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We assessed the status of two New Zealand endemic morphodemes in the genus Sticta, currently treated as two
separate taxa, Sticta filix and Sticta lacera. Both are green-algal lichens with a distinct stipe that grow in forested
habitats and are suitable indicators of the indigenous vegetation health in forest ecosystems in New Zealand. They
exhibit different morphologies and substrate ecologies: S. filix forms rather robust thalli, often on exposed trunks
of phorophytes, with erect stems distinctly emerging from the substrate, whereas S. lacera is a more delicate lichen
growing near the base of trees, usually among bryophyte mats or sheltered in the exposed portions of the phorophyte
root-plate, with a prostrate, branched, stolon-like stem barely emerging from the substrate. Throughout their range,
both taxa grow sympatrically and often in close proximity (syntopically). Despite the differences, ITS barcoding
does not support the two morphodemes as separate species. In this study we assessed two possible explanations:
(1) S. filix and S. lacera are discrete phenotypes of a single species, caused by developmental switching triggered by
a discrete environmental variable, the propagules developing either on bare substrate or between bryophytes; and
(2) the two morphodemes represent separate lineages, but ITS does not provide sufficient resolution to reflect this.
We performed a quantitative analysis of morphological and ecological parameters, based on vouchered herbarium
collections and field observations on iNaturalist NZ (https://inaturalist.nz), to assess the level of discreteness of the
growth forms and to test for a correlation with the presence of a bryophyte mat. We further took advantage of an
existing molecular data set from a target capture approach, comprised of 205 protein markers. This data set was used
to establish a framework of percentage identities between pairs of the same and of different species among lobarioid
Peltigeraceae and then to test whether the S. filix/lacera pairing fell closer to a within-species or a between-species
pairing. The morphometric analysis of herbarium material resolved S. filix and S. lacera as two discrete morphs
with little overlap, supported by numerous observations on iNaturalist NZ. However, whereas herbarium material
suggested a significant association of the lacera morph with bryophyte mats, no such pattern was evident from field
images on iNaturalist NZ, in which both morphs frequently associated with bryophyte mats. This highlights the
limitations of herbarium material to correctly assess substrate ecology, whereas iNaturalist NZ postings had issues
with correct identifications, given that especially S. lacera is easily confused with Pseudocyphellaria multifida. Based
on the target capture data, the percentage identity of the S. filix/lacera pairing (99.43%) was significantly higher than
that of all 12 between-species pairings (93.20-98.01%); it was at the same time lower than that of all within-species
pairings (99.63-99.99%) but significantly so only in comparison with five out of the eight within-species pairings. The
target capture approach is thus inconclusive, but the combination of all data suggests that S. filix and S. lacera are
not discrete morphodemes of a single species but represent two separate lineages which emerged recently and hence
cannot be resolved using the ITS barcoding marker or even a deeper phylogenomic approach based on protein-coding
markers. We propose transplantation experiments and the application of RADseq to further assess this situation.
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INTRODUCTION

The former family Lobariaceae, now subsumed as
subfamily Lobarioideae in Peltigeraceae (Kraichak
et al., 2018; Liicking, 2019; Lumbsch & Leavitt, 2019),
include conspicuous macrolichens mostly found in wet
forests and alpine habitats (Galloway, 2007; de Lange
& Galloway, 2015; Devkota et al., 2017). Among the
13 currently accepted genera (Liicking et al., 2017a;
Widhelm et al., 2018, 2019; Simon et al., 2020), Sticta
(Schreb.) Ach. is the largest, with c¢. 200 accepted
species and > 500 predicted species (Liicking et al.,
2017a; Simon et al., 2018a, b). Sticta is also highly
diverse in biological terms, including species with
either green algal or cyanobacterial photobionts, or
both, and with variable morphology and reproductive
modes (Galloway, 2007; Makryi, 2008; Moncada et al.,
2014a, b; Widhelm et al., 2018).

The Sticta filix (Sw.) Nyl. morphodeme includes
species with green algae and a basal stipe or
‘holdfast’ (Galloway, 2007), although species with this
morphology are not necessarily closely related. The
S. filix morphodeme is a characteristic element of wet
forests in the Southern Hemisphere (Galloway, 1985,
2007; Galloway et al., 1995). In New Zealand, four
taxa are distinguished, namely S. filix, Sticta lacera
(Hook.f. & Taylor) Mull.Arg., Sticta latifrons A.Rich.
and Sticta menziesii Hook.f. & Taylor (Galloway, 1985,
2007; Ranft et al., 2018). Sticta filix, S. latifrons and
S. menziesii form conspicuous lichens with large thalli,
their main stems emerging from the substrate. Sticta
filix differs from the other two species by its frequently
branched, highly dissected lobes. All three species
have dendriscocauloid cyanomorphs (Ranft et al.,
2018). Sticta lacera resembles S. filix in the highly
dissected lobes, but it forms rather small lichens, with
thalli barely larger than 2 cm; the stem is typically
proliferating, similar to a stolon, and only the side
branches emerge from the substrate. In addition,
S. lacera has a glabrous underside, whereas S. filix is
typically thinly tomentose (Galloway, 1985, 2007). All
four taxa are promising monitors of environmental
health in New Zealand forest ecosystems, but at
different levels of sensitivity, and their accurate
taxonomy is indispensable for this purpose (Ranft
et al., 2018; de Lange et al., 2018).

As part of an ongoing integrative taxonomic study
of New Zealand Lobarioideae (Ranft et al., 2018), ITS
barcoding of New Zealand representatives of the S. filix
morphodeme showed that the broad concept of S. latifrons
adopted by Galloway (1997, 2007) included another

species, S. menziesii, which has now been reinstated
(Ranft et al., 2018). The same study revealed a further,
distinct species so far only known by its dendriscocauloid
cyanomorph, Sticta dendroides (Nyl.) Moncada, Liicking
& de Lange. On the other hand, three specimens
representing S. lacera, including one identified by the
late David Galloway (Thomas et al., 2002), clustered
within S. filix, raising the possibility that S. lacera may
not be a separate taxon, but perhaps represents a dwarf
form of S. filix (Ranft et al., 2018). However, the ITS
barcoding locus may not provide sufficient resolution to
address species delimitation if lineages diverged recently
(Leavitt et al., 2016). A prominent example in Sticta are
the two well-known, cosmopolitan taxa Sticta fuliginosa
(Dicks.) Ach. and Sticta limbata (Sm.) Ach. They are
not separable using ITS sequence data (Moncada et al.,
2014a; Magain & Sérusiaux, 2015; Widhelm et al., 2018,
2019), but have clearly disparate morphologies, one
producing laminal isidia and the other chiefly marginal
soralia (Galloway, 2007; Ekman et al., 2019).

Discrete variation, especially in sympatric taxa,
is usually taken as an indication for the presence of
distinct lineages, even if ITS may not provide sufficient
resolution (Magain et al., 2017). However, another
explanation for discrete variation is developmental
switching, in which environmental triggers determine
whether individuals of the same population and
genotype develop one discrete morph or another (Lively,
1986; Moran, 1992; Weigel & Nilsson, 1995; West-
Eberhard, 2003; Chevin & Lande, 2013; Futuyma, 2015;
Chevin & Hoffmann, 2017; Sieriebriennikov et al.,
2018). This phenomenon could explain mismatches
between phenotype and lineage assignment in species
complexes (Muggia et al., 2008, 2014; Lumbsch &
Leavitt, 2011; Leavitt et al., 2011; Boluda et al.,
2019). An eye-catching example among lichen fungi
are photomorphs in which the same fungus, even the
same individual, develops highly disparate thallus
morphologies in association with either green algae or
cyanobacteria (Armaleo & Clerc, 1991; Laundon, 1995;
Heiomarsson et al., 1997; Jgrgensen, 1998; Purvis,
2000; Stenroos et al., 2003; Takahashi et al., 2006;
Goward, 2009; Hognabba et al., 2009). In this case,
the photobiont provides the ‘environmental’ trigger.
Photomorphs are common in Sticta and its relatives
in Peltigeraceae, including in the group under study
(Tgnsberg & Holtan-Hartwig, 1983; Sanders, 2001;
Tgnsberg & Goward, 2001; Galloway, 2007; Magain
et al.,2012; Moncada et al., 2013; Tgnsberg et al., 2016;
Ranft et al., 2018), and so the potential for discrete
variation has been demonstrated at least in S. filix.
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To assess whether the S. filix and S. lacera morphs
represent separate lineages or a potential case of
developmental switching, we first increased sampling of
the S. lacera morphodeme and assembled an emended
phylogenetic tree based on the ITS barcoding locus, to see
whether the previously found pattern is consistent. We
further used a phylogenomic target capture approach
(Coissacet al., 2016; Greshake et al., 2016; Pizarro et al.,
2018), taking advantage of a larger data set generated
for another study (Widhelm et al., 2019) that included
the two target taxa. Here, we reanalysed these data to
test a new approach of a pairwise percentage identity
framework to decide whether two samples represent
the same or two different species. Finally, we analysed
the morphology and substrate ecology of vouchered
herbarium specimens to quantitatively assess the
level of discrete variation and its potential correlation
with microenvironmental parameters, particularly
substrate. This approach was complemented by an
evaluation of field observations of the two taxa available
on iNaturalist NZ (https:/inaturalist.nz).

MATERIAL AND METHODS
ITS BARCODING AND HAPLOTYPE NETWORK

We obtained fresh material of two additional specimens
of the S. lacera morphodeme, for a total of 12 specimens
corresponding to S. filix, five to S. lacera and one to a
dendriscocauloid cyanomorph, including 16 previously
sequenced specimens. Using the methodology
described in Ranft et al. (2018), we generated ITS
barcoding sequences for the additional specimens for
a total of 18 ingroup ITS accessions and performed
maximum likelihood tree search using the universal
GTR+Gamma model in RAXxML 8.2 (Stamatakis, 2015).
Following Ranft et al. (2018), S. latifrons was used as
an outgroup (Table 1). To visualize multidimensional
variation in the ITS, we computed a TCS haplotype
network using PopART 1.7 (Clement et al., 2002; Leigh
& Bryant, 2015).

QUANTITATIVE MORPHOMETRY

This approach was applied to both the sequenced
material and to herbarium specimens that were
unfortunately too old to generate sequence data. For
the sequenced specimens we assessed four characters
considered diagnostic for S. lacera vs. S. filix (Galloway,
1985, 2007): thallus size (distance from base to
tip of longest branch in ¢cm), underside tomentum
development (absent, present except lobe tips, fully
present), stipe length (in cm) and proliferation of the
main stem (absent, present; Supporting Information,
Table S1). The matrix was analysed by means of

Table 1. Voucher specimens used in the ITS barcoding
approach. Newly generated sequences are indicated in
boldface. For voucher information on previously published
sequences, see Thomas et al. (2002) and Ranft et al. (2018).
Voucher material of the specimens collected on the North
Island (Ranft et al., 2018; this paper) is deposited in the
herbaria AK (Auckland), B (Berlin), F (Chicago) and/or
UNITEC (Auckland).

Taxon Voucher ITS
accession
Dendriscocauloid South Island AF350303
cyanomorph

Sticta filix South Island AF350304
Sticta filix North Island MF373759
Sticta filix North Island MF373769
Sticta filix North Island MF373770
Sticta filix North Island MF373771
Sticta filix North Island MF373772
Sticta filix North Island MF373773
Sticta filix North Island MF373774
Sticta filix North Island MF373775
Sticta filix North Island MF373776
Sticta filix North Island MF373777
Sticta filix North Island MF373779
Sticta lacera South Island AF350305
Sticta lacera North Island MF373766
Sticta lacera North Island MF373780
Sticta lacera North Island, de OL873582

Lange 13439

(MON-5716)
Sticta lacera North Island, de OL873583

Lange 13690

(MON-5718)
Sticta latifrons South Island AF350307
Sticta latifrons North Island MF373763
Sticta latifrons North Island MF373764
Sticta latifrons North Island MF373765
Sticta latifrons North Island MF373781
Sticta latifrons North Island MF373782
Sticta latifrons North Island MF373783
Sticta latifrons North Island MF373784
Sticta latifrons North Island MF373785
Sticta latifrons North Island MF373786

non-metric multidimensional scaling (NMDS) and
cluster analysis, using the Euclidean distance and
Ward’s clustering method in PC-ORD 6.0 (McCune
& Mefford, 2006). The sequenced dendriscocauloid
cyanomorph was excluded from this analysis, as were
two previously sequenced specimens of S. filix and
S. lacera from the South Island (Thomas et al., 2002),
as we were unable to locate the underlying voucher
material at the OTA herbarium (Otago) to assess their
phenotypes. The same analysis was subsequently

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2022, 199, 706-727

20z Iudy Gz uo 1senb Aq 8E£Z/79/90./€/66/910114E/UBBULIOG/WO0"dNO"dILUBPEIE//:SA]lY WOJ) POPEOJUMOQ


https://inaturalist.nz
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab083#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boab083#supplementary-data

STICTA FILIX VERSUS STICTA LACERA 709

performed on an additional 94 non-sequenced
herbarium specimens from both the North Island and
the South Island (Supporting Information, Table S1).
For the NMDS ordination, we computed the axis
correlation in the ordination diagram of the presence
of a bryophyte mat as assessed in the dried collections.

FIELD OBSERVATIONS

Whereas direct field observations were available
for the sequenced material, the ecological context,
in particular association with bryophyte mats, of
herbarium specimens could only be indirectly assessed,
with the possibility of type II errors (false negative) in
the case of S. filix since the latter is easily collected
without associated bryophytes even if emerging from
a bryophyte mat. We therefore complemented this
approach with an assessment offieldimages provided by
iNaturalist IZ (Mugford et al., 2021) for S. filix (https://
inaturalist.nz/observations?taxon_id=197044) and
S. lacera https://inaturalist.nz/observations?taxon_
1id=408333). The limitations of this approach largely
lie in the reliability of image-based identifications
(Mugford et al., 2021), which in the case of S. filix
and S. lacera are complicated by superficially highly
similar species in the related genus Pseudocyphellaria
Vain., particularly Pseudocyphellaria multifida
(Laurer) D.J.Galloway & P.James. Each of the entries
was therefore first assessed for correct identification
and subsequently the presence of a bryophyte mat
over the substrate was recorded where possible given
the angle of the field image. We also assessed whether
the thallus consisted of few, large, emerging stems
or numerous small branches close to the substrate,
suggesting a proliferating main stem (see images
linked in Supporting Information, Table S2).

TARGET CAPTURE APPROACH

The data for the target capture approach were taken
from Widhelm et al. (2019), selecting S. filix and
S.lacera and two samples each of six other Lobarioideae
[Pseudocyphellaria corbettii D.J.Galloway,
Pseudocyphellaria dissimilis (Nyl.) D.J.Galloway
& P.James, Pseudocyphellaria haywardiorum
D.J.Galloway, Sticta fuliginosa, S. latifrons,
Yoshimuriella peltigera (Delise) Moncada & Liicking]
plusoneof Yarrumia coronata (Miill.Arg.) D.J.Galloway
and three of Yarrumia colensoi (C.Bab.) D.J.Galloway
(Table 2). This selection represented species for which
either two separate samples or samples of two related
species (assessed from published taxonomies and ITS
data) were available. In contrast to Widhelm et al.
(2019), who focused on a phylogenomic approach to
resolve the backbone of lobarioid Peltigeraceae, here
we used a subset of the data to examine percentage

identity between selected samples, to test whether a
framework of between- and within-species thresholds
can be established that would help to assess the
situation in S. filix vs. S. lacera. The methodological
details to obtain the capture data are fully outlined
in Widhelm et al. (2019) and are here only briefly
summarized as follows. Baits for target capture were
designed using MarkerMiner 1.0 (Chamala et al.,
2015). We used the Lobaria pulmonaria (L.) Hoffm.
genome to develop a custom database and Trinity
(Grabherr et al., 2011) to assemble transcriptome
data from Evernia prunastri (L.) Ach., Pseudevernia
furfuracea (L.) Zopf and Lasallia pustulata (L.) Mérat,
to identify clusters of single-copy gene transcripts in
the transcriptome assemblies. Using MarkerMiner,
1714 single-copy genes were identified and aligned
to the hard-masked L. pulmonaria reference genome,
from which loci were selected that had at least one exon
of at least 500 bp and clear intron-exon boundaries
on the hard-masked alignment. Baits were designed
for using 400 separate Fasta DNA sequence files each
from the L. pulmonaria and the E. prunastri genome.
The sequences were submitted to MYcroarray (Arbor
Biosciences, Ann Arbor, MI, USA) for MYbaits bait
design, with 100-nucleotide-long baits with two times
tiling density, resulting in 17 941 baits.

Library preparations were prepared from DNA
isolated with the ZR Fungal/Bacterial DNA MiniPrep
(Zymo Research, Irvine, CA, USA). DNA concentration
was quantified with a Qubit 4 fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). DNA fragments
c. 500 bp were generated with a M220 Focused-
Ultrasonicator (Woburn, MA, USA), cleaning the
product with SeraPure beads (Glenn et al., 2019).
Samples were tagged using an Adapterama dual-
indexing system (Glenn et al., 2019) with a KAPA
Hyper Prep Kit (KAPABiosystems, Wilmington, MA,
USA). Ligation products were subjected to bead-
based size selection with SeraPure beads to enrich
for fragments of ¢. 550 bp, subsequently eluted in
resuspension buffer (RSB) and used in a limited-cycle
PCR to attach the tagged iTrub and iTru7 Adapterama
primers. PCR products were cleaned with 1x SeraPure
beads and eluted in nuclease-free, PCR-grade water.

Samples were pooled by phylogenetic relatedness,
corresponding to major clades in a previously published,
three-locus phylogenetic tree for Lobarioideae
(Moncada et al., 2013), for hybridization with RNA
baits. For each sample, DNA was mixed with all
samples of each of the five pools and concentrated in a
heated vacuum centrifuge. Pools were hybridized with
reagents provided with the baits from MYcroarray.
After incubation, the baits were attached to streptavidin
beads and washed according to the MYcroarray
protocol, followed by a post-wash enrichment PCR
cycle with KAPA Hifi Hotstart ReadyMix. The products
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Table 2. Voucher specimens used in the target capture approach, representing a subset of the sampling analysed by
Widhelm et al. (2019). Voucher specimens are deposited in the herbaria AK, B, F, and/or UNITEC (for acronyms, see Table 1).
SRA = Sequence Read Archive

Taxon Number  SRA accession Region Locality Voucher
Pseudocyphellaria 15893 SAMN10603063 New Zealand, Manawatu-Wanganui, Grewe &
corbettii North Island Tongariro National Wildhelm 3109
Park
Pseudocyphellaria 15903 SAMN10603073  New Zealand, Bay of Plenty, Kaimai Grewe et al. 3105
corbettii North Island Mamaku Forest Park
Pseudocyphellaria 14829 SAMN10602990  Australia Tasmania, Mt. Field Na- Lumbsch et al.
dissimilis tional Park 2173
Pseudocyphellaria 15896 SAMN10603066  New Zealand, Auckland, Auckland City, Grewe &
dissimilis North Island Northshore, Birkdale, Wildhelm 3019
Eskdale Bush Preserve
Pseudocyphellaria 15874 SAMN10603045 New Zealand, Central Volcanic Plateau, de Lange 12586
haywardiorum North Island Tongariro National (AK 3575377)
Park
Pseudocyphellaria 15875 SAMN10603046  New Zealand, Central Volcanic Plateau, de Lange 12587
haywardiorum North Island Tongariro National (AK 3575378)
Park
Sticta filix 15900 SAMN10603070  New Zealand, Kaimai, Bay of Plenty, Grewe et al. 3074
North Island Mamaku Forest Park
Sticta fuliginosa 15880 SAMN10603051  New Zealand, Rekohu, Southern Table- de Lange
Chatham Is- lands, Alfred Preece’s CH-2542
lands Land (UNITEC 7725)
Sticta fuliginosa 15881 SAMN10603052  New Zealand, Eastern Wairarapa, de Lange 13163
North Island Castlepoint Road
Sticta lacera 15902 SAMN10603072  New Zealand, Waikato, Kaimanawa Grewe &
North Island Forest Park Wildhelm 3255
Sticta latifrons 15879 SAMN10603050 New Zealand, Rekohu, Hokorereoro/ de Lange
Chatham Is- Rangatira/ South East CH-2534
lands Island (UNITEC 7446)
Sticta latifrons 15901 SAMN10603071  New Zealand, Wellington, Tararua Grewe &
North Island Forest Park Wildhelm 3274
Yarrumia colensoi 15316 SAMN10603016  New Zealand, Hawke’s Bay, Mahia Liicking et al.
North Island Peninsula Scenic Reserve 38741
Yarrumia colensoi 15851 SAMN10603038 New Zealand, Waikato, Tongariro Liicking et al.
North Island National Park 38836
Yarrumia colensot 15317 SAMN10603017 New Zealand, Waikato, Western Bay Liicking et al.
North Island Road, Great Lake Trail 38974
Waihaha Link
Yarrumia 15850 SAMN10603037 New Zealand, Hawke’s Bay, Mahia Liicking et al.
coronata North Island Peninsula Scenic Reserve 38675
Yoshimuriella 15279 SAMN10603013  Colombia, Subachoque, El Tablazo Rivera 60
peltigera Cundinamarca
Yoshimuriella 15280 SAMN10603014  Colombia, Subachoque, El Tablazo Rivera & Salinas
peltigera Cundinamarca 127

Abbreviation: SRA, Sequence Read Archive.

were cleaned with 1x SeraPure beads and the DNA
concentration was quantified with a Qubit fluorometer
and size of distribution of the DNA fragments in the
pools was observed on an Agilent 2001 Bioanalyzer
(Santa Clara, CA, USA). The pools were mixed in a final

96-sample pool, for sequencing on the Field Museum’s
Pritzker Laboratory’s Illumina MiSeq, with a single
300-cycle v.2 MiSeq reagent kit (Illumina, San Diego,
CA, USA). Data processing was performed as described
in detail in Widhelm et al. (2019).
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Hybpiper (Johnson et al., 2016) was used to generate
coding sequences from raw sequencing reads (see
Widhelm et al., 2019). The BLASTX option was used
to map sequencing reads with an amino acid sequence
target file that was generated from the Lobaria
pulmonaria transcriptome on the JGI Genome Portal
(https://genome.jgi.doe.gov/portal). Sequences from the
18 specimens were recovered for 224 loci producing 224
unaligned multi-FASTA files. Each of the 224 data sets
was aligned using the auto option in MAFFT 7 (Katoh
& Standley, 2013). Each alignment was subsequently
manually inspected and problematic sequence data
were classified into: (1) low quality, (2) potential
chimeras, (3) with terminal gaps, (4) with indels and (5)
missing for a particular sample. Low quality sequences
and potential chimeras were removed. Four of the
224 alignments required manual adjustments. After
checking, we retained 205 marker alignments that
were complete for the target specimens (Supporting
Information, File S3).

Pairings of samples corresponding to the target
taxa were extracted from the full alignments using
SAMtools 1.12 (Li et al., 2009), resulting in 4305
alignments with two samples each (21 pairings of 205
loci each). Samples were paired as follows to obtain
reference comparisons for within-species and between-
species pairings:

= Within species (eight pairings): Pseudocyphellaria
corbettii, P. dissimilis, P. haywardiorum, Sticta
fuliginosa, S. latifrons, Yarrumia colensoi (two
combinations out of three specimens), Yoshimuriella
peltigera.

= Among species (closely related based on ITS; five
pairs with two pairings each): Pseudocyphellaria
corbettii vs. P. dissimilis, P. corbettii vs.
P. haywardiorum, Sticta latifrons vs. S. lacera,
S. latifrons vs. S. filix, Yarrumia colensoi vs.
Y. coronata.

= Between species (distantly related based on ITS;
one pair with two pairings): Sticta latifrons vs.
S. fuliginosa.

The two-sequence alignments were imported into
Geneious 10 (Kearse et al., 2012) and the percent
identity for each of the alignments was extracted into
a csv file consisting of gene name, sample pairing
and percent pairwise identity of the two sequences in
each of the 4305 alignments. The resulting data file
was used to produce density ridge plots in R using
the packages ggplot2 (Wickham, 2016), ggridges
(Wilke, 2017) and viridis (Garnier, 2016). One-way
analysis of variance (ANOVA) was used to compare
the mean percent identities of 205 gene alignments
for each infraspecific and intraspecific species pair.
The R package dplyr (Wickham et al., 2015) was used

to conduct the ANOVA. The null hypothesis assumed
that S. lacera/S. filix represent a single species, with
the mean percent sequence identity not differing
significantly from other within-species pairings but
significantly from between-species pairings.

RESULTS

ITS BARCODING

The ITS barcoding locus (alignment length: 540 bases)
revealed mostly identical sequences for both morphs,
with few, mostly autapomorphic variations in two
sequences of S. filix from the North Island (Ranft et al.,
2018: MF373771, MF373771: one position or 0.2%), one
sequence of S. filix and S. lacera each from the South
Island (Thomas et al., 2002: AF350304, AF350305:
three positions each or 0.6%) and one sequence
corresponding to a dendriscocauloid cyanomorph from
the South Island (Thomas et al., 2002: AF350303: one
position or 0.2%). All other sequences, including four of
S. lacera and nine of S. filix from the North Island, were
identical (Fig. 1). Three out of four unique haplotypes,
including the two most distinctive haplotypes, came
from the South Island, including both morphodemes
and the dendriscocauloid cyanomorph, indicating
that the variation in ITS is correlated with geography
rather than phenotype. Consequently, the best-scoring
maximum likelihood tree did not resolve the two
morphodemes as separate lineages (Fig. 2).

QUANTITATIVE MORPHOMETRY

Morphometric analysis of the sequenced specimens
resulted in a clear separation of the two morphs (Fig.

Dendriscocaulon
. morph (AF350303)
@ filix
O lacera
@ Dendriscocaulon morph

South Island

North Island North Island

filix (MF373771, South Island
MF373777)
filix (AF350304)
10 samples
’ South Island
Lsemle lacera (AF350305)

Figure 1. ITS haplotype network of the Sticta filix-lacera
complex in New Zealand. Tick lines indicate number of base
call differences between haplotypes.
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@ filix (AF350304)

Figure 2. Best-scoring maximum likelihood tree for the
ITS barcoding marker of the Sticta filix-lacera complex in
New Zealand. Bootstrap support values are indicated below
the branches.

3A, B), corresponding to the concept of S. filix (11
specimens) and S. lacera (four specimens). Among
these sequenced specimens, the S. filix morph had
thalli 50-80 mm long (mean 67 + 9 mm), with the
lobe underside thinly tomentose except for the lobe
margins or glabrous except for the central stem, and
a stipe 10-20 mm long (mean 13 + 5 mm), without
proliferations (Fig. 4). In contrast, the S. lacera morph
had thalli (i.e. emerging branches) 20—-30 mm long
(mean 26 + 5 mm), with the lobe underside glabrous
and a stipe 5~10 mm long (mean 6 + 3 mm), consistently
proliferating (Fig. 5). There were no intermediate
specimens.

Morphometric analysis including additional
herbarium specimens revealed a more complex picture
(Figs 6, 7). In the NMDS ordination, the two morphs
were dispersed along a gradient, slightly overlapping
in the first plane (axis 1 vs. 2; Fig. 6, insert) but more
distinctly separated in the second plane (axis 1 vs. 3;
Fig. 6). The S. filix morph exhibited a higher degree
of variation than the S. lacera morph. Among these
specimens, the S. filix morph had thalli 40-125 mm
large (mean 72 + 21 mm) and a stipe 3-30 mm long
(mean 11 + 6 mm). The S. lacera morph had thalli
(i.e. emerging branches) 6-32 mm large (mean 19 +
7 mm) and a stipe 0—6 mm long (mean 1 + 1 mm).
In the cluster analysis (Fig. 7), the S. lacera morph
formed two groups, one containing most specimens
(group A) and a small one comprised of four specimens
(group B). Both groups were nested in a more
heterogeneous cluster of specimens corresponding to

the S. filix morph, forming three larger groups and
two singletons. Notably, in that larger analysis, the
previously separated sequenced specimens (Fig. 3A,
B) formed two tight clusters, well separated from each
other (Fig. 7), demonstrating that the morphological
analysis based on the sequenced specimens alone was
misleading. In particular, the sequenced specimens of
the S. filix morphodeme were characterized by rather
short stems and stipes compared to the non-sequenced
material (Supporting Information, Table S1).

The NMDS ordination revealed a significant
correlation of specimens arranged by morphological
characters with the presence/absence of a bryophyte
mat, the group of specimens corresponding to the
S. lacera morph showing an association with the
presence of such mats (Fig. 6). Indeed, only 29%
of the filix specimens had associated bryophytes,
compared to 97% of the lacera specimens (Supporting
Information, Table S1), a highly significant difference
(Chi-square test; x%2=16.9016, P = 0.0000). Three of the
four morphological characters (thallus size, lower side
tomentum, stipe size) showed some level of variation,
including slight overlap between the morphodeme
groups separated by the cluster analysis, whereas the
fourth character (stem proliferation) was an almost
perfect indicator of both the larger clusters and the
two morphodemes (Fig. 7).

Analysis of the two morphometric characters, stem
length and stipe length, showed that the variation in
the two morphodemes is not actually continuous. Stem
length exhibited a rather clear bimodal distribution,
whereas stipe length was multimodal, with a broader,
somewhat discontinuous variation found in specimens
corresponding to the S. filix morphodeme (Fig. 8).

FIELD OBSERVATIONS

We assessed a total of 114 postings of either S. filix
(92) or S. lacera (22) on iNaturalist NZ, including
two where both morphs were present. Critical
evaluation confirmed the identifications for 65
postings of S. filix and 13 postings of S. lacera, one
each including both species, for 66 and 14 records,
respectively. Identification accuracy thus amounted to
71% for S. filix and 59% for S. lacera. The remaining
records represented in part Pseudocyphellaria spp.,
particularly P. multifida, lichens not identifiable to
species or genus level due to lack of critical diagnostic
information (e.g. the underside) and, in a few cases,
potentially undescribed, additional species in the
S. filix group (Supporting Information, Table S2).
Among the verified identifications, the S. filix and
S. lacera morphodemes were clearly separated, with no
intermediate forms; in two cases (https://inaturalist.
nz/observations/982725; https://inaturalist.nz/
observations/19226970), both forms grew side by side
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Figure 3. PCA ordination (A) and cluster analysis (B) of sequenced specimens corresponding to the S. filix and S. lacera

morphs.

(syntopically) on the same substrate, a phenomenon
also observed in other cases (Fig. 9). The presence
or absence of a bryophyte mat could be assessed for
56 postings of S. filix and 13 of S. lacera. In contrast
to the findings from the herbarium material, among
the field observations S. filix was more frequently
association with a bryophyte mat (68% of all records)
than S. lacera (54%; Fig. 10). This difference was,
however, not significant (Chi-square test; %2 = 0.913,
P =0.3393).

TARGET CAPTURE APPROACH

For the eight pairings in which the paired samples
represented a single species, mean genetic identity
varied between 99.99% (Yoshimuriella peltigera) and
99.63-99.67% (Pseudocyphellaria dissimilis, Sticta
latifrons, Yarrumia colensoi p.p.), with 99.82% or
higher for the remaining three pairings (Fig. 11; Table
3). For the five pairings representing different but
closely related species, mean genetic identity ranged
between 98.00-98.01% (P. corbettii vs. P. dissimilis) and

96.90-96.95% (P. corbettii vs. P. haywardiorum), whereas
for the pairing representing two more distantly related
species (S. fuliginosa vs. S. latifrons), mean genetic
identity was 93.10-93.20% (Fig. 11; Table 3). There was
a slight effect of geographical distance: the five within-
species pairings with the highest percentage similarity
included two instances of pairings from the same
locality, two from different localities on the same island
and only one from two distant regions (S. fuliginosa
from the North Island and from the Chatham Islands);
in contrast, the three pairings with lower percentage
similarity included one instance from two distant regions
(P. dissimilis from Australia and New Zealand) and two
from different localities on the same island (S. latifrons,
Yarrumia colensoi; Fig. 11). For the pairing S. filix vs.
S. lacera, mean genetic identity was 99.43%, lower than
any within-species but higher than any between-species
pairing (Fig. 11; Table 3). For between-species pairings
of the same taxa but different specimens, mean genetic
identity varied little, between 0.01% in P. corbettii vs.
P. dissimilis and 0.10% in S. latifrons vs. S. fuliginosa
and Yarrumia coronata vs. Yarrumia colensoi (Table 3).

© 2021 The Linnean Society of London, Botanical Journal of the Linnean Society, 2022, 199, 706—727

20z Iudy Gz uo isenb Aq 8e€z/¥9/90./€/66 | /2101E/UBSUUIOG/WOD dNO"dIWSPEDE//:SARY WO} POPEOJUMOC]



714 R.LUCKING ET AL.

Figure 4. Morphology of sequenced specimens corresponding to the S. filix morph. A, B, thallus upper and lower side
of ITS accession MF373770; the arrow in A indicates the basal stipe, i.e. the distance from the substrate to the first
branch. C, thallus lower side of ITS accession MF373776; in both cases showing dendroid morph with distinct central
stem and terminal lobules with glabrous underside. D, E, thallus lower side of ITS accession MF373773; dendroid morph
lacking distinct central stem, with the lobe underside thinly tomentose throughout. F, thallus lower side of ITS accession
MF373777; specimen showing nearly glabrous lobe underside, with tomentum only developed towards the central stem.

Scale bar = 10 mm (A-D), = 5 mm (E, F).

Tukey post hoc comparison revealed highly significant
differences in the pairwise genetic identity between
the two samples representing the S. filix vs. S. lacera
morphodeme and all between-species pairings (Table
3). Five of the eight within-species pairs also had mean
pairwise identities significantly different from those of

S. filix vs. S. lacera, whereas the remaining three did
not differ significantly (Table 3). The S. filix vs. S. lacera
pairing was thus closer to a within-species than to a
between-species identity pattern. However, even though
the two samples originated from different localities of
the same island (North Island), the percentage identity
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Figure 5. Morphology of sequenced specimens corresponding to the S. lacera morph. A, thallus upper side of ITS accession
MF373780. B, thallus upper side of Liicking 38158;in both cases mats of small stems growing between bryophytes (mosses).
C, D, individual branches of proliferating stem removed from bryophyte mat of Liicking 38158. E, individual branches of
proliferating stem removed from bryophyte mat of ITS accession MON-5716; in both cases stems removed showing basal
connection to a procumbent, proliferating portion of the stem (stipe) that subsequently often disintegrates. F, thallus lower
side of ITS accession MF373780; glabrous lobe underside closely resembling that of lobe tips of the S. filix morph (compare

Fig. 4F). Scale bar = 10 mm (A-E), = 5 mm (F).

was lower than the two most similar within-species
pairings (P. dissimilis, S. latifrons), both originating
from distant regions (Fig. 11), which implies that the
percentage identity in the S. filix/S. lacera pairing is lower
than expected given their geographical distance, if both
represented the same species.

DISCUSSION

Given the absence of resolution in the ITS barcoding
marker, the discrete morphodemes corresponding
to S. filix and S. lacera allow for two possible
explanations. A frequently employed scenario would
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Figure 6. NMDS ordination of 109 specimens corresponding to the S. filix and S. lacera morphs, based on four morphological
characters. Specimens were assigned to morphs based on the key provided by Galloway (2007). The larger graph shows
the second plane (axis 1 vs. 3) and the smaller inset shows the first plane (axis 1 vs. 2). The arrow indicates a significant
correlation of the second plane axes with the presence/absence of bryophyte mats.

be the assumption that S. filix and S. lacera are two
separate species, but with the ITS barcoding locus
insufficient to resolve this relationship, because
the species have evolved recently from a common
ancestor (Magain et al., 2017; Ranft et al., 2018). ITS
has indeed been shown to be rather conserved in
certain lineages of fungi, such as Aspergillus Micheli,
Fusarium Link, Pseudocercospora (Lév.) Speg.
or Schizophyllum Fr., with other markers better
resolving species-level lineages (James et al., 2001;
Eberhardt, 2010; Crous et al., 2013; Samson et al.,
2014; O’'Donnell et al., 2015). In Lobarioideae, ITS
generally works well in delimiting species, with both
single marker and multilocus approaches (Moncada
et al., 2013, 2014a, b; Cornejo & Scheidegger 2015;
Licking et al., 2017b; Ranft et al., 2018; Simon et al.,
2018a). However, a notable exception is the clade
including the two cosmopolitan species, S. fuliginosa

and S. limbata, which are clearly distinguishable
morphologically, including differential vegetative
reproductive strategies (isidia vs. soredia), but cannot
be resolved using ITS (Moncada et al., 2014a; Magain
& Sérusiaux, 2015; Widhelm et al., 2018).

One would expect a phylogenomic approach to be
able to resolve closely related species-level lineages if
the ITS barcoding marker lacks such resolving power.
However, even the target capture approach, based on
205 different markers, was not conclusive in this case.
Although the genetic identity of the S. filix/S. lacera
pairing was lower than those of all eight within-species
pairings, representing four genera of Lobarioideae
(Pseudocyphellaria, Sticta, Yarrumia, Yoshimuriella),
the observed differences were only significant for five
of these pairings. On the other hand, genetic identity
of the S. filix/S. lacera pairing was distinctly higher
than for all between-species pairings, in all cases
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morphological characters. Specimens were assigned to morphs based on the key provided by Galloway (2007).
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Figure 8. Variation of stem length and stipe length in the
S. filix and S. lacera morphodemes.

significantly so. Statistically, it is therefore more likely
that the S. filix/S. lacera pairing represents a single
species. However, its placement at the lowermost
level of the within-species gradient, and the fact
that its percentage identity was lower than expected
based on the geographical distance of the underlying
samples compared to similar cases, indicate that this
pairing may represent a recently emerged divergence,
not readily reflected even in the target capture
approach. More sensitive methods such as RADseq or
microsatellite markers (Grewe et al., 2018; Lagostina
et al.,2018; Widhelm et al., 2021) are needed to further
resolve this issue.

If the two morphs do not represent distinct taxa,
the alternative scenario would postulate that material
identified with either name represent discrete morphs
of a single species, unrelated to genotype but triggered
by environmental factors. Thus, S. lacera could be
considered a form of S. filix in which the basal portion
of the stem is procumbent and proliferates horizontally,
supported by the substrate and hence remaining
delicate and inconspicuous. In contrast, typical S. filix

Figure 9. Examples of S. filix and S. lacera growing
syntopically. A, North Island, Hunua Range, Rata
Track (https://inaturalist.nz/observations/19226970)]
(photograph: P. de Lange). B, North Island, Ruahine Range
(photograph provided by Allison Knight, reproduced with
permission).

would develop the stipe and stem ascending from the
substrate, with overarching branches. The notion that
S. filix and S. lacera may represent a single taxon
was supported by our finding that the perception
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Figure 10. Proportion of specimens associated with basal
bryophyte mats in S. filix and S. lacera, based on field
observations posted on iNaturalist NZ (see Supporting
Information, Table S2).

of S. lacera as a more delicate lichen is misguided:
careful separation of the material from intermingled
bryophytes revealed that the individuals are much
larger than perceived by considering the separate,
ascending stems only, the latter being attached to a

proliferating, procumbent part that would be analogous
to the branched, erect stem of typical S. filix. The lobes
and lobules were found to be identical in terms of their
variation in both morphs, and the fact that in typical
S. filix the lower tomentum was usually restricted
to the stem and adjacent areas may explain why the
underside in the S. lacera morph is entirely glabrous,
as the ‘stem’ remains horizontal and hidden between
bryophyte mats.

Morphological analysis of only the sequenced
specimens of the S. filix/S. lacera complex supported
the notion that the two morphodemes are strongly
discrete. However, inclusion of a much larger number
of non-sequenced herbarium collections rendered this
pattern more complex, the presumably diagnostic
characters exhibiting some level of overlap, particularly
the development of the lower side tomentum, but also
stipe and stem length. Still, the observed variation was
not that of a morphologically continuous population,
and multivariate analysis resolved discrete entities.
This was also supported by the field observations
posted on iNaturalist NZ, which allowed to readily
assign all verified records to either morphodeme.
Multivariate and comparative statistical analysis is
often applied to support species-level delimitations in
the absence of molecular data (Lutzoni, 1994; Tretiach
& Hafellner, 1998; Llop & Go6émez-Bolea, 1999; Doré
et al., 2006), and it plays a central role in numerical
taxonomy (Sneath & Sokal, 1973; Frisvad, 1992;
Sieber et al., 1998). However, discrete entities detected
with such an approach are not necessarily proof of the
existence of separate lineages.

Discordance between phenotype and molecularly
defined lineages is not rare in lichen-forming fungi
and has also been reported for other members of
Peltigeraceae (Magain et al., 2017, 2018). However, in
cases where discrete morphodemes are not resolved
molecularly, there is usually an explanation, such as a
different reproductive mode, a different photobiont or
a clear environmental trigger. Alternatively, especially
in island biota, morphological differentiation may be
more pronounced than genetic differentiation, with
radiations classified into numerous species and even
genera often showing genetic variation corresponding
to populations in mainland taxa (Baldwin et al., 1991;
Baldwin & Sanderson, 1998; Carlquist et al., 2003). In
the New Zealand vascular flora, this has been found
in species-rich or morphologically variable genera,
e.g. Alseuosmia A.Cunn., Epilobium L., Myosotis
L. and Kunzea Rchb. (Lorimer, 2007; Meudt et al.,
2014; de Lange, 2014; Shepherd et al., 2019; L.D.
Shepherd, pers. comm.), species of which exhibit
morphological disparity and are widely sympatric or
even syntopic, often forming hybrid swarms in sites
of prolonged human disturbance, but which maintain
their distinctiveness in natural systems where they
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Figure 11. Distribution of genetic similarities of 205 markers in within- and between-species comparisons of selected species
of Lobarioideae, including the S. filix vs. S. lacera morphodeme, based on a target capture approach. For exact percentage
identity values see Table 3. Asterisks indicate whether a given pairing differed significantly from the S. filix/S. lacera pairing
(* = significant at P < 0.05, *** = significant at P < 0.001). For within-species pairings, the geographic origin of the two
samples is indicated, whether from the same locality, different localities on the same island, or remote localities on different
islands or countries. Abbreviations: AUS, Australia; CO-CU, Colombia (Cundinamarca); NI, North Island; NZ, New Zealand.
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Table 3. Tukey post hoc comparison of mean genetic distances of 205 markers between specimens of the S. filix vs.

S. lacera morphodeme (99.43%) with mean genetic distances of selected other Lobarioideae pairings, including within-
and between-species comparisons. Significant (*) and highly significant (***) differences between S. filix/ S. lacera and all
other pairings are highlighted

Comparison

Species/pair compared to

Similarity (%) Difference Lower Upper P-value

Within-species
Within-species
Within-species
Within-species
Within-species
Within-species
Within-species
Within-species
Between-species
Between-species
Between-species
Between-species
Between-species
Between-species
Between-species
Between-species
Between-species
Between-species

Pseudocyphellaria corbettii
Pseudocyphellaria dissimilis
Pseudocyphellaria haywardiorum
Sticta fuliginosa

Sticta latifrons

Yarrumia colensoi (a)

Yarrumia colensoi (b)
Yoshimuriella peltigera

P, corbettii vs. P. dissimilis (a)

P, corbettii vs. P. dissimilis (b)

P, corbettii vs. P. haywardiorum (a)
P. corbettii vs. P. haywardiorum (b)
S. latifrons vs. S. filix (a)

S. latifrons vs. S. filix (b)

S. latifrons vs. S. fuliginosa (a)

S. latifrons vs. S. fuliginosa (b)

S. latifrons vs. S. lacera (a)

S. latifrons vs. S. lacera (b)

Between-species Yarrumia coronata vs. Yarrumia colensoi (a) 97.48
Between-species Yarrumia coronata vs. Yarrumia colensoi (b) 97.58

99.93 —0.0050 —0.0083 —0.0017 0.0000%**
99.65 —-0.0023 —-0.0055 0.0010 0.6497
99.82 —-0.0039 —-0.0072 -0.0006 0.0037*
99.86 —-0.0044 —0.0077 —0.0011 0.0004%**
99.63 0.0020 —-0.0013 0.0053 0.8217
99.67 0.0025 —-0.0008 0.0058 0.4580
99.85 0.0042 0.0010 0.0075 0.0008***
99.99 0.0056 0.0023  0.0089 0.0000%***
98.01 0.0142 0.0109 0.0175 0.00007***
98.00 0.0143 0.0110 0.0176 0.00007***
96.90 0.0252 0.0220  0.0285 0.0000%***
96.95 0.0247 0.0214 0.0280 0.0000%***
97.25 —-0.0076 —0.0109 -0.0043 0.0000%**
97.23 —-0.0220 —0.0253 -0.0187 0.0000+**
93.20 —-0.0633 —0.0666 —0.0620 0.0000%**
93.10 —-0.0622 —0.0655 —0.0589 0.0000%**
97.20 —-0.0223 —0.0256 —0.0190 0.0000%**
97.21 —-0.0221 —0.0254 —0.0189 0.0000%**
—-0.0184 —0.0217 -0.0151 0.0000%**
—-0.0195 —0.0228 -0.0162 0.0000%**

behave as stable, ‘functional’ species. For such cases,
until fully understood, sensible taxonomic resolution
should remain morphology based. In Hawaii, this
phenomenon has been documented for lichen formers
in the lobarioid Peltigeraceae, in particular the genera
Lobariella Yoshim. and Pseudocyphellaria (Moncada
et al., 2014b; Liicking et al., 2017c).

Discrete phenotypic variation or polymorphism
unrelated to genotype is assumed to be caused by
developmental switches, in which environmental
triggers early in the ontogeny determine whether
an individual develops one form or the other. This
phenomenon has been extensively investigated in
animals, which are characterized by a closed body
plan (Lively, 1986; Moran, 1992; Chevin & Lande,
2013; Futuyma, 2015; Chevin & Hoffmann, 2017,
Sieriebriennikov et al., 2018). In plants and fungi
including lichens, which have an open body plan,
discrete polymorphism is less well studied (Weigel &
Nilsson, 1995), also because it often cannot be readily
quantified. In lichens, the ‘environmental trigger’ may
be the type of photobiont, e.g. whether a green alga or
a cyanobacterium (Tgnsberg & Holtan-Hartwig, 1983;
Armaleo & Clerc, 1991; Laundon, 1995; Heiomarsson
et al., 1997; Jorgensen, 1998; Purvis, 2000; Sanders,
2001; Tgnsberg & Goward, 2001; Stenroos et al., 2003;
Takahashi et al., 2006; Galloway, 2007; Goward, 2009;
Hoégnabba et al., 2009; Magain et al., 2012; Moncada

et al., 2013; Tgnsberg et al., 2016; Ranft et al., 2018).
Even examples of disparate morphology in association
with different green algae are known (Ertz et al.,2018).
These cases demonstrate that genetically identical
lichen fungi can develop highly disparate thallus
morphologies. Other examples of discrete phenotypical
variation, including growth form and secondary
chemistry, have been demonstrated in various groups of
lichens (Muggia et al., 2008, 2014; Lumbsch & Leavitt,
2011; Leavitt et al., 2011, 2013; Fryday et al., 2017;
Boluda et al., 2019). Also notable are so-called ‘species
pairs’, morphologically identical forms that differ in
their reproductive mode (Tehler, 1982; Mattsson &
Lumbsch, 1989; Lohtander et al., 1998; Myllys et al.,
2001; Articus et al., 2002; Buschbom & Mueller, 2006;
Crespo & Pérez-Ortega, 2009; Ludwig, 2011; Messuti
et al., 2016). Species pairs may represent the result
of developmental switches early in the ontogeny that
determine whether a particular individual produces
ascomata or propagates vegetatively (Tehler, 1982;
Ludwig, 2011).

Both S. filix and S. lacera propagate vegetatively
with phyllidia, although apothecia producing
ascospores are also common, especially in the former
(Galloway, 2007). Both associate with green algae,
but molecular data are thus far only available for
S. filix, identifying the photobiont as Elliptochloris
Tscherm.-Woess (Lindgren et al., 2020). The other
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two species in this group associate with Elliptochloris
(S. menziesii) or Heveochlorella and Chloridium Link
(S. latifrons), thus demonstrating differentiation in
terms of photobiont associations among green algae
between closely related mycobionts. In a more distantly
related species, S. subcaperata (Nyl.) Nyl., the same
mycobiont may associate with different photobionts,
viz. Elliptochloris, Heveochlorella Zhang, Huss, Sun,
Chang & Pang or Chloridium (Lindgren et al., 2020),
but the different photobionts do not trigger different
thallus morphologies in that case, suggesting that
differential green algal associations are not responsible
for the morphological differences between the S. filix
and S. lacera morphodeme. Given that among the three
species of the S. filix group for which the photobiont is
known, S. latifrons (with Heveochlorella or Chloridium)
is more tolerant of disturbances (Ranft et al., 2018),
whereas species associated with Elliptochloris (S. filix,
S. menziesii) are more confined to protected habitats, it
is anyway likely that S. lacera has the same photobiont
as S. filix (Elliptochloris).

The theoretical model underlying discrete,
environmentally triggered variation or polymorphism
assumes that the triggering variable is itself discrete.
Leaving aside the photobiont, this would postulate
discrete ecological differentiation. Both forms are
ecologically partitioned: the S. lacera morphodeme
typically prefers moist microhabitats, growing on logs,
root bases and buttresses, sometimes even clay, usually
amongst bryophytes. It is never found on exposed
roots or higher up on trunks, a growth pattern more
frequently seen in the S. filix morphodeme. However,
this differentiation is far from discrete, as the two
morphs often occur sympatrically and sometimes
syntopically, leading back to our hypothesis that the
presence of a bryophyte mat over the substrate may
trigger the formation of the S. lacera morph during
early thallus development. Our morpho-ecological
analysis of numerous herbarium specimens would
support this hypothesis, but no such correlation was
found in the field observations assessed on iNaturalist
NZ, thus contradicting the results based on the
herbarium material and underlining the limitations of
the latter when it comes to evaluations of ecological
parameters. Although S. filix often emerges from
basal bryophyte mats, it can be easily collected ‘clean’,
and hence such an association would not be visible
in herbarium samples. Another issue is that lichens
grow more slowly than bryophytes, as their mycobiont
biomass is non-photosynthetic, and so it is conceivable
that bryophytes associated with mature thalli may
not actually have been present when the lichen
thallus became established. A further challenge to the
explanation of a ‘bryophyte trigger’ is whether such a
developmental switch would manifest itself differently

in sexual (ascospores) vs. vegetative (phyllidia)
propagules, especially given that apothecia are more
frequent in S. filix (Galloway, 2007). A conclusive test
would be an approach through growth experiments
with propagules of both forms using different
substrate types.

Although developmental switches are theoretically
uncorrelated with genotype and manifested in the
phenotype through gene regulation (Sieriebriennikov
et al., 2018; Oettler et al., 2019), they might provide a
model of discrete polymorphism in ancestral populations
that eventually may lead to sympatric speciation. The
discrete morphodemes corresponding to S. filix and
S. lacera correlate with ecological preferences that may
cause reproductive isolation between the morphodemes,
which in turn could lead to reproductive barriers at
the genetic level if persisting long enough through
time. Such isolation could lead to ‘fixation’ of certain
morphodemes in descendant lineages. For instances,
in Sticta, cyanobacterial photomorphs are the only
known photomorphs in many lineages, apparently
having lost the capability of producing a corresponding
chloromorph (Lindgren et al., 2020). Thus, the two
alternative hypotheses, namely S. filix vs. S. lacera
representing either a discrete dimorphism caused by a
developmental switch or a recent lineage divergence not
yet resolved, are not mutually exclusive but represent
components of an evolutive scenario that would explain
phenotypic and ecological divergence based on ancestral
phenotypic polymorphism. Based on our findings, we
therefore conclude that S. filix and S. lacera should
be maintained as separate taxa, likely representing a
case of active speciation that could serve as a model to
investigate phenotypical and ecological differentiation
in recently diverging lineages.

The mean genetic identities resulting from our target
capture approach for various within- and between-
species comparisons are apparently the first such data
presented for a range of related species of lichen fungi.
The data revealed mean identities for within-species
comparisons of > 99.5%, whereas between-species
identities were consistently below 98.5%. This appears
to support the commonly applied approach of fixed
similarity thresholds, such as 98.5% for the fungal
ITS barcoding marker in the curated UNITE ITS
database (Koljalg et al., 2019). However, the markers
analysed through the target capture approach are not
comparable to ITS, and between individual markers
there were differences for each pairing. Nevertheless,
statistical comparison of genetic similarities from a
target capture approach appears to be a promising
tool to assess the taxonomy of species complexes with
discrete phenotype variation, although we expect that
RADseq will provide a higher resolution in such cases
(Grewe et al., 2018; Widhelm et al., 2021).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Morphometrical assessment of specimens of S. filix and S. lacera. In S. lacera, the column ‘Stem length
[mm]’ refers to the lateral stems emerging from the proliferating basal stem and so correspond to the side branches

in S. filix.

Table S2. Assessment of ecological data (substrate) of samples of S. filix and S. lacera based on field images posted
on iNaturalist NZ (accessed 17 May 2021). The corresponding species-level links bundling the individual postings
are https://inaturalist.nz/observations?taxon_id=197044 (S. filix) and https://inaturalist.nz/observations?taxon_
1d=408333 (S. lacera). Of the 92 postings originally identified as S. filix, 27 did not represent that species, leaving
65 verified records; of the 22 postings originally identified as S. lacera, nine did not represent that species, leaving

13 verified records.

File S3. Individual alignments (in FASTA format) of the 205 markers used from the target capture approach.
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