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Abstract
Work is in progress for the completion of a computer-aided key to all lichens known to occur in Italy, which will be freely
available online, and as a free application for mobile devices. A first example, concerning the lichens of Northern Italy (2.339
infrageneric taxa), is already available online for testing. A computer-generated but manually edited dichotomous key is invoked
for all species previously filtered via a multi-entry interface, where several selected characters can be specified in a single step. To
optimize the two query interfaces, two different datasets are used, one for the dichotomous, the other for the multi-entry interface.
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1 Introduction

Traditionally, most identification tools for lichens were
paper-published as dichotomous, or more rarely
polytomous keys. The structure of such keys typically con-
sists of a series of alternative statements, called “leads”.
All leads that need to be evaluated for a single decision
form a “couplet”. Dichotomous keys are a special case of
polytomous keys, and a key may be also a mixture of sim-
ple polytomous and complex dichotomous choices. The
generalizing term “single-access key” is used here to in-
clude both dichotomous and polytomous keys. The equiv-
alent term in computer science is “decision tree”
(Hagedorn et al. 2010).

The advent of computers has allowed the generation of
other types of keys, such as free-access and multi-entry
keys (Hagedorn et al. 2010). Free-access keys (also known
as matrix keys) are alternative to single-access keys.
Whereas in a single-access key the sequence of choices
(decisions) is fixed by the author (providing a single path
to each result), in a free-access key it is up to users, which,
at every step, can select from a list one character state at a
time. Thus, a free-access key is the set of all possible
single-access keys that arise by permutating the order of
characters. Although printable free-access keys do exist,
they are most suitable for computer-aided identification

tools, and have a long development history. Examples are
DELTA-IntKey (Dallwitz et al. 2000 onwards), NaviKey
(Neubacher and Rambold 2005 onwards), and Xper3
(Vignes Lebbe et al. 2016). Well-known free-access key
for lichens are those provided by LIAS (Rambold et al.
2014).

While in a free-access key users must select a single
character state at each step of the identification process,
multi-entry keys permit to use several characters at the
same time, via a multi-character query-form. This first step
can be followed by either a field-guide-like page, illustrat-
ing the remaining taxa, or (as in the case of our keys) by a
dynamically generated single-access key to those taxa
only.

After the completion of a new checklist of the lichens of
Italy (Nimis 2016), and its incorporation into ITALIC, the
online information system on the lichens of Italy (Nimis
and Martellos 2002; Martellos 2012), work has started on
the preparation of a computer-aided lichen flora of the
country, containing keys and descriptions. A first compre-
hensive key, including all species known from Northern
Italy (2.239 infrageneric taxa) has been already published
online for testing (Nimis 2019). Separate, nationwide di-
chotomous keys to given families and/or genera are also
being produced, which will be eventually integrated into a
complete national key; they are available online at: http://
italic.units.it/?procedure=idkeys. The present paper details
the main features of the new keys, which are produced
using FRIDA, an original software (Martellos 2010) that
generates both multi-entry and classical dichotomous keys,
integrated into a single query system.
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2 The choice of the query interfaces

The creation of a computer-aided identification tool for all
lichens of Italy is a challenging task, involving an understand-
ing of principles, technologies, domain knowledge and termi-
nology, as well as pedagogical skills. We have addressed sev-
eral issues related to the usability of online biodiversity re-
sources by analysing feedback from users, customising the
query systems and interfaces accordingly. Feedback was col-
lected from a wide range of users, differing in age, skills,
background and interests, in the framework of the European
Projects KeyToNature (Nimis 2010), VIBRANT (Dave and
Sm i t h 2010 ) , Op en D i s c ov e r y Sp a c e ( h t t p : / /
opendiscoveryspace.eu) and SiiT (http://www.siit.eu). The
main outcome, mainly based on Focus Groups involving
676 persons and on more than 25.000 questionnaires,
brought to a new design of the query interfaces. The main
results of the testing activity, as summarized by Martellos
and Nimis (2015), were:

1) The dichotomous interface was perceived by users as the
most user-friendly, and the most effective in identifying
closely related taxa, especially in critical groups where
species are often distinguished by a combination of char-
acters (i.e. by complex Boolean statements involving
multiple characters), rather than by a single character. Its
main drawback is the impossibility to proceed in the iden-
tification pathway when a specimen lacks one or more
characters whose observation is required.

2) The free-access interface was perceived as the most un-
friendly, users being often confused by the high number
of available characters to choose from, and annoyed by
the fact that after each choice they had to re-start the
process with a new character; it was also found rather
poor for distinguishing among closely related taxa, since
it uses a single character at a time; however, the opportu-
nity of having more freedom in the choice of characters
was seen as a potential advantage.

3) The multi-entry interface was appreciated for greatly re-
ducing the number of remaining taxa in a single step,
although by itself it does not always permit to achieve
an identification at species level.

We tried to transfer the input from users into a new and
effective product, by combining the capacity of a multi-
entry interface of reducing the list of taxa in a single step,
with the higher performance of dichotomous keys in deal-
ing with closely related taxa. In our system, a computer-
generated but manually edited dichotomous key is invoked
for the species which have been previously filtered via a
multi-entry interface, which greatly reduces the number of
passages required for identification. The graphic outlines
of both the multi-entry and the dichotomous interfaces

were also designed and tested on the basis of feedback
from users.

3 The software

FRIDA (FRiendly IDentificAtion, see Martellos 2010) is a
software package for producing digital identification keys,
developed since 2003 at the Department of Life Sciences of
the University of Trieste, in the framework of project Dryades
(Nimis et al. 2003). The software allows users to store and
organise characters and their states, taxa, digital images, and
textual notes. These resources are used for generating digital
identification keys, which can be edited, refined, enriched by
further content, and published online, or used through an app
for mobile devices (Nimis and Martellos 2009). To allow col-
laborative efforts in the development of identification keys,
FRIDA is based on a double-level architecture, which permits
several authors to contribute to a common project, while main-
taining a high degree of independence (Martellos 2010).
Contrary to most available software for the creation of identi-
fication tools, FRIDAwas mainly focused on the optimization
of classical dichotomous keys. Multi-entry query interfaces
were added later, as a consequence of feedback from users.
The code of the FRIDA software is available for free upon
request to the authors. It comes together with an empty
MySQL database with all necessary data tables. Anybody
can have it, and modify it as they prefer. A printable reference
manual does not exist yet, but but scripts are commented in
detail.

4 The data

The keys are produced starting from a series of interoperable
databases. Figure 1 shows an entity-relationship diagram il-
lustrating the relationships among the main databases in-
volved in the generation, storage, and use of the digital iden-
tification keys.

The nomenclatural backbone is provided by the nomencla-
tural database of ITALIC, which also includes a Thesaurus of
several thousands synonyms. Each record in the other data-
bases can be related to 0 or 1 taxon names in ITALIC, since
these can contain taxa which do not occur in Italy, being thus
absent from ITALIC. Each taxon name in ITALIC can be
related to 0 to many records in each database, except the one
used for the multi-entry interface, for which the relationship is
0 or 1, each taxon being described by a single record only (see
later). Nomenclatural changes which are operated on ITALIC
automatically occur in all other databases and in all keys gen-
erated by the system.

Due to the high variability of several characters in li-
chens, a single dataset is not appropriate for serving as a
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base for generating both a dichotomous key and a multi-
entry query interface. For example, a chemically variable
species may produce very different spot-tests; if other, less
variable characters are available to distinguish that species
from all others, it would have little sense to create, in a
dichotomous key, as many entries as the number of chem-
ical strains. The best solution would be to construct a key
based on a dataset in which spot-tests are not specified for
that species, and hence not taken into consideration in the
dichotomous pathway. On the contrary, all states of all
characters selected for the multi-entry interface should be
specified, i.e. all possible spot-tests of a chemically vari-
able species should be databased. For this reason, our sys-
tem uses two separate datasets, one for the generation of
dichotomous keys, the other for creating a multi-entry que-
ry interface. In the latter, several character states can be
specified for each taxon, e.g. thalli of the same species
can react K-, K+ yellow, K+ red, etc.

In the current version of FRIDA (Martellos 2010), data are
stored in a MySQL database, and organized into two datasets:

1) In the first dataset, used for producing dichotomous keys,
given a set of characters, the infra-taxonomic diversity of
each taxon is described by 1 to n records. Each record is
an array of couplets character:state (e.g. thallus:crustose).
In a record, each character can have a single state only.
Records of the same taxon differ for the state of 1 to m
characters, m being the total number of characters. These
records are used for the production of dichotomous keys.
When generating a key, the records are used independent-
ly, as if they were different objects. At the end of the
generation process, a taxon appears n times in the deci-
sion tree. The position of each record in the resulting
decision tree is due to its specific array of couplets
character:state. High redundancy is allowed in this

dataset, since the records of a taxon normally differ for
one or a few character states only.

2) In the second dataset, used for producing multi-entry que-
ry interfaces, the infra-taxonomic variability of each taxon
is described by an array of characters. For each character,
from 0 (null) to x states are given, with x the maximum
number of states of the character. In this case, a taxon is
described by a multidimensional array, in which for each
character there is an array of states. Since this dataset is
not used for generating decision trees, but for running the
multi-entry query system (see below), all the possible
infra-taxonomic diversity can be described in a single
record.

The relationship between records in the multi-entry data-
base and the one used for the generation of dichotomous keys
is 1 to 1 to many, because for each record in the multi-entry
database there can be 1 or more records in the key-generating
database.

The decision of developing and maintaining two differ-
ent datasets for the same taxa in the FRIDA system is due
to the different purposes they serve. The first one is used
for optimizing the decision trees (dichotomous keys), the
second for creating a performing multi-entry query
interface.

Further data are the descriptions of species, which also
derive from ITALIC. We have preferred to avoid
computer-generated descriptions, whose shortcomings are
well-known. All descriptions are textual, and based on dif-
ferent sources, including original descriptions, recent
monographs, and the direct observation of herbarium ma-
terial, when necessary. The characters typical of a genus
are repeated for every single species of that genus. The
reason is that the general key to the lichens of Italy will
not follow a classical, paper-printed taxonomic scheme

Fig. 1 Entity-relationship diagram among the databases which are used in the generation, storage and use of digital identification keys. For the species
known to occur in Italy, the nomenclatural backbone id provided by ITALIC
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where the characters of genera can be specified in a sepa-
rate paragraph. Furthermore, from that key it will be pos-
sible to rapidly derive a high number of smaller keys (e.g.
to the lichens of a natural park, of a region, of a school
garden etc.) where species of different genera will key out
in the same couplet.

Images of species derive from the image database of
ITALIC curated by P.L. Nimis & F. Schumm,which presently
includes more than 35.000 digital images for almost 5.500
infrageneric taxa, including many species not occurring in
Italy. The relationship between the database in which digital
keys are stored after generation and refinement and the image
archive is 0 to many (see Fig. 1), as the image archive can

contain images of taxa which are not included in any identifi-
cation key, while some taxa can lack images.

Distribution maps, also deriving from ITALIC, will be in-
cluded into the keys in the next future.

5 The first example

In order to test the query systems, a first comprehensive key
has been already published online, which includes all lichens
known from Northern Italy, for a total of 2.339 infrageneric
taxa (Nimis 2019). Users can access the key by means of two
query interfaces:

Fig. 2 A part of the multi-entry
query interface
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1 The simplest one is a single entry query interface, which
follows the dichotomous key from the beginning to the
end. This interface allows to generate a list of taxa, or a
printable key to the remaining taxa, at every step of the
identification process. The usability of the dichotomous
keys is greatly enhanced by the availability of illustrations
for characters states, and species.

2 The second interface, which is shown by default, allows
more complex queries. It displays a multi-entry interface
(Fig. 2) with a series of selected illustrated characters (e.g.
substrates, growth-forms, vegetative propagules,

ascocarp-type, photobionts, types of spores, numbers of
spores per ascus, etc.), each with 2 to n states. Users can
choose, at the same time, one character state for several
characters. The query activates a set of algorithms which
reduce the original dichotomous key to a smaller one, con-
taining only the taxa matching the query parameters. The
original dichotomous key is disrupted and rebuilt, with
less steps, but retaining the original sequence of steps cho-
sen by the author(s). The output is a single-entry interface
which nowworks on the new, reduced list of species. If the
genus is already known, one can also obtain a

Fig. 3 A printable dichotomous key to species filtered via the multi-entry interface (saxicolous placodioid Calogaya-species)
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dichotomous key of all species of that genus, or can com-
bine the genus name with some other character: e.g. a key
to all epilithic species of Calogaya with a placodioid thal-
lus (Fig. 3).

Once the identification process is completed, the system
leads to a taxon page which displays the name of the taxon,
a textual description, an ecological-distributional note (at the
moment present only in the dichotomous keys to genera), and
all available pictures with their metadata. All of these items are
automatically retrieved from the archives of ITALIC.

The system also permits to produce printable illustrated
dichotomous keys “on demand” (Fig. 3) at any step of the
identification process (Nascimbene et al. 2010). Examples of
paper-published keys largely produced by FRIDA are the key
to terricolous lichens of Italy (Nimis and Martellos 2004), the
key to macrolichens of Estonia (Randlane et al. 2011) and a
key to 100 common lichens of Thailand which is being used to
organize lichen labs at the university level (Nimis et al. 2017).

Finally, dichotomous, stand-alone versions of the keys are
freely downloadable on smartphones and tablets via the free
app KeyToNature (Riccamboni et al. 2010; Nimis et al. 2015),
available both for Android and iOS devices.

6 Discussion

Computer-aided keys have several advantages when com-
pared to traditional paper-printed keys:

1) They can be corrected and updated in real time, permit-
ting to add/exclude species, fix eventual mistakes, and
update nomenclature without the need of a new paper-
printed edition.

2) They are available, with different query interfaces, on
different media (online, stand-alone, for mobile devices,
paper-printable).

3) They can make use of a potentially unlimited amount of
multimedia resources, such as digital images of species
and characters, distribution maps, etc. (but for e.g. ani-
mals also videos, sound recordings, etc.).

4) They permit the rapid production of smaller keys, devoted
to the organisms of a given area or a given habitat (e.g.
keys at the regional level, keys to natural parks, keys to
species used in biomonitoring studies, simplified keys for
school projects, etc.), which can be easily customized to
the needs of different potential users.

5) They have a much wider potential outreach than paper-
printed books.

The key to the lichens of Northern Italy, which already
includes c. 84% of the infrageneric taxa known to occur in

the country, is presently in the phase of advanced testing,
being continuously corrected and updated online. Further
work will be focused in adding other characters to the multi-
entry query interface. Nationwide keys to different genera and
groups of genera, produced in collaboration with several spe-
cialists, are presently being progressively published online in
the taxon pages of ITALIC devoted to genera. Once these will
be completed, they will be integrated into a general key to all
lichens of Italy, whose publication online and in paper-form is
foreseen by 2025.
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