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Abstract

Lichens are widely acknowledged to be a key component of high latitude ecosystems. However, the time investment needed for full
inventories and the lack of taxonomic identification resources for crustose lichen and lichenicolous fungal diversity have hampered
efforts to fully gauge the depth of species richness in these ecosystems. Using a combination of classical field inventory and extensive
deployment of chemical and molecular analysis, we assessed the diversity of lichens and associated fungi in Glacier Bay National Park,
Alaska (USA), a mixed landscape of coastal boreal rainforest and early successional low elevation habitats deglaciated after the Little Ice
Age. We collected nearly 5000 specimens and found a total of 947 taxa, including 831 taxa of lichen-forming and 96 taxa of licheni-
colous fungi together with 20 taxa of saprotrophic fungi typically included in lichen studies. A total of 98 species (10.3% of those
detected) could not be assigned to known species and of those, two genera and 27 species are described here as new to science:
Atrophysma cyanomelanos gen. et sp. nov., Bacidina circumpulla, Biatora marmorea, Carneothele sphagnicola gen. et sp. nov.,
Cirrenalia lichenicola, Corticifraga nephromatis, Fuscidea muskeg, Fuscopannaria dillmaniae, Halecania athallina, Hydropunctaria alas-
kana, Lambiella aliphatica, Lecania hydrophobica, Lecanora viridipruinosa, Lecidea griseomarginata, L. streveleri, Miriquidica gyrizans,
Niesslia peltigerae, Ochrolechia cooperi, Placynthium glaciale, Porpidia seakensis, Rhizocarpon haidense, Sagiolechia phaeospora,
Sclerococcum fissurinae, Spilonema maritimum, Thelocarpon immersum, Toensbergia blastidiata and Xenonectriella nephromatis. An
additional 71 ‘known unknown’ species are cursorily described. Four new combinations are made: Lepra subvelata (G. K. Merr.)
T. Sprib., Ochrolechia minuta (Degel.) T. Sprib., Steineropsis laceratula (Hue) T. Sprib. & Ekman and Toensbergia geminipara
(Th. Fr.) T. Sprib. & Resl. Thirty-eight taxa are new to North America and 93 additional taxa new to Alaska. We use four to eight
DNA loci to validate the placement of ten of the new species in the orders Baeomycetales, Ostropales, Lecanorales, Peltigerales,
Pertusariales and the broader class Lecanoromycetes with maximum likelihood analyses. We present a total of 280 new fungal DNA
sequences. The lichen inventory from Glacier Bay National Park represents the second largest number of lichens and associated
fungi documented from an area of comparable size and the largest to date in North America. Coming from almost 60°N, these results
again underline the potential for high lichen diversity in high latitude ecosystems.
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Introduction

The landscapes of south-east Alaska are best known for their most
striking macrofeatures: snow-capped mountains, misty saltwater
fjords and dark coniferous rainforests. Closer examination reveals
that the texture of nearly every terrestrial feature in south-east
Alaska is, in one way or another, determined at a much smaller
scale. Zooming from the landscape view into the canopies of
the coastal rainforests and the tapestry of their outcrops and boul-
der fields reveals a Russian doll of nested ecosystems, one within
another, within another. At the scale of an ecosystem a human can
hold in her hand, it is fungi and bryophytes that form the building
blocks of the multicellular canopy, supporting yet another set of
nested dolls of microbial and invertebrate life in their peaks and
ravines. It is at this scale, where fungi, algae and bacterial biofilms
meet in a permanently wet, cold milieu, that the south-east Alaskan
temperate rainforest exhibits peak biodiversity.

Lichens, s*éixwani to the Tlingit (Edwards 2009), the indigen-
ous people of south-east Alaska, played a role in traditional food
and garment dyeing for the residents of these fjords for thousands
of years. In Glacier Bay, the subject of the present paper, lichens
are featured in place names and play an outsized role in the recent
vegetation history. When the first European collections of lichens
were made here, in the framework of the Harriman Expedition
(Cummings 1904), Glacier Bay had only recently undergone a
massive glacial retreat of over 80 km as a result of saltwater glacial
erosion. Only a few years later, the American ecologist William
Skinner Cooper arrived in Glacier Bay and began a series of stud-
ies that shaped the textbook description of plant succession
(Cooper 1923), now the longest-running primary succession
plot series in the world (Buma et al. 2017). Despite its fame in
plant ecology, Glacier Bay was neglected by lichen researchers
in the 20th century. Far fewer collectors have worked here com-
pared to other localities in Alaska, for example, the Juneau region
(Krog 1968), Sitka or the north end of the Lynn Canal (see e.g.
Spribille et al. 2010). Between the 1899 Harriman Expedition
and the beginning of the present study, we could reconstruct
the activity of 17 different collectors or groups of collectors,
based on specimens in US, Canadian and Swedish herbaria
(Supplementary Material Table S1, available online). Most col-
lected specimens of common macrolichens, with a few notable
exceptions. By the end of the 20th century, the recently degla-
ciated tundra-like pavements visited during the Harriman
Expedition had grown into mature forest (Buma et al. 2017).

Since the 1990s, attention has been increasingly focused on
south-east Alaska as a biodiversity hotspot in conjunction with
controversy over commercial logging in the Tongass National
Forest (Durbin 1999). In parallel, ecologists have begun to draw
attention to the forests of south-east Alaska as a global archetype
of ‘temperate rainforest’ (DellaSala et al. 2011), highlighted to a sig-
nificant extent by characteristic lichen assemblages (Goward &
Spribille 2005). While some research was conducted on south-east
Alaska’s lichens in the 1960s (McCullough 1965; Krog 1968),
lichens gained significance here from the 1990s onwards, with
their use in air quality monitoring (Geiser et al. 1994; Derr et al.
2007; Derr 2010), the characterization of ecological indicator spe-
cies (Dillman 2004; Root et al. 2014), the drafting of a first lichen
list for all of south-east Alaska (Geiser et al. 1998) and the first
steps to manage National Forest lands for rare and ‘sensitive’
lichens. Considerable work has been carried out in coastal temper-
ate rainforest areas to the south, especially by I. M. Brodo on Haida
Gwaii (e.g. Brodo 1995, 2010; Brodo & Ahti 1996; Brodo &
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Santesson 1997; Brodo & Wirth 1998). Systematic and phylogeo-
graphic studies have suggested that outer coastal rainforests border-
ing the north-eastern Pacific Ocean may have provided Pleistocene
refugia to epiphytic lichens (Printzen et al. 2003) and, for some
taxa, a hotbed of speciation (Brodo 1995; Jergensen 2005).

Cruise ship tourism has gradually increased since its onset in
the late 1960s and concerns about air quality have led to the intro-
duction of lichen-based biomonitoring in Glacier Bay and else-
where in south-east Alaska. In recent years, c¢. 400 000 people
have visited Glacier Bay annually on cruise ships, constituting
over 95% of all visitors (Nemeth & Apgar 2010). A cruise ship
may spend 9-12 hours in Glacier Bay, with delays in the lower
bay to pick up Park rangers and berthing time in front of glaciers
in the upper West Arm. Output of pollutants in Glacier Bay has
been estimated at 780 mol km™> h™" for SO, in a single season
under reported cruise speeds (Molders et al. 2013). Air quality
monitoring plots based on lichen community and collection pro-
tocols were established as a baseline for the first time in 2008 at
Bartlett Cove (at Park Headquarters near Gustavus) and Blue
Mouse Cove in the West Arm of Glacier Bay. Monitoring
included throughfall deposition analysis and direct measurement
of heavy metal concentrations in lichen thalli using inductively
coupled plasma mass spectrometry (ICP-MS; Schirokauer et al.
2014). Air quality monitoring relies on two approaches in this
ongoing long-term study: 1) the propensity of lichens to accumu-
late heavy metals that can then be quantified using an ICP-MS
element analysis protocol; 2) the indicator value of species assem-
blages rated for sensitivity to nitrogen enrichment and SO.,.
Results to date record an elevated amount of lithium at the
Blue Mouse Cove site and elevated N values (c. 90% above
regional reference thresholds), both attributed to natural factors
such as geology and proximity to seawater (Schirokauer et al.
2014). However, lichen compositional data were well within the
range of reference sites on the adjacent Tongass National Forest
(Schirokauer et al. 2014).

Several factors make compositional analysis of lichens for air
quality monitoring relatively difficult with the knowledge we
have to date. First, our baseline knowledge of the lichens has
been, until now, rudimentary. As much as 10% of the lichen spe-
cies in south-east Alaska have yet to be given scientific names
(Spribille et al. 2010; present study). Second, achieving meaning-
ful levels of biological species monitoring requires factoring in the
successional dynamics and high geological and climatic hetero-
geneity of Glacier Bay itself. Species composition shifts may be
as likely to be related to these natural abiotic factors as they are
to external stressors such as increased pollutant deposition.
Partitioning the signal for natural and anthropogenic factors ben-
efits from increased resolution in lichen taxonomy.

The present study

The documentation of over 750 lichens and associated fungi in
the nearby Klondike Gold Rush National Historical Park
(KLGO; Spribille et al. 2010) suggested that lichen richness in
SE Alaska was even greater than previously estimated. It raised
several questions relevant to understanding both regional species
richness patterns and the behaviour of meta-regional lichen spe-
cies assemblages: 1) is such richness generally to be expected in
coastal Alaska, or was KLGO exceptionally rich? 2) How specific
is regional species composition (i.e. how much ‘turnover’ in spe-
cies would there be from one fjord to another)? 3) On a gradient
from inland to outer coast (increasing oceanicity), how does
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lichen richness change? These questions were at the core of a pro-
posal funded in 2011 by the US National Park Service to replicate
the KLGO study c. 80 km to the SSW in Glacier Bay National Park
(hereafter referred to by its US National Park Service acronym,
GLBA, and not equivalent to ‘Glacier Bay’, which refers to the
bay itself). We hypothesized that the high species numbers we
detected in KLGO were not unique, but that the infrequency
with which such results are reported was rather a reflection of
the large investment in effort required to name species in a poorly
studied region. We also hypothesized that GLBA would have
more species owing to its larger size and greater geological diver-
sity but would largely overlap with the KLGO species pool.
Answering questions 1 and 2 above would be possible with an
inventory that replicated the style and intensity of the KLGO
study; answering question 3 might be more difficult, as many fac-
tors covary with climate while, independently, richness can be
influenced by geological parent material. We expected this to be
the case in GLBA as it is geologically complex, straddling no
fewer than three tectonostratigraphic terranes (Perry et al. 2009).

Sixty-nine species of lichens had been recorded for GLBA at
the time we began our study in 2011 (Bennett & Wetmore
2005). We had two objectives: 1) to acquire a baseline inventory
of species in GLBA to support future ecological and monitoring
studies; 2) to develop a georeferenced species occurrence database
on species pool and turnover (a) along a deglaciation gradient and
(b) between geographical sectors and nearby areas (such as
KLGO). While imperfect, the resulting data set allows us to
make inferences about species richness patterns fjord-to-fjord as
well as local and regional gradients. Our results are aggregated
into two parts: A) a condensed summary of the species inventory
results and caveats, and how these inform our understanding of
regional species turnover in SE Alaska; B) a full list of the taxa
discovered, including 29 taxonomic novelties (two genera, 27 spe-
cies) and 71 known unknowns, species which we recognize but
the taxonomy of which cannot be resolved at this time.

Materials and Methods
Study area

Glacier Bay National Park and Preserve (Fig. 1) is one of the lar-
gest national parks in the United States, at 10 849 km* including
10 616 km” in the National Park proper and 233km” in the
Preserve, located in the delta of the Alsek River to the north-west
of the park and administered by the park. The current study is
concerned only with the National Park and within GLBA with
terrestrial and intertidal habitats not currently covered by glaciers.
The non-glacier terrestrial land base of GLBA, and thus the study
area, currently encompasses c. 6023 km>. Almost the entire study
area is inaccessible by road, the exceptions being the park head-
quarters area at Bartlett Cove and an access road to the city
water supply intake for the town of Gustavus, on Falls Creek.
Except for sampling sites in the Bartlett Cove, Tower Road,
Gustavus, Falls Creek and Excursion Ridge areas, all sites surveyed
were accessed by boat. Landing accessibility, weather and boat
scheduling were major factors in planning our sampling.

Climate

The Glacier Bay area is dominated by a wet, maritime climate with
moderate temperature fluctuations and low overall annual tem-
perature. We generated a Walter-Lieth climate diagram (Fig. 2)
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Fig. 1. A, Alaska and the north-east Pacific showing US national parks in which major lichen inventories have been conducted in the last ten years (outlined);
B, Glacier Bay National Park, showing sample sites (black circles) and subdivisions into sectors referred to in the text (separated by black lines). Geographical
sectors are indicated as follows (see text for more details): DUN = Dundas, EA = East Arm, EX = Excursion Ridge, GB = Glacier Bay, GUS = Gustavus, WA = West Arm.

with data from NOAA (2000) using the R package climatol v3.1.2
(https://cran.r-project.org/web/packages/climatol/index.html).
The mean monthly temperature at Bartlett Cove is 5.3 °C, which is
similar to Skagway (5.1 °C) near KLGO, with freezing temperatures
common from November to March. The outer, coastal parts of
GLBA however are much warmer, with Cape Spencer registering
only 70 freezing days per winter over a six-year period (Loewe
1966). The annual precipitation at Bartlett Cove is 1770 mm,
nearly three times that of Skagway (666 mm; NOAA 2000) but
still considerably less than on Haida Gwaii, British Columbia
(2140-2523 mm; Brodo 1995). Variation in precipitation within
GLBA is likely to be large. Outside of the long-term sampling
at Bartlett Cove, data for Cape Spencer, on the outer coast and
near one of our sampling sites in the present study, indicate
annual precipitation of 2860 mm, and at Yakutat, which is on
the coast 150 km to the north, 3330 mm (Loewe 1966). Values
over 2000 mm are probably widespread in Glacier Bay, especially
in mountain areas and to the west of the Fairweather Mountains.
Preliminary data support the impression that the West Arm
might lie in a rain shadow, receive less rain and snow than the
East Arm or the main part of Glacier Bay, and be c. 1 °C colder
than the rest of Glacier Bay (Kopczynski et al. 2003; Finnegan
et al. 2007). Short-term data from climate measurements over sev-
eral summers at Casement Glacier in the East Arm indicate values
similar to those at Gustavus (Loewe 1966).

Glaciation and vegetation history

The history of deglaciation and post-glacial primary succession in
Glacier Bay are well documented in a series of detailed studies
beginning with the classical work of Cooper (1923). Though

much of the area of Glacier Bay was covered in ice during the
Pleistocene, the latest glaciation peaked in the Little Ice Age (c.
1300 to 1870 C.E.) and rapidly receded in the early part of the
19th century. By the late 19th century, ice had retreated to near
the mouth of the East Arm and the area now known as Muir
Point. Glacial retreat proceeded with greater speed in the West
Arm than in the East Arm and many studies on succession,
including those on vegetation (e.g. Chapin et al. 1994) and stream
invertebrate community development (e.g. Milner et al. 2000),
give special attention to the spectacular chronosequence offered
in the East Arm. Boggs et al. (2008, 2010) provide fine-scale base-
line descriptions of current land cover classes and plant associa-
tions for the entire park and preserve complex. Cooper (1923)
mentioned the presence of abundant Stereocaulon alpinum in
early successional stages but otherwise lichens have not been trea-
ted at the species level in the cited studies.

Stratification of study area into target sampling units

Following a reconnaissance in September 2011, the 2012 sampling
season was laid out to obtain reference species lists for six main
geographical sectors (Fig. 1) overlaid with specific abiotic criteria.
The geographical targets were A) four main areas glaciated in the
Little Ice Age: West Arm Glacier Bay (WA), East Arm Glacier
Bay to Muir Point (EA), the main part of Glacier Bay including
Geikie Inlet (GB), and the glaciated Gustavus area from Bartlett
Cove to the base of Excursion Ridge (GUS); B) two areas not glaci-
ated since the end of the Pleistocene: Excursion Ridge and ungla-
ciated Falls Creek down to the Bear Track Inn (EX) and the
Dundas to Taylor Bay area parallel to Icy Straits (DUN). Further
potential sampling sectors, such as the outer coast, Deception
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Fig. 2. Thirty-year monthly normals of precipitation and temperature near sea level
from the station at Glacier Bay (NOAA 2000). Walter-Lieth diagram indicating tem-
perature (°C) on left y-axis and precipitation (mm) on right y-axis (with daily max-
imum average temperature of the warmest month and daily minimum average
temperature of the coldest month in black along left margin), as well as mean annual
temperature and precipitation (top right, black).

Hills and the Alsek River outwash plain, were not sampled due to
logistical constraints.

The study area harbours large habitat diversity (examples in
Fig. 3). For the purposes of lichen sampling, this habitat diversity
could be classified in terms of vertical zones (near sea level, moun-
tain slopes to 600 m, subalpine/alpine) and geological parent mater-
ial (acidic rocks including granite, intermediate pH rocks including
argillites, high pH rocks including limestones, and ultramafic rocks
including gabbro). If only these seven coarse categories were applied,
without reference to topographic aspect and plant community suc-
cession, we would have 42 geographical sector/habitat envelopes to
survey. Because surveying with this level of stratification was logistic-
ally prohibitive, we opted to focus on as many different habitats in
as many sectors as was feasible within the allocated sampling period,
and given boat time, safety and access constraints. The resulting
sampling was biased towards low elevations for all sectors, except
EX and DUN, and gave mixed results for major bedrock types.
We did not explicitly sample each sector based on surface age
since deglaciation, though this is also critical to species composition
and was used locally as a sampling criterion in sectors WA and EA.
Other factors were considered on a site-by-site basis, such as making
an inventory of possible phorophyte substrata (bark of available tree
and shrub species). Historical specimens from Glacier Bay in herb-
aria were not systematically surveyed as the majority of these were of
common species and had imprecise locality information; only note-
worthy records were checked.

Sampling followed an ‘observational feedback’ approach
(Spribille et al. 2010) and was delimited by neither fixed sampling
times nor plots; maximization of species capture within the time
we could spend at a site was the sole field objective. GPS waypoint
data (Supplementary Material Table S2, available online) were
gathered using WGS84 Datum in digital degrees. A total of 349
waypoints were recorded on multiple GPS devices carried by
individual researchers. Following deduplication and imposing a
200 x 200 m grid, this translates to 103 unique sites surveyed.
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Specimen analysis

Specimens were examined in the laboratory under a dissecting
microscope and pre-sorted for light microscopy or chemical ana-
lysis. Specimens were examined with dissecting and compound
microscopes with a polarizing light filter and Nomarksi differential
interference contrast. The presence or absence of birefringent crys-
tals is noted as POL+/POL—, respectively. Thallus and ascomatal
sections were prepared in water and treated with 10% potassium
hydroxide (KOH), household bleach (NaOCl, shortened to C
according to lichenological convention), para-phenylenediamine
(CsH4(NH,),, abbreviated to PD), nitric acid (HNOs; 1% unless
otherwise indicated), 1% hydrochloric acid (HCI), Lugol’s solution
(reported by its full name when referring to the solution, or abbre-
viated to I when reported as a spot test) or lactophenol cotton blue
(LCB; Merck). Pigments are described according to Meyer &
Printzen (2000). Images of specimens analyzed by TS and AMF
were captured with an Olympus XC50 camera mounted on an
Olympus SZX16 dissecting microscope; microphotograph images
were captured on a Zeiss Axioskop light microscope. In several
cases, images were stacked using CombineZM freeware (https://com-
binezm.en.lo4d.com/windows). Specimens were mounted in water
for photographing unless otherwise specified. Scanning electron
microscopy was carried out using an FEI XL-30 scanning electron
microscope on gold sputtercoated, dry thalli affixed to aluminium
stubs. Ascospore measurements are provided for new taxa as (smal-
lest absolute measurement-) smallest mean — largest mean (-largest
absolute measurement) or minimum value - arithmetic mean value
+ standard deviation — maximum value; s in this case denotes sam-
ple standard deviation, n denotes sample size; in Hydropunctaria
alaskana the measurements are (minimum-) [median—1 s] -
[median + 1 s] (-maximum). Figures in the main species catalogue
reflect informal measurements of several ascospores.

Secondary metabolite analysis was carried out using thin-layer
chromatography (TLC) techniques for lichens described by
Culberson (1972), Culberson et al. (1981) and Culberson &
Johnson (1982). All analyses employed glass plates
(Macherey-Nagel 821 030) to visualize fatty acids. Fatty acids
were identified by vertically dipping the fully developed and
dried plates into a tank of tap water (in Bergen after application
with a fine H,O mister) and noting hydrophobic spots in the
first 5-10 s while dripping off. Common substances are reported
in the text by their acid names and several are abbreviated as fol-
lows: atranorin (atr), fumarprotocetraric acid (fpc), protocetraric
acid (pc). The presence of satellite substances is denoted with
the abbreviation ‘sats’.

Unless otherwise stated, voucher specimens collected for this
project are deposited in the herbarium of Michigan State
University (MSC). Due to the changing application of National
Park Service rules on the deposition of specimens, vouchers
that were previously cited as being deposited in other herbaria,
especially GZU, by Spribille et al. (2014a, b) and Resl et al.
(2015, cited in their Supplementary Materials) have been trans-
ferred to MSC, except for vouchers that were collected outside
the formal park boundaries.

Molecular data

Molecular (DNA) analysis was carried out on selected specimens
using a standardized laboratory pipeline. Ascomata or thallus frag-
ments were pulverized in 1.5 ml Eppendorf tubes using a Retsch
cell grinder with a single 3 mm steel bead after freezing at —80 °C.
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Fig. 3. GLBA landscapes. A, terminus of Riggs Glacier (East Arm) in 2014; B, recently deglaciated Dryas mats with numerous Stereocaulon species just east of the
terminus of Muir Glacier (East Arm) in 2014; C, alder thicket along a jeep trail at Tower Road near the park entrance (Gustavus sector; M. Svensson); D, Pinus con-
torta muskeg in the Falls Creek area, not glaciated during the Little Ice Age (included in the Excursion Ridge sector); E, Picea sitchensis rainforest near Bartlett Cove
(Gustavus sector); F, alpine meadows and heaths on Excursion Ridge, the richest locality studied for lichens and associated fungi.

We extracted genomic DNA using the Qiagen DNeasy Plant Mini
Kit following the manufacturer’s instructions. In the case of sparse
material, we used the QIAmp DNA Investigator Kit. We eluted
raw nucleic acids in 50-75 pl of elution buffer without RNAse
and used the samples undiluted for subsequent PCR reactions.
For most samples, we sequenced the internal transcribed spacer
(ITS rDNA; internal transcribed spacer regions 1 and 2 as well
as the embedded 5.8S region of the ribosomal rDNA) as it is
the single most sequenced locus in fungi and widely used as a bar-
code (Schoch et al. 2012). Primers and annealing temperatures
follow those outlined in Resl et al. (2015). PCR was performed
using PuReTaq Ready-To-Go PCR beads (GE Healthcare,

Chicago) or the KAPA 3G Plant PCR Kit (KAPA Biosystems).
PCR products were sequenced by Microsynth (Switzerland).
Newly acquired sequences are listed in Table 1 and for all DNA
isolates from which no new sequences are published, in
Supplementary Material Table S3 (available online).

Phylogenetic trees

Phylogenetic analyses were used strictly to place newly described
or remarkable species in larger groups, not to test species delimi-
tations. We amplified DNA sequences from a total of 136 speci-
mens for this study, including 83 collected in GLBA and
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Table 1. Voucher information and NCBI GenBank Accession numbers for all specimens from which DNA sequences are newly generated for this study. Voucher information and sequence accession numbers for specimens from which no

newly generated data are provided here can be found in Supplementary Material Table S3 (available online). A dash (-) indicates no data, an asterisk (*) indicates that the voucher does not appear in any tree in the present paper. GenBank

Accessions beginning with letters other than ‘MN’ or ‘MT’ represent sequences generated in other studies.

Used
in Isolates Species Voucher Origin Publication ITS 18S 28S mtSSU Mcm7 RPB1 RPB2 EFla
* T1345 Amygdalaria sp. Spribille 38890 USA: Alaska, Glacier here MN483069 - - - - - - -
AMF10121 (MSC) Bay National Park,
Excursion Ridge
Fig. 5; P172 Arthrorhaphis Hafellner Austria here - MN508042 MN460242 MN508312 MN437631 MN437641 - MN437649
Fig. 7 citrinella 74354 (GZU)
* NA Atla recondita Fryday 10302 USA: Alaska, Glacier here MN483098 - - - - - - -
(MSC) Bay National Park,
Falls Creek, Upper
Falls
Fig. 9 T1346 Atrophysma Spribille 39402 USA: Alaska, here MN483104 - MN460209 MN508262 MN437613 - - -
cyanomelanos (MSC) Hoonah-Angoon
District, Glacier Bay
National Park,
Excursion Ridge
Fig. 9 T1807 A. cyanomelanos Spribille 39425 USA: Alaska, here MN483105 - MN460210 MN508263 - - - -
(holotype) (MSC) Hoonah-Angoon
District, Glacier Bay
National Park,
Excursion Ridge
Fig. 10 T621 Bacidia Spribille 26334 USA: Alaska, Klondike here MN483106 - MN460211 MN508264 - - - -
laurocerasi subsp. (KLGO) Gold Rush National
laurocerasi Historical Park,
Chilkoot Trail
Fig. 10 T1348 Biatora marmorea Spribille 38009 USA: Alaska, Glacier here MN483107 - - MN508265 - - - -
(MSC) Bay National Park,
Marble Mountain
Fig. 5 T1396 Boreoplaca Spribille 31796 Russia: Khabarovskiy here MN483108 - MN460212 MN508266 MN437614 - - -
ultrafrigida (Gzu) Krai, Bureinskiy
Zapovednik, upper
reach of the Pravaya
Bureya River,
Tsarskaya Doroga
* JV_159 Caloplaca Spribille 39314 USA: Alaska, Glacier here MN483089 - - - - - - -
caesiorufella (MSC) Bay National Park,
Muir Point
* JV_160 C. caesiorufella Spribille 39315 USA: Alaska, Glacier here MN483088 - - - - - - -
(MSC) Bay National Park,
Muir Point
* T1244 C. kamczatica Spribille 38195 USA: Alaska, Glacier here MN483091 - - - - - - -
(MSC) Bay National Park,
Fern Harbor
* T1229 C. sinapisperma Spribille 36443 USA: Alaska, Glacier here MN483095 - - - - - - -
(MSC) Bay National Park,
Oystercatcher Cove
* T1238 C. sinapisperma Spribille 38480 USA: Alaska, Glacier here MN483090 - - - - - - -

(MSC)

Bay National Park,

Table 1 (Continued)
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Table 1. (Continued.)

Used
in Isolates Species Voucher Origin Publication ITS 18S 28S mtSSU Mcm7 RPB1 RPB2 EFla
West Arm, Gloomy
Knob
Fig. 5 T1801 Candelaria Obermayer Austria: Steiermark, here MN483109 - - MN508267 - - - -
concolor 12655 (GZU) Oststeirisches
Riedelland, 9 km NE of
the centre of Graz,
Schaftal, Hollergraben
* T1110 Carneothele Spribille 38738 USA: Alaska, Glacier here MN483087 - MN460247 - - - - -
sphagnicola, (NY) Bay National Park,
(see text for Yellowlegs Muskeg
explanation)
* P90 Cecidonia Spribille 38782 USA: Alaska, Glacier here - - MN460251 - - - - -
xenophana (MSC) Bay National Park,
Excursion Ridge
* T1137 Chaenotheca sp. Spribille 38739 USA: Alaska, Glacier here - - - MN508260 - - - -
S38739 (MSC) Bay National Park,
Yellowlegs Muskeg
Fig. 9 L873 Coccocarpia Wheeler & Chile: Region X, Senda here; MN483110 - JX464116 - - - - -
palmicola Nelson 103 Darwin Biological Spribille &
(CONC) Research Station Muggia
2013
* T1284 Dendriscosticta Spribille 36122 USA: Alaska, Glacier here MN483092 - - MN508337 - - - -
wrightii (MSC) Bay National Park,
Bartlett Cove
* T1285 D. wrightii Spribille 39269 USA: Alaska, Glacier here MN483093 - - MN508338 - - - -
(MSC) Bay National Park,
Muir Point
Fig. 9 P271 Fuscopannaria Himelbrant Russia: Kamchatka here MN483111 = = MN508268 = = = =
aff. sorediata K04-9-100 (H)
Fig. 9 T1214 F. dillmaniae Spribille 38036 USA: Alaska, Gustavus here; MN483112 - KP794959 MN508269 - - - -
(holotype) (UPS) area, Tower Road Schneider
et al. 2015
Fig. 7 P144 Gyalidea aff. Spribille 39048 USA: Alaska, near here MN483071 - - - MN437615 MN437636 MN437643 MN437644
lecideopsis var. (MSC) Gustavus, Falls Creek
eucarpa near hydro plant
Fig. 21 NA Hydropunctaria Orange 22769 Canada: British here MN483172 - - - - - - -
alaskana Columbia, Vancouver
Island, west of Sooke,
Flea Beach
Fig. 21 NA H. alaskana Orange 22768 Canada: British here MN483171 - - - - - - -
Columbia, Vancouver
Island, west of Sooke,
Flea Beach
Fig. 21 NA H. alaskana Fryday 10458 USA: Alaska, Glacier here MN483166 - - - - - - -

(MSC—
holotype)

Bay National Park,
Taylor Bay
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Fig. 21 NA H. alaskana Fryday 10456 USA: Alaska, Glacier here MN483165 - - -
(MSC— Bay National Park,
topotype) Taylor Bay
Fig. 21 2880 H. alaskana Pérez-Ortega USA: Alaska, here MN483169 - MN508286 -
2045 (MA-Lich) Petersburg, South
Mitkof Island, Sumner
Strait
Fig. 21 2883 H. alaskana Pérez-Ortega USA: Alaska, here MN483170 - - -
2042 (MA-Lich) Petersburg, South
Mitkof Island, Sumner
Strait
Fig. 21 NA H. rheitrophila Thues W1288 Germany: here MN483167 JN573785 EF105159 =
(BM) Baden-Wiirttemberg,
Odenwald,
Reisenbacher Grund,
in the stream
Reisenbach c. 500m
upstream of village
Fig. 21 NA H. scabra Thues W0409 Germany: here MN483168 - - -
(FR) Baden-Wiirttemberg,
Black Forest, in the
stream St.Wilhelmer
Talbach
* T1315 Hypogymnia sp. Spribille 38816 USA: Alaska, Glacier here MN483070 - = =
S38816 (MSC) Bay National Park,
Excursion Ridge
Fig. 10 1532 Japewia Spribille 28417 Canada: Yukon, here MN483113 = MN508270 =
tornoensis (GZU) LaBiche River area
Fig. 8 P85 Lambiella Spribille USA: Alaska, Glacier here MN483114 - - -
aliphatica 38395-B (MSC) Bay National Park,
Excursion Ridge
Fig. 8 P190 L. hepaticola Pérez-Ortega Chile: XII. Region, here MN483115 - - -
nr. 2001 Tierra del Fuego,
(MA-Lich) Bahia Blanca
Fig. 5 T1721 Lasallia pustulata Hansen, Denmark: Bornholm, here MN483116 - MN508271 -
Lichenes Gudhjem, Jernkas
Danici 778
(Gzv)
Fig. 10 T1349 Lecania Spribille 39680 USA: Alaska, Glacier here - - MN508313 -
hydrophobica (MSC, type Bay National Park,
material) Taylor Bay
* T1182 Lecanora Tonsberg USA: Alaska, Glacier here - - MN508326 -
alaskensis 41794 (MSC) Bay National Park,
Fern Harbor
Fig. 10 T1219 L. leptacina Spribille 38985 USA: Alaska, Glacier here MN483118 - MN508273 -
(MSC) Bay National Park,
Dundas Bay
Fig. 10 T1019 Lecanora sp. Spribille 28364 Canada: Yukon, Mt. here MN483120 - MN508275 -
(Gzu) Martin
Fig. 10 T1181 Lecanora sp. Spribille 38425 USA: Alaska, Glacier here MN483121 MN460214 MN508276 -

AMF10122

(MSC)

Bay National Park,
Excursion Ridge
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Table 1. (Continued.)

Used
in Isolates Species Voucher Origin Publication ITS 18S 28S mtSSU Mcm7 RPB1 RPB2 EFla
Fig. 10 T1333 Lecanora sp. Spribille 38412 USA: Alaska, Glacier here MN483117 - - MN508272 - - - -
S38412 (MSC) Bay National Park,
Excursion Ridge
Fig. 10 T1806 L. viridipruinosa Fryday 10130 USA: Alaska, Glacier here - - - MN508314 - - - -
(MSC, type Bay National Park,
material) Excursion Ridge
Fig. 10 MS008 Lecidea Svensson 2760 USA: Alaska, Glacier here - - - MN508315 - - - -
albofuscescens (MSC) Bay National Park
Fig. 10 T1789 L. albofuscescens Spribille 36527 USA: Alaska, Glacier here - - - MN508316 - - - =
(MSC) Bay National Park,
Seebree Island
Fig. 10 T1790 L. albofuscescens Tonsberg USA: Alaska, Glacier here - - - MN508317 - - - -
41791 (MSC) Bay National Park,
Fern Harbor area
* T1195 L. griseomarginata Fryday 9937 USA: Alaska, Glacier here - - MN460248 MN508327 MN437633 - - -
(MSC) Bay National Park,
Ptarmigan Creek
Fig. 5 T1287 L. lactea Spribille USA: Alaska, White here MN483122 = MN460215 MN508277 MN437616 = = =
s. n. (2010) Pass
(Gzu)
Fig. 10 MS007 L. malmeana Svensson 2563 USA: Alaska, Glacier here - - - MN508318 - - - -
(MSC) Bay National Park,
‘Moose Meadows’
near park entrance
Fig. 9 L761 Leciophysma Spribille 21173 Canada: British here; MN483147 - JX464119 JX464135 - - - -
saximontanum (GZU, type Columbia, Albert River Spribille &
material) Muggia
2013
Fig. 9 L742 Leptogidium Spribille & Canada: British here; MN483123 - JF938137 JF938196 - - - -
dendriscum Pettitt 24172 Columbia, Penfold Muggia
(CANL) River et al. 2011
Fig. 9 T1731 Leptogium Spribille 39308 USA: Alaska, Glacier here MN483124 - - MN508278 MN437617 - - -
saturninum s. lat. (MSC) Bay National Park,
Muir Point
* T1808 Lichinomycete Spribille 39586 USA: Alaska, Glacier here - - - MN508328 - - - -
from Spilonema (MSC) Bay National Park,
maritimum Taylor Bay
Fig. 5 T1403 Lobaria Spribille 39224 USA: Alaska, Glacier here MN483125 - MN460216 MN508281 MN437618 - - -
pulmonaria (MSC) Bay National Park,
Muir Point
* T1327 Lopadium Spribille 36687 USA: Alaska, Glacier here - - - MN508329 - - - -
disciforme (MSC) Bay National Park,
near Rush Point
* T1326 L. pezizoideum Spribille 38861 USA: Alaska, Glacier here - - - MN508330 - - - MN437653

(MSC)

Bay National Park,
Excursion Ridge
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Fig. 10 T604 Megalaria Spribille 18499 USA: California, here - - MN508319 - -
columbiana (Gzu) Humboldt Co.,
Trinidad Head
Fig. 10 T603 M. laureri Mayrhofer Montenegro: northern here - - MN508320 - -
18417 (GZU) part, N of Bistrica, S of
the Tara River canyon
Fig. 10 T1196 Miriquidica Fryday 10175 USA: Alaska, Glacier here MN483126 MN460217 MN508282 - -
gyrizans (MSC) Bay National Park,
Dundas Bay
Fig. 5; T852 M. instrata Spribille s. n., USA: Montana, Lincoln here; JN009720 MN460241 MN508311 JN009746 -
Fig. 10 2010 (GZU) Co., Whitefish Range, Spribille
Lewis Creek talus et al. 2011
Fig. 10 T1185 Myriolecis Spribille 39188 USA: Alaska, Glacier here MN483119 MN460213 MN508274 - -
schofieldii (MSC) Bay National Park,
Muir Point
Fig. 5; T1730 Nephroma Spribille 39234 USA: Alaska, Glacier here MN483127 MN460218 MN508279 MN437619 -
Fig. 9 helveticum subsp. (MSC) Bay National Park,
sipeanum Muir Point
Fig. 6 T1817 Ochrolechia aff. Tonsberg Norway: Mgre og here MN483173 - MN508284 - -
xanthostoma 46121 (BG) Romsdal, Heray,
island Remoya
Fig. 6 T1299 Ochrolechia sp. Spribille 39304 USA: Alaska, Glacier here MN483128 MN460219 MN508283 - -
S38011 (MSC) Bay National Park,
Muir Point
Fig. 6 T1085 Ochrolechia sp. Spribille 38011 USA: Alaska, Glacier here - MN460243 MN508321 - MN437650
S38011 (MSC) Bay National Park,
Marble Mountain
Fig. 6 T1341 Ochrolechia sp. Spribille 38864 USA: Alaska, Glacier here MN483130 - - - -
S38864 (MSC) Bay National Park,
Excursion Ridge
* T1338 Orbiliaceae from Spribille s. n., USA: Alaska, Juneau here - MN460246 - - -
Spilonema 21 Sept. 2010 Borough, west side of
maritimum (Gzu) Douglas Island at
Peterson Creek beach
access
* T1335 Parmelia saxatilis Spribille 36599 USA: Alaska, Glacier here MN483072 - - - -
(MSC) Bay National Park,
East Arm, Wolf Point
* T1336 Parmelia sp. Spribille 38051 USA: Alaska, near here MN483073 - - - -
S40729 (MSC) Gustavus, Tower Road
Fig. 5; T1216 Parmeliella Spribille s. n., Canada: British here MN483131 MN460220 MN508285 MN437620 -
Fig. 9 triptophylla 29 Sept. 2012 Columbia,
(GzZV) Incomappleux Canyon
* T1212 P. triptophylla Spribille 36307 USA: Alaska, Glacier here MN483096 - - - -
(MSC) Bay National Park,
park entrance
* T1213 P. triptophylla Spribille 37502 USA: Alaska, near here MN483097 - - - -
(MSC) Gustavus, Tower Road
Fig. 5; T1727 Peltigera collina Spribille 41076 USA: Montana, here MN483132 MN460221 MN508280 MN437621 -
Fig. 9 (GZU) Sanders Co., Siegel

Creek talus
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Table 1. (Continued.)

Used
in Isolates Species Voucher Origin Publication ITS 18S 28S mtSSU Mcm7 RPB1 RPB2 EFla
* P191 Pertusaria Spribille 36613 USA: Alaska, Glacier here - MN508044 - MN508331 - - - -
glaucomela (MSC) Bay National Park,
East Arm, Wolf Point
Fig. 9 T1307 Placynthium aff. Spribille 38651 USA: Alaska, Glacier here MN483135 - - - - - - -
asperellum (MSC) Bay National Park,
Queen Inlet
Fig. 9 T1306 P. asperellum Spribille 38885 USA: Alaska, Glacier here MN483134 - MN460223 - - - - -
(MSC) Bay National Park,
Excursion Ridge
Fig. 9 T1350 P. flabellosum Spribille 38956 USA: Alaska, Glacier here MN483136 - - MN508288 - - - -
(MSC) Bay National Park,
Dundas Bay
Fig. 9 T1220 P. glaciale Fryday 9786 USA: Alaska, Glacier here MN483137 - MN460224 MN508289 - - - -
(MSC) Bay National Park,
near 2011 terminus of
Muir Glacier
Fig. 9 KS88 P. glaciale Spribille 40765 USA: Alaska, Glacier here MT041621 - MT039417 MT039419 - - - -
(MSC) Bay National Park,
near 2011 terminus of
Muir Glacier
Fig. 9 T1305 Placynthium sp. Spribille 38419 USA: Alaska, Glacier here - - MN460245 - - - - -
$38419 (MSC) Bay National Park,
Excursion Ridge
Fig. 9 T1310 Placynthium sp. Spribille 38458 USA: Alaska, Glacier here MN483138 - MN460225 MN508290 - - - -
$38458 (MSC) Bay National Park,
West Arm, Gloomy
Knob
Fig. 9 T1304 Placynthium sp. K. Dillman TNF USA: Alaska, Tongass here MN483133 - MN460222 MN508287 - - - -
$38458 581 (TNFS) National Forest
Fig. 9 T1309 P. subradiatum Spribille 38476 USA: Alaska, Glacier here MN483139 - MN460226 MN508291 - - - -
(MSC) Bay National Park,
West Arm, Gloomy
Knob
Fig. 9 T1308 P. aff. tantaleum Spribille 36386 USA: Alaska, Glacier here - - MN460244 MN508322 - - - -
(MSC) Bay National Park,
Marble Mountain
Fig. 9 T1183 P. tantaleum Spribille 39974 USA: Montana, here; MN483140 - KP794956 MN508292 - - - -
(Gzu) Flathead Co., Schneider
Whitefish Range, Trail et al. 2015
Creek
Fig. 5 T1321 Pleopsidium Spribille 40380 USA: Montana, here - - KP794962 MN508323 MN437632 - - MN437651
chlorophanum (GzU) Missoula Co., Finlay
Lakes trail
* T1332 Polycauliona Spribille s. n., USA: Alaska, S end of here MN483074 - - - - - - -
pollinarioides 2012 Mitkof Island
* KS91 P. pollinarioides Bjork (UBC) Canada: British here MN483075 - - MN508332 - - - -

Columbia, Albert Head

(43
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* T1317 P. polycarpa Spribille 37965 USA: Alaska, Glacier here MN483076 - - - - - - -
(MSC) Bay National Park, E
side Russell Island
* KS140 Polycauliona sp. Fryday 10661 USA: Alaska, here MN483077 - - MN508333 - - - -
S39572 (MSC) Petersburg Borough,
Mitkof Island, Ideal
Cove
* T1301 Polycauliona sp. Spribille 39573 USA: Alaska, Glacier here MN483078 - - - - - - -
S39572 (MSC) Bay National Park,
Taylor Bay
* T1194 Porpidia seakensis Fryday 9626 USA: Alaska, Glacier here - - MN460249 - MN437634 - - -
(MSC) Bay National Park,
Bartlett Lake trail
* T1347 Psoroma Spribille 39296 USA: Alaska, Glacier here MN483079 - - - - - - -
hypnorum s. lat. (MSC) Bay National Park,
Muir Point
Fig. 5 T1800 Pycnora Sebernegg Austria: Steiermark, here MN483141 - - MN508293 - - - -
sorophora s.n. & Schladminger Tauern,
Mayrhofer 05 Unterer Zwieflersee,
May 2011 NW Uferbereich
(Gzu)
Fig. 5 T990 Ramalina Talbot USA: Amlia Island, here MT041620 - MT039416 MT039418 MT041632 - - -
almaquistii AMLO008-X-01A Aleutians,
(Gzu)
Fig. 10 T770 Ramalina Spribille Russia: Khabarovskiy here; MN483142 = KP794953 MN508294 = = = =
dilacerata 0671-B (GZU) Krai Schneider
et al. 2015
Fig. 5; T624 Ramboldia Spribille 21549 Canada: British here, Resl KR017140 KR017281 KR017229 - MN437630 - - -
Fig. 10 cinnabarina (GzU) Columbia, Selkirk et al. 2015
Mtns, Badshot Range,
Healy/Hall divide
Fig. 5; T1799 Rhizocarpon Fryday 10680 USA: Alaska, here MN483143 = MN460227 MN508295 = = = =
Fig. 10 haidense (MSC) Kupreanof Island,
Little Duncan Bay
Fig. 5; T1071 R. oederi Spribille 36629 USA: Alaska, East Arm here MN483144 = MN460228 MN508296 MN437622 = = =
Fig. 10 (MSC) of Glacier Bay, Muir
Inlet, Wolf Point
Fig. 7 T1184 Sagiolechia Spribille 38406 USA: Alaska, Glacier here MN483145 - MN460229 MN508297 MN437623 - - MN437645
phaeospora (MSC) Bay National Park,
Excursion Ridge
Fig. 9 T1221 ‘Santessoniella’ Spribille 36663 USA: Alaska, Glacier here MN483146 - MN460230 MN508298 MN437624 - - -
arctophila (MSC) Bay, near Rush Point
Fig. 5 P197 Schaereria Lendemer USA here MN483148 MN508038 MN460231 MN508299 MN437625 - - -
dolodes 19748 (GZU)
Fig. 5 T1290 S. dolodes Spribille 40649 USA: Montana, here, Resl KR017136 = KR017224 KR017383 MN437629 KR017466 KR017524 KR017630
(Gzu) Sanders Co., lower et al. 2015
Siegel Creek (as ‘s. n.’)
Fig. 5; T1649 Sphaerophorus Spribille 41201 Norway: here MN483149 - MN460232 MN508300 MN437626 - - -
Fig. 10 globosus & Holien (GZU) Nord-Trendelag,
Flatanger

Table 1 (Continued)
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Table 1. (Continued.)

Used
in Isolates Species Voucher Origin Publication ITS 18S 28S mtSSU Mcm7 RPB1 RPB2 EFla
Fig. 9 T1338 Spilonema Spribille s. n., USA: Alaska, Juneau here - - - MN508324 - - - -
maritimum 21 Sept. 2010 Borough, west side of
(isotype material) (Gzu) Douglas Island at
Peterson Creek beach
Fig. 9 L1727 S. revertens Wheeler 3798a USA: Montana here; MN483150 - KC893667 KC893678 - - - -
(Gzu) Spribille
etal 2014a
Fig. 5 T1393 Sporastatia Spribille 27961 USA: Alaska, Mt Healy here MN483151 - MN460233 - - - - -
testudinea
* NA Sporodictyon Fryday 9977 USA: Alaska, Glacier here MN483099 - - - - - - -
schaererianum (MSC) Bay National Park,
Queen Inlet
* NA Staurothele Fryday 9784 USA: Alaska, Glacier here MN483100 - - - - - - -
septentrionalis (MSC) Bay National Park,
Upper Muir Inlet
* NA S. septentrionalis Fryday 9794 USA: Alaska, Glacier here MN483101 - - - - - - -
(MSC) Bay National Park,
Upper Muir Inlet
Fig. 9 T1187 Steineropsis Spribille 38953 USA: Alaska, Glacier here; MN483152 - KP794957 MN508301 - - - -
alaskana (MSC) Bay National Park, Schneider
Dundas Bay et al. 2015
Fig. 9 T1188 S. laceratula Spribille 39570 USA: Alaska, Glacier here; MN483153 - KP794958 MN508302 - - - -
(MSC) Bay National Park, Schneider
Taylor Bay et al. 2015
Fig. 5; KS122 Stereocaulon sp. Resl Iceland: Sudurland, here MN483154 - MN460234 MN508303 MN437627 - - -
Fig. 10 s. n. (2014) highland W of
(Gzu) Hofsjokull Glacier
* T1334 Stereocaulon sp. Spribille 39567 USA: Alaska, Glacier here MN483080 - - - - - - -
S39567 (MSC) Bay National Park,
Taylor Bay
* T1280 Sticta rhizinata Spribille 36814 USA: Alaska, Glacier here MN483081 - - MN508334 - - - -
(MSC) Bay National Park,
edge of Crane Flats
* T1344 Thelotrema Spribille 39635 USA: Alaska, Glacier here MN483082 - - - - - - -
lepadinum (MSC) Bay National Park,
Taylor Bay
* T1189 Tingiopsidium sp. Fryday 9805 USA: Alaska, Glacier here MN483083 - MN460250 MN508335 MN437635 - - -
AMF9804 (MSC) Bay National Park,
East Arm, Wolf Point
Fig. 5 T1294 Toensbergia Tonsberg USA: Alaska, Glacier here MN483155 - MN460235 MN508304 - - - -
blastidiata 41670 (MSC— Bay National Park,
holotype) base of Marble
Mountain
Fig. 5 P132 T. geminipara Spribille 38484 USA: Alaska, Glacier here - MN508043 - MN508325 - - MN437642 MN437652

(MSC)

Bay National Park,
West Arm, Ptarmigan
Creek
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Fig. 8 P151 Trapelia coarctata Aptroot 66551 St. Helena: High Peak, here MN483156 - MN460236 - - - - KU844403
(hb. Aptroot) basalt cliff with trees
Fig. 8 CP943 Trapeliopsis Palice 8079 & Czech Republic: East here; Resl KR017146 - KR017232 KR017399 - MN437640 KR017535 KR017596
flexuosa 0. Peksa (hb. Bohemia et al. 2015
Palice; PRA)
Fig. 8 CP4286 T. granulosa J. Schén & Germany: Hessen, here MN483158 = MN460238 MN508306 = MN437637 = =
C. Printzen (FR) Stadt Frankfurt
Fig. 8 T1112 T. granulosa V. Wagner plot Canada: British here MN483159 - - MN508307 - - - -
28.07.06/2 Columbia, Mt.
(UBC) Revelstoke
Fig. 8 KS76 T. granulosa Resl 1153 USA: Montana, Resl et al. KR017079 - - KRO17315 - - - KRO17591
(GZU) Gallatin Co., Hyalite 2015
Canyon
Fig. 8 P243 T. gymnidiata Ertz 16241 (BR) Spain: Canary Islands here MN483160 - - MN508261 - - - -
Fig. 8 KS97 Trapeliopsis sp. Spribille 40883 Canada: British here MN483162 MN508040 MN460239 MN508309 - MN437638 - MN437647
(GZU) Columbia, ‘The Kettle’
rapids, Clearwater
River, N of Clearwater
town
Fig. 8 KS87 Trapeliopsis sp. Spribille 40723 USA: Alaska, Glacier here MN483161 MN508039 - MN508308 MN437628 - - MN437646
S40723 (MSC) Bay National Park,
Bartlett Cove
* T1081 Tuckermannopsis Spribille 39112 USA: Alaska, Glacier here MN483084 - - - - - - -
chlorophylla (MSC) Bay National Park,
Bartlett Cove
* T1096 T. chlorophylla Spribille 38192 USA: Alaska, Glacier here - - - MN508339 - - - -
(MSC) Bay National Park,
Fern Harbor
* T1080 T. chlorophylla Spribille 38764 USA: Alaska, Glacier here MN483085 - - - - - - -
(MSC) Bay National Park,
Excursion Ridge
* T1211 T. chlorophylla Spribille 36341 USA: Alaska, Glacier here MN483086 - - - - - - -
(MSC) Bay National Park,
Marble Mountain
Fig. 5 T1324 Umbilicaria Spribille 40461 Austria: Styria, here; Resl MN483163 KR017276 KP794976 KR017390 - - - KR017592
polyphylla (GZv) Zirbitzkogel, GroRer et al. 2015
Winterleitensee
* T1192 Unknown genus Fryday 10343 USA: Alaska, Glacier here - - - MN508336 - - - -
AMF10343 (MSC) Bay National Park,
Excursion Ridge
Fig. 5; P169 Varicellaria Spribille 29691 Canada: British here MN483164 MN508041 MN460240 MN508310 - MN437639 - MN437648
Fig. 6 rhodocarpa (Gzu) Columbia, Muncho
Lake, Alaska Hwy
Fig. 6 T1342 Varicellaria sp. Spribille 38337 USA: Alaska, Glacier here MN483129 - - - - - - -
S38337 (MSC) Bay National Park,
Excursion Ridge
* NA Verrucaria Fryday 10286 USA: Alaska, Glacier here MN483102 - - - - - - -
anziana (MSC) Bay National Park,
Falls Creek
* NA V. anziana Fryday 10455b USA: Alaska, Glacier here MN483103 - - - - - - -

(MSC)

Bay National Park,
Taylor Bay
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adjacent areas (Table 1). We also used gene data from over 440
voucher specimens extracted for previous studies, as well as pub-
lished genome projects available on the Joint Genome Institute
MycoCosm website (https:/genome.jgi.doe.gov/programs/fungi/
index.jsf). Depending on the species, we included up to eight fun-
gal loci, including ribosomal loci of the nucleus (ITS, 18S, 28S)
and mitochondrion (12S) and nuclear protein-coding loci
(Mcm?7, RPBI, RPB2, EFla). For newly generated sequences, pri-
mers, PCR conditions and locus abbreviations follow Resl et al.
(2015) and Schneider et al. (2015). The decision on how many
loci to sequence was informed by the available ‘background’
data in the NCBI nt database (‘GenBank’) for the larger taxo-
nomic group in question. We assembled a private database of
DNA sequences from GenBank and added an identifier code to
each sequence to indicate the voucher it was derived from (typic-
ally a letter followed by three or four numbers, such as X123).
Sequences from multiple loci, but one voucher, can thus be tied
together and automatically called up for use in a tree. We com-
bined this with MAFFT v7 (Katoh & Standley 2013) alignment
and automated concatenation in the python-based phyloscripts
pipeline (Resl 2015). Concatenation of DNA specimen data
from different specimen vouchers was thereby eliminated.
Automated concatenation based on an identifier code enabled
quick testing of taxon samples for phylogenetic analysis. We
included multiple samples of a taxon or group of closely related
taxa if they had a ‘bridging’ locus in common, as this increased
the number of loci represented for the resulting clade.

We further screened sequences with BLAST searches against
the NCBI nt database to identify potential sequences from non-
target fungi, even from already published sequence data. Based
on this, we removed seven sequences from our data set: Lecania
atrynoides 28S (AY756352) is identical to Bryobilimbia hyp-
norum; Candelariella terrigena mitochondrial 12S (DQ986884)
appears to derive from a member of Gyalectales close to Porina;
and Micarea (Leimonis) erratica 18S (KJ766742), 28S
(KJ766591) and mitochondrial 12S (KJ766425) belong to an
unknown member of Lecideales, not M. erratica (which is repre-
sented by other sequences in NCBI nt). Lecanora achroa 28S
sequence JN939502 (Zhao et al. 2015) is a chimeric duplicate
sequence of itself following ~position 651; because of uncertainty
regarding the sequence identity, the entire sequence from this
locus was deleted. Similarly, sequence HM576929 deposited by
Zhao et al. (2015) as Rhizoplaca shushanii Mcm?7 protein in fact
derives from the B-tubulin locus and was therefore not used.
Major data sources and their underlying voucher specimens are
listed in Table 1 and Supplementary Table S3 (available online).

Upon data set selection, we visually examined each alignment.
For three sequences (P172, P173, T764) we removed several hun-
dred base pairs from the 3’ end of the 28S sequence that was una-
lignable due to long introns and c¢. 150 bp of Ramalina dilacerata
KP794953 due to poor quality. For the Lecanorales alignment,
MAFFT failed to align a major 28S intron starting at position
932 of Ramboldia arandensis DQ431919; 24 of the 116 taxa in
the 28S Lecanorales alignment possessed this homologous
intron, the only section of any alignment that could not be
handled by MAFFT and required manual adjustment. We then
trimmed all sites from the alignment present in 10% or fewer
sequences and subjected the trimmed alignment to a partition
search using PartitionFinder v1.1.1 (Lanfear et al. 2012, 2016;
v2.1.1 for the Ostropales/Gyalectales and Sticta data sets), using
linked branch lengths, all available models, a ‘greedy’ search
scheme, and the Bayesian Information Criterion for evaluating
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best model fit. The alignments were then used for maximum likeli-
hood analyses using RAXML-HPC v8.0.0 (v.7.2.8 for Pertusariales)
with 1000 bootstrap replicates and the GTRGAMMA model of
nucleotide substitution for each partition (Stamatakis 2014).

Species delimitation and nomenclature

As in the KLGO study, we based species identification more on
systematic observation than on the a priori use of keys, that is,
we sorted specimens into ‘morphospecies’ based on chemical
and morphological characters in statu symbiotico and only
then looked for applicable names in a global literature set. We
continue to track ‘phantom phenotypes’ (Spribille 2018), distinct
lichen symbiotic outcomes that may not be supported at the pre-
sent time by DNA data from a small number of fungal gene loci.
The reasons for this can be exemplified by the members of the
Bryoria implexa group. Based on five gene loci and 18 microsat-
ellite markers, Boluda et al. (2018) concluded that historically
recognized members of this group are formed by one fungal spe-
cies and thus, according to the International Code of
Nomenclature for Algae, Fungi and Plants (Turland et al
2018), the oldest valid name of this fungus should be used for
all these lichens. We consider such a move premature, and the
null hypothesis of genetic distinctness of these putative species
impossible to reject at the current time, for the following three
reasons. First, the existence of distinct multistate phenotypes,
especially those that have been tracked with little controversy
for over a century, is in itself evidence for genetically encoded
biological phenomena; second, the biological basis for the for-
mation of the phenotypes has neither been explained nor, to
our knowledge, studied; third, the absence of evidence must
not be confused with evidence of absence, in this case of phylo-
genetic signal in the ascomycete genome. Five loci represent less
than 0.05% of the 10 000+ protein-coding genes that can be
expected on a lecanoromycete genome (compare Armaleo
et al. 2019).

Nomenclature of lichens and lichen-associated fungi largely
follows Esslinger (2019) and Diederich et al. (2018), though
two special cases merit comment: 1) we accept the need for seg-
regate genera of Caloplaca and Xanthoria in Teloschistaceae, as
outlined by Arup et al. (2013), but retain Caloplaca here in the
broad sense with segregate names in parentheses since a) the
combinations have not been made for approximately half of the
taxa found in GLBA, and b) the names are not familiar to
many users and we wish to avoid the confusion caused by moving
closely related taxa to different parts of the main list; 2) we agree
with Esslinger (2019) and do not follow the circumscription of
cetrarioid genera derived from ‘temporal banding’ (Kraichak
et al. 2017), for two reasons. First, temporal banding assumes
that rates of phenotype evolution are linearly linked to rates of
molecular evolution, but this is obviously not true across the
tree of life or we would see as much phenotypic diversity in pro-
tists as we do in mammals (though extant members of both are at
an equal distance to the most recent common ancestor in evolu-
tion). Second, unlike species, which are biological entities, genera
are groupings of species that are alike from the human point of
view, in recent years informed by what we have learned about
common descent (monophyly). No imperative exists for these
groupings to be equally old, nor does there exist a consensus
on whether such an imperative would be desirable. Numerous
other arguments against the adoption of temporal banding have
been advanced by Liicking (2019). Our approach may be

Downloaded from https://www.cambridge.org/core. Nord universitet, on 09 Jul 2020 at 06:54:02, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.
https://doi.org/10.1017/50024282920000079


https://genome.jgi.doe.gov/programs/fungi/index.jsf
https://genome.jgi.doe.gov/programs/fungi/index.jsf
https://genome.jgi.doe.gov/programs/fungi/index.jsf
https://doi.org/10.1017/S0024282920000079
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

The Lichenologist

conservative, but it does not preclude rigorous hypothesis testing
and the exploration of alternative nomenclatural solutions in the
future.

Nomenclature of vascular plants follows Flora of North
America (online treatments: http://www.efloras.org/flora_page.
aspx?flora_id=1) with the exception of Cupressus nootkatensis
(D. Don) Spach, which follows Gadek et al. (2000).

Presentation of species data

Not all collections could be confidently assigned to a known spe-
cies. The reasons for this are often complex and the story behind
each ‘problem species’ reveals the challenges of working in poorly
studied regions, as well as the interconnectedness of local taxo-
nomic issues to broader global-level systematics. Replicating our
approach in KLGO (Spribille et al. 2010), we present species in
a hierarchical fashion here to allow the reader to navigate the
results from the standpoint of their relative novelty and certainty.
The results are presented in three groups: 1) taxa for which we
have invested considerable effort to resolve their underlying sys-
tematic relationships, including species new to science; 2)
‘known unknowns’, putative species which we can characterize
but for which we can neither find unambiguously applicable
names nor assert with confidence that they are new species, or
for which material is insufficient for a formal description; 3)
lichen-forming and lichenicolous fungi for which we are more
or less certain we can apply existing names (but see below).
Unlike known unknowns’, these latter species can be connected
to a species name, even if this is done with caveats.
Communicating to land managers, funders and other scientists
the distinction between these types of taxonomic problems and
the work they require is essential to building an appreciation of
the role of systematics in the lichen inventory of poorly studied
regions. We also consider it essential to report species of uncer-
tain status, so the biodiversity of an area can be properly recorded,
and other lichenologists can be alerted to their existence. We also
hope this flags specimens from our study area to be included in
other research, either current or in the future.

The list of taxa with names also includes some species for
which the application of a name is uncertain. These are denoted
with ‘cf’ (for confer, the Latin imperative to compare) in cases
where further studies, especially comparison with type material,
would be advantageous; or ‘aff.” (Latin: ex affinitatis) in cases
where we or consulted experts have performed such studies and
conclude that the species in question is in close affinity with,
but not identical to, the type material. Of fungi, we exclude
only yeast-forming microfungi associated with the lichen cortex,
several of which have been detected in macrolichen samples
from GLBA (Spribille et al. 2016), because surveying for these
species requires special techniques and is beyond the scope of
the present study.

After the species name, a brief summary of its observed eco-
logical and elevational range in GLBA is provided, followed by
an abbreviated list of specimens seen. Sector abbreviations are
as noted above and waypoints are listed in Supplementary
Material Table S2 (available online). Collection numbers reflect
individual collectors based on initials: F=A. Fryday, M=M.
Svensson, P=S. Pérez-Ortega, S=T. Spribille and T=T.
Tensberg. Records presented in the main and known unknown
lists in square brackets (e.g. [...]), denote localities outside the for-
mal GLBA boundaries (most are within a few hundred metres of
the formal park boundary). New species for Alaska are denoted

7

with an asterisk (*) and for North America by a double asterisk
(**); a hash symbol (#) denotes putatively lichenicolous fungi
and a plus sign (+) putative saprobic fungi (we refer to these as
‘putative’ because our knowledge of their nutritional mode is
derived from observations of fertile structures, not the whole
mycelium or yeast stages).

Comparison between sectors and national parks

To compare lichen composition of different areas, we constructed
Venn diagrams using the R packages venn (https:/cran.r-project.
org/web/packages/venn/venn.pdf) and VennDiagram (Chen &
Boutros 2011). We used species lists from McCune et al. (2018)
for Katmai and Lake Clark National Parks and Preserves, and
Spribille et al. (2010) for Klondike Gold Rush National
Historical Park. Species lists were synonymized based on com-
parison of the application of names in the four studies and
final reported numbers differ slightly from those in the original
publications owing to deduplication of names in McCune et al.
(2018) and follow-up studies since Spribille et al. (2010). The
underlying matrix is presented in Supplementary Material
Table S4 (available online). Maps to show park locations were
generated using QGIS 3.10 (www.qgis.org), based on shapefiles
downloaded from www.naturalearthdata.com and https://nrdata.
nps.gov/programs/Lands/.

Results and Discussion

We found a total of 947 species from the 4741 specimens col-
lected. Ninety-eight could not be assigned to any named spe-
cies. Of these 98, we have enough data to describe 27 as new
to science. The remaining 71 species are reported as ‘known
unknowns’. Of the 947 species reported, 831 are lichens, 96
are assumed non-mutualistic lichen-associated (lichenicolous)
fungi and 20 are assumed non-mutualistic saprotrophic fungi.
Thirty-eight previously described taxa are reported here for
North America for the first time, and an additional 93 taxa
are new reports for Alaska. The addition of 158 named taxa
(27 +38+93) to the known lichens and lichen-associated
fungi of Alaska represents approximately a 9% increase in the
collective Alaskan lichen-associated biota, which until now
was estimated to contain ¢. 1750 taxa (unpublished data). All
but 11 species (indicated in the main list in brackets) were
found within the official GLBA boundaries, the others occurring
on lands near the town of Gustavus. The survey accomplishes
our twin goals of establishing a baseline inventory for GLBA
and providing a georeferenced occurrence database for every
species, which we analyze below at the level of park sectors.
The number of lichen and associated fungal taxa we recorded
in GLBA exceeds that of any US national park in the review
of Spribille et al. (2010) or published since, and for the total
number of taxa in study areas under 10 000 km®> worldwide,
it is second only to the 1061 taxa found in Parc national des
Cévennes, France (Roux et al. 2008), an area with decades of
study investment.

Comparison of sectors within GLBA

Individual sectors of GLBA differ greatly in their species compos-
ition (Fig. 4A; Supplementary material Table S4A, available
online). The richest sector is Excursion Ridge with 438 taxa, fol-
lowed by Gustavus and Dundas (both with 326), West Arm (248),
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East Arm
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Fig. 4. A, Venn diagram of species occurrence within the six sectors of GLBA. Numbers do not add up to 947 because one species (Melanohalea olivacea) could not
be assigned to any one sector due to a lack of site data. All species of lichens and lichen-associated fungi, including ‘known unknowns’, are included in this dia-
gram. Where a number is absent from a segment, the value is zero; B, occurrence of named lichen species across four national parks and preserves in the Gulf of
Alaska region (lichen-associated fungi and ‘known unknowns’ not included). Data is based on the present paper (Supplementary Material Table S4A & B, available

online), Spribille et al. (2010) and McCune et al. (2018).

Glacier Bay (232) and East Arm (189). Only 14 taxa were found in
all sectors. The Excursion Ridge and Dundas sectors, which
escaped glaciation in the Little Ice Age, together harbour 615 spe-
cies, while all four glaciated sectors together harbour 607. If the
Gustavus sector is instead lumped in with the unglaciated sectors,
the first number climbs to 750 and the remaining unglaciated sec-
tors drop to 452. This explains why parts of the Venn diagram
(Fig. 4A) that exclude these three sectors, and display species
found only in one or more of the remaining sectors, contain so
few species. Excursion Ridge harbours the greatest number of
unique species (i.e. species found only in one sector) with 198,
while Glacier Bay (43) and East Arm (40) harbour the fewest.
Collectively, the two unglaciated sectors hold 339 species not
found in any glaciated sector, whilst glaciated sectors harbour
331 species not found in any unglaciated sector; again, the first
number rises to 494 species if the Gustavus sector is instead
lumped in with the unglaciated sectors, whilst the remaining gla-
ciated sectors minus Gustavus have only 196 species. Why the
Glacier Bay, West Arm and East Arm sectors harbour so few
unique species, individually and collectively, cannot be directly
determined from our data. These sectors account for the most
recently deglaciated surfaces in GLBA but at the same time they
were also the most remote and difficult to access during this sur-
vey. In contrast to the other three glaciated sectors, the Gustavas
sector shares a long boundary with the unglaciated Excursion
Ridge sector. Such proximity, providing easier opportunities for
recolonization, could help explain the much higher species rich-
ness of the Gustavus sector compared to other glaciated sectors.
That being said, the Gustavus sector was also easier to access.
While numbers per sector will increase with further surveys, so
too should the number of singleton species (those represented by
only one specimen); we suspect the dissimilarity recorded
between the sectors is real. However, results are skewed based
on the kinds of sites that were accessible. The argillite outcrops

of Excursion Ridge contained by far the richest sites found any-
where in GLBA. The sampling of such a site elsewhere in
GLBA, if accessible, could lead to a significant rearrangement in
the Venn diagram. We hypothesize that many factors (glacial his-
tory, vegetation succession and associated substratum availability
and geological bedrock) drive richness patterns but inclusion of
diverse sites within a sector would certainly affect the perceived
richness distribution. Though our study was not designed to
detect the impacts of air quality, we do not suspect a role for
cruise ship emissions in the observed richness patterns. Cruise
ship exhaust, to the extent it was observed, appears to linger in
narrow passages of the West Arm in elevational belts well above
sea level, sites inaccessible during the present survey.

Lichen diversity in the national parks of the greater Gulf of
Alaska region

Three other national parks in the greater Gulf of Alaska region
(Fig. 1A) have been intensively surveyed for lichens in recent
years: Klondike Gold Rush National Historical Park (KLGO:
Spribille ef al. 2010) and Katmai and Lake Clark National Parks
and Preserves (McCune et al. 2018). Our collated lists of lichens
and associated fungi from those parks, including revisions under-
taken since (for KLGO), give total numbers of 757 (KLGO), 589
(Katmai) and 722 species (Lake Clark; lists in Supplementary
Material Table S4B, available online). A four-way comparison of
these national parks (Fig. 4B) provides an overview of the
known collective lichen species pool and the species turnover
along a 1000 km segment of the mountain chain that borders
the Gulf of Alaska from Cook Inlet to the Icy Straits. A cumulative
1341 named lichen taxa occur in the four parks (GLBA 773,
KLGO 604, Katmai 568 and Lake Clark 691; Fig. 4B).
Comparisons for lichenicolous fungi and saprobic fungi and
‘known unknown’ lichens are not included above or in Fig. 4B
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