general discussion 

was presented, integrating the key results 
from the previous chapters, concerning 
the use of lichen diversity as an 
integrating ecological indicator for the 
effect of global change factors in 

Mediterranean-type ecosystems. During 
this work it was shown that lichens 
responded simultaneously to a large 
number of environmental factors, 

including to the factors associated to 
global change, and on the a wide range of 
factor intensities. Thus, lichens could be 

considered integrative and wide-range 
ecological indicators. The use of 
abundance measures, such as LDV (Lichen 
Diversity Value) was found to be 
preferable to measures of total richness 
when the environmental factor is of low 

intensity. A central outcome of this work 
was that functional diversity was 
complementary to the measures of total 
diversity, because different species can 
have opposing responses to the same 
environmental factor, as was shown for 
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atmospheric NH3. A number of innovative 

strategies were used to disentangle the 
effect of multiple factors in lichens, 
allowing us to focus on the effects of the 
environmental factors of interests. The 

first, at the sampling design phase, was 
holding constant the intensity of unwanted 
factors in order to make their effect on 
lichens homogeneous within each study. 
The second was the use of lichen 
functional diversity that was shown to be 
an accurate and robust ecological 

indicator. To further identify the origin and 
causes of changes in lichen-variables, the 
land-cover in neighbourhood was used. 
This analysis was further improved by 
measuring the amount of elements or 

pollutants accumulated in lichens. A 

spatial explicit analysis showed that 
lichens were influenced by environmental 
factors working in the same territory but 
at different spatial scales, which could be 
related to the size of pollutants/particles 
predominantly dispersed by each land-
cover type. This highlighted the 

importance of a multiple spatial scale of 

analysis to deeply interpret the relation 
between lichen diversity and the underling 
environmental factors.  

By taking into account the work 

develop we could map lichen-variables 
with high statistical confidence, for 
locating the areas at risk due to 
eutrophication, air pollution and 
microclimate alterations. Further 
applications of lichens could include their 
use as early-warning indicators for critical 

thresholds in ecosystems. We expect that 
lichen functional groups, within the 
framework developed on this work could 
also be used as universal ecological 
indicators of environmental changes. 
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