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Abstract

Lichens are symbiotic associations resulting from interactions among fungi (primary and secondary mycobionts), algae and/
or cyanobacteria (primary and secondary photobionts), and specific elements of the bacterial microbiome associated with
the lichen thallus. The question of what is a species, both concerning the lichen as a whole and its main fungal component,
the primary mycobiont, has faced many challenges throughout history and has reached new dimensions with the advent of
molecular phylogenetics and phylogenomics. In this paper, we briefly revise the definition of lichens and the scientific and
vernacular naming conventions, concluding that the scientific, Latinized name usually associated with lichens invariably
refers to the primary mycobiont, whereas the vernacular name encompasses the entire lichen. Although the same lichen
mycobiont may produce different phenotypes when associating with different photobionts or growing in axenic culture,
this discrete variation does not warrant the application of different scientific names, but must follow the principle "one
fungus =one name". Instead, broadly agreed informal designations should be used for such discrete morphologies, such as
chloromorph and cyanomorph for lichens formed by the same mycobiont but with either green algae or cyanobacteria. The
taxonomic recognition of species in lichen-forming fungi is not different from other fungi and conceptual and nomenclatural
approaches follow the same principles. We identify a number of current challenges and provide recommendations to address
these. Species delimitation in lichen-forming fungi should not be tailored to particular species concepts but instead be derived
from empirical evidence, applying one or several of the following principles in what we call the LPR approach: lineage (L)
coherence vs. divergence (phylogenetic component), phenotype (P) coherence vs. divergence (morphological component),
and/or reproductive (R) compatibility vs. isolation (biological component). Species hypotheses can be established based
on either L or P, then using either P or L (plus R) to corroborate them. The reliability of species hypotheses depends not
only on the nature and number of characters but also on the context: the closer the relationship and/or similarity between
species, the higher the number of characters and/or specimens that should be analyzed to provide reliable delimitations.
Alpha taxonomy should follow scientific evidence and an evolutionary framework but should also offer alternative practical
solutions, as long as these are scientifically defendable. Taxa that are delimited phylogenetically but not readily identifiable
in the field, or are genuinely cryptic, should not be rejected due to the inaccessibility of proper tools. Instead, they can be
provisionally treated as undifferentiated complexes for purposes that do not require precise determinations. The application of
infraspecific (gamma) taxonomy should be restricted to cases where there is a biological rationale, i.e., lineages of a species
complex that show limited phylogenetic divergence but no evidence of reproductive isolation. Gamma taxonomy should not
be used to denote discrete phenotypical variation or ecotypes not warranting the distinction at species level. We revise the
species pair concept in lichen-forming fungi, which recognizes sexually and asexually reproducing morphs with the same
underlying phenotype as different species. We conclude that in most cases this concept does not hold, but the actual situation
is complex and not necessarily correlated with reproductive strategy. In cases where no molecular data are available or where
single or multi-marker approaches do not provide resolution, we recommend maintaining species pairs until molecular or
phylogenomic data are available. This recommendation is based on the example of the species pair Usnea aurantiacoatra vs.
U. antarctica, which can only be resolved with phylogenomic approaches, such as microsatellites or RADseq. Overall, we
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consider that species delimitation in lichen-forming fungi has advanced dramatically over the past three decades, resulting
in a solid framework, but that empirical evidence is still missing for many taxa. Therefore, while phylogenomic approaches
focusing on particular examples will be increasingly employed to resolve difficult species complexes, broad screening using
single barcoding markers will aid in placing as many taxa as possible into a molecular matrix. We provide a practical pro-
tocol how to assess and formally treat taxonomic novelties. While this paper focuses on lichen fungi, many of the aspects
discussed herein apply generally to fungal taxonomy. The new combination Arthonia minor (Liicking) Liicking comb. et

stat. nov. (Bas.: Arthonia cyanea f. minor Liicking) is proposed.

Keywords Alpha taxonomy - Beta taxonomy - Biological species concept - Cora - Cryptic speciation - Fungal farmers -
Gamma taxonomy - Infraspecies - Lichens as ecosystems - Machine learning - Morphological species concept - One
fungus =one name - Photomorph - Phylogenetic species concept - Species pair concept - Thamnolia
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Introduction

Botanical nomenclature, and with it the nomenclature of
fungi including lichen-formers, started with Linnaeus
(1753). Only 80 lichens were accepted in that work, in a sin-
gle genus Lichen, although some were also included in the
algal genus Byssus (= Trentepohlia; for authorship and Index
Fungorum/MycoBank registration numbers of names used in
this paper, see Suppl. File S1). For comparison, while recog-
nizing about the same number of fungi, Linnaeus classified
these into ten genera. Prior to Linnaeus various workers had
already elaborated more detailed classifications for lichens,
regarding the number of species and/or genera. Michelius
(1729), in his Nova Plantarum Genera, recognized nearly
300 species, in a single genus Lichen but classified into 38
groups ("ordo"). In Historia Muscorum, Dillenius (1742)
also recognized close to 300 species, in several genera (e.g.,
Byssus, Conferva, Coralloides, Lichen, Lichenastrum,
Lichenoides, Usnea), although it remains unclear whether
some of these actually corresponded to lichens or to algae,
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bryophytes, or fungi. Thus, Linnaeus (1753) marked the first
substantial change in species concepts in lichen fungi. It was
not until Acharius (1798, 1803, 1810, 1814), the "father of
lichenology" (Nylander 1858; Vitikainen 1976), when the
classification of lichens got back on track and the diversity
of this enigmatic group of organisms began to be unraveled.

Another angle on species concepts in lichens was pro-
vided by their initial treatment as organisms separate from
plants and fungi, although similarities with bryophytes,
algae and fungi (Fig. 1) were recognized early on. The sepa-
ration between lichens and fungi was, however, not clear-cut:
Acharius (1810) included some non-lichenized fungi, and
Fries (1821) noted analogies between particular genera in
his introduction to Systema Mycologicum—one of the key
works sanctioning names of fungi. These analogies were,
however, superficial and did not relate genera perceived as
lichens to their closest fungal relatives (e.g., Verrucaria vs.
Sphaeria= Hypoxylon; Graphis vs. Hysterium; Biatora vs.
Peziza; Collema vs. Tremella). Just prior to the decade that
led to the discovery of the lichen symbiosis (De Bary 1866;
Schwendener in Anonymous 1867; Schwendener 1868), the
Finnish lichenologist Nylander (1858) published a classi-
fication considering lichens an evolutionary link between
algae and fungi. This was based on the idea that lichens
were overall similar to fungi but contained an additional
element not known from other fungi but similar to algae, the
so-called "gonidia" (Korber 1939; Berkeley 1857). Thwaites
(1849) established a close relationship of lichen "gonidia"
with algae, such as Nostoc (in Collema, Leptogium and the
species now known as Placynthium nigrum); Pleurococcus
sensu lato (in most "lichens proper", including Biatora ver-
nalis, referring to a variety of chlorococcoid photobionts
nowadays classified in genera such as Trebouxia, Asterochlo-
ris, Coccomyxa, Myrmecia, and others); Coccochloris sensu
lato (a rejected name in favour of Aphanothece, actually
referring to the Gloeocapsa photobiont in what Thwaites
called Synalissa vulgaris and which correctly refers to S.
ramulosa); and Ulva sensu lato (the photobiont of Mastodia
tessellata, subsequently identified as Prasiola crispa subsp.
antarctica; see Pérez-Ortega et al. 2010). Besides Sidney
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Fig. 1 Examples of lichens that
show superficial similarity with
non-lichenized fungi, algae, or
bryophytes. a Dibaeis columbi-
ana. b Lichenomphalia lobata.
¢ Coenogonium interplexum. d
Dictyonema album. e Pseudohe-
patica pachyderma. £ Ricasolia
glaberrima. All photographs
by Robert Liicking except b
(Bibiana Moncada)

(1846), Thwaites (1849) was among the first to consider
gonidia as an essential part of the lichen thallus, not merely
a structure for reproduction. However, he did not draw the
proper conclusions and instead considered lichens and the
corresponding algae closely related, even suggesting that in
some cases they should be placed in the same genus.

Prior to the recognition of the lichen as a symbiosis,
names given to lichens encompassed the gonidia as spe-
cific structures of the thallus. The discovery of the lichen
symbiosis made it necessary to not only reconsider the
nature of lichens but also their nomenclature and classifi-
cation. Shortly after the turn of the century, two schools
had emerged: the largely Central European school, main-
taining lichens as a separate group related to fungi (e.g.,
Reinke 1896; Zahlbruckner 1907, 1926), and the largely
North American school, integrating lichen fungi into the
overall fungal classifications (e.g., Lindau 1895; Clements
1897, 1909; Fink 1911; Clements and Shear 1931). In both

cases, it was implied that the name given to lichens should
refer to the fungal partner, but formally this issue was only
resolved well into the twentieth century, when the Stock-
holm Code specified the scientific name as applying to the
fungal component (Lanjouw et al. 1952; Santesson 1953).
More than a decade prior, Thomas (1939) had proposed to
name lichen fungi in culture differently, by adding the suffix
"-myces". The subsequent approach by Ciferri and Toma-
selli (1953a, b, 1954a, b, 1955, 1957; see Santesson 1954;
Liicking and Hawksworth 2007) is often considered a last
attempt at giving different names to lichen fungi whereas
retaining the original name for the lichen as a whole. How-
ever, this is a misinterpretation of the original intention of
these authors, who suggested to apply different names to the
fungus in axenic culture vs. the lichen mycobiont in situ.
Their approach was similar to dual nomenclature, which at
the time was only allowed for so-called pleomorphic fungi,
i.e., fungi with both sexual and asexual morphs.
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Lichen-forming fungi continued to be regarded as a sepa-
rate class from other Fungi, latinized as Lichenes (higher
taxon names here placed in italics, following Thines et al.
2020), a practice followed in the appendices of conserved
generic names in editions of the International Code of
Botanical Nomenclature, right up to the Leningrad Code
(Stafleu et al. 1978). This later changed to "Fungi (includ-
ing lichen-forming fungi)" in the Sydney Code (Voss et al.
1983), and to "Fungi" in the Tokyo Code (Greuter et al.
1994). Alongside these changes, the second half of the
twentieth century saw a full integration of lichen mycobi-
onts into fungal classifications, fostered by initiatives such
as Ainsworth & Bisby’s Dictionary of the Fungi (Ainsworth
et al. 1971), the Index of Fungi (from 1970 onwards), and
Systema Ascomycetum, from its inception in 1986 (Hawk-
sworth and Eriksson 1994; Liicking et al. 2021a). Lichen
fungi thus became part of regularly implemented updates
of fungal classifications and this facilitated a seamless tran-
sition into the molecular era, with substantial changes in
the higher classification of fungi including lichen-formers
in the past three decades (Miadlikowska et al. 2006, 2014a;
Nelsen et al. 2009, 2011, 2020; Lumbsch and Huhndorf
2010; Frisch et al. 2014; Chen et al. 2015; Liicking et al.
2017a; Kraichak et al. 2018; Pizarro et al. 2018; Widhelm
et al. 2019). Molecular phylogenies were also employed
early on to address species delimitation in lichen fungi, first
using single-marker approaches focusing on the fungal ITS
barcoding marker but also increasingly other approaches
such as multi-marker coalescence or phylogenomics, includ-
ing microsatellites, RADseq and target capture (Franc and
Kirnefelt 1998; Lohtander et al. 1998; Thell et al. 2000;
Kroken and Taylor 2001; Moncada et al. 2014; Liicking et al.
2017b; Magain et al. 2017; Grewe et al. 2018; Lagostina
et al. 2018; LaGreca et al. 2020; Widhelm et al. 2021; Liick-
ing et al. 2021b). These studies have also generated new
interest in the application of theoretical species concepts
to species-level taxonomy in lichen fungi (Grube and Kro-
ken 2000; Buschbom and Mueller 2006; Crespo and Pérez-
Ortega 2009; Crespo and Lumbsch 2010; Lumbsch and
Leavitt 2011; Leavitt et al. 2016a, b; Jgrgensen 2019).

Here, we provide a revised overview of the different
aspects of species-level taxonomy in lichen fungi, focusing
on conceptual and practical aspects and taking into account
increasing evidence from phylogenetics and phylogenomics,
with numerous examples and practical recommendations.

What are lichens and how should they be
named?

After the discovery of the lichen symbiosis, the definition of

what constitutes a lichen has varied considerably (Table 1).
Some definitions are descriptive rather than diagnostic, e.g.,
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that of Ahmadjan (1993). Rather than developing over time,
definitions also followed particular views, such as Honeg-
ger (1991, 2001, 2012) using the symbiotic phenotype as
core element, and Hawksworth and co-workers focusing on
the notion of a stable, self-supporting association and the
antagonism between the mycobiont as exhabitant and the
photobiont as inhabitant (Hawksworth et al. 1983; Hawks-
worth and Hill 1984; Hawksworth 1988; Hawksworth and
Honegger 1994).

There are certain challenges to the accurate and precise
definition of a lichen. A merely functional definition, as a
symbiosis between a heterotrophic fungus (or fungus-like
organism) and a photosynthetic component, would be impre-
cise, as it would not discriminate between lichens one one
hand and ecto- and endomycorrhiza, bryophilous fungi,
mycophycosymbioses, and endosymbiotic associations,
such as in Geosiphon pyriformis, all of which are not con-
sidered lichens (Hawksworth and Hill 1984; Hawksworth
1988). A taxonomic or phylogenetic definition, as a symbio-
sis between a fungus and an alga or cyanobacterium, would
also be challenging, as fungi in the sense of the International
Code of Nomenclature for algae, fungi and plants [ICNafp
(Shenzen); Turland et al. 2018; May et al. 2018] are not a
natural group, encompassing at least three kingdoms, and
the known lichen photobionts represent two domains and
three kingdoms (Friedl and Biidel 2008; Saini et al. 2019).
Given extant lichens, one could specify the fungal compo-
nent as a member of the kingdom Fungi, but what would a
theoretical association involving a member of the Oomycota
then constitute and how could one exclude that associations
with other fungal-like organisms might exist or might have
existed in the past? Associations with photosynthetic algae
have also been formed by fungal-like bacteria (Actinomy-
cetes) and by fungi otherwise not forming lichens, such as
in the genus Aspergillus, under laboratory conditions (Lazo
1966; Lawrey 1984; Zvyagintsev et al. 2010; Liicking and
Nelsen 2018; Krespach et al. 2020). Since photobionts of
lichens represent two domains (including Bacteria) and
three kingdoms, there would be no logical reason to restrict
mycobionts to a single domain (excluding Bacteria) and
kingdom. Additional complications arise from facultatively
lichenized fungi, e.g., in the genera Schizoxylon and Stictis
(Stictidaceae; Wedin et al. 2004; Muggia et al. 2011), from
situations where it is unclear whether the fungus is actu-
ally lichenized, in species of genera such as Arthonia sensu
lato, Arthopyrenia sensu lato, or Mycomicrothelia sensu
lato (Hawksworth 2005; Liicking et al. 2017a; Grube and
Wedin 2018; Thiyagaraja et al. 2020), and from lichenicol-
ous lichens in which one fungus takes over the photobiont
of another lichen, e.g. in Diploschistes muscorum (Friedl
1987).

Thus far, associations broadly accepted as lichens fulfil
two criteria: (1) the mycobiont is a member of the kingdom



Fungal Diversity (2021) 109:99-154

103

Table 1 Selected definitions of the lichen symbiosis according to various sources throughout history, in chronological order

References

Definition

Fiinfstiick (1907, p. 3)

Fink (1913, p. 117)

Ainsworth and Bisby (1943, p. 160)

Alexopoulos (1952, p. 440)

Ainsworth et al. (1971, p. 318) (see also
Hawksworth 1978, p. 212)

Ahmadjian (1982, p. 18)

Hawksworth et al. (1983, p. 216)

Hawksworth and Hill (1984, pp. 2-3)

Hawksworth (1988, p. 17)
Honegger (1991, p. 553)

Ahmadjian (1993, p. 1)

Goward (1994, p. 17)
Hawksworth and Honegger (1994, p. 79)

Honegger (2001, p. 165) (see also Hon-
egger 2012, p. 288)

Kirk et al. (2008, p. 378)

Hawksworth and Grube (2020, p. 1282)

"Die Flechten sind komplexe Gebilde und bestehen aus hoheren Fadenpilzen, welche mit bestimmten
einzelligen Algen, selten Fadenalgen, gemeinschaftlich vegetieren. Die Flechtenpilze, welche durch
relativ diinne Membranen ausgezeichnet sind, gehdren mit einer einzigen Ausnahme den Ascomy-
ceten, die Algen, im Flechtenkorper speciell als Gonidien bezeichnet, sowohl den Schizophyceen als
auch den Chlorophyceen an." ["The lichens are complex structures and consist of higher filamentous
fungi, which vegetate together with certain unicellular algae, rarely filamentous algae. The lichen
fungi, which are characterized by relatively thin membranes, belong to the Ascomycetes, with a
single exception; the algae, specifically designated as gonidia in the lichen body, belong to both the
Schizophyceae and the Chlorophyceae."]

"A lichen is a fungus which lives during all or part of its life in parasitic relation with an algal host
and also sustains a relation with an organic or an inorganic substratum."

"The lichens are commonly taken as a special group, but each one is a self-supporting symbiotic
association of a fungus and an alga ..."

"... a combination of an alga and a fungus in which the two components are so interwoven as to form
what appears to be a single individual."

"... a self-supporting symbiotic association of a fungus (mycobiont) and an alga (photobiont)."

"A lichen is an association of a fungus and a photosynthetic symbiont resulting in a stable thallus
of specific structure." [result of and International Association for Lichenology (IAL) Terminology
Committee poll in 1981]

"The lichens are a biological and not a systematic group and each is basically a stable self-supporting
association of a fungus (mycobiont) and an alga or cyanobacterium (photobiont)."

"A lichen is an association of a fungus and a photosynthetic symbiont resulting in a stable thallus of
specific structure" (following Ahmadjian 1982); "... a stable self-supporting association of a myco-
biont and a photobiont” (following Hawksworth et al. 1983); "The mycobiont (the exhabitant) is
the fungal partner in a lichen association, and the photobiont (the inhabitant) is the photosynthetic
partner."

"A lichen is a stable self-supporting association of a mycobiont and a photobiont in which the mycobi-
ont is the exhabitant."

"Lichens are the symbiotic phenotype of nutritionally specialized fungi that live as ecologically obli-
gate biotrophs in symbiosis with algal and/or cyanobacterial photobionts."

"A lichen is a symbiotic association of a fungus (mycobiont) and a photosynthetic partner (photobi-
ont), which may be an alga or a cyanobacterium. ... the fungus produces a thallus, or body, within
which the photobionts are housed."

"... lichens are fungi that have taken up agriculture."

"... lichen is an ecologically obligate, stable mutualism between an exhabitant fungal partner and an
inhabitant population of extracellularly located unicellular or filamentous algal or cyanobacterial
cells."

"Lichens are the symbiotic phenotype of lichen-forming fungi, a polyphyletic, taxonomically heteroge-
neous [diverse] assembly [group] of nutritional specialists which acquire [derive, in a mutualistic
symbiosis, | fixed carbon from a population of minute, extracellularly located green algal or cyano-
bacterial cells, these are referred to as the photobiont."

"A lichen is a stable self-supporting association of a fungus (mycobiont) and an alga or cyanobacte-
rium (photobiont). More precisely, a lichen is an ecologically obligate, stable mutualism between
an exhabitant fungal partner and an inhabitant population of extracellularly located unicellular or
filamentous algal or cyanobacterial cells."

"A lichen is a self-sustaining ecosystem formed by the interaction of an exhabitant fungus and an
extracellular arrangement of one or more photosynthetic partners and an indeterminate number of
other microscopic organisms."

Fungi; (2) the photobiont is algal-like, i.e., with an undif-
ferentiated, unicellular to filamentous body plan not form-
ing distinct organs (root, stem, leaves). If this is incorpo-
rated into the definition, two challenging cases remain that
are currently not considered lichens: (1) so-called myco-
phycobioses, i.e., relationships between marine fungi and

macroalgae with a differentiated body plan and in which
the algae typically retain their form and sexual reproduc-
tive capacity, such as Mycophycias ascophylli in the sea-
weed genera Ascophyllum and Pelvetia (Kohlmeyer and
Kohlmeyer 1972; Hawksworth 1988, 2000; Selosse and Le
Tacon 1998; Gimmler 2001; Pérez-Ortega et al. 2018); and
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(2) relationships between certain mushrooms, such as in
the genus Arrhenia, and moss protonemata, the latter being
"algal-like" (Redhead 1984; Redhead and Kuyper 1987;
Dobbeler 1997; Stenroos et al. 2010; Pressel et al. 2014).

Another issue is the biological nature of the symbiosis,
which has been classified somewhere between mutualism
and controlled parasitism (Ahmadjian 1993; Hawksworth
1988; Honegger 1991, 1998). The fungal partner actively
seeks the relationship with a compatible photobiont and
controls it, both in terms of morphology and physiology
(Honegger 1991, 1998, 2001, 2012; Sanders 2001a, 2005,
2014; Sanders and Liicking 2002). Even some filamentous
lichens, which give the impression that the thallus shape is
driven by the photobiont, turned out to be remarkable cases
of mycobiont-controlled photobiont morphogenesis (Nyati
et al. 2007). Filamentous algae of the genus Trentepohlia
also change their morphology in lichenization with Coe-
nogonium (Uyenco 1965), even if the latter genus resembles
non-lichenized algae (Fig. 1c). Essentially, the mycobiont
builds a "greenhouse" for the photobiont, except for cases
when the environmental conditions are favorable for the pho-
tobiont, such as in filamentous thalli of Coenogonium and
Dictyonema in tropical regions (Thomas et al. 1997; Lakatos
et al. 2006). For this reason, the definition of lichens being
fungi that discovered agriculture has caught some momen-
tum (Goward 1994; Liicking et al. 2009a, b, c¢; Liicking and
Lumbsch 2014). Indeed, patterns of mycobiont and photo-
biont diversity and photobiont sharing between unrelated
mycobionts show analogies to farming (Hyvérinen et al.
2002; Liicking et al. 2009a).

Up to the present, lichens have been defined as an asso-
ciation between a mycobiont and one or two photobionts
(Table 1), as these are the elements generally visible under
microscopic examination (Fig. 2). However, the frequent
presence of lichenicolous fungi and the discovery of a
diverse microbiome associated with the lichen thallus have
challenged this view (Hawksworth and Grube 2020). Apart
from the principal bionts, the lichen microbiome is consti-
tuted of at least four additional components: (1) lichenicol-
ous fungi, (2) endolichenic fungi, (3) facultatively associated
algae and/or cyanobacteria, and (4) bacteria. Lichenicolous
fungi are the best studied group among these (Lawrey and
Diederich 2003; Diederich et al. 2018). They can largely be
divided into mycoparasites, which attack the lichen mycobi-
ont and often cause substantial damage to the thallus, gall-
formers, and often symptomless fungi that share the algal
partner, sometimes called parasymbionts, although other
strategies exist as well (Hawksworth 1988, 2003; Grube and
Hafellner 1990; Grube and Liicking 2002). A remarkable
case among the latter are the lichenicolous lineages nested
within macrolichen clades in the family Parmeliaceae (Diva-
kar et al. 2015). However, the division between lichenicolous
fungi and lichen-formers is not clear-cut. New findings raise
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(mycobiont)

Fig.2 Section through a lichen thallus (Parmeliaceae) showing the
principal components of the lichen symbiosis. The diverse micro-
biome including endolichenic fungi and bacteria is not immediately
visible. Inset shows an SEM magnification of the interface between
fungi and algae in Xanthoria parietina, using false colors to indicate
the two bionts. Section photograph by Robert Liicking, inset SEM
courtesy of Rosemarie Honegger (original in greyscale)

the question whether fungi other than the primary mycobi-
ont, such basidiomycetous yeasts and other fungi inhabiting
the cortex of lichen thalli, play a role in the symbiosis or
are merely latent stages of lichenicolous gall formers (Spri-
bille et al. 2016; Liicking and Moncada 2017; éernaj ova and
Skaloud 2019; Lendemer et al. 2019; Tuovinen et al. 2019,
2021; Mark et al. 2020).

Endolichenic fungi are a more diffuse group usually
detected with high throughput sequencing or culturing, in
analogy to endophytic fungi (Arnold et al. 2009; Chagnon
et al. 2015; Fernandez-Mendoza et al. 2017; Tripathi and
Joshi 2019). Endophytic fungi are generally latent sapro-
trophs or pathogens, but it remains unclear to what extent
endolichenic fungi, other than lichenicolous taxa, actually
have a latent presence within lichen thalli or whether they
just represent spores or hyphae of widespread, weedy taxa
accidentally trapped or otherwise associated with the latter.
The role of fungi as saprotrophs on dead lichens remains
unclear, although decomposition of lichen thalli has been
widely studied (Guzman et al. 1990; Greenfield 1993;
Biazrov 1994; McCune and Daly 1994; Caldiz et al. 2007;
Campbell et al. 2010; Asplund and Wardle 2012; Berdugo
et al. 2021). Given the diversity of mycoparasites in gen-
eral and lichenicolous fungi attacking and damaging lichen
mycobionts in particular, it seems feasible that certain fungi
play a role in decomposing lichen thalli, although it has also
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been shown that certain lichen substances can prevent fungal
attacks and this effect may persist in dead thalli (Lawrey
1995; Torzilli et al. 2002).

The bacterial microbiome of lichens is highly diverse
and there is some indication of partial specificity and some
functional role in the lichen symbiosis (Cardinale et al.
2012; Grube et al. 2012, 2015; Aschenbrenner et al. 2016;
Hawksworth and Grube 2020; Grimm et al. 2021). How-
ever, when considering the microbiome in the definition
of lichens, it should not be overlooked that microbiomes
occur in practically all organisms, most notably in the gut
of animals, such as insects or vertebrates including humans
(Ohkuma 2008; Brune and Dietrich 2015; Heintz-Buschart
and Wilmes 2018; Mufioz-Benavent et al. 2020; Scheelings
et al. 2020). In none of these cases, the microbiome, even
if highly specific, is included in the definition of the corre-
sponding organism. Humans without their gut microbiome
are still defined as humans. The case of lichens is, however,
different, as lichens are not single organism but already con-
stitute a symbiosis. Thus, while the definition of each of the
principal components of a lichen, the mycobiont and the
photobiont(s), is independent of the microbiome, the lichen
as a whole may not exist without certain components of the
latter. Even so, a definition should be diagnostic rather than
descriptive, and hence not include every component poten-
tially found in lichens but only those that are critical for their
successful establishment. Therefore, we propose a modified
definition, integrating aspects put forward by Ainsworth
et al. (1971), Hawksworth (1988), Honegger (1991, 2012),

Fig. 3 Phenotypic divergence
of the same mycobiont under
different conditions. a Chloro-
morph and b dendriscocauloid
cyanomorph of Sticta latifrons.
¢ Thallus of Xanthoria parietina
(yellow wall lichen) in situ. d
axenic culture of X. parietina.
Photographs by Robert Liicking
(a—c) and Zakieh Zakeri (d,
with permission)

Goward (1994), Kirk et al. (2008), and Hawksworth and
Grube (2020).

A lichen is a stable, self-supporting association of a fungus
or fungal-like organism, the primary mycobiont, and a
morphologically undifferentiated, unicellular to filamentous
alga and/or a cyanobacterium, the primary (and second-
ary) photobiont, along with obligately associated elements
of the fungal and bacterial microbiome contained therein.
The phenotype of the mycobiont in the lichenized state (the
exhabitant) typically functions as a greenhouse around the
photobiont (the inhabitant), the mechanical, physiological
and evolutionary properties of the symbiosis thereby exhibit-
ing analogies with agriculture.

The above considerations about the definition of lichens are
of a purely biological and functional nature and primarily unre-
lated to taxonomic and nomenclatural considerations. It has,
however, been argued that the lichen symbiosis is unique in that
the mycobiont, in order to build the "greenhouse" for the pho-
tobiont, develops morphological structures neither known from
other fungi nor from the mycobiont itself when grown in axenic
culture (Honegger 1991, 2001, 2012). As a result, mycobionts
in axenic culture have entirely different phenotypes compared
to lichenized thalli, and the lichen architecture only exists in
the presence of both bionts. Through this architecture, lichens
acts in their environment as if they were single organisms,
functionally and morphologically mimicking plants (Sanders
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2001b). This morphological differentiation in the presence of
a photobiont is particularly striking when considering cepha-
lodia and so-called photosymbiodemes (Fig. 3a—b), in which
the same fungus forms different structures or entirely differ-
ent lichens when associating with either green algae or cyano-
bacteria (James and Henssen 1976; Armaleo and Clerc 1991;
Green and Lange 1991; Purvis 2000; Sanders 2001c; Magain
et al. 2012; Moncada et al. 2013a, b; Ranft et al. 2018). The
notion that these instances form functionally distinct entities
has sparked controversy as to whether they should be named
differently (Goward 2008). This extends to the issue that the
scientific name of the lichen mycobiont is often used as proxy
for the lichen as a whole, in all its complexity, which is mislead-
ing at best and inappropriate at worst. In contrast, vernacular
names encompass the entire lichen, as they are derived from the
overall appearance of the thallus architecture, produced by both
the mycobiont and the photobiont(s). Therefore, vernacular
names do not precisely correspond to scientific names applied
to lichens (Goward 2008). A comparison between the thallus
of the yellow wall lichen, with the scientific name Xanthoria
parietina for the mycobiont, and the axenic culture of the latter
(Fig. 3c—d; see also Purvis 2000, p. 9), immediately demon-
strates that the vernacular name cannot apply to the fungus in
isolation.

While the above considerations seem to justify the need for
a name to encompass the lichen as a whole, or to distinguish
between different lichens formed by the same fungus, such as
photosymbiodemes, it should be noted that analogous situa-
tions are common in the Tree of Life. Examples are rust fungi,
red algae, and holometabolous insects. Rust fungi can form up
to six morphologically different phases during their life-cycle,
partly associated with different hosts (Aime 2006). Tradition-
ally, these have been given different scientific names, espe-
cially when based on sexual vs. asexual reproduction, under
the concept of dual nomenclature (Briquet et al. 1912). Thus,
the phase of Puccinia graminis on Berberis was named Aecid-
ium berberidis. However, during the past decade, this concept
has been abandoned in favor of "one fungus=one name" (Tay-
lor 2011; Hawksworth et al. 2011). A similar situation is found
in red algae, where the so-called chantransia stages in the
genus Batrachospermum sensu lato may have been classified
in separate genera, such as Audouinella, Chantransia, Ptilo-
thamnion, and others (Necchi and Zucchi 1997; Chiasson et al.
2005; Vis et al. 2006; Necchi et al. 2019). Vis et al. (2006) pro-
posed to formally maintain the chantransia stages in the genus
Chantransia, which is not allowed by the Code [ICNafp (Shen-
zen) Art. 52.1]. Holometabolous insects form strikingly dif-
ferent developmental stages, occupying quite different niches
in ecosystems. These were rarely treated as separate taxa but
from early on received informal names, such as larva, pupa,
and imago (Johnson and Triplehorn 2005; Miller et al. 2005).
The fact that the same species can form strikingly disparate
morphs, triggered by environment, ontogeny, epigenetics,
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genotype, or other factors, is thus well-documented across the
Tree of Life, and in modern nomenclature these are not treated
separately. As a consequence, the appears to be no particular
reason why the same fungus forming disparate phenotypes
under different conditions should receive different scientific
names. Rather, in such instances, the scientific name should
be accompanied by a standardized, informal designation, in
analogy to e.g., insect stages, such as chloromorph and cyano-
morph in the case of photosymbiodemes (Goffinet and Bayer
1997).

This issue also relates to the effort initiated by Thomas
(1939) and formally implemented by Ciferri and Tomaselli
(1953a, b, 1954a, b, 1955, 1957) to generate separate scien-
tific names for lichen mycobionts in axenic culture. While
the latter authors recognized the newly implemented provi-
sion by the Code that the scientific name originally given to
lichens applies to the mycobiont, they argued that the lichen
fungus behaves strikingly different in the lichen symbiosis as
compared to its axenic culture. In particular, they concluded
that from the thousands of lichens recognized at the time,
only a much smaller number of fungi could be isolated in
culture. Thus, in their interpretation different lichens shared
the same fungus, just as different lichens shared the same
photobiont, and so the diversity of lichens was caused by
variable combinations of a low number of fungi and algae or
cyanobacteria. Their approach was thus ill-defined both sci-
entifically and nomenclaturally (Liicking and Hawksworth
2007).

Recommendation 1: The scientific nomenclature applied to the
fungal and algal or cyanobacterial components of lichens follow
the ICNafp (Shenzen), according to which each biont has its
separate scientific, latinized name. The scientific name denot-
ing lichens corresponds to the primary mycobiont. The scientific
name of the primary mycobiont does not encompass any of the
other components, such as the photobiont or other associated
fungi, algae, cyanobacteria, or bacteria. Therefore, in taxonomic
or nomenclatural works focusing on the mycobiont, the terms
"lichenized fungi" or "lichen-forming fungi" are preferred over
the term "lichen". In biological or ecological works focusing on
the lichen as a whole, the term "lichen" along with the scientific
name is acceptable for practical reasons, but it should be made
clear that scientific names cited in such a context refer to the
mycobiont only. For accuracy, the term "lichen species" should be
avoided, in favor of "lichenized species" or "lichen-forming spe-
cies". In contrast, vernacular names refer to the lichen as a whole
and taxonomic or nomenclatural works should avoid the use of
scientific and vernacular names in exact correspondence. Follow-
ing the principle of one fungus =one name, different phenotypes
and discrete morphs formed by the same mycobiont are not to be
given separate scientific names. Rather, a broadly agreed informal
nomenclature should be applied to naturally occurring discrete
morphs of the same species, such as chloromorph, cyanomorph,
sexual morph, sorediate or sorediomorph, or isidiate or isidi-
omorph
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Species concepts and their application
in lichenized fungi

Since Mayr (1944), the species has been widely recognized
as the fundamental unit to classify organisms in biodiversity
research (Wilson 1988; Mooers 2007; Freudenstein et al.
2017). This is also embedded in the Code, where the valid
establishment of taxa above species (beta taxonomy) and
below species level (gamma taxonomy) depend on the prior
valid establishment of a species name [ICNafp (Shenzen)
Art. 10.1, 10.9, 10.10, 24.1, 35.1]. However, the question
what defines species remains complex and approaches to this
problem have experienced continuous adjustments depend-
ing on conceptual and methodological advances. Numer-
ous species concepts have been established over the past
century (Mayden 1997; De Queiroz 2007; Wilkins 2009,
2018; Crous et al. 2015; Zachos 2016), but these can all be
based on three basic components (Liicking et al. 2020a):
lineage (L), phenotype (P), and reproduction (R). Species are
branches in the lines of descent, i.e., segments of metapopu-
lation lineages (De Queiroz 2007), typically expected to be
reciprocally monophyletic. While reciprocal monophyly as
an exclusivity criterion for species delimitation is intuitively
appealing, metapopulation lineages may not be recovered as
monophyletic of a number of reasons (Knowles and Carstens
2007), including incomplete lineage sorting in recently
diverged species, introgression and hybridization (see
below), porous or "semi-permeable” species boundaries, and
other evolutionary scenarios (Joly et al. 2009; Steenkamp
et al. 2018). Therefore, emerging lineages nested within a
paraphyletic residual have been accepted as recently evolv-
ing species under certain circumstances (Wheeler and Nixon
1990; Crisp and Chandler 1996; Wheeler and Platnik 2000;
Funk and Omland 2003; Freudenstein et al. 2017; Mercado-
Diaz et al. 2020). It is further expected that diverging line-
ages also diverge in phenotype, including morphology, anat-
omy, chemistry, metabolism, and physiology, owing to either
neutral mechanisms such as genetic drift, selective forces
in diverging environments, selecting of sexual partners, or
hybridization (Cohan and Hoffmann 1989; Harrington and
Rizzo 1999; Grube and Kroken 2000; McGuigan et al. 2005;
Pfennig et al. 2007; Mercader et al. 2009; Schoustra et al.
2012; Vigoder et al. 2015; Ament-Velasquez et al. 2020).
The third component, at the heart of the biological species
concept, is reproductive compatibility within vs. reproduc-
tive isolation between species. Ecological features can be
considered an extension of phenotype, whereas distribution
is independently assessed and may be used to evaluate repro-
ductive isolation, e.g., in cases of sympatry.

In a best-case scenario, as so-called "gold standard", spe-
cies should be defined through simultaneous assessment of
lineages (coherence vs. divergence), phenotype (coherence

vs. divergence), and reproductive biology (compatibility vs.
isolation), in what we call the Lineage-Phenotype-Repro-
duction or LPR approach. However, one mostly has to rely
on only one or at best two of these approaches. Indeed, spe-
cies hypotheses can be established from any type of data,
but their reliability depends on data quality and quantity.
In addition, species can appear phenotypically cryptic or
very recently diverged and hence phylogenetically unre-
solved, because the properties that are used for delimiting
species, e.g., reciprocal monophyly or diagnostic phenotypic
and ecological traits, may not manifest themselves at the
same time or in a regular order (De Queiroz 1998). This
also reflects emphasis on different properties among differ-
ent biological subdisciplines. Ecologists expect to be able to
accurately identify species in the field to understand niche
differences and so will have difficulties to accept cryptic
species. In contrast, phylogenetic properties, such as mono-
phyly, are key for molecular systematists and population
geneticists, even if they may not correlate with diagnostic
phenotype characters.

Under the unified species concept, in which species rep-
resent segments of metapopulation lineages, any diagnostic
property can be interpreted as evidence supporting the exist-
ence of a species (De Queiroz 2011). However, robustness
arguments hold that hypotheses are more likely to be true
when they are confirmed by multiple, diverse lines of evi-
dence (Stegenga and Menon 2017). Thus, species hypoth-
eses should be considered more robust with increasing
corroboration from appropriately interpreted, independent
data sources (i.e., phylogenetics, morphology, anatomy,
chemistry, ecology, etc.), and integrating independent data
for empirical species delimitation studies should be a major
focus of species delimitation research in lichen fungi (Fujita
et al. 2012; Liicking 2020; Liicking et al. 2020a). The para-
digm of the unified species concept shifts the emphasis from
traditional species criteria, focusing on "visual recognizabil-
ity", towards utilizing operational criteria that incorporate
new methods and quantitative data for species delimitation
(Tobias et al. 2010; Camargo and Sites 2013). This may cre-
ate the uncomfortable sentiment that a species is whatever
the contemporary methodology determines it to be, rather
than relying on the expertise of taxonomist and naturalists
most familiar with the group (Raposo et al. 2020).

Recognizing that species are ontologically subjective
entities, dictated by multiple ontological natures, taxonomist
face the task of identifying and utilizing the most objective
criteria for practical solutions to the potentially conflicting
ontological nature of species, including lichen fungi (Laurin
2010). Therefore, phenotypic characters apparent to human
observers may not consistently diagnose species. Evidence
from molecular sequence data provides unprecedented
insight into lineage status and is particularly relevant to
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species delimitation studies when analyzed within a rig-
orous statistical framework (Grewe et al. 2018). However,
with genome-scale data practically every population will be
diagnosable given enough resolution power (Zachos et al.
2013; Sukumaran and Knowles 2017; Widhelm et al. 2021),
a problem that may also occur with fine-scaled behavioral,
ecological and morphological traits. As a consequence, the
potential to delimit this "fractal hierarchy of divergences"
(Sukumaran and Knowles 2017) may result in infraspecific
entities erroneously recognized as species (false positive
or type I error, see below), resulting in inflated estimates
of species diversity and "taxonomic anarchy" (Garnett and
Christidis 2017; Raposo et al. 2020). While these least-
inclusive entities may have importance in conservation strat-
egies (Moritz 1994), their invariable recognition as species
is taxonomically inaccurate and application of infraspecific
categories may be more appropriate (see below). Ultimately,
the limit between species (alpha) and infraspecies (gamma)
taxonomy can only be determined by empirical or experi-
mental evidence of reproductive compatibility vs. isola-
tion (i.e., the biological component), although phenomena
such as hybridization render this approach diffuse and in
asexually reproducing lineages it is not readily applicable
(Arnold et al. 1999; Schardl and Craven 2003; Wilkins 2009;
Ament-Velasquez et al. 2020; Keuler et al. 2020). Indeed,
assessment of potential hybridization defies the biological
species concept as it may lead to circular reasoning: suc-
cessful reproduction between two closely related lineages
resulting in fertile offspring would imply that they represent
a single species, with a proper classification at infraspecies
level; however, their interpretation as distinct species, with
interspecies hybridization leading to fertile offspring, is
equally possible (Taylor 2009; Marchetti and Moyle 2010;
Simon 2013). Disentangling such situations is a major chal-
lenge in alpha taxonomy, although in practical terms it has
only been assessed in detail in few organisms, such as lion/
tiger hybrids (ligers, tigons) or the Neanderthals and modern
humans (Schillaci and Froehlich 2001; Clarke 2016).

A more immediate problem is that the assessment of
reproductive compatibility and isolation is a challenge in
fungi including lichen-formers and, as stated above, may
not be applicable when lineages reproduce only asexually.
Fungal model species, such as Neurospora crassa, have been
used to test reproductive compatibility vs. isolation in the
delimitation of species (Bistis 1981; Glass and Kuldau 1992;
Dettman et al. 2003; Ni et al. 2011). However, this approach
is not feasible as a routine component in the alpha taxonomy
of fungi, particularly lichen-formers (Culberson et al. 1993;
Magain et al. 2017) and has therefore only been employed in
a few cases (e.g., Liu et al. 2016). Indeed, the mechanisms
of sexual reproduction in lichen fungi are virtually unstud-
ied in most species, although they can be hypothesized by
comparison with related Ascomycota or Basidiomycota and
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their corresponding underlying structures, such as tricho-
gynes, which have been demonstrated in lichen-formers
(Henssen and Jahns 1973; Honegger 1984; Ahmadjan 1993;
Jahns et al. 1995; Krishnamurthy and Upreti 2001; Keller
and Scheidegger 2016). As a whole, the biological species
concept in terms of direct testing of reproductive compat-
ibility or isolation therefore has limited used in the alpha
taxonomy of lichen fungi, although indirect evidence of past
recombination or the lack thereof can be drawn from molec-
ular data and is employed in coalescent approaches (Leavitt
et al. 2011a, b, 2015; Wirtz et al. 2012; Onut-Brinnstrom
etal. 2017; Boluda et al. 2019). As a consequence, modern
alpha taxonomy largely aims at combining phylogenetic and
phenotypic evidence in a polyphasic approach or integrative
taxonomy (Dayrat 2005; Will et al. 2005; Padial et al. 2010;
Crous et al. 2015; Goulding and Dayrat 2016; Liicking 2019;
Vinarski 2020; Liicking et al. 2020a), and lichen-forming
fungi are no exception.

Until the turn of the twentieth century, species of
lichenized fungi were delimited based on phenotype,
employing the principles of variational discontinuity, using
a deviating phenotype as evidence for lineage separation.
A thus defined species would exhibit a certain level of
variation but also a variational gap compared to its most
similar counterpart. Up to the early twentieth century, the
concept of variation was either not well understood or the
often sparse material did not allow the proper assessment of
variation, which in many cases resulted in the description
of the same species many times over. Currently, the propor-
tion of accepted vs. described species-level names in lichen
fungi oscillates around 50%, which means that on average,
each species has presumably been described twice. How-
ever, even if taxa are well-documented, a problem of assess-
ing variation based on phenotype alone is that it may stem
from circular reasoning: without an independent criterion to
define a group of related individuals, variation is essentially
determined ad hoc, by deciding which individuals to include
or exclude in a presumed species. One way to address this
problem was the introduction of phenetics or numerical tax-
onomy, which implements quantitative analytical methods
and hence unveils variational discontinuities independent
of a priori groupings (Sneath and Sokal 1962, 1973; Kend-
rick and Proctor 1964; Sheard 1978; Park and Hong 1985;
Sneath 2005). A main criticism of phenetics has been that
it relies on overall similarity (or distance) and not on shared
ancestry, but it is precisely the variational discontinuity that
provides a first hypothesis on species delimitation, whereas
shared ancestry focuses on relationships, not species delimi-
tation. Therefore, methods originally established as part of
phenetics, such as multidimensional ordination and statis-
tical group comparisons, continue to be highly useful in
integrative taxonomy and should be employed whenever
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possible (Tobias et al. 2010; Arup and Sandler-Berlin 2011;
Zahradnikova 2017; Liicking et al. 2020a).

While cladistics offered a new tool to establish classifica-
tions (Hennig 1950, 1966), it was initially of little use for
the purpose of alpha taxonomy, since diagnostic characters
at the species level are often morphometric and these are
difficult to analyze in a cladistic context. For instance, three
measures X, Y, and Z of the same underlying structure (e.g.,
thallus thickness) will be interpreted as three separate states
of equal weight in a cladistic analysis, although they may
represent different distances in character space, e.g., X being
closer to Y than to Z. This problem can be remedied by
transforming morphometric characters into a series of binary
characters, e.g., X— 00, Y — 10, Z— 11, to the extent that
similarity in a cladistic context reflects actual similarity.
Another problem with cladistics is that a cladogram relates
units to each other but does not separate them, i.e., it does
not reflect variational discontinuities, unless phenetic dis-
tances are expressed through branch lengths by computing
a phylogram instead of a cladogram. As stated, the notion
that a phenotype-based cladogram or phylogram does not
usually reflect actual relationships between taxa, due to the
usually high level of homoplasy in phenotype data, is of little
importance for alpha taxonomy and therefore not usually a
limiting factor in the application of cladistics to phenotype
data, because alpha taxonomy addresses the distinctiveness
of species, not their underlying relationships. Even so, mul-
tivariate analytical tools remain overall superior to cladistic
approaches when it comes to the analysis of phenotype data,
as they are a better fit to the nature of such data, in particular
morphometrics (Marhold 2011).

Molecular phylogenetics has provided an entirely new
pathway to classify and delimit organisms, from the high-
est taxonomic levels down to infraspecies, particularly
in Fungi and fungus-like organisms (Hibbett et al. 2007,
Printzen 2010; Lumbsch and Leavitt 2011; Liicking et al.
2017a; Tedersoo et al. 2018; James et al. 2020; Li et al.
2021). Compared to phenotype data, molecular phylo-
genetics has four major advantages: (1) molecular data
provide a conceptually independent framework to define
clade-based units, as long as the employed markers are
not causally correlated with diagnostic phenotype charac-
ters; (2) the number of characters that can be employed,
i.e., sites in a multiple sequence alignment, exceeds phe-
notype matrices by one to several orders of magnitude
(Table 2), providing far superior statistical power; (3) the
proportion of putative homoplasies in DNA sequences is
much lower than in phenotype characters, particularly in
organisms with simple body plans, such as fungi including
lichen-formers (Fig. 4); and (4) DNA sequences allow to
implement evolutionary models based on the structure of
the DNA and the mechanisms of DNA replication, e.g.,
by distinguishing between purine (A, G) and pyrimidine
bases (C, T). As a consequence, molecular phylogenies are
a priori more reliable than phenotype-based cladograms
and thus provide a contextual framework within which to
interpret phenotypic variation. However, conflicts often
arise between molecular phylogenies and previously estab-
lished phenotype-based taxonomies. In the overwhelm-
ing number of cases, these are resolved by assuming
phenotypic homoplasy, rearranging the taxonomy in cor-
respondence with the molecular phylogeny (Schmitt et al.

Table 2 Comparison of the number of phenotypic and molecular characters from selected studies, with the ratio of molecular vs. phenotypic

characters indicated in orders of magnitude

Taxon Phenotype Molecular Ratio Reference
characters characters (sites) (magnitude)
Arthoniales 92 ~1500-2062 (mtSSU, nuLSU, RPB2) 1-1.5 Tehler (1990), Ertz and Tehler (2011), Frisch
et al. (2014)
Allographa vs. Graphis 48-52 1573 (mtSSU, nuLSU) 1.5 Berger et al. (2011), Rivas Plata et al. (2011),
(Graphidaceae) Liicking and Kalb (2018)
Chapsa sensu lato 59 2482 (mtSSU, nuL.SU, RPB2) 1.5 Parnmen et al. (2012)
(Graphidaceae)
Diploschistes 31-33 578 (ITS),~2350 (IATS, mtSSU, nuLLSU) 1.5-2.5 Lumbsch and Tehler (1998), Martin et al.
(Graphidaceae) (2003), Fernandez-Brime et al. (2013)
Ocellularia clade 54 2985 (mtSSU, nuLL.SU, RPB?2) 1.5-2 Rivas Plata et al. (2012)
(Graphidaceae)
Gomphillaceae 205 1036-1610 (mtSSU, nuLLSU) 0.5-1 Liicking et al. (2004), (2005), Xavier-Leite

Sticta filix, S. lacera 4

(Peltigeraceae) markers)
Cora 20 816 (ITS)
(Hygrophoraceae)

551 (ITS),~250,000 (target capture of 205  2-5

et al. (2021)
Liicking et al. 2021b

1.5 Liicking et al. (2017b)

Taxa in systematic order
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Gb Graphis
, (52) ‘505)
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Parsimony weights:

Fig.4 Quantitative assessment of homoplasy in phenotype vs. molec-
ular characters in the genus Cora (Hygrophoraceae) and in the genera
Graphis and Allographa (Graphidaceae). For Cora, a matrix of 20
phenotype characters and an ITS alignment consisting of 441 variable
sites was used, whereas for Graphis and Allographa, a matrix of 52
phenotype characters and a concatenated mtSSU and nuLSU align-
ment consisting of 505 variable sites was employed (data from Berger
et al. 2011; Rivas Plata et al. 2011; Liicking et al. 2017b; Liicking and
Kalb 2018). In all cases, the underlying phylogeny was reconstructed
from the data using a maximum likelihood approach in RAXML 8
(Stamatakis 2014), employing GTRGAMMA for the molecular data
and MULTIGAMMA for the phenotype characters. The level of
homoplasy was assessed by computing a parsimony weight vector
in RAXML 7 (Berger et al. 2011) encompassing all sites or charac-
ters for each dataset. The assessed weights oscillate between 100 (no
homoplasy) and O (high homoplasy) and the resulting weights were
divided into six categories. Blue colors denote more or less consist-
ent (weight=70-100) and orange colors more or less homoplasious
characters (weight=0-69)

2005a; Crespo and Pérez-Ortega 2009; Parnmen et al.
2010; Lumbsch and Leavitt 2011; Rivas Plata and Lumb-
sch 2011; Leavitt et al. 2011a, b; Bendiksby and Timdal
2013; Fryday et al. 2017; Liicking et al. 2017c). Instances
in which a supported phylogeny may be rejected in favor
of a previously established taxonomy are rare and usually
explained by problems in the molecular data, including
unrecognized paralogs, introgression, unrecognized con-
taminants or sequence labeling errors, or chimeric data
sets (Steinova et al. 2013; Liicking and Nelsen 2018; Von-
drék et al. 2018; Llewellyn 2019; Keuler et al. 2020; Liick-
ing et al. 2020b; Wilk et al. 2021), problems discussed in
detail at the end of this paper.
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With the parallel or combined application of phenotype-
(P) and lineage-based (L) approaches, delimitation of spe-
cies in lichen fungi currently follows two general strategies:

e [nitially delimiting potential species based on pheno-
type, where possible using a quantitative approach.
Such "species hypotheses" may subsequently be
tested by molecular approaches. This "first P then L"
approach is preferred when either molecular methods
are not accessible or too resource-intensive or when the
material is too old to allow for extraction of suitable
DNA. By default, it applies to all names established in
the pre-molecular era, although quantitative analytical
methods were rarely applied in these cases.

e [nitially delimiting potential species based on molecu-
lar phylogenies, using a phylogenetic species concept,
i.e., a combination of branch support and branch length
patterns, or in addition an assessment of coalescence
between several markers. This principle is used in
quantitative species delimitation methods. The thus
delimited lineages are subsequently compared with
phenotype features, ideally in a quantitative manner,
in a "first L then P" approach.

A priori, neither one of the two approaches is superior
to the other; rather, the quality of the outcome depends
on the quality and resolution of the data and methods
employed. Each approach is useful for establishing spe-
cies hypotheses, even when using only a single pheno-
type character or a single marker. However, depending
on the complexity of the underlying situation (i.e., the
complexity of the "truth"), the P approach alone has a
lower probability to be accurate: it may erroneously rec-
ognize species that do not represent distinct entities (false
positive or type I error), by misinterpreting variational
discontinuities or discrete variation, as in the aforemen-
tioned cases of photosymbiodemes, or it may erroneously
overlooking species that underwent cryptic speciation or
in which phenotypic variation is too broadly defined (false
negative or type II error), such as in the collective species
Cora glabrata and Cetraria aculeata (Liicking et al. 2014,
2017b; Pérez-Ortega et al. 2012; Lutsak et al. 2020). A
type I error is much less likely with the L approach alone
but may occur in cases of intragenomic variation such as
gene duplication or introgression (Liicking et al. 2020a;
see below). A type Il error is also less likely with molecu-
lar data but depends on the markers employed, since the
level of resolution differs between markers, as shown by
the example (see below) of Usnea aurantiacoatra vs. U.
antarctica (Wirtz et al. 2008, 2012; Grewe et al. 2018;
Lagostina et al. 2018; Liicking et al. 2020b). The main
difference between the P and L approaches, when used
without the other, is that with the first, there is a likelihood
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of erroneously delimiting polyphyletic entities, whereas
with the second, tha likelihood is close to zero. A striking
example is the macrolichen Sticta fuliginosa. Traditionally
delimited based on a set of correlated phenotype char-
acters using a P approach, i.e., broad, sparsely branched
lobes with laminal isidia, a pale underside and usually
large, somewhat irregular cyphellae (Swinscow and Krog
1988; Brodo et al. 2001; Galloway 2007; Jgrgensen and
Tgnsberg 2007; Smith et al. 2009), this taxon was resolved
as highly polyphyletic (Moncada et al. 2014; Magain and
Sérusiaux 2015). If the taxonomy of this complex had
started by using the L approach, i.e., molecular data, the
taxon would never have been established in its traditional
sense in the first place.

In both the P and L approach, the inclusion of multiple
independent characters increases reliability. In a molecular
phylogenetic approach, a single marker already consists of
multiple characters (sites), typically higher in number than
an entire set of phenotype characters (Table 2). However,
the individual sites in a molecular marker are not necessarily
functionally independent: while replication errors causing
the underlying variation are random and independent for
each site, their fixation as alleles depends on their position
and the relevance for the function of the gene, such as the
three-dimensional structure of the transcribed RNA (e.g.,
ribosomal DNA) or the structural function of the translated
amino acid sequence in a protein or enzyme. Thus, increas-
ing the number of molecular markers distributed across the
genome increases the statistical power of the analysis and
enables the assessment of potential conflict between mark-
ers, which is often at a similar level as conflict between
complexes of phenotype characters, e.g., in lichen fungi
ascoma vs. thallus characters or morphology vs. chemis-
try (Culberson 1963, 1973; Santesson 2004; Liicking 2009,
2012; Messuti and Archer 2009; Aptroot and Liicking 2016).
While single markers such as the fungal ITS barcoding locus
may be sufficient to considerably improve the underlying
taxonomy of particular genera, such as in ascolichens of
the genus Sticta or basidiolichens of the genera Cora and
Sulzbacheromyces (Moncada et al. 2014; Liu et al. 2017;
Liicking et al. 2017b; Coca et al. 2018; Ranft et al. 2018),
additional markers may either support the topology obtained
from a single marker or increase resolution where a single
marker such as the ITS is not sufficient. For this purpose, a
combination of a small number of functionally and genomi-
cally distinct markers, in addition to the ITS also the mito-
chondrial small subunit (mtSSU), the nuclear large subunit
(nuLSU), and one or several protein-coding markers (e.g.,
MCM7, RPB1, RPB2, TEF1, TUB2), usually provides suf-
ficient resolution to assess species boundaries (e.g., Wirtz
et al. 2008, 2012; Pino-Bodas et al. 2010a, b; Leavitt et al.
2011a, b, 2018; Rivas Plata et al. 2013; Frisch et al. 2014;
Gerlach et al. 2017, 2019, 2020).

As mentioned above, an intrinsic problem with molecu-
lar phylogenies or cladistic approaches is that the resulting
topology cannot be automatically translated into taxonomies,
since the underlying philosophies, establishing relationships
vs. establishing discrete categories, are different (Hibbett
and Donoghue 1998; Franz 2005; Assis 2009; Liicking
2019). However, variational discontinuities in phylogenies
can be assessed by employing quantitative species recogni-
tion methods, which assess branch length patterns within
and between clades, such as the Generalized Mixed Yule
Coalescent (GMYC) or the Poisson Tree Processes (PTP)
approach (Fujisawa and Barraclough 2013; Zhang et al.
2013), and/or assess coalescence between markers, such as
Bayesian species delimitation, the Bayesian Phylogenetics
and Phylogeography (BPP) approach and the Accurate Spe-
cies TRee ALgorithm or ASTRAL (Yang and Rannala 2010;
Fujita et al. 2012; Mirarab et al. 2014; Yang 2015). These
approaches go beyond the underlying phylogeny as they
quantitatively delimit discrete, lineage-based entities. If the
underlying study group is sampled with multiple individuals
per entity, these methods serve to establish molecular and
test morphological species hypotheses, although the taxo-
nomic status of these entities depends on considerations such
as distribution (see below). If sampling represents single
individuals per entity, these methods can also be hijacked
to define higher-level taxa (Humphreys and Barraclough,
2014; Barraclough and Humphreys, 2015; Liicking 2019).
A problem with multimarker coalescent approaches is that
some markers may result in artifactual topologies when rep-
resenting paralogs, which may be the case with protein-cod-
ing markers (Keeling and Inagaki 2004; Hubka and Kolarik
2012; Zhao et al. 2014; Liicking et al. 2020a, b). This should
be carefully assessed before translating coalescent-based
species trees into formal taxonomies.

The barcoding gap has also been used as an approach to
delimit species, including lichen-forming fungi (Del Prado
et al. 2011; Puillandre et al. 2012; Xu et al. 2017). It is con-
ceptually related to single-marker quantitative species delim-
itation such as GMYQC, in that it assesses variational discon-
tinuities in branch lengths. However, the difference is that
the barcoding gap usually sets a threshold a priori, through
pairwise comparison between species, whereas quantitative
species delimitation provides an a posteriori assessment
without a fixed threshold. Given that fixed thresholds to
dot exist between species, but stem branch length depends
on the time since divergence (Nilsson et al. 2008; Collins
and Cruickshank 2013; Leavitt et al. 2016a; Liicking et al.
2020a), the barcoding gap approach is generally inferior to
quantitative species delimitation methods. An additional
disadvantage is that it assesses differences between all
possible pairs of species, whereas only those between sis-
ter species or closely related species are actually relevant.
Therefore, the barcoding gap approach should preferable be
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used in combination with a quantitative species delimitation
method, to assess the usefulness of individual markers for
subsequent species identification through molecular barcod-
ing (Liicking et al. 2020a).

Whereas testing an existing alpha taxonomy with molecu-
lar methods (first P then L approach) provides some sort of
integrative taxonomy by default, the advent of molecular
methods initially challenged the usefulness of traditional
taxonomy, not because of conflicting results but because it
was soon believed that DNA sequence data alone could solve
everything. It took some time to come to the conclusion
that the integration of phenotype characters into molecular
phylogenies was crucial to obtain sound and stable alpha
taxonomies. As such, the approach of integrative taxonomy
(i.e., L and P approach combined), has long been the aim of
taxonomists, even if the term "integrative taxonomy" was
only rather recently adopted in systematics (Dayrat 2005;
Will et al. 2005). Integrative methods for species delimi-
tation fall across a broad spectrum, ranging from verbal
and qualitative assessments of data classes to quantitative
methods that allow different data types to contribute to sta-
tistically assessed species delimitation. Any study linking
at least two kinds of data (L, P and/or R) to support spe-
cies hypotheses, including simple mapping morphological
characters onto a molecular phylogeny, can be considered
integrative. In practice, these data are not analysed simulta-
neously in a "total evidence" approach, but rather one kind
of data is repeatedly tested with another in a refined man-
ner, in an iterative, hypotheticodeductive framework (Yeates
et al. 2011). As the most basic approach, comparing pheno-
typic characters to phylogenies is useful to identify the least
inclusive monophyletic clade in the topology characterized
by at least one unambiguously diagnostic phenotypic trait
(e.g., Miralles and Vences 2013). In lichen fungi, previ-
ously unrecognized species-level clades with correspond-
ing subtle, or overlooked, phenotypic characters have been
commonly observed using this approach (e.g., Crespo and
Pérez-Ortega 2009; Pino-Bodas et al. 2010a, b; Arup and
Sandler-Berlin 2011; Leavitt et al. 2015; Altermann et al.
2016; Liicking et al. 2017c; Frolov et al. 2016; Orange 2018;
Kistenich et al. 2019; Frisch et al. 2020).

Besides mapping of previously established taxonomies
onto molecular phylogenies, an additional step is the assess-
ment of type material of names to determine their placement
in the revised phylogeny and hence the applicable nomencla-
ture. Given that these steps are time consuming and require
expertise far different from what is required to generate and
analyse sequence data, linking inferences from integrative tax-
onomic approaches with formal taxonomic changes remains
an often postponed task (Vinarski 2020). Molecularly delim-
ited species-level lineages are frequently treated as "putative"
or "candidate" species, using working names or alphanumeric
clade designations, rather than providing formal descriptions.
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For instance, the seminal work by Kroken and Taylor (2001)
on the genus Letharia, pioneering the multimarker coalescent
approach in lichen fungi, established that the two traditionally
distinguished taxa, L. columbiana (consistently apotheciate)
and L. vulpina (always sorediate, rarely also with apothe-
cia) represent between five and six distinct species. It took
15 years for four of these to be formally recognized, as L.
columbiana s.str., L. gracilis, L. lupina, and L. vulpina s.str.
(McCune and Altermann 2009; Altermann et al. 2016), while
two entities still retain the provisional names L. "barbata" and
L. "rugosa". Not rarely, such delays reflect the amount of time
and resources necessary to provide an updated taxonomy,
especially when large numbers of undescribed species are
involved, such as in the genera Cora, Peltigera, and Sticta,
where many taxonomically and phylogenetically recognized
lineages still await formal description (Moncada 2012; Mon-
cada et al. 2013a, b, 2014, 2015; Liicking et al. 2014, 2017b;
Magain et al. 2017; Simon et al. 2018).

Effective approaches for encouraging formal taxonomic
proposals with robust integrative species delimitations
analyses should remedy this problem, such as "turbo-taxon-
omy" (Butcher et al. 2012; Riedel et al. 2013; Liicking et al.
2017b). However, "turbo" should not mean fast and sloppy,
but instead effective while adhering to quality standards in
terms of analyzing and documenting the data (Lendemer
2021; Aime et al. 2021). The study of type material and
original literature is nowadays much easier through digi-
tal repositories such as JSTOR Global Plants [https://www.
jstor.org] or the Biodiversity Heritage Library [https://www.
biodiversitylibrary.org]. Taxonomic research using integra-
tive approaches will not only result in a solid foundation
for biodiversity and conservation studies but also tends
to have higher "impact", including higher citation perfor-
mance and broader readership, than non-integrative studies,
due to the immediate appeal beyond taxonomy (Vinarski
2020). For instance, the recent "turbo-taxonomic" study of
Cora, describing 70 new species based on a combination of
molecular and phenotype data and with the generation of
automated descriptions from a comprehensive data matrix
(Liicking et al. 2017b), has been cited nearly 50 times in
four years, including in non-taxonomic studies and studies
unrelated to this genus. In contrast, an earlier work on the
taxonomy of Cora and related genera, including a key to all
species known at the time (Liicking et al. 2013), has been
cited less than 40 times in eight years, almost exclusively
in other taxonomic works. The comprehensive, exemplary
inventory of lichens and associated fungi from Glacier Bay
National Park, integrating expert field work and taxonomy
with molecular assessments in a multi-authored study
(Spribille et al. 2020) already generated around 20 citations
since its publication last year, translating into a high impact
factor. Indeed, the combination of taxonomic and other
methodological expertise, reflected in multiple authorship,
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increases the impact of taxonomic papers (Liicking 2021).
Data assembled for the purpose of integrative taxonomy can
also be used to elaborate sophisticated studies on the evolu-
tion of the lichen symbiosis, as shown by the study on the
Trapeliopsis-Placopsis clade by Schneider et al. (2016).
Beyond iterative approaches to species delimitation,
other conceptual and methodological perspectives have been
important to better understanding species boundaries and
promote taxonomy in lichen fungi, e.g., population genetics
and phylogenomics (Grewe et al. 2018; Muggia et al. 2020;
Werth et al. 2021; Widhelm et al. 2021), phenotype-based
phylogenetic binning (Liicking et al. 2015; Perlmutter et al.
2020), ecological modelling (Lendemer et al. 2015; Smith
et al. 2016), or conservation assessments (Miadlikowska et al.
2014b; Liicking et al. 2020c). Other modern approaches,
including machine learning and process-based approaches,
have not yet been used for lichen fungi but hold tantalizing
promise. Machine learning methods can accommodate vari-
ous data types and are ideally suited for species delimitation
(Derkarabetian et al. 2019). Processed-based analyses can
evaluate demographic models consistent with a variety of
modes of speciation, requiring researchers to use their exper-
tise with the focal system to identify a reasonable model
(Smith and Carstens 2020). The difference between machine-
learning methods and other quantitative approaches, such as
coalescence-based multi-marker phylogenies or quantitative
character mapping, is that machine learning methods can be
trained with well-established species-level taxa, integrating
both molecular and phenotype data and even approaches such
as distribution modeling. As a result, and depending on the
quality and quantity of the training data, these methods pro-
vide a more flexible approach tailored to each group and are
potentially able to reliably distinguish between species- and
population-level lineages, potentially providing a quantitative
framework to resolve between alpha and gamma taxonomy.
However, this should not be misinterpreted as an approach
to fully automate taxonomy, seemingly making taxonomic
expertise superfluous. In reality, such methods require explicit
predictions driven by familiarity with the target group, accu-
rately identified training taxa, and proper connection of the
thus delimited species to the evolutionary processes by which
they were formed. One should also not misconceive the idea
of taxonomic expertise as an undesired subjective approach to
science. Good taxonomists do not just define species ad hoc
or memorize large quantities of names; they able to perform
effective pattern recognition and filtering of diagnostic char-
acters upon visual inspection of a set of samples, processes for
which non-taxonomists need the help of computerized tools.

Recommendation 2: The delimitation of species in lichen-forming
fungi should not be dogmatically driven by the application of one
or another particular, formalized species concept. Rather, species
should be delimited empirically from the underlying evidence,
choosing the solution that best explains the data in each case.
However, where applicable and feasible, the main underlying
components of formalized species concepts should be considered:
lineage coherence vs. divergence (L), variational continuity vs.
discontinuity in the phenotype (P), and evidence for reproductive
compatibility vs. isolation (R), either explicitly or implicitly. In
analogy to the use of algorithmic approaches when reconstructing
phylogenies from molecular data, it is recommended to employ
statistical, multivariate methods to assess phenotype variation and
divergence and to correlate these with underlying molecular phy-
logenies where available. In order to increase taxonomic output, it
is recommended to streamline formalistic approaches while at the
same time maintaining the highest possibly level of quality.

The species pair concept and dual
nomenclature in lichenized fungi

Due to their symbiotic nature, and in contrast to other fungi,
lichens have three basic means of reproduction and disper-
sal: (1) sexually, via meiotic asco- or basidiospores, pro-
duced in asco- or basidiomata, usually after fertilization
through hyphal fusion or mitotically produced spermatia
(usually corresponding to microconidia); (2) asexually via
mitotic conidia (usually corresponding to macroconidia),
produced in conidiomata of various sorts, including campy-
lidia, hyphophores, and sporodochia; and (3) asexually via
structures containing both bionts, such as soredia, isidia,
schizidia, and other thallus fragments. In reality, reproduc-
tion and dispersal in lichens is arguably much more complex,
encompassing a variety of symbiotic and aposymbiotic prop-
agules (Tripp and Lendemer 2018). Although various types
of propagules may be produced in the same individual, fre-
quently a lichen thallus exhibits only one reproductive strat-
egy (Fig. 5). As a consequence, individuals may be identical
in overall morphology except their means of reproduction
and dispersal. Given that alpha taxonomy in lichens was ini-
tially based on external morphology, the different means of
reproduction and dispersal were interpreted as taxonomically
important characters and therefore the specimens display-
ing such differences assigned to different species. Notably,
the potentially close relationship of these morphs was not
recognized until early into the twentieth century (Du Rietz
1924). For instance, when establishing Physcia obscurata
(now Heterodermia obscurata), Nylander (1863) compared
it with P. speciosa (now Heterodermia speciosa), on account
of the lip-shaped soralia, but not with Parmelia flabellata
(now H. flabellata), its apotheciate counterpart (Fig. Sa-b).
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Fig.5 Different reproduc-

tive morphs in lichen fungi.
a-b Heterodermia flabellata
(apotheciate) and its asexual
counterpart, H. obscurata
(sorediate). c—d Porina alba
with perithecia and disc-shaped
phyllidia (previously named
Phyllophiale alba). e—f Gyalec-
tidium filicinum with apothecia
and squamiform hyphophores
(previously named Cristidium
pallidum)

Du Rietz (1924) was the first to establish the hypothesis
that phenotypically identical morphs of lichens differing
only in their reproductive mode are closely related, and
he introduced the concept of so-called "species pairs" for
these. Only much later, Poelt (1970, 1972a, b), formalized
the species pair concept, calling the apotheciate morphs
"primary species" and the asexually reproducing (usually
sorediate) morphs "secondary species". Poelt thereby pos-
tulated that sexually reproducing morphs must be ances-
tral to those reproducing asexually, via an "unstable" (i.e.,
polymorphic) intermediate morphs that produces both
ascomata and asexual propagules. Poelt (1970) consid-
ered such intermediate morphs rare, but species produc-
ing both functional ascomata and asexual propagules on
the same thallus are actually quite frequent (Fig. 6). It is
thus implied in Poelt’s hypothesis that even extant spe-
cies may represent polymorphic assemblies, depending on
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their evolutionary history and age. It also means that such
polymorphic lineages, not the purely sexually reproducing
lineages, are direct ancestors of "species pairs", apply-
ing the concept of ancestral polymorphism (Guerrero and
Hahn 2017) to the phenotype (Wheeler and Platnik 2000).

Poelt (1970) claimed that species pairs only occur in
lineages producing apothecia (i.e., ascomata with exposed
discs), typically associated with sorediate (rarely isidiate)
counterparts. Indeed, species pairs are rare in lichenized lin-
eages with perithecioid ascomata, simply because soredia
or isidia are rare in these groups. However, species pairs
have been established in these cases as well, such as Porina
imitatrix vs. P. distans, P. mirabilis vs. Phyllophiale alba
(Fig. 5c—d), and P. fusca vs. Ph. fusca (Liicking 1991, 2008;
Vézda 1994). Poelt (1970) further observed that, when apo-
thecia are present in otherwise sorediate morphs, these are
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Fig.6 Different reproductive
structures formed on the same
thallus. a Dirinaria papillulif-
era (apothecia and isidia). b
Pyxine eschweileri (apothecia
and soredia). ¢ Chapsa defecta
(apothecia and soredia). d
Strigula schizospora (perithecia
and pycnidia). e Badimia elixii
(apothecia and campylidia). f
Gyalideopsis vainioi (apothecia
and hyphophores)

usually depauperate and non-functional. Again, this seems
to depend on individual cases.

In his assessment, Poelt (1970) provided a list of 31
examples of presumed "species pairs”, explicitly exclud-
ing large genera such as Heterodermia, Ramalina, Roc-
cella, and Usnea, where he implied the existence of many
additional cases. According to Poelt (1970, 1972a), species
pairs should be considered separate taxa, under the assump-
tion that the morph representing the secondary species only
evolved once, leaving the primary species as paraphyletic
residual. This was challenged by Tehler (1982), who pos-
tulated that morphs with asexual reproduction may have
evolved multiple times within a lineage and so the entire
complex could to be considered a single species with vari-
able modes of reproduction.

Besides empirical data, there are several conceptual chal-
lenges to the "species pair" concept. The most obvious is that
in many cases, there are two or more "secondary species",

one producing soredia and the other isidia or other asexual
propagules (e.g., phyllidia). Prominent examples include
Coccocarpia erythroxyli (apotheciate) vs. C. palmicola
(isidiate) vs. C. pellita (phyllidiate; Arvidsson 1982); Het-
erodermia flabellata (apotheciate) vs. H. obscurata (sore-
diate) vs. H. crocea (isidiate) vs. H. flavosquamosa (phyl-
lidiate; Harris 1990); Pannaria rubiginosa (apotheciate) vs.
P. conoplea (phyllidiate-sorediate) vs. P. tavaresii (isidiate;
Jorgensen 2000); and the striking case of Hypotrachyna
physcioides (apotheciate) vs. H. laevigata (sorediate) vs. H.
imbricatula (isidiate) vs. H. steyermarkii (isidiate with cilia)
vs. H. spinulosa (spinulose; Sipman et al. 2012). Since it is
difficult to conceive that isidiate morphs evolved from sore-
diate ancestors or viceversa, one would theoretically have
to expand the concept to postulate a polymorphic ances-
tor producing ascomata, soredia, and isidia simultaneously.
However, the simultaneous production of two such distinct
types of asexual propagules would make little sense from
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an evolutionary viewpoint and is rarely observed in nature,
except in cases where species produce some sort of inter-
mediate propagules, such as broadly isidiate clusters or
pustules that break up into soredia or soredia growing into
isidia or phyllidia, such as in the Pseudocyphellaria crocata
complex (Liicking et al. 2017c¢). Therefore, the existence of
both sorediate and isidiate counterparts of fertile morphs
indicates that the evolutionary history of these morphs is
more complicated than implied by a simplified species pair
concept, perhaps better reflected by ancestral polymorphism
in reproductive strategies in these lineages.

Another problem is that the "species pair" concept is
only diffusely separated from the comparison of sexual and
asexual (i.e., conidia-forming) or asexual and asexually
reproducing morphs (e.g., Sundin and Tehler 1996). For
instance, the putative species pair Umbilicaria antarctica
and U. kappenii differs in the production of asexual thallo-
conidia vs. soredia or thallus fragments (Ott et al. 2004). The
differential taxonomic and nomenclatural treatment of sexual
and asexual morphs is well documented in non-lichenized
fungi, under the now obsolete concept of "dual nomencla-
ture" (see above). Under this concept, different names could
be given to different morphs of the same species, with either
sexual or one or more asexually reproducing morphs, which
were then placed in separate genera. The name with priority
was the one covering the sexual morph, with the exception
of lichenized fungi in which priority applied irrespective
of the morph. There are indeed numerous instances where
lichenized morphs producing conidiomata were named dif-
ferently from their counterparts producing ascomata, even
when the connection was known. Thus, the name Ceratopyc-
nidium citricola corresponds to the campyliiform (hooded)
pycnidia of Byssoloma citricola, the name Pycnociliospora
belluciae to the pycnidia of Strigula antillarum (Liicking
et al. 1998, 2002), and the name Phyllophiale fusca to the
disc-shaped isidia of Porina fusca (Liicking 1991). The con-
ceptual difference between the "species pair" concept and
"dual nomenclature" is that asexual (i.e., conidial) and sex-
ual (e.g., ascoma-bearing) morphs were assumed to belong
to the same species but assigned to separate (form-)genera,
whereas "species pairs" were presumed to represent closely
related, yet separate species in the same genus. However, the
underlying biological mechanisms are not really different,
since all three morphs (sexual, asexual via conidia, asexual
via symbiotic thallus fragments) are means of reproduction
and dispersal. Examples where the two concepts are inter-
twined include the apotheciate, sorediate, and pycnidiate
morphs of Dirina massiliensis the sorediate morph called
D. stenhammarii and the pycnidiate morph D. massiliensis
f. aponina (Tehler et al. 2013).

A further challenge to the "species pair" concept is the
level of actual similarity between morphs exhibiting differ-
ent modes of reproduction. Theoretically, the species pair
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concept strictly applies only to cases where the underlying
phenotype is otherwise identical. This is, however, often
not the case. For instance, specimens of Heterodermia fla-
bellata (apotheciate) typically differ in lobe configuration
from those of H. obscurata (sorediate; Fig. Sa—b). Printzen
(2014) argued that apotheciate vs. sorediate species of Bia-
tora usually also differ in other characters and Lohtander
et al. (1998) reported minor morphological differences
between the apotheciate Dendrographa leucophaea and the
sterile D. minor (now D. leucophaea f. minor). More obvi-
ous cases include Teloschistes exilis (apotheciate) vs. T. fla-
vicans (sorediate), T. exilis typically forming smaller, more
delicate and less brightly pigmented thalli (Almborn 1989,
1992). In addition to morphology, differences in ecology and
distribution are often found between putative species pairs.
Du Rietz (1924) already noted differences in distribution
between Evernia esorediosa (apotheciate) and E. mesomor-
pha (sorediate), and Poelt (1970) elaborated on this phenom-
enon in detail. However, mere differences in the extension of
distribution ranges cannot support the distinction of repro-
ductive modes at the species level, as they may be a direct
consequence of the latter, resulting in circular reasoning.
In contrast, ecological differences, when present, are more
striking. Thus, Physcia aipolia (apotheciate) typically grows
on bark, whereas P. caesia (sorediate) is mostly found on
rock, including human-made substrata (Myllys et al. 2001).
This difference can neither be a cause nor a consequence of
the mode of reproduction, as there is no reason why thalli
derived from ascospores should only colonize bark and those
originating from soredia only rock. Guttova et al. (2014)
also reported subtle substrate differences for Solenopsora
olivacea subsp. olivacea (apotheciate) vs. subsp. olviensis
(sorediate), although in that case, the observed differences
(shaded to open rock faces vs. shaded rock faces or crevices)
may well be a trigger to switch the mode of dispersal.

A frequent misconception of asexually reproducing
lichens is that these represent genetically identical clones
or at least should have much lower genetic variation that
sexually reproducing lineages (Poelt 1970; Tehler 1982;
Huovinen 1985; Hammer 1997). It is thereby overlooked
that the positional genetic variation used to reconstruct phy-
logenies and assess sequence variation consists of positional
variation of presumably homologous nucleotides. This vari-
ation is caused by errors in DNA replication, which occurs
during mitosis, and so affects cell divisions likewise. Thus,
point variation in aligned sequences representing asexually
reproducing individuals should not differ much from that of
sexually reproducing individuals, which has been confirmed
by empirical data (Mattson and Lumbsch 1989; Kroken and
Taylor 2001; Buschbom and Mueller 2006; Nelsen and
Gargas 2009; Altermann et al. 2016; Del Prado et al. 2016;
Bellinchén et al. 2018). A major difference in sexual repro-
duction is mechanisms such as recombination, which does
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not result in point mutations but may be detected through
coalescence-based methods when topologies between dif-
ferent markers affected by recombination are incongruent.
Since asexually reproducing lineages can diverge in the same
way as sexually reproducing lineages, by accumulating point
mutations, these lineages do not represent evolutionary dead
ends, as sometimes suggested (Poelt 1970; Tehler 1982;
Tripp 2016).

Poelt (1970, p. 187) noted: "Flechten vermehren sich im
allgemeinen, soweit iiberhaupt bei einer Gruppe neben der
sicher urspriinglichen generativen auch vegetative Fortpflan-
zung vorkommt, nicht auf beide Weisen nebeneinander oder
nacheinander im Leben eines Individuums, sondern in allen
Individuen einer Sippe entweder generativ oder vegetativ."
This is a central issue in the "species pair" concept that has
been perpetuated in evolutionary considerations of sexual
vs. asexual lineages, with the consequence that an apparent
switch between sexually and asexually reproducing indi-
viduals or lineages in phylogenies has been interpreted as
repeated loss and gain of either form of reproduction (Tehler
et al. 2009; Tripp 2016). However, it is not actually possible
to "regain" sexual reproduction; rather, one has to assume
that the possibility to produce viable ascomata is generally
present in the genome but that certain triggers determine
their actual formation. Ascomycota produce ascomata typi-
cally after fertilization; if fertilization does not happen, an
individual may switsch to an alternative mode of reproduc-
tion, similar to selfing in plants in the absence of pollina-
tion (Kalisz and Vogler 2003; Moeller 2006). An analogous
strategy may apply to lichen fungi. As mentioned above,
trichogynes have been repeatedly documented in lichen
thalli. Population structure, not environmental conditions,
would then be assumed to trigger the production of asco-
mata as a developmental switch. Heterothallism is wide-
spread in lichen fungi, although homothallism occurs as
well (Murtagh et al. 2000; Honegger et al. 2004; Seymour
et al. 2005; Ludwig et al. 2017; Pizarro et al. 2019). Faculta-
tive homothallism in the absence of fertilization, so-called
pseudo-homothallism (Grognet and Silar 2015), has been
assumed to occur in some cases (Murtagh et al. 2000), but
it is unclear whether absence of fertilization could alterna-
tively cause a switch to asexual reproduction. Given that
mixed populations are more likely to occur under favorable
conditions (e.g., Walser et al. 2004), one would then predict
that asexually reproducing thalli are more frequent under
less favorable conditions. The ability of sexually reproduc-
ing thalli producing soredia and vice versa was experimen-
tally shown in Knightiella splachnirima (Ludwig 2011,
2015; Molina et al. 2013). If this assumption is correct,
the reconstruction of "ancestral reproduction modes" in a
phylogenetic tree is actually misleading, since the reproduc-
tive mode observed in a terminal (individual) is just a snap-
shot of its actual condition, but does not reflect its genetic

potential. This would affect studies like that of Buschbom
and Mueller (2006), who entertained various hypothesis to
explain complex patterns of sexually and asexually repro-
ducing individuals in the putative species pair Porpidia
flavocoerulescens (now P. flavicunda) (apotheciate) and P.
melinodes (sorediate) and postulated a selective sweep in a
single species with complex phylogeny.

Overall, the advent of molecular phylogeny has permitted
the testing of the species pair concept in numerous examples
(Table 3). While putative species pairs have been explicitly
examined in various studies, an increasing amount of molec-
ular data is becoming available for many more instances,
although these data, in particular the fungal ITS barcod-
ing marker, are rarely analyzed in a context revealing the
underlying patterns for presumed species pairs (e.g., Sten-
roos et al. 2019: Cladonia; Liicking et al. 2020b: Usnea).
For instance, the available ITS data (Carlsen et al. 2012;
Ekman et al. 2014; Marthinsen et al. 2019) for the species
pair Fuscopannaria protensa (apotheciate) vs. F. ahlneri
(sorediate) (Jgrgensen 2000) suggest that two distinct line-
ages are involved, one apotheciate-sorediate and the other
sorediate only. However, no phylogenetic analysis seems
to have included these data simultaneously: the study by
Carlsen et al. (2012) reported two specimens which corre-
spond to the sorediate lineage, whereas the work by Ekman
et al. (2014) includes two other samples, representing the
apotheciate-sorediate lineage, giving the impression that
apotheciate and sorediate morphs in this species pair are
genetically uniform.

While species pairs were first analyzed prior to the turn
of the millenium (Lohtander et al. 1998), the work by Kro-
ken and Taylor (2001) on Letharia columbiana (apotheciate
and usually with isidia) vs. L. vulpina (sorediate and rarely
with few apothecia) can be considered a model study, as it
employed a multimarker coalescence approach, demonstrat-
ing that putative species pairs may neither represent two
distinct taxa nor a single, variable species, but a complex of
multiple lineages not strictly correlated with mode of repro-
duction. Combining ITS and nuSSU data and up to ten anon-
ymous protein-coding markers, the authors distinguished up
to six entities. The sorediate L. vulpina was thereby split into
two species, L. vulpina s.str. and the subsequently validated
L. lupina (Altermann et al. 2016). The primarily apotheci-
ate L. columbiana was divided into four entities: L. gracilis
(McCune and Altermann 2009), L. "barbata", L. "lucida",
and L. "rugosa", all except L. "lucida" producing isidia in
addition to apothecia. Kroken and Taylor (2001) did not
associate already available names with these latter entities,
as it was unclear at the time which would correspond to L.
columbiana s.str. or to its synonym, L. californica. Alter-
mann et al. (2016) subsequently associated L. columbiana
s.str. with the L. "lucida" clade. The apotheciate L. "rugosa",
on the other hand, formed a paraphyletic grade relative to L.
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Table 3 (continued)

no (structured) differences

forming a monophyletic clade in which the two reproductive modes each form a monophyletic subclade or one of them a paraphyletic residual; uniform=

Separate

forming a coherent entity (usually a monophyletic clade) but structured into at least two (usually more) supported lineages that do not correlate with reproductive

in sequence data; multiple

blastidiate; isi =isidiate; sch = schizidiate; sor =sorediate; ste =sterile; thc =thalloconidia. In several cases, all avail-

able sequence data for a presumptive species pair were downloaded from GenBank and reanalysed (indicated by "this paper"). For exact nomenclature and author citation, see Suppl. File S1

mode; unrelated =the two reproductive modes are not directly related; bla

vulpina s.str., offering the possibility to recognize a single
species, L. vulpina, producing either sexually or asexually.
The resulting six (or five) entities were supported by subtle
morphological and chemical characters, as well as distribu-
tion, with L. vulpina s.str. being the only species also wide-
spread in Europe (Kroken and Taylor 2001).

Molecular studies on numerous putative species pairs sug-
gest that multiple (semi-)cryptic speciation, as exemplified
by the genus Letharia, is the rule rather than the exception:
in over 60 examples analyzed, nearly two third (61%) appear
to be species complexes, consisting of various lineages
reproducing either sexually, asexually, or both (Table 3).
Besides Letharia, the best documented case among these is
Usnea florida vs. U. subfloridana (Articus et al. 2002; Mark
et al. 2016; Degtjarenko et al. 2020; Liicking et al. 2020b).
In only 11 cases (18%), the separation of an apotheciate and
a sorediate or isidiate species was supported, although there
were mostly few available data. Among the most convinc-
ing cases are Hypogymnia lophyrea vs. H. hultenii and H.
minilobata vs. H. mollis (Miadlikowska et al. 2011). Nine
cases (15%) exhibit genetic uniformity relative to the studied
markers or did not show structured resolution, but the avail-
able data in these cases were often limited, e.g., in Evernia
esorediosa vs. E. mesomorpha (Miadlikowska et al. 2014a).
Considering examples such as Fuscopannaria protensa vs.
F. ahlneri, Pectenia plumbea vs. P. atlantica, and the Roc-
cella belangeriana vs. R. montagnei species pair (Prashanth
et al. 2008; Tehler et al. 2010; Carlsen et al. 2012; Otalora
et al. 2013; Ekman et al. 2014; Marthinsen et al. 2019), we
predict that in cases were limited molecular data initially
indicate conspecifity or would support the species pair con-
cept, additional data will in most cases reveal more com-
plex patterns. In ten cases (16%), the putative species pairs
were, at least in part, not directly related and in one case,
Caloplaca aurantiaca (= Blastenia ferruginea) vs. C. chrys-
ophthalma (= Solitaria chrysophthalma), even ended up in
different genera (Arup et al. 2013; Vondrak et al. 2020).

Even with the availability of molecular data to test species
pairs, two challenges arise. One is the selection of markers.
While the ITS has been chosen as the standard barcoding
marker for fungi (Schoch et al. 2012), employed in almost
all studies including presumed species pairs (Table 3), it may
present limited resolution when lineages diverged recently
(Liicking et al. 2020a). A striking case is the putative species
pair Usnea aurantiacoatra (apotheciate) vs. U. antarctica
(sorediate). Being the most frequently sequenced species
pair in Usnea, with over 250 accessions, the ITS and the
RPBI markers are remarkably uniform in this case, suggest-
ing a single species (Wirtz et al. 2008, 2012; Liicking et al.
2020b). However, both RADseq and microsatellite markers
support the presence of two lineages (Grewe et al. 2018;
Lagostina et al. 2018). In the case of Usnea florida vs. U.
subfloridana, on the other hand, microsatellite markers did

@ Springer



122

Fungal Diversity (2021) 109:99-154

not clearly resolve the two morphs (Degtjarenko et al. 2020).
The other challenge is the application of formal taxonomic
classifications to phylogenetically defined lineages. One case
is Dirina massiliensis, which exhibits phylogenetic struc-
ture, but a rather broad concept was applied to this case,
subsuming the various apotheciate and/or sorediate lineages
within a single species (Tehler et al. 2013). These different
approaches are conflicting, as it seems unlikely that in one
case, a single species can diverge strongly in the ITS and
other markes, whereas in another case, a species pair with
almost no variation in the ITS is recognized as separate spe-
cies based on highly resolving markers such as RADseq and
microsatellites.

The diverse patterns detected in putative species pairs
show that there is no consistent pattern, and each case has
to be considered individually (Mattson and Lumbsch 1989).
Tehler et al. (2009) therefore suggested that the species
pair concept should be abandoned. Molecular data largely
support this view. However, where conclusive data are not
available, species pairs should continue to be recognized as
separate taxa.

Recommendation 3: Unless there is conclusive evidence to the
contrary, e.g., using phylogenomic approaches, such as micros-
atellite markers or RADseq (example: Usnea aurantiacoatra vs.
U. antarctica), "species pairs" should continue to be recognized
as separate taxa, even if they appear unresolved by application of
the standard fungal ITS barcoding marker or in a multi-marker
phylogeny (example: Heterodermia flabellata vs. H. obscurata).
However, a "species pair" taxonomy should be replaced by
an adjusted treatment when it can be conclusively shown that
reproductive morphs do not correlate with phylogenetic lineages
(example: Letharia colombiana-vulpina complex)

Cryptic speciation and the taxonomic value
of phenotype characters

Traditional taxonomy assumes that taxa should differ in phe-
notype. However, there is no law in nature that would require
phylogenetically diverging sister taxa to also diverge in phe-
notype by default. Rather, phenotypic similarity within a
species is caused by coherence, so one would assume that
the absence of coherence should lead to phenotypic diver-
gence. Ultimately, this is the case, but phenotypic divergence
may be delayed relative to phylogenetic divergence, which
may then lead to cryptic speciation, for a variety of reasons.
For one, species may have diverged too recently to have also
diverged in phenotype. On the other hand, there might be
selective forces at work relative to a particular phenotype,
thus preventing phenotypes from diverging. Finally, fungi
including lichen-formers exhibit simple body plans which

@ Springer

may offer little evidence for phenotypic divergence except
for difficult to perceive ultrastructural or physiological fea-
tures (Lumbsch and Leavitt 2011; Schneider et al. 2016;
Liicking 2019). Indeed, cryptic speciation is a matter of per-
ception, and often there are subtle (or simply overlooked)
characters that eventually separate phylogenetically distinct
lineages (Molina et al. 2011; Nufiez-Zapata et al. 2011;
Frolov et al. 2016; Santos et al. 2019). Sometimes, such
characters may be difficult to discern or are only unveiled
as statistically supported differences in morphometrics, not
useful in the field or in keys (Altermann et al. 2014, 2016;
Schneider et al. 2016; Zahradnikova et al. 2018; Zakeri et al.
2019). For such cases, "near-cryptic" may be a better term.
In contrast, Vondrak et al. (2009) redefined the term "semi-
cryptic", previously employed in plant- and algal-taxonomic
papers in the sense of near-cryptic, for species that cannot be
distinguished by their phenotype but through their distribu-
tion and/or ecology (e.g., Lendemer 2011; Hodkinson and
Lendemer 2011; Cornejo and Scheidegger 2015).

Cryptic or near-cryptic (including semi-cryptic) speciation
is rather well-documented in lichen fungi (Table 4), with an
increasing number of examples, particularly in the Parme-
liaceae (Feuerer and Thell 2002; Molina et al. 2004, 2011;
Argiiello et al. 2007; Hodkinson and Lendemer 2011; Alter-
mann et al. 2016; Leavitt et al. 2016b; Haugan and Timdal
2019; Boluda et al. 2019; Corsie et al. 2019; Crespo et al.
2020), but also in other families, such as Graphidaceae (Kra-
ichak et al. 2015; Zhao et al. 2017), Icmadophilaceae (Onut-
Brénnstrom et al. 2017, 2018; Jgrgensen 2019), Lepidostro-
mataceae (Coca et al. 2018), Peltigeraceae (now including
Lobariaceae; Lendemer and O’Brien 2011; Miadlikowska
et al. 2014b; Cornejo and Scheidegger 2015), Stereocaul-
aceae (Lendemer 2011), Trapeliaceae (Resl et al. 2015;
Orange 2018), and such unique forms such as the lichenized
hypomycete Dictyocatenulata alba (An et al. 2012), although
often not reflected in formalized revised taxonomies.

An important argument against the acceptance of pheno-
typically (near-)cryptic species, identifiable through molecu-
lar markers only, is the requirement for advanced technical
equipment for their identification and the difficulty to reli-
able identify such species in the field. While this argument
is understandable, it could be logically extended to any tech-
nical tool. Thus, one could reject the validity of secondary
chemistry because thin-layer chromatography is not acces-
sible, or one could even challenge the need of a microscope
to discern anatomical characters such as ascospores. Particu-
larly in crustose lichens, e.g., in the highly diverse families
Graphidaceae, Pyrenulaceae, and Trypetheliaceae, species
can often only be identified through their ascospores, besides
other anatomical characters that cannot be assessed without
a microscope, such as hymenial inspersion (Liicking 2009;
Liicking et al. 2009a, b, c; Aptroot 2012; Aptroot and Liick-
ing 2016). So-called sporomorphs (Wirth and Hale 1978;
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Table 4 Examples of formally established cryptic, near-cryptic and semi-cryptic species in lichen-forming fungi

Family

Original species

Additional cryptic species

References

Graphidaceae

Hygrophoraceae
Hygrophoraceae

Icmadophilaceae

Lepidostromataceae

Graphis scripta

Cora terrestris

Cora davidia

Thamnolia vermicularis

Sulbacheromyces caatingae

G. betulina, G. macrocarpa, G. pulverulenta

C ixtlanensis
C. totonacorum

T. taurica, T. tundrae

S. chocoensis, S. tutunendo

Parmeliaceae Bryoria fuscescens B. glabra, B. kockiana, B. pseudofuscescens
Parmeliaceae Letharia vulpina L. lupina

Parmeliaceae Melanelixia glabra M. epilosa

Parmeliaceae M. fuliginosa M. hawksworthii, M. robertsoniorum
Parmeliaceae M. subargentifera M. ahtii

Parmeliaceae Melanohalea exasperata M. davidii

Parmeliaceae M. olivaceoides M. beringiana

Parmeliaceae M. multispora M. columbiana, M. tahltan
Parmeliaceae M. subolivacea M. clairii

Parmeliaceae Montanelia panniformis M. occultipanniformis

Parmeliaceae M. tominii M. saximontana, M. secwepemc
Parmeliaceae Parmelia saxatilis P. ernstiae, P. mayi, P. rojoi, P. serrana
Parmeliaceae Parmelina quercina P. carporrhizans, P. coleae, P. elixii
Parmeliaceae Punctelia rudecta P. guanchica, P. ruderata, P. toxodes
Parmeliaceae Xanthoparmelia tasmanica  X. hypofusca

Peltigeraceae

Peltigeraceae

Lobaria pindarensis

Peltigera gowardii

L. isidiophora

P. aquatica

Neuwirth and Aptroot (2011), Kraichak et al.
(2015)

Moncada et al. (2019)
Moncada et al. (2019)

Onut-Brinnstrom et al. (2017, 2018), Jgr-
gensen (2019), this paper

Coca et al. (2018)
Boluda et al. (2019)
Altermann et al. (2014, 2016)
Leavitt et al. (2016b)
Leavitt et al. (2016b)
Leavitt et al. (2016b)
Leavitt et al. (2016b)
Leavitt et al. (2016b)
Leavitt et al. (2016b)
Leavitt et al. (2016b)
Leavitt et al. (2016b)
Leavitt et al. (2016b)

Feuerer and Thell (2002), Molina et al. (2004,
2011), Haugan and Timdal (2019), Corsie
et al. (2019), Crespo et al. (2020)

Argiiello et al. (2007)

Alors et al. (2016)

Hodkinson and Lendemer (2011)

Cornejo and Scheidegger (2015)

Lendemer and O’Brien (2011), Miadlikowska

Stereocaulaceae Lepraria incana L. hodkinsoniana

Teloschistaceae Flavoplaca citrina

Teloschistaceae Flavoplaca flavocitrina

Teloschistaceae Pyrenodesmia albopruinosa P. alociza

Verrucariaceae Hydropunctaria orae H. aractina

Scythioria phlogina

F. austrocitrina, F. nigromarina

et al. (2014b)
Lendemer (2011)
Vondrak et al. (2009)
Vondrak et al. (2009)
Vondrak et al. (2009)
Orange (2012)

Liicking 2009), i.e., species with identical external morphol-
ogy and even anatomy but differing in ascospore septation
and size, are common (Fig. 7). Indeed, whenever technical
advancements were introduced historically, there was some
initial opposition against their broad application (Ainsworth
1976). We therefore anticipate that the current reluctance
against the acceptance of phenotypically cryptic species will
diminish, especially as molecular tools become more easily
available. Having said that, cryptic species should be well-
documented phylogenetically, to exclude the possibility of
type I errors. The other issue, elaborated in detail below, is
the assessment whether phylogenetically distinct lineages
are always to be recognized at species level or whether the
application of infraspecific ranks is preferrable in an evolu-
tionary framework in certain cases.

Throughout history, alpha taxonomy has faced challenges
due to misunderstood variation of characters and conflict

between character complexes in the delimitation of species.
Prior to the advent of molecular phylogenetic approaches,
variation and conflict have been addressed through ad hoc
solutions, involving circular reasoning and subjectively
defined taxa. Almost two centuries ago, Watson (1843)
labeled thus defined species "book species", a concept taken
up in McCabe’s (2021) Descent and Logic in Biosystemat-
ics. Essentially, there is no difference between book species
and the modern term "species hypothesis", other than the
framework to establish species hypotheses having greatly
improved over time. McCabe’s (2021) rationale for the
term "Linneon" also essentially corresponds to our current
understanding of species hypothesis, although in its original
sense, Lotsy (1916, 1925) defined Linneon as morphologi-
cally defined species complexes likely to contain a num-
ber of distinct lineages, i.e., cryptic speciation. In our LPR
approach (see above), a Linneon in a modern sense would

@ Springer



124

Fungal Diversity (2021) 109:99-154

Fig.7 Examples of lichens with
identical external morphol-

ogy but differing in anatomi-
cal details such as ascospores
(sporomorphs) and/or hymenial
insperson (inspersomorphs).

a Allographa acharii. b A.
angustata. ¢ A. cinerea. d A.
macella. e A. pseudocinerea.

f A. vestitoides. In b, d, and f
showing ascospores as examples
of different types: transversally
septate and fusiform (b), richly
muriform and ellipsoid (d),
terminally muriform and oblong
(f). All photographs by Robert
Liicking

correspond to a species hypothesis based on phenotype char-
acters, although McCabe (2021) extends this concept to spe-
cies defined by DNA characters.

The assessment of the taxonomic value of characters
is closely tied to technological advances in biodiversity
research. While early fungal taxonomy was characterized
by evaluation of external morphologies, four major advances
shaped further developments in this field until today (Ains-
worth 1976; Jgrgensen 2017): (1) the use of the microscope
to assess anatomical characters, in particular ascospores
but later on also ultrastructure (Korber 1853; Roux et al.
1986); (2) the assessment of the ontogeny as a taxonomi-
cally important character (Letrouit-Galinou 1968; Henssen
and Jahns 1973; Eriksson 1982; Honegger 1993; Letrouit-
Galinou et al. 1994; Doring and Lumbsch 1998); (3) the
study of secondary chemical compounds eventually using
chromatographic methods (Zopf 1903; Culberson and
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Kristinsson 1970; Huneck and Yoshimura 1996); and (4)
the advent of molecular phylogeny.

Perhaps the best-documented example for conflicting
taxonomies arising from new technological approaches
is the application of chemotaxonomy (Duvigneaud 1939;
Lamb 1951; Culberson 1960, 1969, 1970; Hale 1955, 1968;
Krog 1969; Hawksworth 1976; Brodo 1986; Rogers 1989;
Lumbsch 1998). While secondary chemistry has long been
accepted as an important tool in taxonomy, forms only dif-
fering in their chemical compounds but agreeing in mor-
phology, so-called chemomorphs, were often not accepted
at species level, unless the differences were considered sub-
stantial. For instance, the presence or absence of pigments or
certain cortical substances, such as atranorin and usnic acid,
have usually been considered of higher value than differ-
ences in medullary chemistry or the presence or absence of
lichexanthone (Culberson 1970; Tehler 1983, 1993; Harris
1995). Thus, Parmeliopsis ambigua (cortical usnic acid and
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atranorin) and P. hyperopta (cortical atranorin only) have
mostly been considered distinct species, a concept confirmed
by molecular evidence (Tehler and Kallersjo 2001). Harris
(1995) accepted the presence of lichexanthone as a char-
acteristic feature at species level for many taxa, including
Caliciaceae (Pyxine), Graphidaceae, Parmeliaceae, Per-
tusariaceae, and Pyrenulaceae, but suggested to abandon
lichexanthone as a taxonomic character in Trypetheliaceae,
e.g., in the genera Astrothelium sensu lato (A. variolosum
aggr.), Polymeridium, and Trypethelium sensu lato, and
perhaps also in Monoblastiaceae (Anisomeridium). In most
cases, this was based on the absence of other correlated
characters.

A priori, there appears to be no reason for considering dis-
crete chemomorphs as species in some cases and infraspecific
variation in others, and independent evidence is required to
assess each case individually or derive general patterns where
these exist (Robinson 1975; Lumbsch 1998). However, even
this can be misleading. Thus, quantitative analysis of the mor-
phology, chemistry, distribution, and ecology, of variants in
the Ramalina siliquosa complex led to the distinction of a
variable number of taxa (Culberson and Culberson 1967,
Culberson 1969; Sheard 1978; Culberson et al. 1993). In
contrast, molecular phylogenetic analysis revealed only two
species-level lineages, each with variable chemistry (LaGreca
et al. 2020). In the genus Thamnolia (see below), the differ-
ent chemotypes were usually considered to represent species,
whereas discrete morphodemes, e.g., hollow vs. solid thalli,
were treated as subspecies (Culberson 1973; Santesson 2004).
Molecular phylogeny rejected either as useful taxonomic char-
acters, some lineages being morphologically and chemically
uniform and others variable (see below). Molecular phylog-
eny of the Parmotrema perforatum group, in which species
have traditionally been separated by medullary chemistry
and reproductive mode (Culberson 1973; Culberson and
Culberson 1973), revealed a complex picture: one lineage (P.
subrigidum/P. louisianae) chemically and genetically uniform,
one lineage (P. perforatum/P. hypotropum s.str.) chemically
uniform but divided into two sublineages not corresponding to
the two species, and one lineage (P. preperforatum/P. hypole-
ucinum) chemically variable (including samples with P. hypo-
tropum chemistry) and genetically complex (Widhelm et al.
2016), with a correlation between chemotypes and ecology
(Lendemer et al. 2015). In some cases, differences in chemi-
cal compounds have been used to support the separation of
morphologically cryptic species, such as in Parmelia mayi
vs. P. saxatilis (Molina et al. 2011). In the Trypetheliaceae,
chemically and morphologically distinct forms that have been
proposed to be lumped into a single, highly variable species,
A. variolosum (Harris 1995), are not only phylogenetically
distinct but also contain multiple, often unrelated lineages
(Fig. 8; Liicking et al. 2016).

In contrast to discrete chemomorphs, so-called sporo-
morphs, morphologically identical species that differ in
ascospore type (e.g., transversely septate vs. muriform
ascospores), have generally been accepted as separate
species. These cases are particularly common in crustose
lichens, e.g., the families Gomphillaceae, Graphidaceae
(Fig. 7), Porinaceae, Pyrenulaceae, and Trypetheliaceae
(Wirth and Hale 1978; Liicking 2009; Aptroot 2012; Apt-
root and Liicking 2016). Another type of chemical varia-
tion is that of so-called inspersomorphs, in which species
with the same morphology and ascospore type differ only
in the presence or absence of hymenial inspersion with oil
droplets, a phenomenon also common in Graphidaceae
and Trypetheliaceae (Liicking 2009; Aptroot and Liicking
2016). A unique form of discrete morphological differ-
ences are single vs. compound ascomata in perithecioid
taxa of the families Pyrenulaceae and Trypetheliaceae
(Harris 1995; Aptroot 2012; Aptroot and Liicking 2016).
Whereas Harris (1995) suggested to lump these into a sin-
gle species in some cases, e.g., in the Astrothelium vari-
olosum complex, molecular data suggest that these forms
represent not only discrete entities but may not even be
closely related (Fig. 8; Liicking et al. 2016).

Historically, thallus morphology was less scrutinized
than other character complexes, such as ascospores or sec-
ondary chemistry, in relation to its taxonomic value, likely
because it is more difficult to quantify and assess in an
objective manner. Thus, while in the early period of lichen
taxonomy, minor differences in thallus characters often led
to the establishment of new species or infraspecific taxa,
especially during the second half of the twentieth century,
differences in thallus characters were usually ascribed to
variation induced by habitat or other factors, even if the
variation was discrete (Anderson and Rudolph 1956; Wirth
and Hale 1978; Larcher and Vareschi 1988). This approach
was based on circular reasoning, because the assessment
of variation was affected by the underlying decision of
assigning individuals to a particular species, based on the
same characters used to assess their variation. Molecular
data now show that such broadly defined taxa are often
composed of several to numerous, even unrelated lineages,
demonstrating that thallus variation is much more limited
than previously assumed (Moncada et al. 2014; Liicking
et al. 2017b, c). As a consequence, even in the absence
of molecular data, species are now much more narrowly
defined (Liicking 2014). On the other hand, molecular data
have also shown that previously separated taxa may indeed
represent discrete variation of a single species (Fryday
et al. 2017; Boluda et al. 2019; LaGreca et al. 2020).
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«Fig. 8 Phylogeny of the genus Astrothelium (after Liicking et al.
2016), highlighting the position of species corresponding to the Try-
pethelium nitidiusculum | Astrothelium variolosum complex sensu
Harris (1995), indicated by dark blue dots (with the sequenced spe-
cies plus A. variolosum s.str. depicted on the right). Orange dots
indicate species of the A. aeneum complex, also suggested to poten-
tially form part of ad single, highly variable species A. variolosum
according to Harris (1995). The corresponding taxa do not only form
separate lineages but are also partly unrelated to each other, and the
separate position of specimens phenotypically corresponding to A.
nitidiusculum s.str. also indicate homoplasy

Recommendation 4: The formal recognition of demonstrably
distinct phylogenetic lineages should not be rejected only because
the means of identifying such taxa are not readily accessible
or because such taxa are not identifiable in the field, especially
given that many species are morphologically cryptic but readily
distinguishable using anatomical features such as ascospore
type or chemical compounds often detectable through spot tests.
Therefore, in inventories, the need for accurate taxonomy and
the corresponding requirement for corresponding tools should
always be assessed. Taxonomists should offer "proxy" solu-
tions in cases where accurate identifications are not crucial, e.g.,
Parmelia saxatilis "sensu lato" for monophyletic cryptic species
complexes or Sticta fuliginosa "morphodeme" for unrelated but
highly similar species. When molecular data are not available for
a particular taxon, the taxonomic validity of phenotypic characters
and character complexes should not be decided upon ad hoc but
should be evaluated within a phylogenetic framework of related
taxa, especially when different phenotype character complexes
(e.g., thallus morphology, ascospore type, secondary chemistry)
would lead to conflicting solutions.

Species versus infraspecific ranks

As mentioned above, taxonomy can be divided into three lev-
els: alpha taxonomy, the delimitation and recognition of spe-
cies, beta taxonomy, which refers to higher taxa, and gamma
taxonomy, which deals with infraspecific levels (Mayr 1968;
Winston 1999; Disney 2000; Tahseen 2014). Lichenologists
and other mycologists have made ample use of gamma tax-
onomy, particularly in historical times (Fig. 9a). Compared
to nearly 370,000 fungal species names established between
1753 and 2020, over 61,000 infraspecific names were estab-
lished during the same time period, resulting in a ratio of
about 6:1. Of these, over 29,000 (nearly half) correspond to
lichen-formers, although overall, species names of lichen-
formers make less than 10% of all fungal species names (see
above). Thus, infraspecific names established for lichenized
fungi are strongly overrepresented compared to all fungi.
In absolute numbers, the introduction of infraspecific
fungal names (including lichen-formers) peaked between
1860 and 1940 (Fig. 9a), during which more than half of

all infraspecific names were established. The relative pro-
portion of lichen-formers among these thereby oscillated
between less than 10% and over 80%, with the lowest pro-
portions in the past two decades and in the two decades
leading up to 1800 and the highest in the decade up to 1770
and again between 1840 and 1870 (Fig. 9b). Relative to over-
all species-level names, the highest proportion of infraspe-
cific names in fungi was published between 1800 and 1870,
whereas in lichens, three peaks occurred between 1800 and
1820, between 1830 and 1850, and between 1900 and 1910
(Fig. 9¢). Overall, the proportion of infraspecific taxa rela-
tive to species never exceeded 50% in all fungi, but during
the peak periods, newly established infraspecific names
were approximately twice the number of species names
in lichenized fungi. These three peaks fell in the Acharius
period (1801-1820), the Montagne period (1831-1850), and
the Zahlbruckner period (1901-1910). During these periods,
most of the infraspecific names were established by A. B.
Boistel (953), in his Nouvelle Flore des Lichens (Boistel
1903), E. Acharius (818), and L. E. Schaerer (659), but a
considerably number also by J.-B. Lamarck (470), largely
in Encyclopédie Méthodique Botanique (Lamarck and Poiret
1813), J. von Flotow (302), H. Olivier (298), E. Fries (275),
K. F. W. Wallroth (242), E. A. Vainio (221), G. L. Raben-
horst (206), J. Harmand (185), M. Bouly de Lesdain (134),
A. Zahlbruckner (129), and G. Torssell (122), in his Enu-
meratio Lichenum et Byssacearum Scandinaviae (Torssell
1843).

In the past three decades, which mark the period of
molecular taxonomy and systematics, the absolute number
and particularly the relative proportion of new infraspecific
names has dropped substantially, to distinctly under 10%
up to 2010 and under 5% up to 2020, comparing to post-
Linnean levels leading up to 1800. This indicates a dramatic
shift in the theoretical concept and practical application of
infraspecific names, likely a consequence of much improved
insight into the phylogenetic structure of presumed infraspe-
cific variation and its taxonomic value.

The use of infraspecific names (gamma taxonomy) has
been highly inconsistent throughout history, but has largely
followed two main concepts (Du Rietz 1930; Davis and
Heywood 1963; Hawksworth 1974; Hamilton and Reichard
1992; McDade 1995; Liicking 2008). The evolutionary con-
cept assigns intraspecific names to diverging lineages within
a species that are considered to be reproductively compatible
but exhibit some sort of non-biological reproductive isola-
tion, which can be either geographical (allopatric or peri-
patric) or ecological, e.g., through seasonal or diurnal dif-
ferentiation of sexual reproductive structures (sympatric). In
contrast, the typological concept assigns infraspecific names
to phenotypic variation that is deemed worthy of taxonomic
recognition but not sufficient to distinguish species. The
recognition of taxa at any rank should have some biological
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or evolutionary meaning, but the typological concept rarely
takes the principle of reproductive isolation into account
and hence generally violates modern taxonomic principles.
Because of these issues, some workers have dismissed the
use of infraspecific taxa, also because the species rank values
more in the non-scientific communication with stakeholders
in policies regarding biodiversity and conservation (O’Brien
and Mayr 1991; De Queiroz 2007; Patten 2015). Moritz
(1994) brought to attention the concept of Evolutionary
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Significant Units (ESUs), but implicitly equated these to
species rather than infraspecies.

Notably, in addition to his pioneering work on species
pairs, nearly a century ago Du Rietz (1930) also published a
seminal account on the nature of taxonomic units, discussing
in detail the principal infraspecific ranks offered by the Code
(form, variety, subspecies) and their inconsistent applica-
tion in the taxonomy of lichen-formers and other organisms,
especially regarding the rank forma. He defined the latter



Fungal Diversity (2021) 109:99-154

129

rank as corresponding to discrete morphological variation
unrelated to distribution, population structure, or lineage
descent, thus essentially of polyphyletic origin. In contrast,
the rank variety and subspecies applied to natural entities
with differing degree of range extension (local vs. regional).
While these definitions seem straightforward and partially
agree with what is being set forth below, Du Rietz (1930)
noted that, particularly in botanical (including mycologi-
cal) nomenclature, the corresponding ranks had rarely been
applied following this concept. This is especially true of
the ranks variety and form, as applied in the 19th and early
twentieth century, but also including more recent cases; for
instance, Thamnolia taurica has been variably recognized
at the rank of species, subspecies, variety, and form (see
below). There also appears to have been a temporal change
in concept, particularly when using variety vs. subspecies.
Thus, in lichen fungi, the rank subspecies was not only much
less popular than variety (606 vs. 16,811 instances), but
also less frequently used in the 19th compared to the 20th
century (142 vs. 464 instances). Furthermore, the two peak
periods for the use of the subspecies rank (1861-1890: 113
instances; 1971-2000: 225 instances) do not correlate with
the overall peaks for infraspecific taxonomy. In general, both
in mycology and botany, the rank subspecies appears to have
a more clearly defined geographical component, while the
rank form is often used typologically and the rank variety
may favor one or the other component, in contrast to the
more strict definition of variety by Du Rietz (1930).

The proper application of infraspecific ranks requires a
thorough understanding of the mechanisms of spatiotempo-
ral reproductive isolation. Fungi, including lichen-formers,
generally lack specific, vector-based fertilization mecha-
nisms that would allow ecological divergence, and hence
spatiotemporal separation, in sympatry. Such mechanisms
are often found in related plant species, including seasonally
or diurnally different flowering periods associated with dif-
ferent pollination vectors (e.g., Schlueter et al. 2009). On the
other hand, selfing, another mechanism proposed to facili-
tate sympatric evolution in plants (e.g., Wendt et al. 2002;
Matallana et al. 2010) is found in homothallic fungi (Hon-
egger et al. 2004; Lin and Heitmann 2007; Ni et al. 2011).
However, as long as an underlying biological mechanism
supporting spatiotemporal reproductive isolation in sympa-
try has not been demonstrated, infraspecific taxa in fungi
including lichen-formers are expected to exhibit spatiotem-
poral reproductive isolation primarily through geographic
differentiation, in form of allopatry or peripatry or at least
limited overlap. Therefore, the application of infraspecific
names to widely distributed entities that largely or fully
overlap with the typical (nominal) infraspecies, or other
infraspecific taxa within the same species, is ill-defined. As
a consequence, the bulk of infraspecific names historically
established in fungi, including lichen-formers, has been

either subsumed into synonymy under particular species or
these taxa have been raised to species level.

An additional conceptual issue in traditional botanical
and mycological nomenclature is the notion that the three
principal infraspecific ranks, subspecies, variety, and form,
should theoretically follow a hierarchy, similar to supraspe-
cific ranks [ICNafp (Shenzen) Art. 4, 24]. Thus, in a strict
sense, variety should correspond to the subdivision of a sub-
species and form to the subdivision of a variety. Historically,
infraspecific ranks have mostly be applied to subdivisions of
species, independent of rank, and often in a simplified sense,
especially with respect to form vs. variety, i.e., the smaller
the perceived deviation, the lower the applied rank. In a
biological sense, a situation where hierarchical infraspecific
ranking would be applicable at the infraspecies level can
be theoretically conceived, e.g., a geographically isolated
population that, while not yet reproductively isolated from
the mother population, already undergoes further geographic
isolation. On the other hand, one could argue that infraspe-
cific ranks reflect the temporal dynamics of speciation, i.e.,
when a new lineage emerges, the differences towards its
ancestor become gradually more distinct, and so a new line-
age would gradually pass through taxonomic recognition at
different infraspecific levels and ultimately at specific level,
and the proper rank would then reflect the inferred stage and
not a nested taxonomic structure. A third approach would
be to invariably treat infraspecific lineages at the level of
subspecies, independent of the degree of deviation. Zoo-
logical and prokaryote nomenclature have long adopted this
practice and abandoned the use of infraspecific ranks below
subspecies, recognizing all infraspecific ranks by default as
subspecies, even if originally designated otherwise, e.g., as
variety or form [ICZN Art. 45.5, 45.6 (Ride et al. 1999);
ICNP Rule 5c¢, 14a (Parker et al. 2019)]. Here, we consider
that the rank of subspecies should be the default when the
distribution ranges are not nested, i.e., cases of allo-, para- or
peripatry, whereas variety should be applied when a narrow
range is nested within a broader range, always assuming that
the underlying phylogeny allows for such an interpretation
(Fig. 10). Variety should also be used when indeed a hier-
archically nested pattern can be demonstrated (see below).
The rank forma should, however, be abandoned.

Within a modern taxonomic framework, based on the
findings from molecular phylogenetic studies, the use
of infraspecific taxa in fungi including lichen-formers
has decreased considerably and, where continued to be
employed, has been based on a more solid evolutionary
rationale, although not necessarily in all instances. In a
modern context, infraspecific (gamma) taxonomy offers the
possibility to deal with structured infraspecific variation,
providing a tool to mediate between splitting and lumping
of species. In theory, the decision whether lineages should
be considered species or infraspecific taxa is reproductive
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isolation (species) vs. compatibility (infraspecies) in sym-
patry, either in nature or experimental. While sympatry in
nature can be assessed from distribution data, experimental
approaches pose challenges in terms of practicability and

hence have only rarely been used in fungal taxonomy (Dett-
man et al. 2003; Liu et al. 2016; Liicking et al. 2020a). In
lichen-formers, an experimental approach to reproductive
isolation vs. compatibility is even more difficult, but indirect

*® ¢ ¢ * ( ’Q
” <& @, 0 © . 0 &
* ° ¢
o %o o R Y o %0 0 SO0
¢ 0 ) o @ oe0
*eQ L P L 2
Phylogeny Allo-/para- Nested
/peripatric (endemic)
%P0 ¢ distinct species species species
LH_jJ (Peltigera gowardii ~ (Melanelixia hawkswor-  (Lobariella reticulata
vs. P. hydrothyria) thii vs. M. fuliginosa) vs. L. pallida)
(near-) species species species
cryptic  (Xanthoparmelia hypo- (Thamnolia taurica (Parmelia ernstiae
| fusca vs. X. tasmanica) vs. T. vermicularis) vs. P. serrana)
Reciprocally distinct species species species
monophyletic (Cora palaeotropica  (Xanthoria monofoliosa (Usnea antarctica
(short stem vs. C. bovei) vs. X. parietina) vs. U. aurantiacoatra)
branches) (near-) species species species
cryptic (Cora paraciferrii (Parmelia rojoi (Pseudocyphellaria
vs. C. ciferrii) vs. P. saxatilis) sandwicensis vs. P,
xanthosticta)
Nested distinct subspecies species species
(paraphyletic (Cora dewisanti (Cora rubrosanguinea (Pseudocyphellaria
residual) subsp. mexicana vs. vs. C. elephas) biliana vs.
subsp. dewisanti) P. pomaikaiana)
(near-) subspecies variety no recognition
cryptic (Sticta scabrosa (Dermatocarpon luridum (Endocarpon tortuosum
subsp. hawaiiensis var. xerophilum vs. Staurothele
vs. subsp. scabrosa) vs. var. luridum) pulvinata)
Unresolved distinct subspecies variety informal
(depending (Caloplaca arnoldii (Endocena informis recognition*
on marker subsp. arnoldii var. falklandica (dendriscocauloid
resolution) vs. subsp. obliterata vs. var. informis) cyanomorph of Sticta
latifrons)
(near-) no recognition no recognition no recognition
cryptic (Umbilicaria iberica (Eumitria pectinata) (Cladonia convoluta
vs. U. subpolyphylla) vs. C. foliacea)

Fig. 10 Categorization of the main patterns of phylogenetic topolo-
gies and distribution ranges and their recommended recognition
at species or infraspecies rank. References: Caloplaca: Gaya et al.
(2011); Cladonia: Pino-Bodas et al. (2010a, b); Cora dewisanti:
Moncada et al. (2019); C. paleotropica vs. C. bovei, C. paraciferrii
vs. C. ciferrii: Licking et al. (2017b); Dermatocarpon: Amtoft et al.
(2008), Fontaine et al. (2012); Endocarpon/Staurothele: Heidmarsson
et al. (2017); Endocena: Fryday et al. (2017). Leptogium: Otalora
et al. (2010b); Letharia: Altermann et al. (2014, 2016); Lobariella:
Moncada et al. (2013a, b); Melanelixia: Leavitt et al. (2016b); Parme-
lia ernstiae vs. P. serrana: Molina et al. (2011); P. rojoi vs. P. saxa-
tilis:: Crespo et al. (2020); Peltigera: Lendemer and O’Brien (2011);
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Pseudocyphellaria: Liicking et al. (2017c); Sticta latifrons: Ranft
et al. (2018); S. scabrosa: Moncada et al. (2021a, b); Thamnolia:
Onut-Brannstrom et al. (2017,2018), Jgrgensen (2019), this paper;
Umbilicaria: Davydov et al. (2019); Usnea: Grewe et al. (2018),
Lagostina et al. (2018); Xanthoparmelia: Hodkinson and Lendemer
(2011); Xanthoria: Kondratyuk et al. (2008). *In certain cases, taxo-
nomic separation is warranted, if there is no immediate explanation
for discrete variation and the underlying molecular data are suspected
to provide insufficient resolution; examples are Physcia caesia Vs.
P. aipolia (see above) and Sticta limbata vs. S. fuliginosa (Moncada
et al. 2020b)
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evidence through mating genes and molecular patterns of
past recombination and gene flow have been employed
(Leavitt et al. 2011a, b, 2015; Wirtz et al. 2012; Ludwig
et al. 2017).

As detailed approaches to reconstruct the reproductive
biology of lichenized fungi are rare, so far there has been no
widespread and consequent implementation of infraspecific
taxonomy in a modern, evolutionary sense, such as prac-
ticed in zoology (Wilson and Brown 1953; Mallet 2007;
Patten 2015). On the contrary, competing solutions are often
applied to such cases. A recent example is the genus Tham-
nolia. Between 1850 and 2020, 67 names were established
in this genus, 22 of which correspond to unrelated genera in
other lineages and 45 to Thamnolia sensu stricto, represent-
ing 30 heterotypic entities (Table 5). Of these, 19 were only
recognized at infraspecific level. Taxa in this genus have
traditionally been distinguished based on few phenotype
characters: a hollow vs. solid, cylindral to flattened thallus,
branching pattern, and secondary chemistry, with individu-
als producing either thamnolic (and decarboxythamnolic)
acid (UV-) or squamatic and bacomycesic (UV + yellow)
acids (Culberson 1963; Santesson 2004; Jgrgensen 2019).
Given the lack of correlation between morphology and
secondary chemistry, the taxonomy in this genus has been
disputed and concepts varied between recognizing a single,
variable species or various taxa with emphasis on either
morphology or chemistry, or both, at species or infraspecific
rank (Culberson 1963; Santesson 2004; Jgrgensen 2019). A
recent molecular phylogenetic study based on six markers
(Onut-Brinnstrom et al. 2017, 2018) resolved three main,
supported lineages, one widespread, one subarctic, and one
restricted to the Alps. In the widespread lineage, there was
little or no correlation with morphological or chemical fea-
tures. The authors recognized the three lineages as three
species, the widespread lineage under the name 7. subuli-
formis, the subarctic lineage as new species, 1. tundrae, and
the alpine lineage as T. vermicularis s.str. Jgrgensen (2019)
subsequently corrected an apparent error in typification, so
that the widespread lineage would carry the name vermicu-
laris and the alpine lineage the name faurica; however, he
recognized the three lineages only at the subspecies level, as
T. vermicularis subsp. vermicularis (syn.: T. subuliformis),
T. vermicularis subsp. taurica, and T. vermicularis subsp.
tundrae.

Given that the underlying phylogeny is known, the cor-
rect application of alpha and/or gamma taxonomy in this
case can be assessed. The topological patterns, in particular
the long stem branches and the somewhat structured inter-
nal variation in the widespread lineage (Onut-Brinnstrom
et al. 2017, 2018) support the recognition of each lineage
at the species level, reflecting the separate evolutionary
history of each lineage. The allopatric distribution of the
subarctic (fundrae) vs. the alpine lineage (taurica) allow

the application of infraspecific taxonomy, if both were
sister groups and showed little phylogenetic divergence.
Whereas the ITS marker resolved both as sister clades
(Onut-Brénnstrom et al. 2018), the six-marker phylogeny did
not resolve the relationships between the three lineages but
suggested that the subarctic and the alpine lineage split more
recently (0.6—4.1 Mya) from each other than either from the
widespread lineage (1.5-6.6 Mya; Onut-Brinnstrom et al.
2017). The widespread lineage (vermicularis) is present in
the range of both taurica and tundrae, so the latter two fully
overlap with vermicularis within their corresponding range.
Therefore, it appears that in the overlapping ranges, taurica
and tundrae are reproductively isolated from vermicularis,
because otherwise one would expect them to interbreed.
This consideration is of course complicated by the notion
that extant sexual reproduction in Thamnolia is not known,
making the application of the biological species concept dif-
ficult. The molecular data show signs of past recombination
within but not between lineages (Nelsen and Gargas 2009;
Onut-Brénnstrom et al. 2017), supporting their distinction
at species level and also indicating that sexual reproduction
happened in the past. The data also suggest that taurica and
tundrae are relict species with a broader ancestral distri-
bution, whereas vermicularis shows signatures of a recent
expansion. Given this evidence, the proposal by Jgrgensen
(2019) is not in accordance with the evolutionary history of
these lineages and they are better recognized as species, with
the revised names T. vermicularis for the widespread line-
age (=T. subuliformis sensu Onut-Briannstrom et al. 2018),
T. tundrae for the subarctic lineage, and T. raurica for the
lineage in the Alps.

Unfortunately, few cases offer the amount of data avail-
able as in Thamnolia to assess the feasibility of infraspe-
cific taxonomy in species complexes. Another example is
Ramalina celastri subsp. ovalis, now recognized as a sep-
arate species, R. ovalis (Hayward et al. 2014). Therefore,
great care should be applied when opting for infraspecific
taxonomy and the reasoning for such an approach should
always include an evolutionary component, even if only
inferred from indirect evidence. For instance, Liicking and
Liicking (1995) established Arthonia cyanea var. cocosensis
for an isolated population on the oceanic Cocos Island in
the eastern Pacific that slightly deviates from other material
of the widespread A. cyanea var. cyanea in the ascospores
becoming 3—4-septate and greyish-brown (2-3-septate and
colourless in A. cyanea var. cyanea). Subsequently, Liicking
(2008) divided the latter into f. minor Liicking (ascospores
predominantly 2-septate) and f. cyanea (ascospores predom-
inantly 3-septate). The phylogenetic relationships between
these phenotypes are unknown and the current taxonomic
concept is therefore an untested hypothesis. However, given
that f. minor, although comparatively rare, is widespread in
the Neotropics (Liicking 2008; van den Boom and Sipman
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Table 5 Names validly published in Thamnolia and their current status

Epithet Name Current name Reference(s)
andicola T. andicola T. vermicularis  Culberson (1963)
coloradoensis T. vermicularis var. coloradoensis T. vermicularis  Sushan and Anderson (1955), Jgrgensen (2019)
elegans T. elegans Unresolved Culberson (1963)
Sfruticosa T. vermicularis var. fruticosa T. vermicularis ~ This paper
glebosa T. vermicularis f. glebosa T. vermicularis ~ Minks (1874), this paper
[T vermicularis var. glebosal
gracilis T. vermicularis f. gracilis T. vermicularis  This paper
intricata T. vermicularis var. intricata Unresolved This paper
juncea T. juncea T. vermicularis  Onut-Brinnstrom et al. (2017, 2018)
lutea T. vermicularis f. lutea Unresolved Motyka (1960), this paper
melvilliana T. vermicularis f. melvilliana T. vermicularis  This paper
minor T. vermicularis f. minor T. vermicularis  Yang et al. (2015)
T. subvermicularis f. minor
T. subuliformis f. minor
nivea T. subvermicularis var. nivea Unresolved This paper
T. subuliformis var. nivea
papelillo T. papelillo T. vermicularis ~ Onut-Brinnstrom et al. (2017, 2018)
qomolangmana  T. vermicularis f. gomolangmana T. vermicularis  Yang et al. (2015)
robusta T. vermicularis f. robusta T. vermicularis  This paper
T. vermicularis subf. robusta
rosea T. vermicularis f. rosea T. vermicularis  This paper
roseorugosa T. vermicularis f. roseorugosa T. vermicularis  This paper
rostrata T. subvermicularis var. rostrata Unresolved This paper
rugosoides T. vermicularis f. rugosoides T. vermicularis ~ This paper
T. subvermicularis var. rugosoides
solida T. vermicularis var. solida T. vermicularis  Santesson (2004), Onut-Briannstrom et al. (2017, 2018)
T. vermicularis subsp. solida
sordida T. subvermicularis var. sordida Unresolved This paper
subjuncea T. juncea var. subjuncea T. vermicularis  Onut-Briannstrom et al. (2017, 2018)
subsolida T. papelillo var. subsolida T. vermicularis  Onut-Briannstrom et al. (2017, 2018)
T. subuliformis var. subsolida
subuliformis T. vermicularis f. subuliformis T. vermicularis  Jgrgensen (2019)
T. vermicularis var. subuliformis
T. vermicularis subsp. subuliformis
T. subuliformis
subvermicularis  T. subvermicularis T. vermicularis  Culberson (1963), Jgrgensen (2019)
taurica T. vermicularis f. taurica T. taurica Onut-Brinnstrom et al. (2017, 2018), Jgrgensen (2019), this paper
T. vermicularis var. taurica
T. vermicularis subsp. taurica
T. taurica
tenuissima T. tenuissima T. vermicularis  This paper
tundrae T. vermicularis subsp. tundrae T. tundrae Onut-Brinnstrom et al. (2017, 2018), Jgrgensen (2019), this paper
T. tundrae
undulata T. undulata T. vermicularis  Culberson (1963)
vermicularis T. vermicularis T. vermicularis  Jgrgensen (2019)

In some cases no modern reference to the current status of a previously established name was found, but where possible, its identity was pre-
dicted from the grographic origin of the type and the published description of the taxon, in relation to the presently recognized distribution and
ecology of the three taxa distinguished in this genus (indicated as "this paper"); however, revision of these names in a modern context is neces-
sary

2016), it cannot be separated from the widespread f. cya-
nea based on non-biological reproductive isolation. There-
fore, f. minor should either be merged into A. cyanea as a

single taxon or, given that intermediate forms have not yet
been reported, better recognized at the species level: Artho-
nia minor (Liicking) Liicking comb. et stat. nov. [Bas.:
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Arthonia cyanea f. minor Liicking, Fl. Neotrop. Monogr.
103: 132 (2008); MycoBank 840275].

Ahti (2000) applied infraspecific taxonomy in various
cases of species classified at the time in the genus Clad-
ina, now subsumed within Cladonia, for instance in Cla-
donia arbuscula, with subsp. boliviana, subsp. imshaugii,
and subsp. pachyderma. Two of these had originally been
established at the species level, viz. C. boliviana and C.
imshaugii. The subspecies within C. arbuscula were based
on a combination of chemical and morphological charac-
teristics and, in part, distribution range, although two sub-
species were given as chemically variable. Thus, subsp.
arbuscula is characterized by usnic and fumarprotocetraric
acids, a robust habit with combed apical branchlets, and a
compact ectal layer; it is widespread in temperate regions in
both hemispheres. In contrast, subsp. boliviana is principally
Andean, with a more slender habit, the apical branchlets
not conspicuously combed, and a fibrose extal layer; it has
four chemotypes, one corresponding to that of subsp. arbus-
cula and the others with usnic acid only or additionally with
stictic acid (Ahti 2000). The other two subspecies, subsp.
imshaugii and subsp. pachyderma, share with subsp. arbus-
cula the robust habit with combed apical branchlets and
compact extal layer, but differ in the mainly dichotomous
branching and in other morphological details; both have
narrow distribution ranges in Hispaniola (subsp. imshaugii)
and the Venezuelan Andes (subsp. pachyderma). In addition,
populations in Western North America, eastern Asia and
Australasia have been separated as subsp. beringiana and
subsp. squarrosa, and C. mitis has also been considered a
subspecies of C. arbuscula (Ahti 2000; Myllys et al. 2003;
Piercey-Normore et al. 2010). Data of the ITS marker are
available for subsp. arbuscula, subsp. beringiana, subsp.
boliviana, subsp. mitis, and subsp. squarrosa, indicating
that subsp. boliviana is nested on a long, strongly supported
branch within a paraphyletic residual formed by intermin-
gled samples of subsp. arbuscula, subsp. beringiana, and
subsp. squarrosa; this residual is otherwise nested within
subsp. mitis or, depending on sampling and markers, subsp.
mitis is nested within subsp. arbuscula or both are recipro-
cally monophyletic (Myllys et al. 2003; Piercey-Normore
et al. 2010; Stenroos et al. 2019; Moncada et al., unpubl.
data). The nested topology, together with the largely allopat-
ric distribution and the morpho-anatomical differences,
would justify the recognition of subsp. boliviana at pre-
cisely that level, comparable to the case of Cora dewisanti
(Fig. 10). In contrast, subsp. arbuscula, subsp. beringiana
and subsp. squarrosa are not resolved into coherent entities
and hence should not be formally recognized, although they
show some degree of phenotypic differentiation (Fig. 10).
On the other hand, C. mitis and C. arbuscula have nearly the
same broad distribution ranges and hence cannot be recog-
nized at infraspecific level; based on the underlying topology

(Piercey-Normore et al. 2010; Stenroos et al. 2019; Moncada
et al., unpubl. data), C. mitis should be recognized as a sepa-
rate species, similar to the situation in Pseudocyphellaria
biliana vs. P. pomaikaiana (Fig. 10).

Clerc (1987) distinguished two varieties in Usnea frag-
ilescens, var. fragilescens and var. mollis. Both show minor
morphological and evological divergence and both exhibit
broadly overlapping ranges across the Northern Hemisphere
(Liicking et al. 2020b). No molecular data are currently
available for var. mollis, but the distribution ranges suggest
that the distinction is merely typological and hence both
should either be merged or separated at the species level
(Moncada et al. 2020a).

The subspecies level was applied to recently discovered
new taxa in the genera Cora, Peltigera, and Sticta. In the
cases of C. dewisanti subsp. mexicana vs. subsp. dewisanti
and S. scabrosa subsp. hawaiiensis vs. subsp. scabrosa
(Moncada et al. 2019, 2021a, b), the subspecies exhibit peri-
patry relative to the typical subspecies: C. dewisanti subsp.
mexicana in Mexico vs. subsp. dewisanti in South America,
and S. scabrosa subsp. hawaiiensis in Hawaii vs. subsp. sca-
brosa in the Neotropics. In both cases, the two subspecies
showed only minor phenotypic differentiation, close to being
cryptic. Besides this, the main aspect for their classification
as subspecies was their nested placement within the typical
subspecies in the underlying phylogeny, on short branches.
For such cases, the evolutionary history best justifies the sta-
tus of subspecies (Fig. 10). A different pattern was found for
Peltigera polydactylon subsp. udeghe (Magain et al. 2016),
which was resolved as reciprocally monophyletic compared
to subsp. polydactylon, differing morphologically in the
phyllidiate thallus, and with an allopatric distribution pat-
tern. This would in our view justify the distinction at species
level, comparable to the case of Cora palaeotropica vs. C.
bovei (Fig. 10).

In contrast, Solenopsora olivacea subsp. olivacea and
S. olivacea subsp. olbiensis form a species pair with either
sexual or asexual reproduction (see above). The limited
molecular data (only three specimens in total sequenced)
indicate that both are closely related but potentially recip-
rocally monophyletic, and both have broadly overlapping
ranges in the Mediterranean (Guttova et al. 2014). Their
separation at infraspecific level is therefore purely typologi-
cal and subsp. olbiensis should either be subsumed under S.
olivacea or recognized at the species level, depending on
additional molecular data.
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Recommendation 5: Lineages delimited as distinct taxa should
by default be recognized at the species level. Infraspecific ranks
should only be used in cases of sister group relationships or nested
placements with short stem branches and when a biogeographic
component in terms of allo-, para- or peripatry or nested, narrowly
endemic distribution is given. In cases of allo-, para- or peripatry,
the subspecies rank should be employed, following the practice of
zoological and prokaryote nomenclature, unless a hierarchically
nested distribution pattern of geographically isolated but biologi-
cally compatible populations can be demonstrated, in which case
the additional rank of variety (varietas) would be applicable,
i.e., in obligate combination with the rank of subspecies. Variety
should also be used when a phylogenetically nested lineage with
distinctive features occupies a narrow range within the broader
range of the paraphyletic residual. The rank of form (forma)
should be abandoned. In general, infraspecific taxonomy should
not be used in a typological manner, i.e., to formally denote dis-
crete phenotypic variation only, without knowledge of phyloge-
netic relationships or taking into account biogeographic patterns

A quick primer on common molecular
complications

While molecular data are overall superior to phenotype data
in establishing evolutionary relationships and delimiting
species, they are not free of potential complications, which
may lead to type I errors (false positives), i.e., the erroneous
establishment of novel taxa. The six most common ones are
(1) contaminant sequences, (2) laboratory mixups, (3) chi-
meric sequences, (4) incomplete lineage sorting, (5) intro-
gression, and (6) gene duplication (Loeffler et al. 1999; Sto-
janovic et al. 2002; Hugenholtz and Huber 2003; Maddison
and Knowles 2006; Joly et al. 2009; Naciri and Linder 2015;
Sheik et al. 2018; Liicking et al. 2020a; Aime et al. 2021).
As a consequence, molecular phylogenies used to test exist-
ing taxonomies should be carefully assessed for such errors,
before proposing formal changes or describing new species.
To that end, we provide precise definitions and guidelines.
Contaminant sequences are defined as sequences gener-
ated from a sample that do not represent the target organ-
ism, in this case the primary mycobiont. Frequently, these
are attributed to environmental laboratory contaminants
accidentally entering the sample, but in reality, such con-
taminants are much less common than contaminants origi-
nating from the sample itself or from DNA contamination
of stock solutions (which can be tested by using sample-
free controls). Sample contaminants may not only be fungi
developing on the sample a posteriori, such as molds, but
also lichenicolous, endolichenic, or other fungi occurring as
natural components of the sample, although not necessarily
growing in the lichen thallus (see above). Contaminants can
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usually be recognized by blasting the resulting sequence,
as it should give results unrelated to the target mycobiont.
Surprisingly, such contaminant sequences are not rarely
submitted to public repositories, such as GenBank, under
the name of the target mycobiont (Sheik et al. 2018); for
instance, an ITS sequence labeled Strigula orbicularis (Gen-
Bank accession KU509981) represents a contaminant in the
genus Aspergillus. This happened more frequently in the
earlier days of DNA sequencing, as the lack of proper refer-
ence sequences made it more difficult to assess whether a
given sequence represented the target fungus or a contami-
nant, e.g., a dothidealean contaminant mtSSU sequence of
Lasallia pennsylvanica (AF356664) leading to an artifac-
tual topology, with Eurotiomycetes nested within Lecano-
romycetes (Lutzoni et al. 2001; Liicking and Nelsen 2018).
Not rarely, the same sample and DNA extract may provide
the desired target sequences for a given set of markers but
contaminant sequences for other markers, depending on the
affinity of the primers to the target mycobiont vs. any con-
taminant fungus present in the sample. A recent example is
the presence of basidiomycetous fungi in the thalli of certain
Verrucariaceae, in which the mtSSU primers consistently
recovered the primary mycobiont (Verrucariaceae), whereas
the ITS primers generally sequenced the basidiomycetous
component (Corticiaceae; Liicking and Moncada 2017). A
particular challenge arises when the contaminant sequence
represents a (closely) related taxon, which can happen in
diffusely delimited lichen phenotypes that may contain small
pieces of other lichens (see below; "extraneous mycobiont
DNA™"). Such cases will not be immediately obvious but
should be considered when phylogenetic placement of a
set of sequences generated from the same sample results in
unexpected placements. The only conclusive way to test for
close-relative contamination is to make another DNA extract
from the underlying sample.

An often overlooked problem is the decoupling of the
underlying specimen from the different steps in the work-
flow of generating the molecular data, i.e., DNA extract,
PCR aliquots, PCR cleaning product, or the actual sequence
data file. The underlying connection is ensured by a unique
identifier (DNA extract number, tissue sample barcode,
etc.); however, errors of mislabeling easily and inadvert-
ently happen, particularly in the last sequencing step, includ-
ing reverse positioning of the sequencing plate. Apart from
attempting to avoid such errors by working carefully and
with attention to detail, or using software pipelines to track
potential mixups (e.g., Stojanovic et al. 2002), a way to avoid
unrecognized mixups is to combine distantly related sam-
ples in a single work set and, if resulting sequences from a
sequencing plate appear odd, test whether reverse order of
the plate labels provide the expected match. If there is evi-
dence for a mixup, the safest way to obtain reliable data is
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repeating the PCR and sequencing steps, rather than trying
to make sense of the existing data. Kondratyuk et al. (2019)
recently reported "extraneous mycobiont DNA", i.e., unex-
pected sequences corresponding to a particular lichen myco-
biont presumably detected in the thallus of other lichens,
e.g., of Biatora longispora (Ramalinaceae) in the thallus of
Agonimia pacifica (Verrucariaceae). It is unclear whether
these are the result of a laboratory mixup or of natural con-
tamination of the underlying lichen thalli. Proposing a spe-
cial term ("extraneous mycobiont DNA") and postulating
that this may play "... an important role in [the] formation
of lichen associations ..." or "... help to understand better
[the] taxonomy of some lichen groups ..." (Kondratyuk et al.
2019: 294) is not only fanciful but also far-fetched.

Chimeric sequences are a known problem in next gen-
eration sequencing (NGS) techniques (Nilsson et al. 2015).
Sanger sequencing does not usually result in chimeras,
unless the primer pair shows differential downstream and
upstream affinities to fungal lineages. When trying to assem-
ble such sequences, the mismatch is usually immediately
detected, unless there is little overlap between forward and
reverse sequences in a conserved region. Given that such chi-
meric contig sequences should contain more or less equally
large forward and reverse parts, they are rather easily detect-
able either by blasting and inspecting the alignment patterns,
or in a phylogenetic analysis, by causing the including clade
to have a rather long, yet unsupported stem branch. Besides
chimeric sequences, chimeric data sets, i.e., concatenating
clean sequences that represent different target organisms,
have been reported to lead to erroneously established taxa
(Vondrak et al. 2018; Llewellyn 2019; Wilk et al. 2021).

Incomplete lineage sorting is a commonly occurring,
natural problem in recently emerging species (Maddison
and Knowles 2006; Joly et al. 2009; Alexander et al. 2017).
It is caused by a temporary shift in the divergence of differ-
ent genes, usually located in different portions of the genome.
When a lineage LO diverges into two lineages L1 and L2, gene
A may diverge first, then represented by alleles Al and A2,
subsequently followed by gene B, with alleles B1 and B2. The
ancestral lineage is then characterized by the combination
A0-BO, whereas the two descendant lineages will eventually
exhibit the combinations A1-B1 vs. A2-B2, after sufficient
"sorting" time has passed. During the emergence of the two
lineages, individuals may show various combinations, includ-
ing also A1-B2 or A2-Bl1, leading to conflict when different
markers are comparatively analysed. Such incomplete lineage
sorting can be recognized when the visible conflict is restricted
to closely related sister lineages and when some markers
appear to have more resolution than others, i.e., when there
is an underlying pattern regarding the timeline of individual
gene trees, although in practice this can be difficult to discern
with typical sampling sizes.

Introgression occurs after interspecies hybridization, when
hybrids backcross with one or both parent lineages (Alexander
et al. 2017; Ament-Velasquez et al. 2020; Keuler et al. 2020).
If this happens between recently diverged sister species, pat-
terns resulting from introgression are difficult to distinguish
from those caused by incomplete lineage sorting (Alexander
et al. 2017), although statistical tests have been developed to
aid in such cases (Joly et al. 2009). If introgression happened
between more distantly related species, the conflict should be
visible in that conflicting markers from the same sample clus-
ter in different clades representing other parent species. Again,
sampling size, both in terms of individuals and markers (e.g.,
phylogenomics; Ament-Velasquez et al. 2020; Keuler et al.
2020) is critical to properly assess this issue.

Gene duplication denotes the divergence of a given gene
into two (or more) copies within the same genome. Once this
happens, the different copies (original ortholog and duplicated
paralogs) are bound to evolve independently through random
DNA replicating errors, unless a mechanism of concerted evo-
lution is in place. Such sequence evolution is independent of
lineage evolution, exploring new phylospace, meaning that,
contrary to introgression, paralogous sequences do not have
exact matches in the genome of other species (Liicking et al.
2020b). However, as in the case of incomplete lineage sort-
ing vs. introgression, this depends on the time passed since
the divergence. Also, given that gene duplication is clade-
based, the resulting conflicting topologies may resemble
those obtained from introgression (Liicking et al. 2020b). The
differentiation is further complicated when paralogs remain
functional and do not evolve freely, especially, when a func-
tional paralog replaces the original ortholog in the genome,
so that the genome contains one copy of the gene (Linder and
Rieseberg 2004). In such cases, the absence of more than one
copy in genome sequencing approaches does not mean that the
gene is not a paralog.

Recommendation 6: When assessing sequence data and molecu-
lar phylogenetic trees, always be aware of potential artifacts
caused by contaminant sequences, laboratory mixups, chimeric
sequences, incomplete lineage sorting, introgression, gene dupli-
cation, and other issues. Do not believe your own data until you
have made sure they are correct. The best strategy to cross-check
molecular data is to have sequence data from at least two samples
of the same taxon and various markers representing functionally
different parts of the genome, e.g., nuclear ITS, mitochondrial
mtSSU, and a protein-coding marker.
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Data and taxon sampling

An often overlooked issue in taxonomic works is improper
or insufficient data and taxon sampling, which can lead to
type I errors (false positives) and taxonomic inflation (Leav-
itt et al. 201 1b; Bernstein et al. 2021), rarely also to type II
errors (false negatives). Common errors include improper
taxon and specimen sampling, improper comparison of dif-
ferent data types, and omitting the search for potentially
available names in historic or obscure literature.

When establishing a new species, it should by default
be compared to both the most similar and the most closely
related species. Most similar species are those deviating in
only few characters, for instance with the same morphol-
ogy but a different chemistry or ascospore type, or with the
same (particularly if unusual) chemistry but differing in
other features. Most closely related are those species form-
ing part of the same clade, in particular the immediate sister
species. Assessing close relationship is often non-intuitive
when molecular data are not available, as closely related spe-
cies may be phenotypically disparate (Liicking et al. 2017b;
Esslinger et al. 2020). When a comprehensive taxonomy,
such as a global revision or monograph (e.g., Arvidsson
1982; Aptroot and Liicking 2016) and/or a more or less
complete set of molecular data, such as for the genera Cora
or Melanelixia (Arup and Sandler-Berlin 2011; Leavitt et al.
2016b; Liicking et al. 2017b) exist for a higher taxon, taxon
selection for proper comparison is rather straightforward.
However, more often than not this is not the case. There-
fore, the distinctiveness of a clade in a molecular phylogeny
alone is not evidence for a novel species, unless all species
in this group have been sequenced. Even in groups for which
a large amount of sequence data is available, such as the
genus Usnea, with currently over 1750 ITS accessions, the
proportion of sequenced vs. known species is generally low,
in the case of Usnea little over 25% (Liicking et al. 2020b).
Thus, before introducing taxonomic novelties based on a
molecular phylogeny, similar but non-sequenced species in
the group in question should be carefully examined and this
should be documented in the discussion of the new taxon
(Lendemer 2021).

In groups where the majority of the species have already
been described and where a large proportion of established
names are currently treated as synonyms, such as in vascular
plants or reptiles (Joppa et al. 2011; Bernstein et al. 2021),
the likelihood for an unfamiliar lineage to already have a
name, and hence for the establishment of another, super-
fluous name, is rather high. In lichen-forming fungi, about
half of the established species-level names are currently
considered synonyms (see above), whereas the number of
undescribed species is estimated to surpass the number of
currently accepted species by about fifty percent (Liicking
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et al. 2009b). Thus, an unfamiliar lineage is about twice
more likely to already have a name than to be undescribed.
As aresult, issues of unrecognized diversity and taxonomic
inflation may go hand in hand (Leavitt et al. 2011b; Brad-
shaw et al. 2020). In fungi overall, the number of available
species-level names is about twice the number of currently
accepted species, whereas the number of estimated species
is about twenty times as high (Hawksworth and Liicking
2018), and so it is statistically ten times more likely to detect
an undescribed species than an unfamiliar, yet previously
described species. However, this does not release the tax-
onomist from the responsibility to always carefully check old
names and historic or obscure publications, including in for-
eign languages, that way developing a thorough familiarity
with the focal group to appropriately recognizing non-fitting
samples. Nomenclatural repositories such as Index Fungo-
rum and MycoBank, with extensive synonymies and often
with direct links to protologues, greatly facilitate this task.

In multi-marker phylogenies it is not rare that lineages
are only represented by a subset of markers. For instance,
in a three-marker phylogeny comprised of mtSSU, nuL.SU,
and RPB2, any given lineage may be represented by all
three, two, or just one of these markers. Problems then arise
particularly for terminals (species), when the markers do
not overlap. For instance, one species may be represented
by a combination of two markers (e.g., mtSSU, RPB2) and
another by a single marker only (e.g., nuLSU), which will
lead to "phylogenetic orphans” or false polyphyly (e.g.,
Rivas Plata et al. 2013). For broader phylogenies, e.g.,
attempting to resolve genera within a family, this is of no
concern, as long as each genus-level clade has at least some
marker overlap between the lineages contained therein.
However, individual species can appear polyphyletic if there
is no marker overlap between different samples represent-
ing the same species (Rivas Plata et al. 2013). It is there-
fore conceivable that absence of marker overlap can lead to
erroneous recognition of presumably novel taxa, when the
marker(s) sequenced for such material do not overlap with
the already existing markers sequenced for other specimens
of the same taxon. Such problems are fortunately often rec-
ognized at the submission stage of manuscripts.

A third problem is the generation of sequence data for pre-
sumably widespread species when sequence data for the meta-
population including the type locality are not available. For
instance, a species may have originally been described from
the Caribbean (e.g., Teloschistes flavicans), but sequence data
were first generated from geographically distant regions, such
as South Africa, Australia, and Hawaii (Fedorenko et al. 2009).
The assumption that such sequence data really represent the
species in question, and hence demonstrate its wide distribu-
tion, is ill-defined and can lead to potential type II errors, i.e.
false negatives. Fortunately, such cases are easily discerned
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when molecular data become available for material from the
region encompassing the type locality, although complicated
cases where even the type locality may harbor more than one
species of a species complex are known, e.g. S. fuliginosa vs.
S. fuliginoides (Moncada et al. 2014; Magain and Sérusiaux
2015). In any case, drawing deeper conclusions from cases
where presumably widespread species are first sequenced out-
side their type region should be avoided.

Recommendation 7: Before establishing new species (or new taxa
at infraspecific level), make sure that potentially available names
have been screened, by inspecting types of synonyms listed in
monographic treatments and nomenclatural repositories and by
checking historical and obscure literature. Such a check should
be reasonably thorough but it is clear that it cannot always be
exhaustive. For new species, it is not usually necessary to check
published infraspecies names, as they do not have priority outside
their rank, even if later discovered to be synonyms, unless they
were at some point raised to species level. However, when only
few infraspecific names have been published in a group under
study, it is recommended to check these and, if appropriate, take
up such epithets at the species level (instead of describing a new
species), especially if their taxonomy has been properly circum-
scribed at the infraspecies level by the original author(s). For
taxonomic discussions of new species, a representative sample of
the most similar and the most closely related species should be
included. When testing a species hypothesis through molecular
data, proper sampling is crucial, including overlap of the underly-
ing markers between the taxa to be tested and inclusion of the
most closely related and most similar species. If such data are not
available, they should be generated, because otherwise the results
will not be conclusive.

Conclusions: a protocol for consistent alpha
(and gamma) taxonomy in lichen-forming
fungi

In conclusion, we present a protocol for a consistent alpha
(and gamma) taxonomy in lichen-forming fungi, including
practical solutions for different purposes. The underlying
logic is in part loosely based on McCabe (2021) but has
been placed into a more practical framework and adjusted
to modern terminology.

1. Detect a phenotypically or phylogenetically non-fitting
sample (individual or group of individuals) within the
framework of a previously established taxonomy.

2. Determine the degree of non-fittingness, preferably using
a quantitative approach. For phenotype characters, apply
a statistical approach when the differences are morpho-
metric (e.g., ascospore size) and not immediately obvi-
ous, demonstrating that the non-fitting sample is outside
the variation range of already known taxa. For instance,
differences in ascospore sizes of 10-20 X 6—8 pm (non-

fitting sample) vs. 20-30 X 8—10 pm (most similar
known taxon) should be quantified using a statistical
group comparison or a multivariate ordination graph.
Qualitative phenotype characters (e.g., presence/absence
of particular chemical compounds) should be assessed
in comparison to the known variation in related, well-
established taxa defined with the aid of molecular data,
taking into account the underlying nature of the char-
acter (e.g., chemosyndromes of related substances vs.
different substance classes). For example, norstictic vs.
stictic acid (both 1’-6’-OH depsidones) is more likely
to represent variation compared to norstictic vs. psoro-
mic (6’-COOH depsidone) or lecanoric acid (depside).
If there is no evidence for qualitative variation (discrete
phenodemes) in the established taxonomic framework
of a genus, always consider a non-fitting sample a sep-
arate entity instead of assuming discrete variation ad
hoc, unless the qualitative character corresponds to a
known discrete variation (e.g., photomorphs associated
with different photobionts, reproductive mode). Always
check for correlation between at least two functionally
uncorrelated characters. For instance, statisticaly cor-
related differences in ascospore size and chemistry are
likely evidence for distinct taxa, whereas statistically
correlated differences in ascospore size and numbers of
ascospores per ascus (i.e., ascospores are larger in asci
with fewer ascospores) may represent a taxonomically
meaningless, functional correlation.

For a phylogenetically non-fitting sample, assess the
underlying topology (reciprocally monophyletic vs.
nested within a paraphyletic residual), as well as branch
length and support patterns. Assess congruence between
different markers if available (coalescence). Reciprocal
monophyly combined with long, strongly supported stem
branches (significantly longer than internal branches) in
congruence between various markers is strong evidence
for separate entities, whereas a nested clade with s short,
unsupported stem branch within another clade is not.

Generally, the more pronounced the difference of
the non-fitting sample relative to all known taxa, the
lower the number of characters needed to establish a
species hypothesis. Even single characters may suffice
if the difference is immediately convincing (e.g., trans-
versely septate vs. richly muriform ascospores or linear
vs. broadly rounded lobes). Similarly, pronounced differ-
ences in single-locus phylogenetic trees can be sufficient
for establishing a robust species hypothesis, although not
for inferring evolutionary relationships with confidence.
If the sample has been assessed phenotypically, where
possible test the non-fittingness by generating molecular
data. Note that this approach is only valid when molecu-
lar data exist for the most similar known taxa to which
the non-fitting sample is compared. If the molecular data
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result in topological polyphyly of the non-fitting sample,
the initial species hypothesis is likely to be rejected. If
the phylogeny of the non-fitting sample vs. known taxa
is unresolved (i.e., all forming a single lineage), but the
phenotypic deviation cannot be explained by known
patterns of variation, consider the possibility that the
molecular marker(s) employed may not provide suffi-
cient resolution. Testing phenotypic non-fittingness with
molecular data is not a requirement (and may not be
possible when the underlying material is of a certain
age), but the importance of the latter increases when
phenotypic non-fittingness is low and particularly when
well-established taxonomic concepts are being chal-
lenged (Lendemer 2021).

If phylogenetic non-fittingness has been detected first,
compare the phenotypes of the underlying individuals. If
there are no immediately obvious differences, perform
a quantitative analysis of a phenotype character matrix
mapped onto the phylogeny. If there are no discernable
phenotypic differences but the underlying phylogeny
shows distinct clades (i.e., reciprocal monophyly com-
bined with long, strongly supported stem branches),
consider cryptic speciation.

If the degree of non-fittingness of the sample is deemed
sufficient to consider a novelty, it should be made sure
that all historically described names have been assessed
to rule out there is no fitting name. In particular, hetero-
typic synonyms of similar and/or closely related taxa
should be thoroughly checked. For synonyms, consult
taxonomic treatments of the genus in question. For
the assessment of type material, JSTOR Global Plants
[https://plants.jstor.org] is an excellent source. When
considering potentially applicable names, always take
into account the geographic origin but consider known
broad disjunctions, such as western North American vs.
Central Asia (Weber 2003; Melton et al. 2020)

If the degree of non-fittingness of the sample is deemed
sufficient to consider a novelty and no applicable
name appears to exist, the sample should be formally
described. Names should not be published "ad interim"
or as "nom. provis." or using informal working names,
unless their formal description using the same name is
immediate. If there is reason for hesitation, the proper
solution would be to use the name of the most simi-
lar or most closely related taxon, in combination with
the prefix "aff.", to denote a non-fitting sample. This
latter strategy avoids the propagation of invalid names
and ensures tracking down such non-fitters a posteriori,
once enough data become available for a formal descrip-
tion. Non-fitters should not simply be subsumed within
known taxa, as these will be impossible to trace a pos-
teriori.
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6. If the degree of non-fittingness of the sample is deemed
sufficient to consider a novelty and it has been decided
to describe it formally, the proper taxonomic level needs
to be assessed, i.e., whether describing the sample as
new species or as new infraspecific taxon of a known
species. By default, assume the sample represents a new
species. Apply infraspecific (gamma) taxonomy only if
the following criteria apply: (a) the phenotypic differ-
ences are minor or cryptic; (b) the non-fitting sample
and its most similar known counterpart or closest known
relative exhibit allopatric or peripatric distribution; (c)
the phylogeny shows a shallow topology (i.e., reciprocal
monophyly with short stem branches not significantly
longer than internal branches) or a nested relationship
within a paraphyletic residual. If an infraspecific cat-
egory appears to be the proper solution, always opt for
the subspecies (subspecies, subsp.) category, unless the
data support the category of variety (varietas, var.). Do
not use the category of form (forma, t.).

7. When formally establishing a new species, follow the
rules and guidelines (best practices) for valid publication
and proper circumscription (Lendemer 2021; Aime et al.
2021).

8. When phenotypic identification of a novel taxon is chal-
lenging, e.g., in ecological studies or monitoring proto-
cols, apply standardized taxonomic designations for less
resolved identifications, e.g., aggregate for a monophyl-
etic, cryptic species complex, such as the Bryoria fusce-
scens aggregate (Boluda et al. 2019) or Thamnolia ver-
micularis aggregate, or morphodeme for a polyphyletic
assembly of phenotypically similar species, such as the
Sticta fuliginosa or S. weigelii morphodeme. However,
the degree of precision should always be adjusted to the
objectives of the study, and lack of time and resources
alone should never be an argument to reject more precise
species concepts. Merging species not readily identifi-
able in the field or with standard approaches such as
light microscopy or chemical spot tests into aggregates
or morphodemes is only permissible when their underly-
ing ecology and/or distribution does not generate con-
flicts with the aims of the study.
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