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absTRacT – This paper summarizes information on freshwater lichens in relation with their potential for bioindication, mainly pointing to
ecological concepts and issues of practical relevance for promoting their inclusion in routine biomonitoring practices, thus contributing to a full
implementation of the eu Water framework directive. Results highlight the sensitiveness of freshwater lichens to some factors which cannot be
technically measured by singular visits, and have relevance for human planning purposes and environmental impact and risk assessment. however,
a full inclusion of freshwater lichens in monitoring practices would benefit from further ecological research testing the influence of potentially
meaningful ecological drivers and developing statistically robust sampling methods. This would allow the development of standard guidelines
applicable across europe according to the policies of the eu Water framework directive. on the taxonomical side, further dNa-based revisions and
the creation of a european checklist of freshwater lichens should provide the basis for developing modern identification tools. finally, it is suggested
that the use of freshwater lichens in biomonitoring may be improved by model studies based on comparative trials of full, quantitative, species
inventories at different spatial scales and by parallel simplified approaches with selected indicator species and morphological groups.
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Lichens are the symbiotic phenotype of specialised fungi
which live in stable and highly organised associations with
algae or cyanobacteria. These intricate miniature ecosystems
appear in the environment as more or less sharply delimited
units, forming composite thalli which are easily visible to the
naked eye. The fungal component of most lichen thalli soon
produces fruiting bodies which remain permanently on the
thallus and facilitate the identification at any time of the year.
in freshwater habitats, lichens are found wherever suitable
solid substrata, alcaline to moderate acidic water, sufficient
light, and low to moderate silting occur. species composition
and richness of freshwater lichen communities depend on
ecological variables which are largely overlapping with
factors of high importance for the management of freshwater
doi: 10.4462/annbotrm-10206
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bodies (Thüs & schultz, 2008). moreover, some chemical
factors such as ph, conductivity, alkalinity, silica and mg
contents are known to influence the occurrence of several
aquatic species (i.e Pentecost, 1977; gilbert & giavarini,
1997; Nascimbene et al., 2007).
in european streams and rivers, species richness in the
permanently submerged parts of a stream bed rarely exceeds
five to ten species at a given site (gilbert, 1996; gilbert &
giavarini, 1997; Ried, 1960a; Thüs, 2002). in unpolluted
sites, including the splash water and temporarily but
regularly inundated zones of the river banks can easily bring
the number of freshwater lichens to 20-30, out of a pool of ca
150 species in europe which have a more or less strong
affinity to freshwater habitats (Nordin, 2002; Thüs & schultz,
2008). at a worldwide scale, ca. 200 species are known from
this habitat (hawksworth, 2000), although a substantial
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number of species, particularly in the tropics, may not have
been described yet (Thüs, unpubl.).
These figures are smaller than those for other
photoautotrophic organisms such as bryophytes, diatoms or
green algae. in a comparative study including green algae,
diatoms, lichens, and bryophytes in 40 springs of the italian
alps, Nascimbene et al. (2011) found 69 species of green
algae, 110 species of diatoms, 29 species of lichens, and 62
species of bryophytes. interestingly, they have shown that the
patterns of occurrence of these groups of organisms are not,
or only weakly, correlated. as a consequence, lichens should
be regarded as an independent functional group with
potential for bioindication for factors which are not easily
covered by other organisms. however, in most assessments
of freshwater organisms, lichens are still neglected even if
they are included in the concept of “macrophyte” which is
addressed by the eu Water framework directive providing
the main policies for freshwaters monitoring.
This situation is at least in part due to the fact that, in spite of
their limited number, freshwater lichens are often difficult to
identify by non-specialists. Taxonomical problems are still a
constraint for advances in ecological studies and for a
wide use of freshwater lichens as bioindicators. in this
perspective, the evaluation of patterns of lichen diversity in
terms of species traits is a recent, promising approach
(ellis & coppins, 2006; Johansson et al., 2007) that could be
useful for large-scale comparisons when species-based
evaluations might be hindered by uneven or poor levels of
taxonomic knowledge (giordani et al., 2009). species traits
(e.g. photobiont type, growth form, reproductive strategy) are
indicative of lichen community adaptation to environmental
conditions (diaz & cabido, 2001), providing relevant
ecological information. for example, recent studies
demonstrated that photobiont partner and thallus
growth-form may control the community structure,
determining large-scale patterns of diversity (ellis &
coppins; 2006, 2010; ellis et al., 2007; marini et al., 2011).
current studies in this field are mainly devoted to forest
epiphytic lichens (e.g. giordani et al., 2012) or to the rapid
assessment of air quality (e.g. davies et al., 2011), while for
freshwater lichens this approach is still poorly developed
(e.g. Thüs, 2002) and statistically not tested.
This study aims at summarizing information on freshwater
lichens in relation with their potential for bioindication,
mainly pointing to ecological concepts and issues of
practical relevance for promoting the inclusion of freshwater
lichens in routine biomonitoring practices contributing to a
full implementation of the eu Water framework directive.
in particular, we aim at elucidating the sensitiveness of
freshwater lichens to the main ecological factors related with
management practices, and the potential interpretation of
their response in terms of trait-based functional groups.
Problems related with taxonomic knowledge and species

identification are also addressed.

ECOLOGICAL FACTORS RELEVANT TO FRESHWATER
LICHENS

Water level fluctuations

The largest diversity of lichens occurs in habitats which face
harsh changes in water availability, where lichen communities
can become dominant growing other photoautotrophic
organisms. This is the case of hot and cold deserts, steep cliffs
or particularly poor soils, but also of fast-flowing currents of
streams and rivers. most lichens, however, are symbiotically
associated with only a handful of algal taxa, the genera
Trebouxia, Asterochloris and Trentepohlia (all chlorophyta)
being the most common photobionts. The closest free-living
relatives to lichenised taxa in these algal genera are living in
habitats which are exposed to the air for most of the time,
and their physiology is likely to be optimised for carbon
uptake from the air. it has been shown that the carbon balance
of lichens associated with Trebouxia or Asterochloris algae
can become negative when the thalli are soaked with water
(Lange & green, 1996, 1997), giving them very limited
inundation tolerance. Photobionts are important for the
inundation tolerance of a lichen (hawksworth, 2000) and
although the morphology of the symbiotic system can largely
influence the performance of lichens under temporarily high
water conditions (Lange et al., 1999), most lichens from
terrestrial and even from semi-aquatic habitats with non
specialised photobionts are eventually literally “drowning”
when exposed to extended periods of submergence
(Ried, 1960b). only a few groups of lichenised fungi, and
particularly certain lineages within the family verrucariaceae,
have evolved a compatibility with a much wider spectrum of
algae, including typical aquatic genera such as Dilabifilum
or Heterococcus. These lichens are not only tolerant to
permanent inundation, but also have a limited desiccation
tolerance (Thüs et al., 2011). species of the family
verrucariaceae occur in nearly all european freshwater lichen
communities (Thüs, 2002), being often the dominant or the
only family occurring in the permanently submerged zone
(gilbert, 1996; gilbert & giavarini, 1997; Keller &
scheidegger, 1994; Nascimbene et al., 2009; Ried, 1960a,
b; santesson, 1939; Thüs, 2002).
The result of the algal and fungal inundation and desiccation
tolerances is a clear zonation pattern of different lichens on
rocks and trees in streams and rivers (beschel, 1954; hale,
1984; gregory, 1976; Luther, 1954; Ried, 1960; Rosentreter,
1984; santesson, 1939). This permits to use the photobiont
type as a functional trait for evaluating the response of
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freshwater lichens to water level fluctuations. a similar
approach was used for epiphytic lichens by marini et al.
(2011), demonstrating that the response of lichens to
environmental factors may depend on the type of photobiont
involved in the symbiosis.
Streambed stability

substrate stability is one of the main habitat features for
lichen colonization on rocks, most species requiring stable
and large stones whose surfaces are not subject to erosion
(Thüs, 2002). This could account for differences in species
richness that were found between siliceous and calcareous
rocks in freshwater habitats of the italian alps (Nascimbene
& Nimis, 2006; Nascimbene et al., 2007), the former hosting
a richer lichen biota. siliceous rocks represent a more stable
substrate due to their high resistance to erosion; their
wrinkled surfaces harboring lichen diaspores and enhancing
thallus development. on the contrary, calcareous rocks
suffer of both mechanical and chemical erosion, the thalli
being often thin and incomplete. however, lichen colonization
on stable calcareous stones may be surprisingly rapid,
as demonstrated in a study aiming at evaluating the
effectiveness of freshwater lichens in colonizing newly
constructed stone structures in low-elevation small streams
subject to habitat restoration (Nascimbene et al., 2009).
substrate stability was also considered as the basis of the high
suitability of bolder and cobble springs, compared with
gravel springs, for both Verrucaria elaeomelaena and
V. funckii (Nascimbene et al., 2007).
Light conditions

most freshwater lichens are related to well lit conditions,
resulting in low species diversity in shaded rivers, even if
some shade-demanding species are known to occur in
freshwaters, e.g. Porina spp. (Pentecost, 1977). This factor
may however interact with other ecological variables
driving freshwater lichen patterns, such as the extent of
submersion period. in particular, shading enhances the
tolerance of species to desiccation by increasing air
humidity. for example, Verrucaria funckii is very
desiccation-sensitive if air humidity is low, while it can
survive above the water level if air humidity is constantly
high (Ried, 1960a; 1960b), which indicates that shaded
conditions may compensate for shorter submersion periods.
Silting

silting can severely limit lichen growth, both because of its
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interference with light penetration and because of its
mechanical effect when covering the thalli (Thüs, 2002). as
a consequence, most freshwater lichens are very sensitive to
the deposition of silt-like sediments (both organic and
inorganic) on their surface (gilbert, 1996; gilbert &
giavarini, 1997), and only a few species are tolerant to
moderate silting, such as Bacidina inundata, and Verrucaria
praetermissa (Thüs, 2002). a tolerance scale to this factor
may be also based on species’ functional traits, lichens with
a subgelatinous thallus being extremely sensitive, and those
with a thick areolate thallus being more tolerant.
Acidity

freshwater lichens are sensitive to the ph of their habitat.
species of permanently submerged sites mainly reflect water
ph, while amphibious species also reflect substrate and
precipitation acidity (Thüs, 2002). The effect of ph in
driving lichen patterns is not yet explicitly demonstrated, but
for example Nascimbene et al. (2007) found significant
differences in ph between siliceous springs hosting
Verrucaria funckii and those where this species was not
found. in general, at ph below 5 freshwater lichens are
absent, but there is a tolerance range among different species
that could be related with the type of photobiont (Thüs &
shultz, 2008). species with Dilabifilum-like (i.e. Verrucaria
aquatilis) and Stichococcus or Diplosphaera-like green
algae (i.e. several species of Staurothele, Thelidium, and
Verrucaria) are associated with alkaline waters, while species
with trebouxioid algae (Trentepohlia and Heterococcus) are
usually associated with neutral-acidic waters. The wide
tolerance of some species to ph is likely to be connected with
their capability of changing the photobiont type depending
on environmental conditions, such as in the cases of
Verrucaria hydrela and Hydropunctaria rheitrophila (Thüs
& shultz, 2008).
in the perspective of biomonitoring, both the sensitiveness
of single species and the response of the whole group of
freshwater lichens in term of photobiont type are suitable
indicators of ph conditions of watercourses. furthermore,
since lichens are slow-growing and long-living organisms,
their inclusion in biomonitoring practices may provide
time-integrated information on ph conditions, which cannot
be gathered using more popular indicators with a short
life-cycle, such as diatoms or other free-living algae.
Eutrophication

eutrophication is known to exert a strong influence on lichen
communities, causing species loss and composition shifts
toward assemblages composed by tolerant species (gilbert,
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1996; gilbert & giavarini, 1997; Thüs, 2002). some field
observations suggest that a higher species richness of
freshwater lichens may be expected in oligotrophic sites, but
experimental studies clearly addressing this issue are
still lacking. in eutrophic watercourses, lichens are
outcompeted by faster-growing organisms such as plants,
algae and bryophytes, even if some species (e.g. Verrucaria
praetermissa) are known to be able to survive in
eutrophicated sites. eutrophication is likely to interact and
partially overlap with other drivers, such as silting, and
therefore it is not as easy to clearly evaluate the response of
freshwater lichens in terms of eutrophication as for epiphytic
communities (Thüs, 2002).

of intricate mosaics of different lichens, and the low
quantity and poor quality of dNa from the often very thin
and damaged thalli of aquatic lichens. for these reasons, a
preliminary morphology-based identification continues to be
essential, even if dNa-barcoding is employed for precise
identification. in practical case-studies, one can crictically
examine whether the extra cost and effort for a dNa-based
verification of species identification does provide significant
additional ecological information. alternatively, the
effectiveness and robustness of using morphologically less
ambiguously circumscribed species aggregates, or even non
related species groups with similar functional traits,
need to be tested.

TAXONOMIC CHALLENGES

PERSPECTIVES FOR BIOMONITORING

freshwater lichens belong to several genera, but the most
frequent genus, occurring in almost all freshwater bodies is
Verrucaria. This genus, in its current morphological
circumscription, is simple to identify but highly polyphyletic
(gueidan et al., 2009) and the taxonomic position of several
species still awaits further research. The morphological
characters used in the identification keys are often either not
clear (e.g. not visible in all specimens of a given species
or with largely overlapping ranges in quantitative
measurements), or deserve a critical review. in general,
crustose verrucariales are exceedingly poor in taxonomically
useful characters and species-level identification by
morphological characters is challenging, due to cryptic and
semi-cryptic speciation (e.g. orange, 2012 for Hydropunctaria
spp.). furthermore, many morphological characters are
highly variable and largely dependent on environmental
influences (santesson, 1939; Keller, 1996; Thüs, 2002).
Taxonomic problems are a constraint for advances in
ecological studies, for effective species protection, and for
the use of freshwater lichens in biomonitoring. for this
reason, specialists are trying to clarify the taxonomical
relationships among genera and species belonging to critical
groups, testing the usefulness of morphological characters
against molecular data (e.g. Thüs & Nascimbene, 2008;
gueidan et al. 2009; orange, 2012). The results indicate
that for the correct identification of some of the newly
circumscribed phylogenetic species, sequencing of selected
marker areas of the genome (e.g. the nuclear iTs) in some
specimens can become necessary (orange, 2012). although
the costs for the extraction of dNa from fungal tissues and
the sequencing of marker genes are constantly decreasing,
the selection of tissue for molecular barcoding from
freshwater lichens is not trivial, due to the frequent
occurrence of contamination from other fungi, the presence

organisms suitable for bioindication should have a
combination of characters including high specificity for an
ecological niche which is of practical relevance for human
beings (e.g. for factors which are difficult or expensive to
measure with technical devices), and a good balance between
identification effort and relevance of results. how does
this apply to freshwater lichens? These organisms are
characterized by a high diversity in ecological niche
differentiation, particularly for a limited number of factors
which cannot be technically measured by singular visits,
and have relevance for human planning purposes and
environmental impact and risk assessments, e.g.: inundation
patterns (beschel, 1954; gilbert, 1996; gilbert & giavarini,
1997, 2000; Keller & scheidegger, 1994; Nordin, 2002),
ph-variation in water and air over long time periods (Thüs,
2002), and waterbed stability (e.g. Krzewicka & galas, 2006;
Nascimbene et al., 2009; Thüs, 2002).
however, a full inclusion of freshwater lichens in monitoring
practices would benefit from further ecological research. The
ecological information on freshwater lichens summarized in
the previous sections is mainly based on descriptive or
semi-quantitative studies (e.g. Nascimbene et al., 2007),
often associated with floristic or taxonomic research
(gilbert, 1996; gilbert & giavarini, 1997, 2000; Keller &
scheidegger, 1994; motiejunajte, 2003; Thüs, 2002; Thüs &
Nascimbene, 2008), while studies explicitly testing the
influence of potentially meaningful ecological factors, and
standard methodologies for ecological experiments are still
lacking. Positive recent exceptions are provided by e.g.
glavich (2009) and Nascimbene et al. (2009). however, the
study by glavich (2009) was designed for estimating
conservation priorities and not bioindication of environmental
variables at a given site. The study of Nascimbene et. al.
(2009) was carried out in structurally rather homogenous
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small streams with low species diversity, and the results could
not be generalized to large rivers where environmental
conditions are more heterogeneous.
future research on freshwater lichens should therefore
address these challenges by testing statistically robust
sampling methods even in structurally highly heterogeneous
(e.g. with rapids, waterfalls, alternating with meandering
areas with pebble banks, etc.) freshwater systems of different
size across europe, also including mediterranean areas which
are currently neglected.
This target may be achieved by improving the collaboration
with limnologists and using already available ecological
databases to design hypothesis-based studies. on the
taxonomic side, further dNa-based revisions and the
creation of a european checklist of freshwater lichens should
provide the basis for developing modern identification tools,
such as user-specific keys on demand (Nascimbene et al.,
2010) based on innovative software (e.g. martellos, 2010).
finally, the use of freshwater lichens in biomonitoring may
be improved by model studies based on comparative trials of
complete, quantitative species inventories at different spatial
scales and on parallel simplified approaches with selected
indicator species (Nascimbene et al., 2007; Nascimbene
et al., 2009) and morphological groups, as suggested by
Thüs (2002).
These studies should include streams of different size in
various climatic zones, and should compare effort and outcome for the different existing methodologies, allowing the
development of standard guidelines applicable across europe
according to the policies of the eu Water framework
directive.
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