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Preface

An organism occurs in a characteristic, limited range of habitats and within this
range they are found to be most abundant indicating their specific environmental
optimum (Kd&rner 2003). The distribution of organisms is strongly influenced by
factors such as elevation, precipitation, moisture, temperature, and nutrients in the
substratum (Huang 2010). In last 50 years though considerable attention has been
accorded in documenting the taxonomic diversity of lichens in India, investigations
of their community ecology have only recently begun, and those so far undertaken,
except some instances (Rai et al. 2011, 2012) have not explored the distribution
ecology of terricolous lichens as a functional group (Negi 2000; Negi and Upreti
2000; Pinokiyo et al. 2008). With increase in understanding on soil crust lichens,
their functional role in maintenance of physical stability, hydrology, and nutrient
pool of soil crust is well recognized worldwide (Elbert et al. 2012). The investigati-
ons on Indian terricolous lichens were initiated at lichenology laboratory of CSIR-
National Botanical Research Institute (NBRI), as an assessment of their diversity in
Western Himalaya and their role in soil stabilization in alpine habitats (Rai 2012).
The study revealed a substantial diversity of terricolous lichens and found that soil
lichens play a very crucial role in the stabilization of soil crust, soil respiration,
amelioration of soil temperature, and growth of soil microflora. In the course of
study, various patterns and factors of terricolous lichen diversity were observed
and the need for a publication dealing with these aspects was realized, leading to
conceptualization of this volume.

The Vol. 1 of Terricolous Lichens in India, in five chapters discusses licheno-
logy in India with special reference to terricolous lichens (Chap. 1); comparative
assessment of biological soil crusts (BSC) development in India with global pat-
terns (Chap. 2); altitudinal patterns of soil crust lichens in India using generalized
additive models (GAM; Chap. 3); role of novel molecular clades of Asterochlo-
ris in geographical distribution patterns of Cladonia—a dominant soil crust lichen
(Chap. 4) and photobiont diversity of soil lichens along substrate ecology and alti-
tudinal gradients in Himalayas (Chap. 5). The volume enumerates various patterns
and factors of terricolous lichen diversity in India, as a prelude to Vol. 2 which deals
with the taxonomy of Indian soil crust lichens. The book should be of interest to the
specialists and also intends to generate interest among ecologists, biologists, natu-



vi Preface

ralists, teachers, students, protected area managers, policy makers, and conservation
agencies. We hope that this book will widen the overall understanding of Indian li-
chens and specifically the terricolous lichens, both for native as well as international
workers and would serve as foundation of many more taxonomic as well as applied
researches in Indian lichens.
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Chapter 1
Lichenological Studies in India
with Reference to Terricolous Lichens

Himanshu Rai, Roshni Khare and Dalip Kumar Upreti

1 Introduction

Lichens, a mutualistic association of a dominant fungus (mycobiont) and a green
(phycobiont) and/or blue-green algae (cyanobiont), are by far known as one of the
most successful symbionts in nature (Galloway 1992). At times, strictly regarded
as an ecological instead of a systematic group, lichens have developed a special-
ized mode of nutrition, where an algal/blue-green algal partner is the sole source
of carbohydrate for the fugal partner, which envelops their photosynthetic partner
forming a discreet thallus (Hawksworth 1988). Thus lichen thallus is a relatively
stable and well-balanced symbiotic system with both heterotrophic and autotro-
phic components and can be aptly regarded as a self-contained miniature ecosystem
(Farrar 1976; Seaward 1988). About one-fifth of all known extant fungal species
form obligate mutualistic symbiotic associations with green algae and/or cyano-
bacteria. Presently, the consensus of known lichenized taxa amounts to 13,500
(Hawksworth et al. 1983; Hawksworth and Hill 1984; Hawksworth 1991) revised
from the earlier estimates of between 15,000 and 20,000 (Galloway 1992), consti-
tuting about 23 genera of green and 15 genera of blue-green algae (Purvis 2000).
Of all known lichenized fungi, 98 % are ascomycetes, 1.6 % deuteromycetes, and
0.4 % basidiomycetes (Honegger 2008). Nearly 40 genera of algae and cyanobac-
teria have been reported as photobionts in lichens (Tschermak-Woess 1988; Biidel
1992; Friedl and Biidel 2008; Honegger 2009). About 85 % of lichen-forming fungi
associate with green algae (often referred to as chlorolichens; Ahmadjian 1993),
about 10% with cyanobacteria (cyanolichens; Ahmadjian 1993), and about 4 %,
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2 H. Rai et al.

the so-called cephalodiate species, with both, simultaneously (Friedl and Biidel
2008). Three genera, Trebouxia, Trentepohlia, and Nostoc, are the most frequent
photobionts in lichens. The genera Trebouxia and Trentepohlia are of eukaryotic
nature and belong to the green algae; the genus Nostoc belongs to the oxygenic
photosynthetic bacteria (cyanobacteria; Friedl and Biidel 2008). Among the cyano-
bacteria-containing lichen species, 10% are bipartite (having cyanobacteria as the
only photosynthetic partner) and 3—4 % are tripartite (having two photosynthetic
partners—a green algae and a cyanobacteria; Rai and Bergman 2002). In tripartite
cyanolichens, cyanobacteria is restricted to a special gall like external or internal
structure called cephalodia, in which the fungal partner creates microaerobic condi-
tions to facilitate cyanobacterial nitrogen fixation (Honegger 2001; Rikkinen 2009).

The unique physiological (i.e., poikilohydric metabolism, secondary metabolite
production, production of antifreeze, and UV masking agents) and anatomical (i.e.,
absence of waxy cuticle, absence of root, and absorption of water and nutrients pas-
sively from the environment) peculiarities make lichens some of the most tolerant
as well as sensitive organisms on the planet. Constrains and vulnerabilities of lichen
anatomy and physiology allow them to inhabit all sorts of habitats in major terres-
trial biomes of earth, utilizing all available substratum (i.e., soil, rocks, barks, and
manmade surfaces like plasters etc.; Galloway 1992).

The poikilohydrous nature of lichen thalli, which passively increase or decrease
water status according to atmospheric humidity, helps them in rapid activation of
their metabolism, especially photosynthetic apparatus in case of recovery from winter
dormancy or desiccation (Nash 1996; Kappen 2000). For survival in harsh habitats,
lichens have evolved strategies such as right choice of photobiont, water-holding
structures, and tolerance to osmotic stress (Rundel 1998; Richardson 2002; Oksanen
2006). While phycolichens (green algal) are able to activate their photosynthesis
with water vapor, cyanobacteria in cyanolichens need liquid water, that is why phy-
colichens are better survivors in dryer habitats than cyanolichens, which are largely
(50%) represented in humid tropics (Rundel 1998; Richardson 2002; Oksanen 2006).
Some cyanolichens with gelatinous polysaccharides-containing thalli and phycoli-
chens with cushiony water-storing thalli are able to extend their daily metabolism
compared with thin, easily drying lichen species (Richardson 2002; Oksanen 2006).

Lichens exhibit a wide range of habitat differentiation. Although a shift of sub-
stratum is seen in lichens due to climate change and rapidly changing land-use pat-
terns, lichen genera mostly prefer specific type of substratum (Tretiach and Brown
1995). The form of lichen vegetation depends largely upon shape, structure, water
relations, and the chemistry of the substrates. On the basis of substrates, the lichens
can be classified into habitat subsets—saxicolous (inhabiting rocks and stones),
corticolous (growing on tree barks), terricolous (soil inhabiting), ramicolous (grow-
ing on twigs), muscicolous (growing over mosses), and omnicolous (inhabiting
various substrates and manmade structures; Fig. 1.1). Among these habitat subsets,
epiphytic lichens (corticolous) and soil lichens (terricolous lichens) are excellent
indicators of ecosystem quality (Will-Wolf 2002).
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Fig. 1.1 Habitat subset categories in lichens. a Saxicolous lichens (on rock). b Corticolous lichens
(on bark). ¢ Terricolous lichens (on soil). d Ramicolous lichens (on twig). e Muscicolous lichens
(on mosses). f Omnicolous lichens (on manmade structures; here, iron railway track sleepers);
inset: magnified lichen thallus
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Terricolous lichens are a major constituent of cryptogamic biological soil crusts
(BSCs) in arid/water delimited habitats and play important functional role in main-
taining the fertility of soils through extensive contribution in the nitrogen dynamics
of soil sink. Lichen-dominated BSC as a constituent of cryptogamic ground cover
(CGC) along with cryptogamic plant cover (CPC) constitute a global continuum
of cryptogamic cover acting as a major sink of atmospheric CO, and nitrogen, ac-
counting for about 7% of net primary production and about half of biologically
fixed nitrogen in terrestrial biomes (Elbert et al. 2009, 2012).

2 Lichenological Researches in India

In the last two centuries, there have been substantial advancements in lichenologi-
cal studies worldwide, and applied fields such as lichen-based biomonitoring, bio-
prospection of lichen compounds, lichenometry, and studies on the role of lichens
in ecosystem services have gained momentum. However, the Indian lichenological
research though has focused largely on the taxonomical aspect of lichenized fungi;
researches in other aspects (i.e., biomonitoring, bioprospection, ecology, and as-
sessment of their functional role in ecosystem) have also started.

2.1 A Brief Historical Account'

Lichenological investigation in the Indian subcontinent was initiated by Linnaeus
in 1753, who mentioned a single lichen species, now under the genus Roccella (R.
montagenii) in his iconic publication Species Plantarum. In the years 1810 and 1814,
Eric Acharius described four species of lichens from India. During the nineteenth
and twentieth centuries, lichens from the Indian subcontinent were collected largely
by European botanists, naturalists, British army personnel, and Jesuit missionaries
(Fries 1825; Bélanger 1838; Montagne 1842; Taylor 1852; Nylander 1860, 1867,
1869, 1873; Miiller 1874, 1891, 1892, 1895; Hue 1898, 1899, 1900a, b, 1901; Jatta
1902, 1905, 1911; Smith 1931) and about 1,000 species of lichens from all over the
country were described (Upreti 2001b). Quaraishi (1928) was probably the first Indi-
an who recorded 35 species of lichens near Mussoorie in western Himalayas. Later,
Dr. S. R. Kashyap initiated the collection of Indian lichens which were determined
by Dr. A. L. Smith and the data were published in the form of a hand book (Chopra
1934). The more systematic study on Indian lichens was carried out by Late Dr. D.
D. Awasthi (1922-2011), in the fifties of the last century. Studies on Indian lichens
were started by Dr. D. D. Awasthi in the early 1950s at the Department of Botany,
Lucknow University, Lucknow. This center remained active for about 40 years and

! For a detailed historical account of lichenological researches (mainly taxonomic) in India, see
Upreti 2001b and Singh 2011.
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considerable progress, particularly in respect of the generic, floristic, and mono-
graphic studies on lichens of India, as well as Nepal, was made (Upreti 2001b). The
work by Dr. Awasthi at Lucknow University resulted in about 80 publications (Singh
2011). His consolidated account of lichens of India in the form of publications such
as A Handbook of Lichens (Awasthi 2000a), Lichenology in Indian Subcontinent—A
Supplement to A Handbook of Lichens (Awasthi 2000b), where he listed over 2,000
species, Compendium of Macrolichens from India, Nepal and Sri Lanka, where he
dealt with about 970 species (Awasthi 2007), are regarded as the backbone of tax-
onomy of Indian lichens and serve as baseline data on Indian lichens.

The institutions whose consistent efforts in researches on Indian lichens played
instrumental role in present development of Indian lichenology are Lichenology
laboratory and herbarium (LWG), National Botanical Research Institute (NBRI),
Lucknow; Botany department, Lucknow University (LWU), Lucknow (inac-
tive centre, mainly consisted of collections of Dr. D.D. Awasthi, now lodged at
NBRI) ; Agharkar Research Institute (ARI), Pune; Botanical Survey (BSI) of In-
dia (north eastern and central circle) and M.S. Swaminathan Research Foundation
(MSSRF), Chennai. Among these lichenological centers, NBRI holds the largest
collection of Indian lichens from all over the country, and along with taxonomic
researches (Divakar and Upreti 2005; Upreti 1985a, b, 1987, 1988, 1990, 1991a,
b, 1992, 1993a, b, 1994, 1997b, c), it has also initiated researches in other fields
of lichenology such as ethnolichenological aspects (Saklani and Upreti 1992;
Upreti 1996, 2001a, b, c; Upreti and Negi 1996; Kumar and Upreti 2001; Upreti
et al. 2005), antimicrobial activity of lichen compounds (Tiwari et al. 2011a, b),
pollution monitoring (Upreti and Pandey 1994, 1999; Nayaka et al. 2003; Satya
and Upreti 2009; Shukla and Upreti 2007a, b, 2009, 20122), conservation (Upreti
1995; Upreti and Nayaka 2008), lichenometry (Joshi and Upreti 2010), climate-
warming studies using lichen-based passive temperature-enhancing devices (Rai
et al. 2010), and biomonitoring and ecophysiological studies of specific functional
groups with reference to zooanthropogenic pressures and macroscale climatic vari-
ables (i.e., terricolous lichens and cyanolichens; Khare et al. 2013; Rai et al. 2011,
2012, 2013a, b). The revisionary monograph by NBRI center on parmelioid lichens,
Parmelioid Lichens in India: A Revisionary Study, serves as the main reference
publication on Indian Parmeliaceae (Divakar and Upreti 2005). ARI, though mainly
involved in taxonomical researches of Western Ghats (Pyrenocarpous, Graphida-
ceous, and Thelotremataceous lichens), has worked extensively on in vitro culture
methodologies of lichens, antioxidants, and pharmaceutically important activities
of lichen compounds (Behera and Makhija 2001, 2002; Dubey and Makhija 2008,
2010; Makhija and Patwardhan 1987, 1993, 1995, 1997, 1998a, b, c¢; Makhija and
Adawadkar 2001, 2002, 2007; Makhija et al. 2005, 2009; Behera et al. 2000, 2004,
2005a, b, 2006a, b, ¢, 2009; Gaikwad et al. 2012; Verma et al. 2008, 2011a, b,
2012a, b).BSI, being a government agency with mandate of surveying the plant
resources of the India, has exclusively done taxonomic studies of Indian lichens,
mainly of the north-eastern states, Sikkim and Darjeeling regions of the country

2 The chapter reviews pollution monitoring studies in India.
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(Jagdeesh Ram et al. 2005, 2007, 2009, 2012; Jagdeesh Ram and Sinha 2009a, b,
2010; Singh 1977, 1979, 1980, 2011; Singh and Sinha 2010). The recently pub-
lished Lichens: An Annotated Checklist, serves as the latest record of lichen diver-
sity in India (Singh and Sinha 2010). MSSREF is involved in investigations on lichen
diversity of the east coast (Mohan and Hariharan 1999; Balaji and Hariharan 2004,
2005), bioprospecting (antimicrobial activity) of lichen secondary compounds (Ba-
laji et al. 2006; Balaji and Hariharan 2007), and molecular and biotechnological
aspects (Valarmathi and Hariharan 2007; Valarmathi et al. 2009).

3 Lichenological Research in India with Reference
to Terricolous Lichens

Terricolous lichens as a group have not been dealt separately and are mentioned
only in taxonomic descriptions and enumeration of specific regions. Lichenological
investigations in India with reference to terricolous lichens can be described in three
major heads: (i) taxonomic records and enumerations, (ii) ethnopharmacological
studies, and (iii) functional ecology and bioindicator studies.

3.1 Taxonomic Records and Enumerations

Awasthi (1965) catalogued the Indian lichens and reported taxa of soil lichen known
till then. Awasthi and Awasthi (1985) described soil lichen genera Alectoria, Bryo-
ria, and Sulacria from India and Nepal. Upreti (1985a), in his studies on Baeomyces,
described four species (B. fungoides, B. pachypus, B. roseus, B. sorediifer) from
Darjeeling, eastern Himalayas, and Palni Hills, South India. Upreti (1985b) reported
soil lichen genus Cladia aggregata from India and Nepal. Awasthi (1988, 1991)
keyed out macro- and microlichens of India, Nepal, and Sri Lanka and mentioned
the occurrence of many species of terricolous lichens, i.e., Collema, Endocarpon,
Fulgensia, Solorina, Squamaria, and Toninia sediflora. Upreti (1987) provided key
of 62 species of Cladonia from Nepal and India. Upreti and Biidel (1990) reported
soil lichen species Heppia Iutosa (Ach.) Nyl. from northern India. Pant and Upreti
(1993) described terricolous species Diploschistes diacapsis, D. muscorum, D. nep-
alensis, and D. scruposus from India and Nepal. Pant and Upreti (1999) gave de-
tailed taxonomic description along with key of terricolous lichen genus Stereocaulon
in India and Nepal. Ahti and Upreti (2004) described two new species of terricolous
genus Cladonia (Cladonia awasthiana and C. indica) from Himalayas. Khare et al.
(2009) described taxonomic diversity of soil lichens in India. Upreti et al. (2010)
reported new records of squamulose soil lichens Lecidoma demissum, Psora decipi-
ens, P. himalayana, Toninia cinereovirens, and T. tristis from western Himalayas.
Upreti and Divakar (2010) reported a new species Sticta indica in soil over rock,
from Rudraprayag, Uttarakhand in the western Himalayas. McCune et al. (2012), in
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their revision of Hypogymnia from Himalaya of India and Nepal, described terrico-
lous species Hypogymnia alpina, H. bitteri, and, H. vittata from Himalayas.

Upreti and Negi (1995) mentioned terricolous lichens species of Cladonia and
Stereocaulon from the temperate alpine habitats (2,700—4,500 m) of the northwest-
ern part of Nandadevi Biosphere Reserve, Chamoli, in the Western Himalayas.
Upreti and Negi (1998) described occurrence of terricolous lichen taxa Lobaria,
Peltigera, Cladonia, Stereocaulon, Umbilicaria, Rhizoplaca, Cetraria, Hypogym-
nia, Parmelia, Ramalina, Usnea, Caloplaca, Heterodermia, and Phaeophyscia in
Chopta, Tungnath. Upreti and Nayaka (2000) described occurrence of soil lichen
species of genera Acarospora, Cladonia, Coccocarpia, Collema, Leptogium, Rhizo-
placa, Nephroma, Bulbothrix, Cetraria, Everniastrum, Flavoparmelia, Flavopucte-
lia, Hypogymnia, Hypotrachyna, Melanelia, Nephromopsis, Parmelia, Peltigera,
Heterodermia, Phaeophyscia, Ramalina, Stereocaulon, Lobaria, Sticta, Bryoria,
and Diploschistes from Himachal Pradesh. Upreti et al. (2001) describe soil lichens
in Askote Sandev Botanical Hotspot of Pithoragarh district, Uttarakhand. Upreti
et al. (2002) described species of terricolous genera Cladonia, Ramalina, Lobaria,
Leptogium, Heterodermia, Phaeophyscia, Prmotrema, Bulbothrix, Flavoparmelia,
Diploschistes from Sirmaur, Himachal Pradesh. Hariharan et al. (2003) mentioned
Cladonia, Leptogium, Everniastrum, Flavoparmelia, Parmellinella, Parmotrema,
Heterodermia, Sticta from Shevaroy hills of Eastern Ghats, India. Rout et al. (2004)
described Cladonia furcata, Lobaria kurokawa, and Sticta nylanderiana in enu-
meration of lichens of Sessa Orchid sanctuary, West Kameng, Arunachal Pradesh.
Upreti et al. (2004) mentioned many soil lichens, e.g., Cladonia, Melanelia, and
Peltigera from Gangotri and Gomukh areas of Uttaranachal, India. Sheik et al.
(2006) described terricolous lichen species, Candellariella aurella, Catapyrenium
cinereum Cladonia awasthiana, C. fimbriana, C. ochrochlora, C. pocillum, C. pyxi-
data, Collema limosum, Lecanora himalayae, Lecidella alaiensis, L. euphoria, L.
caesioatra, L. flavosorediata, Peltigera canina, P. dolichorrhiza, P. horizontalis, P.
polydactyla, P. rufescence, Physconia muscigena, P. pulverulenta var. argyphaea,
Solorina bispora, Squamarina cartilaginea, Stereocaulon glareosum, Toninia coe-
ruleonigricans, Xanthoparmelia somlensis, and X. taractica from Jammu and Kash-
mir. Dubey et al. (2007) described occurrence of soil lichen Cladonia corymbes-
cens from Along town, West Siang district, Arunachal Pradesh. Joshi et al. (2007)
described occurrence of soil lichen Stereocaulon foliolosum from Khaliya top and
Kalamuni in Pithoragarh district of Uttarakhand. Rawat et al. (2009) described soil
lichens Biatora, Cladonia squamosa, and Lobaria retigera from Mandal and ad-
joining localities in Chamoli district of Uttarakhand.

3.2 Ethnopharmacological Studies

Subramanian and Ramakrishnan (1964) reported occurrence of five essential amino
acids from terricolous lichen Pelfigera canina. Saklani and Upreti (1992) while
reporting folk uses of lichens from Sikkim reported that Peltigera canina is used as
a remedy for liver ailments and that its high content of amino acid methionine may
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contribute to its alleged curative powers. Upreti and Negi (1996) reported ethnobo-
tanical utilization of Thamnolia vermicularis (Swartz.) Ach. in Schaerer, and found
that this terricolous lichen is used for killing worms in milk by indigenous ethnic
tribes, Bhotias, and was also used for ritual offerings in religious prayers. Upreti
(1996) described that terricolous lichen Heterodermia diademata is used on wounds
as protection from infection and water. Shahi et al. (2000) described successful
use of aqueous extract of soil lichen Everniastrum cirrhatum for curing superficial
fungal infections in humans. Upreti (2001a) discussed exploitation of soil lichens
Bulbothrix meizospora, Everniastrum cirrhatum, E. nepalense, Heterodermia di-
ademata, and Leptogium askotense from Pithoragarh, Uttarakhand. Upreti (2001b)
mentioned that taxonomy of soil lichen genus Bryoria, Buellia, Cladonia, Hetero-
dermia, Leptogium, Peltigera, Stereocaulon, Sticta, and Ramalina has been well
worked out and described the ethnic uses of terricolous lichen species of Everni-
astrum, Heterodermia, Peltigera, Stereocaulon, Thamnolia vermicularis, Cetraria,
Lobaria, and Ramalina. Kumar and Upreti (2001) described medicinal value of
terricolous lichen species Parmelia sulcata as described in ancient Indian medicinal
system. Upreti et al. (2005) discussed the commercial exploitation of soil lichens
Everniastrum cirrhatum, Heterodermia, Cladonia, and Thamnolia vermicularis.
Upreti (2001c) discussed utilization of some soil lichens as human food and condi-
ments. Shukla et al. (2003) described antifungal activity of soil lichen Stereocaulon
against some storage fungi. Gupta et al. (2007) reported antimycobacterial activity
of some terricolous lichens (Leptogium pedicellatum, Lobaria isidiosa, Stereocau-
lon foliolosum) from Kumaun Himalayas. Kumar et al. (2010) reported antibacterial
activity of cyanolichen—Collema auriformis from Kolli hills, Tamil Nadu.

3.3 Functional Ecology and Bioindicator Studies

Upreti (1997a) described the distribution of terricolous lichen taxa Cladonia and
Stereocaulon along gradients of altitude and substrate along with other Himalayan
lichens. Upreti (1995) described factors responsible for loss of diversity of terric-
olous lichen species of Heterodermia, Peltigera, Stereocaulon, Thamnolia, Dip-
loschistes, Cladonia, Phaeophyscia, Parmelia, and Leptogium in India. Negi and
Upreti (2000) in their studies on species diversity and relative abundance of lichens
in Rumbak catchment of Hemis National Park, Ladakh, described the distribution
patterns of soil lichen genus Cetraria, Cladonia, Lecanora, and Physcia, with rela-
tion to other substrates and discussed unstable top layer and trampling caused by
grazing as the main cause of poor turnout on soil than on other substratum like
rocks. Nayaka et al. (2009) assessed the photosynthetic vitality of the soil lichen
Cladonia subconistea from Himalaya.

Rai et al. (2011, 2012), in their studies in an alpine shrub and meadow in Hima-
layas, found that the diversity of terricolous lichens was delimited both by grazing
pressures and decrease in soil cover along with increasing altitudinal gradient. The
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study established that fruticose (Stereocaulon spp) and dimorphic/compound? (Cla-
donia spp.) were the dominant growth forms owing to their low palatability and
better tolerance of the harsh climate at higher altitudes. The distribution of grazing
and harsh climate-tolerant growth forms is a common feature shared by terricolous
lichens worldwide (Chap. 2).

Terricolous lichens have been found instrumental in maintaining higher
carbon(C)-nitrogen(N) content* of the soil crust (Rai et al. 2013b). Studies in alpine
habitats have shown that though the C—N content of terricolous lichens with cya-
nobionts was higher than that of chlorolichens, C—N content of terricolous tripar-
tite cyanolichen, Stereocaulon foliolosum (N—0.862+0.01; C—37.3+0.04) was
greater than that of monopartite cyanolichen species, Peltigera praetextata (N—
0.562+0.02; C—26.42+0.02) and P. rufescens (N—0.498+0.01; C—32.02+0.01;
Rai et al. 2013b). Terricolous soil lichens form a closed feedback loop with refer-
ence to C—N dynamics where the elements (C, N) hold up in the thallus, enrich
the substratum by leaching of metabolites from, and decomposition of the thallus,
which are subsequently fixed by cyanolichens (Rai et al. 2013b).

Rai et al. (2013a), in their studies on control of photobionts on diversity and
distribution of terricolous lichens, found that the distribution of chlorolichens and
cyanolichens was along the gradients of precipitation and altitudes, where cyanoli-
chens preferred habitats with higher precipitation as they need liquid water for their
active physiology, whereas chlorolichens were widely distributed as their hydration
needs for proper functioning of their physiology are met even with air moisture.

Rai (2012), in his studies on functional role of terricolous lichens in Garhwal
Himalayas, found that terricolous lichens play a key role in amelioration of a
number of physicochemical properties of soil (i.e., aggregate stability, soil tem-
perature, soil microbial respiration and, soil carbon—nitrogen content), as they are
habitat specialists and usually inhabit habitats with poor/unstable nutrient content,
highly acidic pH and harsh climate characterized by longer periods of subzero
minimum temperature, high wind velocity, fluctuating relative humidity, and hy-
drological regimes.

Rai (2012), employing generalized additive models (GAM) on elevational pat-
terns of terricolous lichens in Garhwal Himalayas, concluded that maximum ter-
ricolous lichen species’ richness is at mid-altitudes (3,000-3,100 m), which can be
attributed to decrease in competition from vascular plants, as at these heights the
tree line in the Himalayas starts to thin out (Fig. 1.1). The differential peak altitudi-
nal distribution of cyano- as well as chloroterricolous lichens can be due to differ-
ent efficiency of the both groups for water utilization (Fig. 1.2). Further, the higher
peak altitudinal distribution of compound and fruticose growth forms is due to the
tolerant nature of these forms to harsh climate extremes and deterrence to grazing
in Garhwal Himalayas (Fig. 1.3). Analyzing the GAM plots of different dominant
families of terricolous lichens in Garhwal Himalayas, Rai (2012) concluded that
though some families inhabit up to 3,900 m altitude (Stereocaulaceae and Parmeli-

3 Squamules as primary thallus bearing erect fruticose body as secondary thallus.

4 Values measured as percent dry weight, determined using CHNS-O Elementar (Vario EL III)
using sulfanilic acid (SIGMA-ALDRICH™) as standard.



10

Fig. 1.2 Relationship between
elevation and terricolous lichen
species richness from Garhwal
Himalaya. a Total terrico-

lous lichen species richness.

b Cyanolichen species rich-
ness. ¢ Chlorolichen species
richness. The fitted regression
line represents the statistically
significant P (<0.001) smooth
spline(s) after using GAM with
approximately four degrees of
freedom
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Fig. 1.3 Relationship between
elevation and terricolous
lichen species richness from
Garhwal Himalaya. a Foliose
terricolous lichen species
richness. b Fruticose terrico-
lous lichen species richness.

¢ Dimorphic/compound
terricolous lichen species
richness. The fitted regression
line represents the statistically
significant P (<0.001) smooth
spline(s) after using GAM with
approximately four degrees of
freedom
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aceae), the maximum species’ richness of Cladoniaceae, at optimum mid-altitudes
(about 3,000 m) in Garhwal Himalaya is due to the tolerant growth forms of the
species in the family (e.g., Cladia and Cladonia; Fig. 1.4).

4 Conclusion

Although lichenological researches in India are mainly focused on taxonomy of
lichens, studies on other lichenological aspects are gaining momentum (Upreti
2001b). Lichens are now being studied for the bioprospection of secondary lichen
compounds, biomonitoring and functional ecology. Terricolous lichens constitute
about 9-14 % of total lichen flora of India (Rai et al. 2011), and due to their ability
to inhabit habitats with harsh climate, poor soil nutrients, acidic pH, unstable air
moisture, and soil hydration regime, they play a vital role in functional ecology of
soils. Controlled by constrains of photobiont physiological efficiency terricolous
lichens extend up to 3,700 m, where in absence of competitive pressures by other
ground vegetation, they optimize the soil microenvironment, for soil microflora,
which helps crucially for development of successional vegetations. Although there
is not much work done on terricolous lichens and their role in soil functional ecol-
ogy in India, the work actually done points to their pivotal role and needs further
investigation.
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Chapter 2

Distribution Ecology of Soil Crust Lichens
in India: A Comparative Assessment with
Global Patterns

Roger Rosentreter, Himanshu Rai and Dalip Kumar Upreti

1 Introduction

Lichens that occur either directly in soil, sand, peat/humus, or in habitats dominated
by soil (e.g., on soil accumulated in rock crevices, on ground in mosses which in
turn get rooted to the soil/sand or on degraded plant remains) constitute a unique
habitat subset of a lichen community, known as terricolous lichens (Scheidegger
and Clerc 2002). Terricolous lichens along with mosses and cyanobacteria form
an intimated associative functional entity, often referred to as biological soil crust
(BSC). Soil crusts and their component organisms are linked closely to enhanced
soil and landscape stability in arid and semiarid areas. It is logical therefore, to view
their presence as indicators of good landscape health. In India, both the arid desert
in its northwestern part, the grasslands, and steppes from the foothills to the alpine
regions in Himalayas contain habitats suitable for growth of terricolous lichens (Rai
etal. 2011, 2012).

The Thar desert, in the western state of Rajasthan, is a climatically dry region and
experiences frequent droughts. Comparatively the most densely populated desert
in the world, this area holds a high livestock population (Sinha et al. 1996; Sharma
and Mehra 2009). Therefore, this desert has a history of intense human pressure in
the form of overgrazing by livestock, and fuel wood collecting (Sharma and Mehra
2009). Soils are generally sandy and sandy-loam in texture and high in soluble salts
(Gupta 1968). The low nutrients in the soil, its high sandy texture, low humidity, and
intense zooanthropogenic pressure, inhibit large scale growth of terricolous lichens
in the region. The terricolous lichen growth in this desert region is restricted to some
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high altitude, moist habitats such as Mount Abu (1,220 m). The dominant soil crust
species in this region are those of bipartite cyanolichen (having cyanobacteria as
the only photosynthetic partner) genus Collema (C. ryssoleum, C. texanum, and C.
thamnodes) along with sporadic occurrence of Phaeophyscia hispidula.

The temperate-alpine habitats (1,500 to >3,500 m) in the Himalayas, with steep,
inclined mountainous terrains, contain flat alpine grasslands locally known as Bug-
yals. These alpine grasslands harbour biological soil crusts, occasionally dominated
by lichens (Rai et al. 2011, 2012). At lower altitude (1,800-2,000 m) lichen-domi-
nated BSCs are rare but when they are present, they are not very diverse, whereas
at mid- (<£3,400 m) to higher (>3,500 m) altitudes, lichen-dominated soil crusts are
very diverse (Fig. 2.1). The temperate-alpine region of the Himalayas, are expected
to be some of the most highly impacted lands by future climate changes as well as
zooanthropogenic pressures (Rai et al. 2010, 2011, 2012). In Bugyals, sites with
mosses tend to harbour a substantial population of lichens in the soil surface (Rai
etal. 2011, 2012; Rai 2012). Lichens are abundant in the Rhododendron-rich mid-
dle-montane altitudes (3,000-3,400 m). The most abundant lichen in the grasslands
is a tripartite (a fungus, having two photosynthetic partners—a green algae and a
cyanobacteria) fruticose cyanolichen Stereocaulon foliolosum, which has low palat-
ability (Ahti 1959, 1964; Ahti et al. 1973) and is a well established nitrogen fixer
(Fig. 2.1). The reason Stereocaulon is so common may be due to its low palatability,
and resistance to grazing pressure (Rai et al. 2012), and its ability to reproduce by
fragmentation. The second most abundant lichen is Cladonia spp. (C. coccifera, C.
pyxidata)-a compound lichen growth form (squamules as primary thallus bearing
erect fruticose body as secondary thallus), which along with Stereocaulon spp. are
more adapted to harsh alpine climate (Sheard 1968; Rai et al. 2011, 2012; Fig. 2.1).
The habitats of Himalayas, usually inhabited by terricolous lichens, are regions with
harsh climate, characterized by regular orographic precipitation, longer periods of
snow fall, higher UV radiation, and freezing minimum (=30 °C) temperatures (Rai
et al. 2011, 2012; Khare et al. 2010). Middle elevation (300-3,400 m) sites ap-
pear more favorable for soil lichen cover (Baniya et al. 2010), yet grazing pressure
from livestock at middle altitudes and decrease in soil cover at higher elevations
(>3,500 m) appears to limit their cover (Rai et al. 2011, 2012). However, from the
foothills to the subalpine grasslands any lithic (rocky or shallow) soils have biologi-
cal soil crusts. The species that occur in these sites are similar in composition to soil
crusts around the world in similar sites. These lithic shallow soils are sometimes
referred to as “bald” since they occur beyond the tree line and are dominated by
grasses and herbaceous plants of Asteraceae.

2 Ecological Function of Soil Crusts
and Terricolous Lichens

Biological soil crusts (BSCs) are a complex mosaic of cyanobacteria, green algae,
lichens, mosses, microfungi, and other bacteria (Belnap et al. 2001). BSCs have a
major influence on terrestrial ecosystems, including soil fertility and soil stability



2 Distribution Ecology of Soil Crust Lichens in India 23

Fig. 2.1 a, b Lichen-dominated soil crust at lower altitude (1,800-2,000 m), with lower species
diversity, dominated by Cladonia coniocraea (b). c—e Lichen-dominated soil crusts at mid-
(£3,400 m) to higher (>3,500 m) altitudes, with higher species diversity, d Cladonia pyxidata,
e Stereocaulon foliolosum

(Belnap 2003). In the arid and semiarid habitats of the world, they may constitute as
much as 70 % of living cover (Belnap 1994). In the western USA, BSCs are critical
components of healthy ecosystems (Rosentreter and Belnap 2003). Biological soil
crusts cover the arid and semiarid deserts around the world and have been studied in
the western portions of North America the most (Rosentreter and Belnap 2003). The
benefits of BSCs in the landscape cannot be understated. These benefits include:
soil building, erosion reduction, greater water capture and retention by soils, lessen-
ing of severity of dust storms, control of invasive plants through inhibition of ger-
mination, soil temperature amelioration, help in soil microbial growth, moderation
of fire events through reduction of fine fuels, and improving perennial plant growth
(Belnap et al. 2001; Sofronov et al. 2004; Fig. 2.2). Lichen-dominated BSCs, as
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Fig. 2.2 Ecological benefits of lichen-dominated soil crusts in landscape ecology

a constituent of cryptogamic ground cover (CGC), along with cryptogamic plant
cover (CPC) constitute a global continuum of cryptogamic cover, acting as major
sink of atmospheric CO, and nitrogen accounting for about 7% of net primary pro-
duction and about half of biologically fixed nitrogen in terrestrial biomes (Elbert
et al. 2009, 2012).

Biological soil crust performs a number of roles in semiarid ecosystems. Struc-
turally, soil crusts bind soil particles. Functionally, crusts alter the soil chemistry
and increase the rates of decomposition. As such, crusts are considered to be eco-
system engineers (Bowker et al. 2004).

Studies on the functional role of soil crust lichens (terricolous lichens) in Hi-
malayan habitats have shown that terricolous lichen plays a key role in the main-
tenance of a number of physicochemical properties of soil (i.e., aggregate stability,
soil temperature, soil microbial respiration, and soil carbon—nitrogen content; Rai
2012). Besides influencing the soil properties, terricolous lichen distribution in Hi-
malayas is also intricately correlated with the soil’s physicochemical properties and
competition with other ground vegetation (Rai 2012).

3 Ecological Distribution Patterns of Soil Lichens

Some of the same characteristics that influence the distribution of vascular plant
taxa also influence BSCs and terricolous lichen development and distribution
(Kaltenecker 1997). Relative cover of BSCs in various generalized vegetation types
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varies according to various topographical and hydrological properties of habitats.
Lichen-dominated BSCs tend to lack vegetation types that occur on seasonally
flooded soils as flooded soils create anaerobic conditions which are not tolerated
by lichens. Saline soils also lack lichen cover, although mosses are sometimes pres-
ent if the salt concentration is not too high. Dense vegetation types lack significant
biological soil crust cover as the closed canopies of vascular vegetation and ac-
cumulating plant litter create too much shade on the soil surface. Other vegetation
types support higher biological soil crust cover unless their soil surfaces are highly
disturbed or the current vegetation is in an early or recovering successional stage.

Biological soil crust lichens sometime display specific site affinities on both fine
and gross scales. Some terricolous lichens have a high affinity for calcareous sub-
strates (e.g., Aspicilia hispida, Buellia elegans, Caloplaca tominii, Collema tenax,
Psora decipiens, Toninia sedifolia; McCune and Rosentreter 2007). These calcico-
lous lichens indicate free calcium carbonate in the soil, and are good indicators of
soil pH (McCune and Rosentreter 2007).

Terricolous lichens form natural replacement series along the same elevation and
moisture gradients that influence vascular plants. For example, at low elevations
in India, the cyanolichen genus Collema fixes nitrogen while at mid-elevations the
genus Stereocaulon is the nitrogen fixer. Functionally, the gelatinous (blue-green al-
gae containing) terricolous lichens are all nitrogen fixers, are more resistant and re-
silient to disturbance, and are common in arid calcareous sites or mesic noncalcare-
ous sites (McCune and Rosentreter 2007). Therefore the terricolous lichen commu-
nity composition will differ between the hot, dry deserts with higher calcareous soil
and cooler, moist foothills-alpine habitats with mostly acidic soils (Rai et al. 2012;
Table 2.1). Sites with frigid soil temperature regimes (the mean annual tempera-
ture is <8 C) lack significant cover of gelatinous lichens (Belnap et al. 2001). The
genera Peltigera and Massalongia tend to be the common genera at these higher,
more frigid elevations in North America while the genus Stereocaulon is common
worldwide in frigid, high elevations (DeBolt and McCune 1993; Rai et al. 2012; Rai
2012). Stereocaulon is a common genus in open habitats at high elevations in India
as well as Alaska, Canada and parts of South America (Rosentreter and Belnap
2003; Rai et al. 2011, 2012). Some species display a shift in substrate preference
in different ecoregions. For example, in the Great Basin desert of North America,
Leptochidium albociliatum occurs on mosses while in the moister Columbia Basin
it is more common on bare mineral soil (Rosentreter 1986; Ponzetti et al. 1998).

4 Indicator Value of Terricolous Lichens

Terricolous lichens are good indicators of old-growth/late succession habitats
(McCune and Rosentreter 2007). The dual gradient theory proposed by McCune
(1993) for lichen species succession in forested habitats applies well to arid and
semiarid regions where species respond to both time (age) and moisture in simi-
lar successional trajectories. Therefore, the length of time since the last major
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Table 2.1 Comparison of Arid low-elevation grasslands  Foothills-alpine grasslands
the common lichens in the and steppes

low elevation arid grassland/
deserts versus the foothills-

montane-alpine grasslands Leptogium spp. Cladonia spp.
and steppes (Rai et al. 2012)

Collema tenax Cetrelia olivetorum

Placidium spp. Everniastrum cirrhatum
Endocarpon pusillium Lepraria spp.

Lepraria spp. Stereocaulon foliolosum
Heppia spp. Stereocaulon pomiferum

disturbance of a site or an increase in effective soil moisture will both provide suit-
able ecological conditions to support specific lichen species. Late successional indi-
cator species in arid steppe vegetation-type habitats include: Acarospora schleicheri,
Massalongia carnosa, Pannaria cyanolepra, and Trapeliopsis species (Table 2.2).
Some lichens only occur in stable, late successional communities because they only
grow upon other lichen or moss species, e.g., Acarospora schleicheri spores germi-
nate and grow upon the lichen, Diploshistes muscorum, which only grows upon the
lichen genus Cladonia. Therefore, Cladonia can be considered a keystone species
influencing the diversity of the site. Massalongia carnosa primarily grows on moss-
es and is not present until mosses become well distributed within a site (McCune
and Rosentreter 2007). Another example from western North America is the rare
lichen, Texosporium sancti-jacobii that is restricted to old-growth plant communi-
ties and occurs only on decaying organic matter (McCune and Rosentreter 1992).
Other lichen species that commonly occur on decaying organic matter are: Buel-
lia papillata, B. punctata, Caloplaca spp., Lecanora spp., Megaspora verrucosa,
Ochrolechia upsaliensis, Placynthiella spp., and Phaeophyscia decolor (McCune
and Rosentreter 2007).

A few common terricolous lichens that establish and grow quickly are early suc-
cessional indicator species. The most common early successional lichen indicators
are: Collema tenax, Caloplaca tominii, Lepraria spp., Placidium spp., and Ochrole-
chia inaequatula. Most of these species reproduce asexually, a life-history strategy
which increases the probability of establishment (Rosentreter 1995). The presence,
absence, and abundance of early- or late-successional species can provide informa-
tion regarding the disturbance history of a site. Several early-successional species
at a site indicate a recently disturbed site while several late-successional species at
a site indicate less intensity or fewer disturbances in the recent history of the site.
This information, combined with data on vascular plant community composition,
can assist the land manager in understanding the disturbance history, potential pro-
ductivity, and integrity of a site. Due to this ecological history at a site, the phase,
“Lichens don’t lie” is often used to demonstrate that the lack of late-successional
lichens indicating that domestic grazing animals have disturbed the area.

The potential soil crusts and lichen cover for a given site are influenced by fac-
tors such as, associated vegetation, humidity/precipitation, soil texture, ecological
successional stage, fire incidence frequency, and grazing pressure (Table 2.3). Soil
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Table 2.2 Early and late

- ) Early successional soil lichens Late successional soil lichens
successional terricolous

lichens in arid habitats Collema tenax Acarospora schleicheri
Cladonia spp. Massalongia carnosa
Placidium spp. Pannaria spp.
Caloplaca toninii Trapeliopsis spp.
Ochrolecia inaequatula Cetrelia spp.
Lepraria spp. Cetraria spp.

texture and vegetation of the site are critical factors (Kaltenecker et al. 1999). The
factors listed are closely related and are components of the ecological site; however
,variation in any one factor can influence biological soil crusts crust cover and its
relative importance to the ecological stability of the site (Hilty et al. 2004). In gen-
eral, ecological sites dominated by bunch-grass grasslands will consistently have a
well-developed “high” biological soil crust cover (Rosentreter and Belnap 2003).
Soil texture of a site influences the stability of soil matrix, e.g., arid grasslands
communities occurring on calcareous, gravelly loams and silt loams (such as allu-
vial deposits) have well developed lichen crusts that occupy fine-textured, mineral
soil within a stabilized gravel matrix and are protected from livestock tramping
(Table 2.3). The livestock impact on soil crust lichens is determined by the season
of use and utilization intensity. Vegetation utilization is representative of animal
stocking rates (number of sheep etc.) or length of grazing period. Severe to high
utilization is indicative of localized concentration of animals and heavy trampling.
Again, trampling impacts will be more severe if the soils are dry. Although the
moisture required by soil crust community is lower than that needed by vascular
plants, it is an important influencing factor in growth and development of diverse
terricolous lichen community. Soil crusts are fragile when dry (dormant), but quite
pliable when moist. Least impact occurs when the crust is moist or frozen but not
saturated (Belnap et al. 2001).

5 Ecological Patterns of Terricolous Lichens in India

Terricolous lichens in India, more or less share the same distribution ecology pat-
terns, which globally influence soil crusts. Soil crust formation in India is greatly
influenced by grazing-induced disturbances (Rai et al. 2012). Terricolous lichens in
the foothills, and montane grasslands are better developed than desert regions, and
more diverse due to the limited season that livestock can access and trample these
habitats (Rai et al. 2012; Sinha et al. 1996). Livestock-induced trampling has been a
dominant factor influencing the distribution of soil lichens in India (Rai et al. 2011,
2012; Rai 2012). The sandy textured soils of deserts are unstable when dry and have
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been severely impacted by livestock trampling whereas, fine textured soil in the
montane grasslands and steppe are more tolerant.

Though the major distribution of terricolous lichens and soil crust in India is
restricted to foothills and the Himalayan montane grasslands (Rai et al. 2012, 2013;
Rai 2012), the western dryer desert region holds a restricted distribution of ter-
ricolous lichen genera Collema (C. ryssoleum, C. texanum, and C. thamnodes) and
Phaeophyscia hispidula. Both the lichen genera are calcophilic (most of the soils
of western India have higher calcium carbonate content) and are found in Mount
Abu region (Awasthi 2007), which is relatively more moist and free from livestock
grazing. The Himalayan terricolous lichen community is dominated by species of
Stereocaulon and Cladonia followed by Peltigera praetextata, P. rufescence, and
Xanthoparmelia terricola (Rai et al. 2012; Rai 2012). Himalayan soil crust lichens
are better adapted to acidic soils.

6 Conclusion

Although the distribution of soil crust lichens in India broadly follows the global
ecological patterns, showing striking taxonomic and ecological similarity with soil
crust communities worldwide, their growth and development is constrained by con-
stantly increasing grazing pressures. Furthermore, the rapidly changing land-use
patterns in lichen-rich Himalayan habitats, is also proving detrimental to the sur-
vival of these soil crust species.
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Chapter 3
Terricolous Lichens in Himalayas: Patterns
of Species Richness Along Elevation Gradient

Chitra Bahadur Baniya, Himanshu Rai and Dalip Kumar Upreti

1 Introduction

Lichens are the primary colonizers of the home planet along with non-lichenized
fungi, algae, bacteria, cyanobacteria, and mosses. Diverse morphological growth
forms and tolerant physiology provide lichens an edge over other cryptogams, ena-
bling them to colonize nearly all of the terrestrial habitats of our planet. Terricolous
lichens (highly sensitive) are important subsets of lichen community, as they highly
sensitive to climatic, topographic, and anthropogenic factors (Will-Wolf et al. 2002).
Terricolous lichens along with cyanobacteria, algae, microfungi, and bryophytes (in
different proportions) sometimes constitute an intimate functional entity referred to
as biological soil crusts (BSCs) (Belnap et al. 2001a). The biological soil crust is
the heterogeneous material that forms after colonization, nutrient enrichment, and
stabilization of the soil lichens (Eldridge 1996). BSCs impart spatial and temporal
patterns at different scales determining biological diversity that begins from harsh
to congenial environments of any stages of succession. Terricolous lichen diversity
in BSCs is closely associated with habitat characteristics, and therefore indicates the
health of ecosystem (Pellant et al. 2001).
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2 Terricolous Lichens: Role in Ecosystem Services

Terricolous lichens by virtue of their requirement of greater environmental stability
are highly sensitive indicators of the overall ecosystem functioning and various envi-
ronmental disturbances (Eldridge and Tozer 1997; Grabherr 1982; Scutari et al. 2004;
Lalley and Viles 2005; Motiejlinaité and Wiesuaw 2005; Lalley et al. 2006a; Clair et al.
2007; Raietal. 2011, 2012). The ecological and geomorphic importance of terricolous
lichen communities are related to the soil crust they inhabit. Terricolous lichens are
known to be sources of nitrogen and carbon fixation (Beymer Klopatek 1992; Evans
and Belnap 1999; Harper and Belnap 2001), vital soil stabilizers (Belnap and Gillette
1998; Eldridge 1998; Eldridge and Leys 2003), and providers of habitat and food
sources for other organisms (Zaady and Bouskila 2002; Lalley et al. 2006b), and are
known to influence growth of associated cryptogamic soil vegetation (Lawrey 1977,
Gardner and Mueller 1981; Sedia and Ehrenfeld 2005; Escurado et al. 2007; Lawrey
2009; Favero-Longo and Piervittori 2010). Terricolous lichen-dominated BSCs are an
indicator of physical, physiological, and chemical impacts after grazing, trampling,
climate change, and pollution (Belnap and Eldridge 2001; Belnap et al. 2001a, b).

3 Terricolous Lichens in the Himalayas

Himalayan habitats show diversity both in climate and habitat conditions, where
they are more moist in the eastern Himalayan alpine shrubs and meadows, which
act as a transit into drier central Tibetan plateau alpine steppe of central Tibet in
the north. The stressed climate (i.e., higher environmental lapse rate, high wind
velocity, high UV radiation, low atmospheric pressure, and low precipitation), and
the delimiting nutrient and exposure regime of Himalayas, support relatively simple
ecosystems, characterized by limited trophic levels and relatively, very few plant
growth forms and species (Rai et al. 2010). Despite these constrains, alpine habitats
of the Himalayas harbor some of the unique biodiversities of the region, which are
vital for the overall ecosystem functioning and stability. Himalayan habitats are rich
in lichen biodiversity, which constitute a substantial amount of cryptogamic ground
vegetation (Upreti 1998). Major distribution of Terricolous lichens in the Himalayas
ranges from temperate (1,500-3,000 m) to alpine (>3,000 m) habitats (Baniya et al.
2010; Rai et al. 2011). Altitudinal distribution patterns of terricolous lichens of the
Himalayan region are addressed in few region-specific lichenological investigati-
ons (Pinokiyo et al. 2008; Baniya et al. 2010; Huang 2010; Rai et al. 2012).

4 Objectives

The present work has been undertaken to elucidate an elevational richness pattern of
the Himalayan terricolous lichens with reference to (i) mid-dominance peak of terri-
colous lichen diversity along the gradient; (ii) dominant terricolous lichen families
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that follow a similar richness pattern, and (iii) probable determining factors to ex-
plain each of these patterns.

5 Materials and Methods

5.1 Study Area

The Himalayas are the youngest fragile mountains of Cenozoic origin. Present vege-
tation is believed to be the Pleistocene formation established after Miocene orogeny
(Singh and Singh 1987). The Himalayas arch the massive Indian subcontinent inclu-
ding Nepal, India, Burma, Bhutan, and Sri Lanka, which leaves the Tibetan plateau
on the backside. The Himalayan range is about 2,500 km long and passes all the way
from Burma in the east to Afghanistan in the west. The Himalayas lie between 84°E
and 84°W longitude (Singh and Singh 1987). It is the confluent of Austro-Poly-
nesian, Malayo-Burman, Sino-Tibetan, Euro-Mediterranean, and African elements.
These topographies with environment are believed to be suitable to all these flora
and fauna since ancient history. Soil lichens collected, described, deposited, and pu-
blished mainly from the Himalayan region of India and Nepal are considered here.

The Himalayas comprise the longest and a continuous bioclimatic region of the
world. The elevation of the landscape varies from the sea level to the world’s highest
peak, i.e., the Mount Everest, 8,848 m above sea level, within a short horizontal distan-
ce. Diverse topographies also harbor diverse vegetation typical of hot, wet tropics to ni-
val zones of the world. Hot and humid climates are characteristic features of landscapes
toward lower altitudes that slowly decrease with increasing altitude. Thus, temperature
and precipitation are two major gradients. Similarly, intensity of precipitation varies
differently along the Himalayas. Monsoon is the main source of rainfall that begins
from the Bay of Bengal and ends in the western Himalayas. The eastern Himalayas,
nearer to the Bay of Bengal, receive more rainfall during summer (May to September).
The intensity slowly decreases toward the western Himalayas. Terricolous lichens from
the Himalayas have witnessed and are indicators of these changes since prehistory.

5.2 Data Source

The main data source for this study is 4 Compendium of the Macrolichens from
India, Nepal and Sri Lanka (Awasthi 2007), the checklist of Nepalese lichens (Shar-
ma 1995; Baniya et al. 2010). Along with the above-mentioned sources, data of
Cladonia of India and Nepal were supplemented by analysing about 700 specimens
lodged in lichen herbarium of the Council of Scientific and Industrial Research
(CSIR)-National Botanical Research Institute (LWG). The distribution pattern of
soil lichens of Nepal was crosschecked using data from Baniya et al. (2010).

The altitudinal ranges of the Himalayan soil lichens (100—6,000 m) were interpo-
lated after dividing them into 60 bands of 100 m each, and a complete data matrix
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for all soil lichen species was assembled. Presence of a species indicates that the
species occurs in, or has been collected in the past from, that altitudinal band and
the absence means either that species does not occur or has previously not been
collected from that altitude (Baniya et al. 2010).

A species is assumed to be present at all possible 100-m bands between its upper
and lower altitudinal limits as recorded in the dataset. For example, a terricolous li-
chen Baeomyces pachypus that has elevational occurrences between 1800 to 3600 m
in the literature falls between the 1,800- and 3,600-m bands throughout the subcon-
tinent (Baniya et al. 2010). Endemic soil lichen species are encountered at a specific
landscape or in a country that counts for all the Himalayas. The lichen species listed
in the compendium or literature without any altitude reference were discarded. Such
soil lichen species were around 30 in number.

Thus, the species richness that applies here is an estimate of the total number
of soil lichen species and/or their family occurring at each 100-m altitudinal band
throughout the Himalayas. This corresponds to macroscale study, which is closer to
gamma diversity as mentioned by Whittaker (1972).

5.3 Data Analysis

Considering total lichen species richness, patterns related to, six dominant families
as response variables and their elevations as a predictor variable were extracted
by applying a cubic smooth spline (s) with the framework of generalized additive
models (GAM) (Hastie and Tibshirani 1990; Heegaard 2004; Baniya et al. 2010).
GAM, which is one of the most conservative, local regression methods has been
used in this study, without priori. Response variables variables are counts; thus,
the variance changes with the mean. Over dispersion in the dataset was corrected
through an application of quasi-Poisson family of error, which has a logarithmic
link function (Crawley 2006). Normal distribution in the error was tested after the
basic Q—Q (quantile—quantity) diagnostic plots against residuals. The change in de-
viance follows the F-distribution. R 2.13.1 was used to analyse the data and smoot-
hers (R Development Core Team 2011). The models were fitted with the library
GAM (Hastie and Tibshirani 1990).

6 Results

6.1 General Pattern of Species Richness

A total of 212! terricolous/soil lichen species, 1.06% of the total lichens repor-
ted from India alone, were found recorded from the Himalayas with altitudinal

! The data takes into account representative terricolous specimens lodged in CSIR-NBRI, liche-
nological herbarium-LWG.
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distribution range. These terricolous lichens species belonged to 24 families and 54
genera. Their altitudes ranged from 100 to 6,000 m above sea level. Cladoniaceae
was the dominant family with 53 species, followed by Parmeliaceae with 49 spe-
cies (Table 3.1).

Total soil lichen species richness showed statistically significant unimodal re-
lation with altitude. The highest number of soil lichen species (89) occurred at
2,400 m (Fig. 3.1; Table 3.2). The soil lichen species richness was found increasing
from sea level (100 m) to 2,400 m and declining afterward.

6.2 Mid-Richness Peak of Dominant Families

The most dominant soil lichen families also showed unimodal responses to eleva-
tion at different altitudes of their highest richness (Fig. 3.2; Table 3.2). For instance,
Cladoniaceae with 53 species showed unimodal relation of the highest richness (38
species) at 2,700-2,800 m (Fig. 3.2a; Table 3.2). Parmeliaceae with 49 species sho-
wed unimodal response with the highest richness (17 species) at 2,100 m (Fig. 3.2b;
Table 3.2). Peltigeraceae (18 species) humped at 2,800 m by 9 species (Fig. 3.2c;
Table 3.2), Physciaceae (17 species) humped at 1,700—1,800 m by 10 species
(Fig. 3.2d; Table 3.2), Collemataceae (12 species) humped at 1,200—1,300 m by 6
species (Fig. 3.2e; Table 3.2), and Stereocaulaceae (12 species) humped at 3,500—
3,600 m by 7 species (Fig. 3.2f; Table 3.2).

The study has found that 2,400 m is the most preferential altitude for soil lichens
among 60 altitudinal bands. At this midaltitude (2,400 m) soil lichen species may
be supported by all habitats, microenvironments, edaphic factors, and biogeography
as well and vice versa.

7 Discussion

A quantitative analysis of the terricolous lichen community from the Himalayas
has revealed that they are significantly greater in number and wider in distribution.
These terricolous lichen communities are found distributed at all altitudes from 100
to 6,000 m. Moreover, 2,400 m altitude was the most preferable altitude and has
abundant number of terricolous lichen species (Fig. 3.1). Not all lichen families be-
have the same in terms of appearance of maximum number of species with altitude.
Terricolous lichens followed the general trend of elevational declining unimodal
species richness pattern at larger spatial scales but differed with elevation of maxi-
mum richness. The fundamental reasons explaining for this pattern may share with
the general pattern of other species richness but the specific cause would be specific
to the terricolous lichen only.
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Fig. 3.1 Altitudinal richness pattern of soil lichens. The fitted regression line represents the statis-
tically significant (P<0.001) smooth spline (s) after using GAM with approximately 4 degrees of
freedom. The vertical line in the space represents the highest richness

Table 3.2 Regression analysis results modelled after different terricolous lichen species richness
as well as their six dominant families as response variables and their elevation as predictor variable.
The quasi-Poisson family of error fitted in the GAM model after the cubic smooth spline (s) with
approximately 4 degrees of freedom and the total degrees of freedom in this observation are 59

Response Resid. df Res.dev D’ Deviance F Pr(>F)
variables

Total soil lichens 55 57 0.966 1622 448 <0.0001
Cladoniaceae 55 38 0.958 856.7 461.87 <0.0001
Parmeliaceae 55 33.59 0.903 311.67 163.54 <0.0001
Peltigeraceae 55 18.33 0.940 285.5 304.37 <0.0001
Physciaceae 55 40.11 0.864 255 103.72 <0.0001
Collemataceae 55 39.86 0.794 153.78 60.68 <0.0001
Stereocaulaceae 55 13 0.936 190.19 247.07 <0.0001

Resid. df Residual degree of freedom, Res. dev Residual Deviance, D’ Regression coefficient of
determination, F' Fisher value of determination, Pr the Probability

The elevation for the highest richness of soil lichens represents the temperate
forest zone within the Himalayas. Temperate vegetation occurred at 2,400 m altitu-
de dominated by deciduous tree species such as Schima-Castanopsis, laurels, oaks
(Quercus spp.) and evergreen species such as blue pine (Pinus wallichiana). The
larger vascular species may provide shade and has relatively higher humidity due
to their closed canopy. The climate of this zone is characterized by moderate tem-
perature throughout the whole year and relatively higher precipitation and evapo-
transpiration than elsewhere. The climatic conditions in the Himalayan temperate
habitats help to maintain greater heterogeneity among microhabitats and enough
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soil moisture which supports good growth of vascular plants and soil lichens. Thus
higher soil lichen distribution is expected in these temperate habitats, nurtured by
moderate regimes of temperature, precipitation and solar radiation. This view is well
supported by development and distribution of soil lichen communities favoured by
occurrence of vascular plants in the Great Basin, western USA (Clair et al. 1993).
But it differed from the findings of Baniya et al. (2010) and Rai et al. (2011, 2012),
which recorded the highest richness from 3,000-3,400 m. These differences may be
the result of higher zooanthropogenic perturbations at lower altitudes (<2,400 m)
and consequent shifting of soil lichens to mid-elevations (i.e., 3,000-3,400 m).

Diversity of microhabitats in the form of “doons” and valleys and alpine pas-
tures—Bugyals along with a thinning treeline between the altitudinal ranges of
2,000-3,000 m provide ideal conditions for soil lichen communities to develop and
flourish. Maximum Bugyals in the Himalayas are situated at average altitude of
2,900-3,400 m, where due to thinning out of treeline, there is least competition with
angiospermic vegetation and the harsh climatic regimes (low pressure, high wind
velocity, subzero atmospheric temperature, and soil acidity) further increase the
probability of soil lichens to colonise, as Himalayan soil lichen species are tolerant
to climate extremes (Scheidegger and Clerc 2002). Beside these, majority of Hi-
malayan habitats are now a part of protected area networks, which along with other
plant diversity also help soil lichens to colonise and expand.

The number of soil lichens (212) is much higher than earlier studies such as 48 spe-
cies found in arid and semiarid Australia (Eldridge 1996), 28 species in the northern
Namib Desert (Lalley and Viles 2005), 31 species from the southern Namib Desert
(Jurgens and Niebel-Lohmann, 1995), 34 species from intermountains of western
United States (Clair et al. 1993), 45 species in the Nepal Himalayas (Baniya et al.
2010), and 20 species in Chopta-Tungnath tract in the Garhwal Himalaya (Rai et al.
2011, 2012). The higher species count of soil lichens in Himalayan habitats is due
to low competition from other ground vegetation above treeline (>3000 m), toleran-
ce of specific fruticose/dimorphic terricolous lichens (e.g., Stereocaulon, Cladonia)
to grazing induced trampling and harsh climatic conditions, sufficient hydration of
soils throughout the year, tolerance to acidic pH of soil and efficient utilisation of
soil macrohabitats (Grabherr 1982; Baniya et al. 2010; Rai et al. 2012; Rai 2012).
Change in landuse patterns, anthropogenic pressures, livestock grazing and ground
soil cover along with altitudinal gradients are also major factors influencing the
terricolous lichen diversity in Himalayas (Rai et al. 2011, 2012).

Anthropogenic pressures, after the increase in human population, is the main con-
trolling driver of nature and its biodiversity on Earth (Ellis and Ramankutty 2008;
Ellis 2011). Major concentration of human population can generally be expected at
planes or flat areas between the undulating topography of the Himalayas. Dense hu-
man population is mostly found in and around the tropical and subtropical range of
the Himalayas (i.e., foothills) and less at or above 3,000 m. The anthropogenic pres-
sure arising by commercial aspects of human society has been a major contributor
of overall depletion of lichen diversity in Himalayas (Upreti et al. 2005). Many ter-
ricolous lichen species (i.e., Peltigera, Thamnolia, Cladonia, Staereocaulon) have
been exploited as supplementary foods and medicine by different ethnic groups as
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well as other animals (Saklani and Upreti 1992; Upreti and Negi 1996; Negi 2003;
Upreti et al. 2005; Wang et al. 2001).

8 Conclusion

Elevation is the main driver of biological diversity which acts as a composite factor
to the anthropogenic pressures, historical location, and higher plant biodiversity.
The terricolous lichen diversity in the Himalayas is modulated by natural factors,
e.g., climate, topography, soil chemistry, comparative soil cover along altitude, sui-
table micro habitats, decrease competition; other ground vegetation are also highly
guided by zooanthropogenic pressure, e.g., livestock grazing, commercial/ethnic
exploitation, tourism etc. Mid-elevation range of 1,200-3,600 m in temperate habi-
tats of the Himalayas are best suitable for soil lichen to make sustainable communi-
ties and can be the most suitable thrust area for research in the future.
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Chapter 4

Photobiont Diversity in Indian Cladonia
Lichens, with Special Emphasis

on the Geographical Patterns

Tereza Ridka, Ondi‘ej Peksa, Himanshu Rai, Dalip Kumar Upreti
and Pavel Skaloud

1 Introduction

Lichens show distinctive patterns of distribution at both micro and macro levels
(Galloway 2008). Sixteen major biogeographical patterns have been distinguished
in lichens, including cosmopolitan taxa, bipolar taxa, taxa specific for particular
continents or areas, and endemic taxa (Galloway 2008). However, these patterns are
applicable to lichen-forming fungi only. Till date, we have almost no idea about the
biogeography of lichenized algae and cyanobacteria—the photobionts.

During the last 20 years, molecular phylogenetic studies dramatically changed
our views regarding coevolution of lichen partners. Supposed cospeciation and
parallel cladogenesis of mycobionts and photobionts has been generally rejected
(Kroken and Taylor 2000; Piercey-Normore and DePriest 2001), and replaced with
the domestication model, in which the fungal partner could select the best avail-
able photobiont (DePriest 2004). In general, the mycobionts are able to cooperate
with several algal species and to switch them (Muggia et al. 2008; Nelsen and Gar-
gas 2009; Nyati 2007; Piercey-Normore 2006; Wornik and Grube 2010), simulta-
neously, several mycobionts can share single algal partner (Beck 1999; Doering
and Piercey-Normore 2009; Hauck et al. 2007; Piercey-Normore 2009; Rikkinen
et al. 2002). Moreover, lichen algae and cyanobacteria could exhibit their own
environmental requirements, which seem to be independent of particular myco-
bionts to a large extent (Cordeiro et al. 2005; Fernandez-Mendoza et al. 2011;
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Helms 2003; Muggia et al. 2008; Peksa and Skaloud 2011). Naturally, since the
environmental preferences of an organism could be narrowly linked to its distribu-
tion, the geographical pattern of photobionts could be markedly different from that
of their fungal partners.

Both cyanobacteria and algae are microscopic organisms. Moreover, the lichen
vegetative propagules containing both symbionts (soredia, isidia, etc.) are mostly
not much larger than particular algal cells (20-50 um, Biidel and Scheidegger 2008)
and they are capable of being dispersed over large distances as well (Bailey 1976).
The well-known theory of ubiquitous dispersal of microbial species (Finlay and
Clarke 1999) presumed that most organisms smaller then ca 1 mm should occur
worldwide (in a niche-based context only).

Indeed, some photobiont lineages are apparently widely distributed. For ex-
ample, Asterochloris clade A7 (sensu Peksa and Skaloud 2011) has been found in
lichens collected from Europe, USA, and China, indicating its ubiquitous disper-
sal. On the other hand, many photobiont lineages have been reported only from
specific continents or regions. However, because of very uneven distribution of
lichen collections, it is premature to classify them as species with narrow distribu-
tion patterns. For the most studied photobiont genera (Asterochloris, Trebouxia,
Nostoc), majority of reports have been published from Europe and North America
(e.g., Backor et al. 2010; Blaha et al. 2006; Guzow-Krzeminska 2006; Nelsen and
Gargas 2008; O’Brien et al. 2005; Paulsrud et al. 2000; Peksa and Skaloud 2011;
Piercey-Normore 2004, 2006, 2009; Yahr et al. 2004), slightly less from Central
and South America (Cordeiro et al. 2005; Helms 2003; Reis 2005) and Antarctica
(Aoki et al. 1998; Engelen et al. 2010; Nyati 2007; Otalora et al. 2010; Romeike
et al. 2002; Wirtz et al. 2003). However, only few or no data have been reported
from Africa, Asia, Australia, and close islands (Helms 2003; Nelsen and Gargas
2008, 2009; Nyati 2007; Piercey-Normore and DePriest 2001). Therefore, further
exploration of photobionts in these areas is necessary to obtain relevant information
about biogeographical patterns in lichenized algae and cyanobacteria.

2 Objectives

In this study, we investigated Asterochloris photobionts from terricolous lichens
(Cladonia spp.) collected in India and Nepal using DNA sequencing. Traditionally,
Asterochloris (incl. former Trebouxia) species have been determined according to
the morphological features such as cell shape, chloroplast structure, and pyrenoid
ultrastructure. However, a large cryptic variability recently discovered within the
genus (Piercey-Normore and DePriest 2001; Yahr et al. 2004; Skaloud and Peksa
2010) clearly points out the deficiency of morphological features to delimit real spe-
cies entities within Asterochloris. Therefore, we sequenced the internal transcribed
spacer (ITS) ribosomal DNA (rDNA) marker to genetically investigate the diversity
of photobionts in Cladonia lichens. The newly obtained ITS rDNA sequences were
added to the dataset of all sequences deposited in GenBank database to analyze the
phylogenetic position of Indian photobionts and biogeographic patterns of selected
Asterochloris lineages.
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Fig. 4.1 Map showing the sampling localities of Cladonia lichens used in this study

3 Materials and Methods

3.1 Sample Collection

Lichen samples were collected in five different areas in India and Nepal (Fig. 4.1).
Single lichen sample was collected in Maharashtra, Madhya Pradesh, and Assam
states, located in west, central, and north-eastern India, respectively. Three lichen
samples were obtained from collections made in Tamil Nadu state, located in South
India. The majority of lichen thalli were collected in the Himalayas, Uttarakhand, and
Himachal Pradesh states. Finally, two lichen thalli were collected in eastern Nepal.
The collections have been made at different times during the years 2007 and 2010
(Table 4.1).
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3.2 DNA Isolation, Polymerase Chain Reaction (PCR),
and Sequencing

Total genomic DNA was extracted following the standard CTAB protocol (Doyle
and Doyle 1987), with minor modifications. The total genomic DNA was dissolved
in sterile dH,0O and amplified by polymerase chain reaction (PCR). The ITS1-5.8S-
ITS2 rDNA region was amplified using universal primer ITS4-3' (5'-TCCTCCGCT-
TATTGATATGC-3"; White et al. 1990) and the algal-specific primer nr-SSU-1780-5'
(5'-CTGCGGAAGGATCATTGATTC-3'; Piercey-Normore and DePriest 2001). All
PCR reactions were performed in total volume of 20 pul contained 12.4 pl of sterile
Mili-Q water, 2 pl of AmpliTaq Gold® 360 Buffer 10x (Applied Biosystems, Life
technologies, Carlsbad, CA, USA), 1.5 ul of MgCl, (25 mM), 0.4 pl of dNTP mix
(10 mM), 0.25 pl of each primer (25 nM), 2 ul of 360 GC Enhancer, 0.2 pl of Am-
pliTaq Gold® 360 DNA Polymerase and 1 ul of DNA (10 ng:1""). PCR and cycle-
sequencing reactions were performed in a Touchgene Gradient cycler (Krackeler
Scientific, Albany, NY, USA). PCR amplification of the algal ITS rDNA began with
an initial denaturation at 95 °C for 10 min, followed by 35 cycles of denaturing at
95°C for 1 min, annealing at 50°C for 1 min and elongation at 72°C for 1 min,
with a final extension at 72°C for 10 min. The PCR products were quantified on
a 1% agarose gel stained with ethidium bromide and purified using the JetQuick
PCR Purification kit (Genomed, Lohne, Germany), according to the manufacturer’s
protocols. The purified amplification products were sequenced with PCR primers
using an Applied Biosystems (Seoul, Korea) automated sequencer (ABI 3730x1) at
Macrogen Corp. in Seoul, Korea. Sequencing reads were assembled and edited us-
ing the SeqAssem programme (Hepperle 2004).

4 Phylogenetic Analyses

The newly obtained ITS rDNA sequences were added to the concatenated
(ITS rDNA, actin I locus) alignment analyzed in Skaloud and Peksa (2010).
Then, we added several additional ITS rDNA sequences obtained from GenBank
to cover all Asterochloris diversity. The final concatenated matrix containing 69
taxa, was 1137 bp long, and was 100 % filled for the ITS data and 67 % filled for
the actin data (Table 4.2). The matrix is available from Pavel Skaloud The phylo-
genetic tree was inferred with Bayesian inference (BI) using MrBayes version 3.1
(Ronquist and Huelsenbeck 2003). The analysis was carried out on the partitioned
dataset using the strategy described in Peksa and Skaloud (2011). Bootstrap
analyses were performed by maximum likelihood (ML) and weighted parsimony
(WMP) criteria using GARLI, version 0.951 (Zwickl, 2006) and PAUP version
4.0b10 (Swofford 2002), respectively. ML analysis consisted of rapid heuristic
searches (100 pseudo-replicates) using automatic termination (genthreshforto-
poterm command set to 100,000). The wMP bootstrapping (1,000 replications)
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was performed using heuristic searches with 100 random sequence addition rep-
licates, tree bisection and reconnection (TBR) swapping, and random addition
of sequences (the number limited to 10,000 for each replicate). The weight to
the characters has been assigned using the rescaled consistency index, in a scale
from 0 to 1,000. New weights were based on the mean of the fit values for each
character over all of the trees in memory.

To map the biogeographic information onto the phylogenetic tree, we prepared
a dataset of 319 ITS rDNA sequences (obtained in this study and acquired from
GenBank database) with known biogeographic data. The distribution of Asterochlo-
ris in particular continents was finally shown for those clades containing at least ten
sequences with known origin.

5 Results and Discussion

5.1 Diversity of Asterochloris photobionts

In total, 57 natural samples of various Cladonia species were collected from five
different areas in India and Nepal. However, the amplification of ITS rDNA region
was successful in only 20 of these samples (Table 4.1). Unsuccessful amplification
of more than half of the samples might have been caused by their age and storage
conditions (some Cladonia samples were more than 4 years old) or by the pres-
ence of nonspecific inhibitors. Usually, single photobiont has been detected in each
lichen sample. However, in three cases we found two different Asterochloris geno-
types in the single lichen thallus (samples IH2, ITH8, and [H21).

All Cladonia samples were found to be associated with green algae belonging
to the genus Asterochloris. The Bayesian analysis of the concatenated ITS rDNA
and actin type I dataset led to the recognition of 20 lineages designated as clades
1-16 (according to Skaloud and Peksa 2010), clades A4, A9 (according to Peksa
and Skaloud 2011), and two novel clades 11 and I2 (Fig. 4.2). The newly obtained
photobiont sequences were inferred in six clades (I1, 12, 1, 9, 12 and 16). Two novel
clades I1 and I2, exclusively formed by photobionts of Indian Cladonia lichens,
were genetically considerably different from all other known Asterochloris lineages.
Therefore, they very probably represent new, undescribed photobiont species. The
clade I1 consisted of six photobiont sequences obtained from four Cladonia species
(C. rangiferina, C. furcata, C. pyxidata, and C. corymbescens) collected in the Hi-
malayas at relatively high altitude (2,300-3,700 m asl; Fig. 4.3). The clade 12 com-
prised only three photobiont sequences obtained from Cladonia lichens collected in
both the Himalayas (samples 14 and I[H26) and South India (sample IH23). All three
lichen samples were also collected at high altitudes (2,607-3,250 m asl). Interest-
ingly, all photobionts were found in Cladonia furcata, suggesting their specificity
for this fungal partner.



66 T. Ridka et al.

from Stereceauion piwstm UTIX 06
Trom Stereocasion paesdem UTEX BT

o
. a trom Stemocauion
b S

l%”f
i iii
it
A

1 0wegs frem Laprans nguuls Pekss 238
from Laprana ngiuls Peksa W00
from Laprans

T

1

=
)
4 15K
HHN :
i
i [;
T T
1 i
I
L |

Asia

(
:
(C
|
0
I

Fig. 4.2 Phylogenetic tree and biogeography of lichen photobiont 4sterochloris. Bayesian analy-
sis is based on the combined and partitioned internal transcribed spacer (ITS) ribosomal DNA
(rDNA) and actin type I dataset using a HKY+I model for ITS1 and ITS2, F81 model for 5.8
ribosomal RNA (rRNA) partition, a HKY+I" model for the actin-intron 206, GTR+I" model for the
actin intron 248 and K80+I model for the actin-exon partition. Values at the nodes indicate sta-
tistical support estimated by three methods: MrBayes posterior node probability (/eff), maximum
likelihood bootstrap (in the middle) and maximum parsimony (right). Thick branches represent
nodes receiving high Bayesian support (>0.99) or consisting of genetically identical strains. New
sequences from Indian Cladonia lichens are given in bold. Strain affiliation to 20 clades is indi-
cated. Biogeography of selected lineages (those containing at least ten sequences with known ori-
gin) is shown next to the tree, including the total number of occurrences on each continent. Scale
bar—estimated number of substitutions per site
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Fig. 4.3 Differences in the distribution of selected three Asterochloris clades along the altitudinal
gradient. Box plots are based on altitudinal data of Cladonia samples analyzed in this study. All
samples were collected in India and Nepal

The majority of investigated photobionts (found in 12 Cladonia samples
belonging to 7 different species) were inferred in the clade 9. The clade is known
as a lineage of North, Central, and South American lichen photobionts, having low
specificity towards the lichen-forming fungi (it associates at least with 18 species
from 5 lichen genera; Cordeiro et al. 2005; Nelsen and Gargas 2006; Piercey-Nor-
more and DePriest 2001; Reis 2005; Yahr et al. 2004). Our lichen samples contain-
ing clade 9 photobionts were collected from various substrate types, such as bare
soil, red hard soil, soil in coniferous forest, or rocks. In comparison with algal geno-
types inferred in clades I1 and 12, clade 9 photobionts were found in the Cladonia
samples collected at lower altitudes (1,014-2,607 m asl; Fig. 4.3). The remaining
photobionts, found in Cladonia samples IH15, IH16, and IH 17 were inferred in
three separate clades. The photobiont of Cladonia coniocraea (IH15) belongs to
a very common species Asterochloris glomerata (clade 1). Two remaining photo-
bionts, found in lichens Cladonia pyxidata (IH16) and C. fruticulosa (IH17) were
inferred as members of clades 12 and 16, respectively.

5.2 Biogeography of Lichen Photobionts

During the last decade, biogeography of protists has become a highly controver-
sial topic. It has been postulated that the small size, extremely large populations,
and high dispersal potential of protists result in the cosmopolitan distribution of
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the vast majority of species (Finlay 2002; Finlay and Fenchel 2004). Conversely,
the limited geographical distributions has been implied by Foissner (1999), based
mainly on the observed restricted distribution of “flagship™ species, i.e., species
with easily recognizable morphologies whose presence/absence can be easily dem-
onstrated (Foissner 2006, 2008). However, all protistan biogeographic studies have
been based on the investigation of the free-living organisms.

Our study could bring valuable information about the distribution patterns of
symbiotic protists. So far, the investigations on Asterochloris photobionts were pre-
dominantly conducted on European and American lichen samples, only a few data
have been obtained from other continents (see Introduction). Therefore, addition
of more than 20 newly generated Asterochloris sequences obtained from Indian
Cladonia samples could improve the dataset for subsequent estimation of biogeo-
graphical patterns in lichen photobionts.

The biogeography of particular lichen photobiont clades is illustrated in Fig. 4.2.
Only those clades containing at least ten sequences with known origin were ana-
lyzed. In general, the majority of clades show wide (eurychoric) distribution, i.e.,
they were found in two or three continents. For example, Asterochloris glomerata,
the commonest species of the genus, display almost ubiquitous distribution. Ac-
cording to all published data so far, this species has been found in a number of
various lichen taxa (almost 50 species from genera Cladia, Cladonia, Stereocau-
lon, Pycnothelia, Diploschistes, Hertelidea) collected in many different places in
Europe, North America, and Asia. It has obviously wide ecological amplitude, oc-
curring in lichens growing on a variety of different substrates and in various mi-
croclimatic conditions. Nevertheless, all records of A. glomerata originate from
warm-temperate to (sub)arctic zones of northern hemisphere (similar to the clades
2,10, 11, 12, and 16).

In comparison to other photobiont lineages, the clade 9 has extraordinary distri-
bution pattern because of its absence in Europe (see Fig. 4.2). It is widely dispersed,
reported from South to North America and Asia, however, all records occurred be-
tween latitudes 25°S (Brazil, Parana) and 36°N (USA, North Carolina). Thus, the
algae from clade 9 probably prefer tropical to warm-temperate climate. This fact
could explain their absence in European samples (only warm Mediterranean regions
of Europe can comply with such criterion, however, they have been poorly investi-
gated for Asterochloris photobionts so far).

The earlier mentioned Asterochloris lineages exhibit wide distribution; nev-
ertheless, their habitat area seems to be more or less restricted. Our current data,
together with the results of Fernandez-Mendoza et al. (2011), Helms (2003),
Kroken and Taylor (2000), Muggia et al. (2008), and Peksa and Skaloud (2011)
suggest that one of the most important factors influencing the distribution of eu-
karyotic photobionts is climate. Such climatic preferences influence the type and
size of species habitat. There are reports on lineages of Trebouxia photobionts
occurring predominantly in tropical regions (Helms 2003), on the other hand,
other clades (haplotypes) exhibit polar (bipolar) distribution pattern (Fernandez-
Mendoza et al. 2011).
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Thus, it is obvious that at least some clades occur only in specific biomes or
latitudes in general, across different continents. It is a question whether there is
any photobiont lineage living in one continent or region only (endemic species).
According to our data, three clades seem to have rather restricted distribution.
Photobionts of clade 7 (30 samples) have been reported so far only from Europe.
Similarly, the clades I1 and I2 seem to be restricted to Asia (India). According to
Foissner (2006), the restricted distribution of protist species could be caused by
either historic, biological, climatic, or habitat factors. The biogeography of clades
7,11 and 12 cannot be affected by the limited dispersal of their fungal partners. Lep-
raria caesioalba and L. rigidula (mycobionts of clade 7 algae), as well as Cladonia
furcata, C. rangiferina and C. pyxidata (mycobionts of I1 and 12 algae) represent
lichens with very wide to cosmopolitan distribution (Smith et al. 2009) and many
of them disperse intensively via vegetative propagules (soredia, granules) which
provide a possibility of intensive dispersal of both mycobionts and photobionts.
Moreover, we cannot rule out the simple dispersal of photobionts independent of a
fungus. Asterochloris, a unicellular green alga, asexually reproducing by high num-
ber of aplanospores (Skaloud and Peksa 2010) has virtually unlimited dispersal ca-
pacity. It is well supported by its common distribution and ubiquity of the majority
of'its species. Therefore, the restricted distribution of photobiont clades 7, I1, and 12
cannot be explained by either historic or biological factors. More likely, the clades
are restricted in their distribution by having specific climatic or habitat preferences.
The clade 7 photobionts, so far reported only from Europe, have been recently dem-
onstrated to be significantly associated with ombrophobic lichens (i.e., growing in
fully rain-sheltered sites, where the vapour is the only available source of water)
growing predominantly on the bark of broadleaf trees in temperate belt. It is highly
probable that further investigation of photobiont diversity in bark-associated green-
algal lichens conducted in other continents than Europe would reveal much wider
distribution of this clade.

6 Conclusion

This study revealed significant photobiont diversity in Cladonia lichens collected in
India and Nepal. The discovery of two novel, not yet reported clades emphasizes the
large hidden diversity of lichen photobionts. Despite the fact that we investigated
symbiotic organisms, almost all Asterochloris lineages exhibit eurychoric distribu-
tion. We suppose that the existence of several Asterochloris clades so far reported
from single continent is affected by limited sampling and specific climatic or habitat
preferences rather than by restricted distribution patterns. It is increasingly evident
that the distinct preferences for environmental factors, not the dispersal barriers,
shape the global distribution patterns of lichen photobionts. Consequently, narrow
ecological preferences of lichen photobionts could to a certain extent determine the
distribution pattern of the entire lichen association.
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Chapter 5

Photobiont Diversity of Soil Crust Lichens
Along Substrate Ecology and Altitudinal
Gradients in Himalayas: A Case Study
from Garhwal Himalaya

Voytsekhovich Anna, Dymytrova Lyudmyla, Himanshu Rai
and Dalip Kumar Upreti

1 Introduction

Lichens are considered as the most studied example of coevolution of two (or more)
organisms. They are a symbiotic association of a single fungal species (mycobiont)
and one or several species of green algae (chlorobiont) or cyanobacteria (cya-
nobiont), or sometimes even both green alga and cyanobacterium. The group of
lichen-forming fungi consists of about 20,000 species (Kirk et al. 2008), whereas
the number of the photobionts is only about 156 species from 56 genera (Voytsek-
hovich 2013). Most photobionts belong to green algae (Chlorophyta—116 species,
73.9% of all photobiont diversity) and cyanobacteria (Cyanoprokaryota—35 spe-
cies, 22.3%).

Because of its algal component, the heterotrophic lichen-forming fungus be-
comes an autotrophic association, which requires for its existence only water, air,
minerals and substrate. Such association and its further coevolution allowed lichens
to occupy the most unfavourable habitats as bare rocks and deserts, and become a
thriving group with high taxonomic diversity.

The Garhwal Himalaya harbours numerous habitats with a wide environmental
heterogeneity in terms of light intensity, precipitation, humidity and temperature.
The varied climatic conditions of the region support lichens of different growth
forms. Among the various habitat subsets of lichens in Garhwal Himalayas, soil-
inhabiting terricolous lichens have been found to be appropriate indicators of habi-
tat heterogeneity and zooanthropogenic pressures (Rai et al. 2011, 2012). Although
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Fig. 5.1 Location map of Garhwal and its constituent districts in state of Uttarakhand (maps and
their grid over lay are based on the 1:1,000,000 state map of Uttarakhand, first edition, Survey of
India, Department of Science and Technology, Government of India, 2001)

there have been few studies dealing with the taxonomic and biomonitoring aspects
of terricolous lichens of the region, no study is yet done on the photobiont diver-
sity, their role in overall ecological preferences of terricolous lichens. Therefore,
the present study aims (1) to analyze the lichen photobiont diversity of terricolous
lichens of Garhwal Himalaya at the generic level; (2) to determine whether the
photobiont depends on the altitude above sea level (asl) at which the lichen grows;
and (3) to study and compare the photobiont composition of different ecological
subgroups of terricolous lichens.

2 Materials and Methods

2.1 Study Area

Garhwal is a region and administrative division of Uttarakhand state, India, ly-
ing in Himalaya, and is bounded on the north by Tibet, on the east by Kumaon
region, on the south by Uttar Pradesh state and on the west by Himachal Pradesh
state (Fig. 5.1). Garhwal region comprises seven districts i.e., Chamoli, Dehradun,
Haridwar, Pauri Garhwal, Rudraprayag, Tehri Garhwal, and Uttarkashi (Fig. 5.1).
The administrative centre for Garhwal division is the town of Pauri.

The region consists almost entirely of rugged mountain ranges running in all di-
rections, and separated by narrow valleys which, in some cases, become deep gorges
or ravines. The highest mountains are in the north, the principal peaks being Nanda
Devi (7,821 m), Kamet (7,746 m), Trisul (7,127 m), Badrinath (7,074 m), Dunagiri
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Fig. 5.2 Simple relief map of Uttarakhand showing altitudinal variations of Garhwal Himalaya
(modified after Rawat 2010, grid over lay are based on the 1:1,000,000 state map of Uttarakhand,
first edition, Survey of India, Department of Science and Technology, Government of India, 2001)

(7,066 m) and Kedarnath (6,966 m). The Himalaya in this region is represented by
the outer Himalayas/Shiwalik Range (500-1,200 m) in the district of Dehradun,
Haridwar and the southern area of district Pauri; the Lesser or Middle Himalayas
(3,700-4,500 m) in the districts of Uttarkashi, northern Pauri, Tehri, Rudraprayag
and Chamoli; and the Greater Himalaya or the inner Himalaya (above 4,500 m) in the
districts of Uttarkashi, Rudraprayag and Chamoli (Fig. 5.2) (Singh and Singh 1987).

Climate of Garhwal Himalaya ranges from subtropical (i.e. Haridwar) to tem-
perate (i.e. Dehradun) in foothills to temperate-alpine in higher elevations (i.e.
Tehri, Pauri, Rudraprayag, Uttarkashi, Chamoli). Precipitation occurs mainly be-
cause of monsoons, in June-August. Average annual precipitation of the region
is 1,550 mm (IMD 1989), which ranges from 600 to 2,350 mm (Sharma et al.
2010; Vishwakarma et al. 2012). Although there is daily orographic precipita-
tion at higher altitudes (>2,700 m), maximum rainfall is received in the months
of June to September (Khare et al. 2010). Average annual temperature ranges
from 19-37°C (Negi 2000; Rai et al. 2012). Minimum temperature easily dips
to subzero levels at higher altitudes (up to —19°C) during November-February
(Negi 2000; Rai et al. 2012). Higher altitudes receive their maximum snowfall dur-
ing the months November to April and snowmelt is the major source of soil water
prior to monsoons (Nautiyal et al. 2001; Rai et al. 2012).

Soils of the region are generally acidic (pH 4-5), coarse textured loam to sandy
loam at lower altitudes to sandy at higher elevation (Singh and Singh 1987; Sundri-
yal 1992; Rai et al. 2012). The nutrient contents of the soil in terms of total organic
carbon (TOC) and nitrogen (N) is poor and ranges from 0.7 to 4.0% for TOC and
0.02-0.3 % for N (Singh and Singh 1987). The value of TOC and N is also influ-
enced by local factors (microtopography, rate of litter degradation and input by
anthropogenic sources) (Singh and Singh 1987).
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Garhwal Himalaya is the constituent component of the Central Himalayan bo-
tanical region (Singh and Singh 1987). The vegetation in Garhwal Himalaya shows
a succession of vegetation from tropical to the alpine. At foothills (1,000-2,000 m),
the vegetation is deciduous type and main trees are oaks (Quercus spp.) and sal
(Shorea spp.); between the altitude of 2,000 m and 3,000 m, the dominant vegeta-
tion is of moist temperate forests and main trees are oaks, pines (Pinus spp.), spruce
(Picea spp.) and deodar (Cedrus spp.); and above 3,000 m alt, there is transition
to alpine forests and pastures characterized by shrubs of Rhododendron, Antho-
pogon and Juniperus and herb species of Anemone, Potentilla, Aster, Geranium,
Meconopsis, Primula and Polemonium (Rai et al. 2012).

Garhwal Himalaya harbours a rich diversity of lichens both in the terms of spe-
cies and growth forms which occupy all available relevés of a habitat (Upreti 1998;
Upreti and Negi 1998). Terricolous lichens constitute about 9% of total lichen
species recorded from India and their distribution ranges from temperate (1,500—
3,000 m) to alpine (>3,000 m) (Rai et al. 2011, 2012). In Garhwal Himalaya, soil
lichens, however, constitute about 1.2 % of total lichen biota (Negi 2000).

2.2 Data Sources

One hundred and fifty taxa of terricolous lichens, collected from Garhwal Himalaya
and already lodged as voucher specimens (872 in total) in lichenology herbarium
of CSIR-National Botanical Research Institute, Lucknow, Uttar Pradesh (India),
were examined for the study. The photobiont diversity was analyzed using relevant
literature available (Table 5.1).

2.3 Data Analysis

The data accumulated was analyzed using univariate descriptive statistics (mean,
standard deviation, minimum and maximum) and results were summarized using
box plots and stacked column bar plots.

3 Results and Discussion

3.1 Photobiont Composition of Terricolous Lichens
in Garhwal Himalayas

The photobiont composition of investigated lichens consists of Chlorophyta (105
lichen taxa; 70 % of investigated lichen specimens) and Cyanoprokaryota (45 taxa;
30%). Most of studied lichen-forming fungi were associated with Asterochloris
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Table 5.1 Analyzed lichen genera and their photobionts according to the literature data
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Lichen genus

Primary photobiont genus

Reference

Acarospora
Allocetraria
Bryoria
Bulbothrix
Cetraria
Cetrelia
Cladia
Cladonia

Coccocarpia
Collema

Dermatocarpon
Endocarpon
Evernia
Everniastrum
Flavocetraria

Flavoparmelia
Fuscopannaria
Heterodermia
Hypogymnia
Hypotrachyna
Lempholemma
Lepraria

Leptogium
Melanelia
Melanelixia
Mycobilimbia
Nephroma

Parmelia
Parmelinella
Peccania
Peltigera
Phaeophyscia

Physcia
Physconia
Ramalina
Rhizoplaca
Stereocaulon

Trebouxia
Trebouxia
Trebouxia
Trebouxia
Trebouxia
Trebouxia
Asterochloris
Asterochloris

Scytonema
Nostoc

Diplosphaera
Diplosphaera
Asterochloris
Trebouxia
Trebouxia

Trebouxia
Nostoc
Trebouxia
Trebouxia
Trebouxia
Nostoc
Asterochloris

Nostoc
Trebouxia
Trebouxia

Chlorococcoid green alga
Nostoc/Coccomyxa

Trebouxia
Trebouxia
Gloeocapsa
Nostoc
Trebouxia

Trebouxia
Trebouxia
Trebouxia
Trebouxia
Asterochloris

Beck (1999, 2002)

Ahmadjian (1993)

Tarhanen et al. (1997)

Hale (1974)
Frenandez-Mendoza et al. (2011)
Helms (2003)

Ahmadjian (1993)

Piercey-Normore and De Priest (2001),
Skaloud and Peksa (2010)

Santesson (1952)

Beck, Kasalicky and Rambold (2002),
Otalora et al. (2010)

Zeitler (1954), Thiis et al. (2011)
Zeitler (1954), Thiis et al. (2011)
Ahmadjian (1993)
Nash et al. (2002)

Opanowich and Grube (2004), Backor
etal. (2010)

Ahmadjian (1993), Friedl et al. (2000)
Awasthi (2007)

Moberg and Nash (1999)

Romeike et al. (2002)

Ahmadjian (1993)

Awasthi (2007)

Skaloud and Peksa (2010), Engelen
et al. (2010)

Otélora et al. (2010)

Ahmadjian (1993)

Ahmadjian (1993)

Ekman (2004), Kantvilas et al. (2005)

Lohtander et al. (2002), O’Brien et al.
(2005), Otalora et al. (2010)

Archibald (1975), Ahmadjian (1993)
Awasthi (2007)

Geitler (1933)

O’Brien et al. (2005)

Dabhlkild et al. (2001), Helms et al. (2001),
Romeike et al. (2002)

Dahlkild et al. (2001), Helms et al. (2001)
Dahlkild et al. (2001), Helms et al. (2001)
Cordeiro et al. (2005)

Hildreth and Ahmadjian (1981)

Duvigneaud (1955), Archibald (1975),
Skaloud and Peksa (2010)
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Table 5.1 (continued)

Lichen genus Primary photobiont genus  Reference

Sticta Nostoc Otalora et al. (2010)

Thamnolia Trebouxia Thda and Nakano (1995)

Toninia Trebouxia Ahmadjian (1993), Beck et al. (2002)
Umbilicaria Trebouxia Beck (1999), Engelen et al. (2010)
Xanthoparmelia Trebouxia Ahmadjian (1993)

Tscherm.-Woess (46 taxa, 436 specimens), Trebouxia Puym. (55 taxa, 113 speci-
mens) and Nostoc Vaucher ex Bornet et Flahault (41 taxa, 302 specimens). A few
lichens contain Scyfonema C. Agardh ex Bornet et Flahault (3 lichen taxa, 15 speci-
mens), Diplosphaera Bial. (2 taxa, 3 specimens) and Gloeocapsa Kiitz. (1 taxon,
1 specimen) (Table 5.2). For two remaining lichens Mycobilimbia hunana and
M. philippina, there is no accurate data on their photobiont composition in the lit-
erature. In some publications (e.g. Ekman 2004; Kantvilas et al. 2005), however, it
is specified that these lichen-forming fungi are associated with chlorococcoid green
alga.

Some lichen-forming fungi of the genera Nephroma Ach., Peltigera Willd.,
Stereocaulon Hoffm. and Sticta (Schreb.) Ach. have cephalodia and form photosym-
biodemes, when the same thallus contains cyanobacterium and green alga simulta-
neously (Renner and Galloway 1982). For instance, Nephroma contains Coccomyxa
sp. in its thallus and Nosfoc sp. in internal cephalodia (Wetmore 1960; Lohtander
et al. 2002). However, there is also evidence that the cephalodial content is quite
variable, e.g. besides the primary photobiont from the genus Asterochloris, the li-
chen Stereocaulon alpinum Laurer contains cyanobacterium Stigonema sp. (Lamb
1951) in its cephalodia, whereas another species, Stereocaulon pomiferum P.A. Du-
vign., contains cyanobacterium Anabaena sp. (Duvigneaud 1955). The photobiont
composition of Stereocaulon cannot be considered constant, because, according to
Lamb (1951) and Duvigneaud (1955), its cephalodia contain different cyanobacte-
ria, such as previously mentioned Anabaena Bory ex Bornet et Flahault, as well as
Aphanocapsa Nageli, Gloeocapsa Kiitz., Stigonema Agardh ex Bornet et Flahault,
Calothrix Agardh ex Bornet et Flahault, Nostoc, etc.

In contrast to photosymbiodemous lichens, Lepraria spp. occasionally form
their thalli with several different species of green alga simultaneously, by includ-
ing the additional photobionts directly into the thallus. Aoki et al. (1998) showed
that the same thallus of Lepraria sp. contained Trebouxia cf. impressa Ahmadjian
and Elliptochloris bilobata Tscherm.-Woess simultaneously. According to our data
(Voytsekhovich et al. in press), one specimen of Lepraria membranacea (Dicks.)
Vain. contained Trebouxia incrustata Ahmadjian ex Gartner and Chloroidium el-
lipsoideum (Gerneck) Darienko et al. when other specimen was associated with
Trebouxia sp. and Stichococcus bacillaris Néageli. Due to an inconstant composition
of additional photobionts, we consider only their primary photobiont.
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Most of above-mentioned photobionts (Diplosphaera, Gloeocapsa, Scytonema
and Nostoc) are well known as free-living terrestrial algae which usually can be
found on the different substarata, i.e. rocks, tree bark, soil or even the lichen thalli
(Hoffmann 1989; Ettl and Gértner 1995; Nienow 1996; Kumar et al. 2011). These
algae are known as facultative (optional) photobionts of lichens. In contrast, As-
terochloris and Trebouxia can appear in lichen thalli or in their vicinity predomi-
nantly and belong to obligate lichen photobionts. Indeed, most species of these two
genera occur only as lichen photobionts (Ettl and Gértner 1995), although some of
them, e.g. Trebouxia corticola (P. Archibald) Gértner (Archibald 1975), T. arbori-
cola Puym. (Bubrick et al. 1984), Asterochloris irregularis (Hildreth et Ahmadjian)
Skaloud et Peksa (Mikhailyuk and Darienko 2011), A. excentrica (P. A. Archibald)
Skaloud et Peksa (Voytsekhovich et al. in press), were occasionally observed in
free-living state. Despite this, the validity of such “free-living” foundings is ques-
tionable owing to certain methodological problems, because the enrichment cul-
tures of algae may be contaminated with lichen isidia and soredia.

3.2 Photobiont Distribution Within Different Ecological
Subgroups of Terricolous Lichens

It is well known that species composition of cryptogamous communities
(lichens, mosses and terrestrial algae) depends on physicochemical proper-
ties of the substrate (Barkman 1958; Oxner 1974; John 1989; Uher et al. 2005;
Macedo et al. 2009). Therefore, some lichen species could be found only on one
type of substrate. We compared and analyzed the photobionts of 872 specimens of
terricolous lichens collected from the different substrate types: gravel, rocks, soil,
mosses, decaying wood and plant debris, etc. For this purpose, we used the clas-
sification of Scheidegger and Clerc (2002), who divided terricolous lichens on five
ecological subgroups according to the type of substrate on which they grow: (1) ter-
ricolous (Tr), species that grow on the ground directly on soil, sand, peat or humus;
(2) muscicolous—terricolous (Mt), species growing on mosses which are rooted on
soil or sand; (3) terricol-rupicole (Trp), species that grow on accumulated soil in
rock crevices or rough surfaces of rock; (4) muscicolous—rupicolous (Mr), species
that grow on mosses which are rooted directly on rock and have some accumulated
soil or organic debris; (5) detriticolous—terricolous (Dt), growing directly on plant
remains on the ground.

The largest number of studied lichen specimens belongs to terricolous (431
specimens) and terricolous—rupicolous (322 specimens) subgroups, whereas other
subgroups are less numerous: muscicolous—rupicolous (68 specimens), muscicolous—
terricolous (38 specimens) and detriticolous—terricolous (13 specimens).

Comparative analysis of lichen photobionts of different ecological subgroups
of terricolous lichens in Garhwal Himalaya shows that the highest photobiont di-
versity belongs to terricolous and terricolous—rupicolous lichens, and the lowest to
detriticolous—terricolous (Fig. 5.3). Generally, all subgroups are characterized by
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a relatively high number of specimens associated with Asterochloris, although in
muscicolous—rupicolous subgroup Nostoc is dominant. Remarkably, the photobiont
composition of detriticolous—terricolous lichens consists of green algae entirely.

The obtained pattern of the photobionts to subgroups can be explained by the pe-
culiarities of photobiont physiology. It is well known that cyanoprokariotic organisms
and green algae require different conditions to start the process of photosynthesis. For
instance, at high concentration of osmotically active substances in the cell sap and
increased density of the cytoplasm, the cells of green photobiont can assimilate water
even in the form of water vapour (Lange et al. 1998; Lange et al. 2006). Therefore,
to resume photosynthesis after drying, the cells of green photobiont need high air
humidity (Biidel and Lange 1991).

In contrast, to start the process of photosynthesis, the cyanobacterial cells require
drip liquid water (Biidel and Lange 1991; Lange et al. 1998; Honegger 1991). How-
ever, this physiological “flaw” of cyanoprokaryotes is successfully compensated
with their other features, such as the ability to store water in the mucilage (and
thus extend the wet period) and the ability to photosynthesize at much higher tem-
perature and light than eukaryotic algae (Lange et al. 1998). According to this, the
lichens with green algal photobionts are more likely to prefer habitats with fog and
constant water vapour, which could even be exposed areas of rocks, rocky soil or
bark. Cyanolichens prefer habitats with periodic congestion of liquid water, such as
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cracks in the rocks, deepenings in rocks and soil as well as locations of water flow,
although these habitats can also be sun-exposed.

Thereby, many lichen species of such ecological subgroups of terricolous li-
chens, such as terricolous, terricolous—rupicolous, muscicolous—rupicolous and
muscicolous—terricolous that grow on the substrates which can hold water (per-
manently moisturized soil, deepenings in rocks with soil or clumps of mosses),
are associated with cyanobionts. Lichens of detriticolous—terricolous subgroup that
grow on decaying rests of different plants lying on the ground are associated with
green algae because their substrate hardly can hold enough liquid water, which is so
necessary for cyanobacteria.

4 The Photobiont Distribution of Terricolous Lichens
Along Altitudinal Gradients in Garhwal Himalayas

To determine if the photobiont depends on the altitude at which the lichen grows,
we analyzed the photobiont composition of 866 lichen specimens collected from
Garhwal Himalayas. All analyzed specimens were collected within the altitude
range 560—4,572 m (Table 5.2). Lichens associated with Diplosphaera, Gloeocapsa
and chlorococcoid green algal photobiont were excluded from analysis due to
insufficient number of their specimens.

The results of statistical analysis (Fig. 5.4) demonstrate that species richness
of lichens with various photobionts is different at low and high altitudes. For in-
stance, at 560—1,000 m asl, only lichens with Asterochloris were found; above
1,000 m, cyanolichens with Nostoc also occurred; and eventually, at the altitude
of 1,200-1,300 m, lichens with Scytonema and Trebouxia gradually appeared.
However, most of the lichen species with Asterochloris were found in the range
2,300-3,700 m, with Scyfonema at 1,700-3,900 m, Nostoc at 2,100-3,500 m and
Trebouxia at 2,800—4,000. Considering that the highest lichen richness was within
the range of 2,800-3,500-m altitude, it is related to climatic factors, i.e. light inten-
sity, humidity/precipitation and temperature.

It is known that different photobionts require different conditions for their growth.
For instance, some Trebouxia species need the temperature 5-10°C (Tschermak-
Woess 1989; Voytsekhovich and Kashevarov 2010), other green photobionts prefer
18-21°C (Ahmadjian 1993), whereas cyanobacteria require 24—30 °C (Kumar et al.
2011). However, some cyanoprokaryotes are also able to withstand extremely low
temperatures. For instance, well-known cyanobiont Nostoc commune has an excel-
lent tolerance to low temperatures and maintains high metabolism at —18 to 20 °C;
in desiccated state, it survives even —269 °C (Sand-Jensen and Jespersen 2012).
The temperature gradient is consistent with the definition of altitude in the moun-
tains (Loppi et al. 1997; Wang et al. 2011). In other words, the higher the altitude
asl, the lower the air temperature. Light conditions also play an important role in
lichen distribution (Jairus et al. 2009). Most lichens avoid both direct solar radiation
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(Barkman 1958) and excessive shade (Aude and Poulsen 2000; Moning et al. 2009).
Therefore, the highest lichen diversity does not occur on the tops of mountains or
foothills, but in a certain interval between these two points. Unfortunately, owing to
the fact that we have not performed specific measurements of temperature and light
conditions, our data are not sufficient to draw any serious conclusions about the
effect of temperature and insolation on the photobiont composition of terricolous
lichens from Garhwal Himalaya. Therefore, the issue remains relevant and requires
further studies.

Because many lichens are aerohygrophytic species (Pirintsos et al. 1995; Schei-
degger et al. 1995), high humidity from fogs and low-lying clouds at high altitude
favour the occurrence of lichen species. However, as the annual precipitation and
temperature decreases with elevation above 3,500—4,000 m, the growth of photo-
synthetic organisms at elevations above 4,000 m is seriously limited by water supply
(Higuchi et al. 1982; Morales et al. 2004; Barros et al. 2006). Therefore, gradient of
altitudes is a very important factor explaining lichen species richness and composi-
tion of their photobionts (Will-Wolf et al. 2006; Moning et al. 2009). Cyanobionts
dominate those niches which can hold water for longer period, whereas green algal
chlorobionts dominate the rest. Our results confirm previous studies, which pointed
out the importance of climatic factors connected with the altitude gradient for the
diversity of lichen communities (Barkman 1958; Pirintsos et al. 1995; Heylen et al.
2005; Werth et al. 2005).
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Glossary

Acicular Needle-shaped

Acuminate Gradually narrowing to a point, like a spade on a playing card

Acute Sharply pointed at the apex

Adnate Tightly adherent to surface

Aggregated Clustered

Amyloid Staining blue, blue-purple, blue-black or reddish in iodine

Anastomosing A joining together to form a vein-like network

Anisotomic Unequal branching, with a distinct main axis and smaller side branches

Alga (algae) A simple plant composed of a single cell or a string of cells

Apothecia A disk- or cup-shaped spore-producing organ

Apical Situated at the tip

Appressed Lying flat or pressed closely against the substrate

Arachnoid Cobweb-like in texture or pattern

Areolate Sharply divided into tile-like areolae

Areole (areolae) A small, irregular, often angular patch of thallus delimited by
cracks or chinks in the thallus surface

Ascending Directed upwards at a rather narrow angle, curving upwards

Ascus (asci) The sac-like structure in which the spores are formed

Aseptate Simple without cross walls

Bacilliform Rod-like, usually more than 3 times as long as wide. cf. cylindrical

Biatorine Apothecia lacking a true exciple when mature and generally strongly
convex

Biseriate In two rows

Bitunicate With two functional wall layers

Sporoblastidia Small subsidiary locules in a thick-walled spore—especially in
physciaceae

Bullate Of a surface, blistered or puckered

Bullate-areolate With convex (blister-like) areolae

Canaliculated Channelled

Capitate Having a well-formed head
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Cephalodium (pl. cephalodia) Delimited region within, or a warty, squamulose or
shrubby structure on the surface of lichen thallus containing a photobiont (cya-
nobacterium) different to that characteristic of the rest of the thallus

Clavate Club-like

Concave Hollowed out, basin-like

Concolorous Of the same color throughout

Confluent Coming together; running into one another

Conglutinate Glued together

Conidioma (pl. conidiomata) Multi-hyphal, conidium containing structure

Constricted Of lobes, of varying width

Contiguous Touching but not fused

Convex Equally rounded, broadly obtuse

Convolute Of lobes, the upper surface strongly convex and the lower surface
strongly concave

Coralloid Usually of isidia, coral-like, often brittle

Coriaceous Leathery

Cortex The outermost layer of the thallus, which if present, consists of hyphae
which may appear either cellular or fibrous

Corymbose Arranged in clusters

Crateriform Crater-like

Crenate Having the edge toothed with rounded teeth

Crenulate Delicately crenate

Crustose Crust-like lichens that are closely attached to their substrate and lack a
lower cortex

Crisped Of a margin, crumpled or thrown into waves

Cryptolecanorine Of an ascoma, with a reduced or inapparent thalline margin

Cuneate Wedge-shaped, thinner at one end than the other

Cyphella (cyphellae) A pore recessed into the lower thallus surface where medul-
lary hyphae protrude

Cylindrical Rod-like, usually 2—3 times as long as wide. cf. bacilliform

Dactyl A hollow, nodular to cylindrical protuberance, somewhat resembling a
swollen isidium, bounded by a cortex, often opening at the apex to expose the
medulla

Decorticate Lacking a cortex

Decumbent Resting on a substratum, with the end turned up

Deflexed Bent sharply downwards

Delimited Having a distinct restricting edge or margin

Dendroid Irregularly branched, tree-like in form but not in size

Dichotomous Branching, frequently successively into two more or less equal
arms; (cf. anisotomic, isotomic)

Diffract Cracked into small areas, areolate

Diffuse Widely or loosely spreading, with no distinct margin

Digitate Finger-like

Dimorphic Having two forms e.g., both a crustose and fruticose thallus as in
Cladonia
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Disc The upper surface of lichen apothecium enclosed by, but not including, the
margin

Dorsiventral Flattened, with upper and lower surfaces

Ecorticate Without a cortex

Effigurate Obscurely lobed

Effuse Stretched out flat, especially as a spreading growth without a distinct margin

Ellipsoidal Oval in outline and three-dimensional

Endemic Occurring naturally only in a single geographic area

Entire Without teeth; more or less smooth on the margin

Epicortex A thin homogeneous polysaccharide-like layer over the surface of the
cellular cortex which may have regular pores when viewed with the scanning
electron microscopy

Epispore The fundamental and often outer wall of a spore which determines its
shape (cf. perispore)

Epihymenium Uppermost (often pigmented) layer of hymenium, above asci

Epithecium The uppermost portion of the hymenium formed by the tips of the
paraphyses, which are frequently expanded or branched, often pigmented, and
sometimes containing tiny granules

Epruinose Lacking pruina

Erose Eroded

Erumpent Bursting through the surface

Evanescent Short-lived

Exciple The margin around the apothecial disc

Fasciculate Of branching or growth form, many branches arising from one point
like a bundle of sticks; of rhizines, many simple rhizines arising from one point
or region

Farinose Of soredia, like grains of flour (use x 10 lens)

Foveolate Honey-combed

Fenestrate With open areas or slits

Filamentous Thread-like

Filiform Very narrow in section

Fissured Cracked, split

Flabellate Fan-shaped

Flexuose Having a wavy or zigzag form

Foliose Having leaf-like lobes with distinct upper and lower surfaces

Fruticose A shrubby or hair-like growth form attached only at the base or free
growing and normally with no clearly distinguishable upper and lower surfaces

Furcate Forked, as in rhizines with two long, terminal branches

Fusiform Spindle-like, narrower at the ends than in the middle

Glabrous Without indumentums

Glaucous Having a bluish grey bloom

Globose Globe-shaped

Granular Like grains of sugar

Gyrose Circularly folded or brain-like

Halonate Of the outer layer of spores, surrounded by a transparent coat
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Hemiangiocarpic Of a sporocarp, opening before quite mature

Heteromerous Having mycobiont and photobiont components in well-defined
layers, with the photobiont in a more or less distinct zone between the upper
cortex and the medulla

Holdfast A process from the base of the thallus for attachment, often disc-like

Homoiomerous Having mycobiont and photobiont components intermixed
throughout thallus, not layered

Hyaline Colorless, translucent

Hymenium The spore-bearing layer of fungal reproductive structures (ascoma)

Hyphae Fungal filaments, often modified and resembling round or angular cells

Hypothallus The first and purely fungal (without photobiont) layer upon which an
algae-containing thallus may develop often projecting beyond the thallus onto
substrate

Hypothecium The tissue just below the hymenium (and subhymenium) but above
the exciple, often with a distinctive color or texture but sometimes merging with
the exciple

Imbricate With overlapping layers

Immarginate Without a margin

Immersed Embedded in the substratum

Indeterminate Effuse

Innate Immersed

Involute With margins rolled in

Isidia Small, asexual reproductive structures on lichens that are minute and finger-
like, covered with a cortex and that contain the photobiont

Isidiod Resembling isidia

Isidiate Having isidia

K Medullary reaction to potassium hydroxide (of chemical reactions)

KC Medullary reaction to potassium hydroxide followed by calcium hypochlorite

Labriform Lip-shaped

Lacerate With irregularly cut or torn margins

Laciniate Deeply, usually irregularly divided into narrow, more or less pointed
segments; of lobes, developing laciniae or being lacinia-shaped; of margins, dee-
ply, usually irregularly, divided into narrow, + pointed segments

Laminal In the middle, or main part, of the thallus surface, rather than on the
margins

Lateral At or near edge, especially side or secondary branches

Lax Loosely arranged

Lecanorine An apothecial margin which usually contains a photobiont and often
resembles the thallus, but not the disk, in color and texture

Lecideine An apothecial margin with no photobiont cells that often resembles the
disk, but not the thallus, in color and texture

Leprose Having the surface dissolved into soredia, loose, powdery, without any
cortex

Lichen Composite organism made up of a fungus and an alga, a cyanobacterium,
or all three
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Linear Very narrow, with parallel margins

Lobate Bearing lobes

Lobe A flattened branch or projection

Lobulate Having lobules

Lobule Tiny, lobe-like, dorsiventral asexual reproductive outgrowths

Maculate Spotted or blotched

Margin Referring either to the outer edge of foliose or crustose lichen thalli or the
outer boundary of apothecia

Marginate With a well-defined edge or margin

Matt With a dull surface

Medulla A loosely arranged layer of hyphae below the upper cortex and photobi-
ont zone

Membranaceous Parchment-like

Monophyllous Consisting of a single lobe, often undulate or folded

Multiseptate With many septa

Muriform Like a wall, having many transverse and longitudinal septa. cf.
submuriform

Mycobiont The fungal component of lichen

Oblong Proportioned about 1:3—6 with the margins more or less parallel; rectangu-
lar but ends not necessarily squared off

Oblique With sides unequal

Oblong Having the form of a rectangle of greater length than width

Obtuse Rounded or blunt at the apex

Ochraceous Of a dull, yellow color

Ocular chamber A cavity lying on the longitudinal axis of an ascus and penetra-
ting into the thickened apical dome of the ascus from the ascal sac

Opaque Dull, not translucent

Orbicular Circular or nearly so, more or less flat

Oriented Turned in one direction

Ostiole An opening or pore, in fungi and lichens, a pore at the apex of a perithe-
cium through which spores are extruded. adj. ostiolar

Oval Broadly elliptic, narrowing somewhat from middle to rounded ends

Ovoid Egg-shaped, three-dimensional

Ostiole A small opening or pore

P Medullary reaction to a fresh alcoholic solution of paraphenylene diamine (of
chemical reactions

Palmate Radiately lobed or divided

Papilla (papillae) Minute protuberance on the surface of a cell

Paraphyses A sterile filament (sometimes branched, attached at the base and free
at the summit) found amongst the asci in the hymenium

Parathecium Of apothecia, the outside hyphal layer

Pedicellate Stalked

Peltate Shield-like

Pendulous Hanging down from a support

Periclinal Curved in the direction of, or parallel to, the surface or the circumference
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Perithecia A globose or flask-shaped fruiting body (ascoma) completely enclosed
with protective sterile tissue and with an opening pore at the tip

Photobiont The photosynthetic component in lichen, either algae in the strict sense
(e.g., green algae) or cyanobacteria (blue-green algae), or both

Polyphyllous Of a foliose thallus, divided into many lobes

Podetium (podetia) The upright, hollow stalk formed by an elongated apothecium

Proper exciple Tissue at the margin of an apothecium adjacent to the hymenium and
hypothecium and inside the thalline exciple when present, without photobiont cells

Prosoplectenchyma Tissue consisting of cells with thickened walls and longish
lumina and in which hyphal elements are recognizable as hyphae

Prothallus A weft of fungal hyphae (white, reddish or blue-black) at the margin
of the thallus, lacking photobiont, often projecting beyond the thallus onto the
substratum

Pruina Powdery frost-like deposit, typically composed of calcium oxalate

Pruinose Having a frosted appearance caused by a deposit of pruina

Pseudocyphella (pseudocyphellae) A break or opening in the cortex where medul-
lary hyphae protrude; it may be round, irregular, angular, or a minuscule pore

Pubescent Having a somewhat dense cover of short, weak, soft hairs

Pulvinate In cushions

Punctiform Dot-like

Pustule A pimple or blister-like swelling, hollow within, often eroding. adj.
postulate

Pycnidium (pycnidia) Minute, flask-shaped, fungal fruiting body

Pyriform Pear-shaped

Radiating Spreading from a central point

Reniform Kidney-shaped

Reticulum A network. adj. reticulate

Revolute Of a margin, rolled downwards; of lobes, weakly convolute, the upper
surface weakly convex, the lower surface canaliculated

Recurved Curved downward or backward

Rhizine Root-like hyphae on the lower side of a foliose lichen thallus

Rimose Cracked

Rosette A circular cluster, e.g., of lobes

Rugose Wrinkled

Rugulose Delicately or minutely wrinkled

Rosette A flower-like pattern arrayed around a common point of attachment

Scabrous Rough to the touch with short, hard emergences or hairs

Schizidia Propagule formed from upper layers of thallus splitting off as scale-like
segments from main lobes

Scrobiculate Coarsely pitted, foveolate

Scyphus An expanded, cup-like structure often terminating a podetium

Secondary metabolite Natural product of restricted taxonomic distribution with
no obvious metabolic function

Septate Divided by cross walls

Septum A cross wall. pl. septa
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Seriate Arranged in rows

Sessile Attached directly to the thallus surface without a stalk of any kind

Simple Not divided; unbranched

Soralium (soralia) An area of the thallus in which the cortex has broken down or
cracked and soredia are produced

Soredium (soredia) Asexual reproductive structure that is powdery to granular,
not covered with a well-defined cortex, and contains both algal (photobiont) and
fungal (mycobiont) components

Sorediate Having soredia

Spores Microscopic reproductive bodies released from the apothecia of lichen

Spot test Tests for color reactions obtained by applying a liquid chemical reagent
to lichen

Squamiform Scale-like

Squamule Small flakes or scales of lichen, lifting from the substrate, at least at the
edges, often rounded, ear-like, or lobed

Squamulose Composed of or characterized by having squamules—an interme-
diate growth form between crustose and foliose

Squarroese Branching at right angles from a single main axis, like a bottlebrush

Sterile Without sexual reproductive structures

Subfoliose Almost foliose, pertaining to the overall growth form of a crustose thal-
lus that has marginal lobes showing some tendency to curve upwards

Submuriform Of spores, having both transverse and longitudinal septa, but in
which not more than 15 cells may be seen. cf. muriform

Substratum The underlying layer or base to which lichen is fixed

Subulate Tapering from a wide base to a sharp apex, more or less circular in cross
section, awl-shaped

Superficial On the surface

Terete Circular in cross-section—cylindrical and smooth

Terminal Borne at the end

Thalline exciple Tissue at the margin of an apothecium external to proper exciple
and having a structure similar to that of the vegetative thallus with photobiont
cells included in it

Thallus The vegetative part of lichen, a more or less undifferentiated plant body

Tholus A thickened inner part of the ascus wall in the ascus apex

Tomentose Densely covered with matted short hairs

Thallus (thalli) The vegetative body consisting of both algal and fungal compo-
nents, not differentiated into a stem and leaves

Translucent More or less transparent

Transverse Across the width

Trichotomous Branching almost equally in three parts

Truncate With an abruptly transverse end, as if cut off

Tufted Of rhizines, a simple rhizine densely fasciculate at the tip

TLC Thin layer chromatography—a technique used to separate chemical compounds

Tomentum A layer of hair-like structures other than discrete rhizines

UV Response of cortex to UV light
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