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Preface

The world is changing rapidly due to anthropic interference, and groups of living 
beings little known by the population, both in their culture and in practical appli-
cations, are the most impacted. This impact can have very big implications if we 
consider the fragility of the different species of Bryophyta. Bryophytes are the most 
primitive group of plants, generally consisting of leaves one-cell thick, stems without 
conductive tissues, and sexual reproduction by male gamete mobile by flagella and 
ultimately resulting in the formation of spores asexually.

The group is divided into mosses (Phylum Bryophyta), hornworts (Anthocerotophyta), 
and liverworts (Marchantiophyta), with differences in the thallus and the level of 
cellular organization between them. Stomata can already be found (rarely), but they 
are still primitive and not very necessary judging from the one-cell thickness of the leaf 
of most species. In this way, they are very simple and fragile and can be quickly elimi-
nated from an area by some atmospheric pollutant (since they basically feed on what is 
dissolved in the relative humidity of the air) or by forest fires.

If we consider the data on the impact of the great forest fires occurring in several 
important ecosystems around the globe, the impact on Bryophyta is gigantic. Despite 
this, few studies on Bryophyta have been conducted simply because there are not 
enough scientists.

Attracting young people’s attention to this group of plants so that they start to study 
them or at least protect them depends on the existence of books and other literature to 
pave the way for future research. This book is an attempt to further our understanding 
and knowledge of Bryophyta. It is organized into 4 sections and 6 chapters.

Chapter 1 is an introductory chapter that discusses different areas where the Bryophyta 
have been subjects of applied research and what can be done to train and attract more 
scientists to study this group. The Bryophyta are presented as an extremely resistant 
group to different environmental conditions, even though they are very fragile. The 
possibility of being used as bioindicators, as accumulators of pollutants, or even as 
carbon reserves at a time of great need to reduce their rates in the atmosphere has led 
to considering the group vitally important in controlling the agents that are causing 
climate change and harmful effects on human health.

Chapter 2, “Diversity of Epiphytic Mosses (Bryophyta) in Forests of Polylepis 
(Rosaceae) in the Urubamba Mountain Range, Cusco, Peru”, presents results of a 
taxonomic survey of Bryophyta in this understudied region. The work reveals three 
new occurrences for the country and fourteen new occurrences for the Cusco region 
(4300–4800 m of altitude). The study reveals how important it is to preserve the 
formations with this bush to guarantee the maintenance of the diversity of mosses in 
the region. Similar studies in similar formations in other high-altitude regions may 
reveal many novelties in terms of phytogeography of different species.
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Chapter 3, “Bryophyta around Syamsudin Noor International Airport, South 
Kalimantan, Indonesia”, presents the results of a study of diversity in the area around 
an airport in Indonesia. The study reveals interesting data that may allow for similar 
studies at other airports around the world, revealing the impact of air transport on 
moss communities. The data may also allow monitoring changes in the community 
in the future with the increase in the number of flights and the increase in the 
 population, which may indicate that the species are resistant to pollution and can 
be used as bioindicators of air quality.

Section 3, “Interactions: Bryophytes and Other Organisms”, begins with Chapter 4, 
“Bryophilous Agaricomycetes (Fungi, Basidiomycota): A Review to Brazil”. This 
 chapter reviews the mushroom species associated with bryophytes, which are con-
sidered a type of parasite. Few studies have been carried out on organisms associated 
with bryophytes, especially cyanobacteria, algae, fungi, and lichens, whose ecologi-
cal relationship still needs to be better explained. In a country with a vast territory 
like Brazil, a more in-depth survey of these groups still does not exist. Considering 
the worldwide surveys, more studies are also needed, especially with the combined 
efforts of specialists in these areas. In Brazil, most species of Agaricomycetes fungi 
parasitizing mosses have been found at high altitudes and with high humidity.

Chapter 5, “Why Are Moss Biocrusts Necessary for System Conservation in a Semiarid 
Region of Southern Argentina?”, evaluates moss biocrusts, establishing their com-
position in mosses as the dominant one and verifying the impact that inadequate 
management, fire, and other anthropic activities determine in this almost desert 
formation. They are associated with the shrub steppe and herbaceous formations, 
having in their composition cyanobacteria, algae, fungi, and lichens. Their fragility 
in extreme conditions requires the creation of more conservation areas for this rich, 
complex species and adequate management in areas with agriculture and livestock.

Finally, in the last section, Chapter 6 “Protein Glycosylation in Bryophytes Differs 
Subtly from That in Vascular Plants”, examines the biochemical novelties found in 
bryophytes and how they differ from other groups of plants, especially with regard 
to N-glycan biosynthesis. The work demonstrates the rich world of Bryophyta 
biochemistry, which could guarantee new drugs in the future.

Special thanks go to Author Service Manager Maja Bozicevic at IntechOpen for his 
outstanding work throughout the preparation and publication of this book.

Special Sincere thanks also go to the chapter authors who answered a call in the 
middle of the end of a pandemic and dedicated time in their research to contribute 
to the publication of this book.

Jair Putzke
Universidade Federal do Pampa,

Curso de Pós graduação em Ciências Biológicas,
São Gabriel, Brazil
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Chapter 1

Introductory Chapter:  
Bryophytes - Why Should We Study 
Them?
Jair Putzke

1. Introduction

Bryophytes are indeed an amazing group! For more than 470 million years, they 
have advanced over terrestrial environments, being responsible for the formation of 
the first layers of organic soil. This allowed the installation of other terrestrial plants 
and was responsible for about 1/3 of the oxygen available for the breathing of all living 
beings that later occupied these environments [1].

They cover a very large area of the planet, generally where other plants cannot 
grow. If we consider mountains, much of the tundra and taiga and the bark of trees 
which are covered with mosses, the photosynthetic area is probably greater than that 
of other plants combined, even though they are so small and delicate. In boreal forests, 
mosses may be the smallest components in biomass, but they represent the greatest 
coverage and have the highest primary productivity, in addition to being faster in the 
accumulation of nutrients, contributing to the thermal development of the environ-
ment with consequent development of the permafrost. In this way, they positively 
affect nutrient cycling in these ecosystems, affecting also the vascular plants [2]

Bryophytes are of unparalleled resistance, sprouting again after hundreds of years 
covered by ice (from 400 to 1530 years—already detected) or even if kept for years in 
herbaria in conditions of extreme dehydration and darkness. There are even specific 
genes to resist to climate changes [3–6].

2. Bryophytes and the environmental changes

Climate change is affecting the group very deeply, in particular because they are 
very dependent on water, including for their sexual reproduction, as they have flagel-
lated antherozoids. Even in environments where they are the dominant flora, such as 
in maritime Antarctica, species may have their occurrence threatened in the face of 
climate change. This is also the case of boreal areas and high mountains ecosystems 
[7]. Bryophytes can even be used for monitoring and as an indication of the effects of 
climate change on living organisms. They have even been indicated as “canaries in the 
coal mine” with regard to their behavior in relation to the external environment [8]. 
As a result, they are symbols of eternity in some cultures.

This group has very simple thalli, with leaves generally formed by only one layer of 
cells, stems without conductive tissues and rhizoids only one cell thick, which obtain 
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their nourishment directly from atmospheric humidity, from the soil or substrate 
where they are fixed. Many react quickly in the presence of pollutants and can be used 
to monitor and control them. Morphological and even genetic modifications in rela-
tion to the toxicity of polluting metals or even the stress caused by their presence can 
be followed, making them first-class bioindicators [9, 10]. Many species are extremely 
sensitive to pollutants, suffering some injuries or even resulting in the death of the 
entire thallus, while others are very resistant, even managing to retain pollutants, 
preventing them from affecting other species in the environment [11]. The reduction 
of pollutants in large urban centers is already being done using bryophytes in systems 
that filter and purify the atmospheric air with great efficiency.

There are even species that live submerged in water and that can collaborate in the 
removal of pollutants from these systems without suffering damage, as is the case of 
Leptodyction riparium, Fontinalis antipyretica, and Scapania undulata, among others 
[12, 13]. Some aquatic species are even reported as accumulating very rare chemical 
elements in nature such as Nd, Gd, Ho, Er, Tm, Lu, La, Ce, Sm, Eu, Tb, and Dy [14].

3. More bryologists for more knowledge and preservation

The number of specialists dedicated to the study of the group, from the most basic 
to the applied sciences, is very small. Finding more young people who are interested 
in the group is now a fundamental task in all countries, as we are losing habitat and 
species due to anthropic interference. In this way, this group will only be known, 
appreciated, and preserved if more specialist researchers will be formed. As it is one 
of the least studied groups, much still needs to be discovered, starting with the basic 
taxonomy and distribution of species, their relationships with other groups, espe-
cially with vascular plants and fungi, among others. As an example of this last topic, it 
can be mentioned that almost nothing is known about their pathogens and how they 
are relating to mosses in the face of climate changes [15, 16].

Studies for the conservation of bryophytes are also very limited, requiring work 
with in vitro cultivation, tissue culture, with the maintenance of spore banks, 
creation of lists of endangered species and location of endangered populations and 
maintenance cultures of the genetic diversity within species [17].

Bryophyte extracts were tested against many groups of insects as to control their 
populations. Test against lepidopterans, dipterans and/or coleopterans of some 
species have had good results for antifeedant, insecticide, or as developmental 
inhibitor [18].

Bryophytes are generally very fragile and delicate, offering no barriers to pathogen 
attack. Instead, they are rich in secondary metabolites that guarantee a strong defense 
not only against pathogenic agents but also against herbivores. These metabolites 
have wide application in medicine and pharmacy, in addition to biotechnology. They 
have long been used in medicine and are increasingly associated with antibacterial, 
antiviral, and antifungal properties. Others have been tested for their antitumor 
activities. Many also confer special aromas to some species, also having application in 
this area [19, 20].

The practical application of bryophytes in environmental monitoring, in the 
control and reduction of pollutants, in landscaping, and in energy generation, for 
example, needs to be more publicized to attract the attention of other areas to the 
theme. Studies in electricity generation and other practical uses are also needed to 
reinforce their preservation [16, 21].
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In this way, gathering in a book additional information about bryophytes can 
attract more people to study the group and to practice their conservation. One always 
has in mind the creation of conservation units based mainly on arboreal components 
or mammals, and bryophytes always indirectly compete in these projects, but without 
special attention. It is necessary to organize conservation areas with a focus also on 
threatened bryophytes.

In vitro cultivation banks that include all species already catalogued are also 
needed. The species known number is so small (compared with other groups), and 
the area occupied by massive cultivation would also be so reduced that a worldwide 
effort could create an in vitro germplasm bank of all redeemable species, starting with 
those deposited in herbaria. The effort could start with the in vitro maintenance of 
newly described species, as for example. This would mean a worldwide effort in this 
direction, but the group still lacks enthusiasm and funding in this regard.

Even though they are increasingly associated with all these areas of knowledge 
(and there are many others), this is perhaps the group in which less research is 
being done in all areas. The group was the first to massively occupy the terrestrial 
environment and has since evolved, longer than any other group of photosynthetic 
organisms, a unique set of chemicals to survive all the biotic and abiotic stresses they 
have been subjected to. They are also resistance heroes for that reason and deserve a 
prominent place in science, something we are still far from.

Even with all these known applications, why don’t you have moss gardens spread 
as a healthy practice among the inhabitants of the entire planet? Why we do not have a 
garden of medicinal bryophytes? Why don’t we have bryophyte filters to improve the 
air in our living and working environments? Much of this is answered with: because 
no one knows all this!

Attracting interest of new enthusiasts to this spectacular group is the focus of this 
book. Good reading.
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Chapter 2

Diversity of Epiphytic Mosses
(Bryophyta) in Forests of Polylepis
(Rosaceae) in the Urubamba
Mountain Range, Cusco, Peru
Marisol Saji Saire, María E. Holgado Rojas,
Mitsy Diaz P.V. Sylvester and Steven Paul Sylvester

Abstract

The diversity of mosses was evaluated in four Polylepis (Rosaceae) forests in the
Cordillera del Urubamba, Cusco region – Peru. Epiphytic mosses were collected from
the lower base of the trunk, canopy area, and terminal branches in paper bags,
selecting specimens with sporophytes. Twenty-seven species distributed in seven
orders, 13 families, and 17 genera were determined. Three species are new records for
Peru, that is, Neckera ehrenbergii, Zygodon quitensis, and Didymodon challaense. Four-
teen species are reported for the first time in the Cusco region. These chorological
novelties demonstrate the importance of Polylepis forests as stores of cryptogamic
diversity.

Keywords: diversity, mosses, canopy, terminal branches, new records

1. Introduction

In the upper parts of the Cusco region – Peru, the vegetation is mostly in the form
of grasslands and small shrubs, with the genus Polylepis (Rosaceae) being the only
dominant tree element. These forest patches are vital for protecting the soil against
erosion, retain nutrients, sediment, and produce a vital amount of oxygen, and host a
unique diversity of birds and plants, among other organisms. Despite their impor-
tance, these forests are in danger of extinction due to the growing pressure of the
Andean population, as a product of numerous economic, social, and cultural factors
[1]. There are several studies carried out on Polylepis in terms of flora and fauna in
Peru and especially in Cusco, but not so on the epiphytic mosses that are found
predominantly in these arboretums.

The Polylepis forests in the Urubamba valley constitute one of the largest popula-
tion concentrations and the largest center of genetic diversity in the Andes with six
species of the 10 cited for the national territory, Polylepis besseri, P. racemosa, P.
subsericans, P. pauta, P. sericea, and P. microphylla, the same ones that house a great
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diversity of mosses that play a fundamental role in the conservation and maintenance
of ecosystems due to their hydrophilicity, responsible for keeping these habitats
moist; making necessary to know its diversity.

The Musci are the most complex group within the Bryophytes, not only because of
the morphology of their gametophytes but particularly because of the structure of
their sporophytes. They make up the group of Bryophytes with the most species; it is
estimated that worldwide there are between 8000 and 12,800 species in 900 genera.
The number of mosses estimated for the Andean region of Colombia, Ecuador, and
Peru is likely to reach around 900�950 species. Among these countries, Peru requires
more work both in terms of additional inventories and published results; however,
around 829 taxa are currently known for the entire territory, of which 797 are
reported for the Andean region [2]. There is a gradual increase in the diversity of taxa
according to elevation, with a maximum between 2500 and 3000 m, beyond this
altitude interval, there is a marked decrease in diversity, notably above 3500 m. Thus,
in Bolivia, a greater diversity was recorded between 2000 and 2500 m, followed by
the 2500�3000 m interval [3].

In this regard, Menzel [4] cites 181 species for the department of Ayacucho, the
vast majority collected by Hegewald & Hegewald, who carried out explorations in
various departments of Peru between 1973 and 1977, including Ayacucho, some were
carried out in the province of Huamanga. Opisso [5, 6] carried out an inventory of
pleurocarpous mosses in the province of San Ignacio – Cajamarca, registering 40
species, 32 genera, and 15 families. He also recorded 55 species of mosses for the
Pomahuaca-Cajamarca district with 47 genera and 30 families. Opisso and Churchill
[7] carried out a study in the surroundings of the Yanachaga-Chemillén National Park
in the department of Pasco, in which they indicate the existence of 134 species of
bryophytes distributed among 92 genera and 45 families (32 liverworts, 2 hornworts,
and 100 mosses).

In the Cusco region, studies on Bryophytes began in 1921 with Fortunato L. Her-
rera in his work “Flora del Departamento del Cuzco” reporting 26 species of mosses,
among which he mentioned Hygrodicranum herrerai Williams, Leptodontium
brachyphyllum,Tortula affinis Hampe, Bryum andicola Hook, Ortothrichum elongatum
Taylor, and Polytrichum antillarum Rich. Galiano [8] carried out a study on the flora of
the high tropical Andean Forest of Yanacocha, in the province of Urubamba, register-
ing 13 species of mosses, belonging to 10 genera and eight families. Tupayachi [9],
when evaluating the flora of the Cordillera del Vilcanota, reported 35 species of
bryophytes, belonging to 24 genera and 14 families. Galiano et al. [10], when studying
the flora of the Cusco Valley, determined 14 species of mosses. Acurio [11] evaluated
the diversity and distribution of mosses in the area of Wiñay Wayna, Historic Sanc-
tuary of Machu Picchu-Cusco in an altitude range of 2500�3100 m, finding 129
species in 72 genera and 29 families. Subsequently, Huallparimachi et al. [12] reported
for the Sanctuary 50 species of mosses included in 23 genera and 15 families,
highlighting Bartramia, Brachythecium, Bryum, Campylopus, Lepyrodon, Neckera,
Plagiothecium, Polytrichum, Sematophyllum, Sphagnum,Tortula,Trichostomun,
Thuidium, and Zygodon.

For its part, Carhuapoma [13] carried out the study of mosses of the Historical
Sanctuary of the Pampa de Ayacucho in an altitude range of 3350 to 4100 m, registering
67 species belonging to 45 genera, 21 families, and 11 orders. The Pottiaceae family was
the most representative with 10 species, followed by Orthotrichaceae, Brachytheciaceae,
and Bartramiaceae with six species each, reporting 23 new records for Ayacucho and the
third report for Peru of Philonotis scabrifolia (Hook. f. &Wilson) Braithw. expanding its
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distribution to the south of the country. Despite all these reports, there is still little
progress in this division, and it is necessary to encourage these studies and expand our
knowledge about the existing bryoflora in Peru and particularly in the Cusco region. The
present study is carried out in order to determine the composition of mosses in each of
the Polylepis forests in the Urubamba Mountain range.

2. Methods

3. Study area

The scope of study territorially includes the Huarán basin with the towns of
Canchacancha (13° 140 34.9” S and 72° 010 13.4” W) located at 4548 m.a.s.l. and
Contorkayku (13° 160 03.7” S and 72° 010 02”W) at 4310 m.a.s.l. between the limits of
the provinces of Calca and Urubamba; the Wayoqhari-Yanacocha basin, locality
K0elloq’ocha (13° 160 34.3” S and 72° 03009.7” W) at 4343 m.a.s.l. belonging to the
district of Huayllabamba, and the Manthanay basin, locality Manthanay (13° 120 08.4”
S and 72° 080 42.8” W) at 4778 m.a.s.l. located in the heights of the Yanahuara Valley
in the province of Urubamba, Peru.

3.1 Natural life zones

3.1.1 Subtropical sub-Andean very humid páramo (pmh-SaS)

This life zone also known as wet puna in the South of Peru; it presents a total
annual precipitation that varies between 640 mm and 800 mm and an average annual
biotemperature between 6°C and 3°C. It is a cold climate zone. According to the
Holdridge Diagram, this life zone has potential evapotranspiration that varies between
a quarter (0.25) and a half (0.5) of the average total precipitation per year. Life
includes the dense forests of Polylepis, located from 3900 to 4500 m. of altitude, with a
thick forest of shrubs and herbs as well as an abundant presence of mossy mattresses
between the rocks of the forest floor and the trunks of the trees, which is due to the
high humidity prevailing inside [14].

3.1.2 Subtropical sub-Andean pluvial tundra (tp-SaS)

Life zone includes the ecological system of the cold Andean desert of the humid
puna. It is located on the very humid-subalpine and subtropical paramo and below the
Nival floor. It has a cold climate, the soils are mostly rocky due to erosion of the old
glacial mountains, in whose cracks there is scattered and discontinuous vegetation
conditioned and adapted to the daily alternation of ice-thaw and where Polylepis
subsericans ascends through the tongues of cryoturbated soils in a clear process of
colonization toward the rocky crests caused by glacial erosion. Altitudinally, they are
above 4500 m [14].

4. Sampling

Using the protocol of Gradstein et al. [15], four forests were selected, in which 16
Polylepis arboretums were evaluated. A total of 10 plots per arboretum were evaluated
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(four in the bolus, four in the canopy, and two in the terminal branches). Each plot
was 20 � 30 cm in the bolus and canopy, and in branches the plots were 10 � 60,
making a total of 600 cm2 each plot.

In each forest, epiphytic mosses were collected from the lower base of the trunk,
canopy area, and terminal branches. The collection was made using craft paper bags
and/or recycled paper envelopes, preferably selecting specimens with a sporophyte as
this is often necessary for identification.

4.1 Identification process

To identify the species in the laboratory, it was necessary to rehydrate the samples,
so that they recover their natural form. It was enough to submerge a few plants in
water for them to rehydrate in a few seconds. In some species of phyllidia or thicker
thallus, this operation took a little longer, but it is almost never more than a minute.

Figure 1.
A. Morphological characteristics of Neckera ehrenbergii Müll. Hal.; B. undulate leaf 40x; C. bifurcate costa at
leaf base 40x.
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Once the sample was rehydrated, with the help of fine-tipped tweezers and a pair
of lancets, the parts that we are interested in observing were separated: phyllidia,
caulydia, capsules, etc. Something important to keep in mind, before separating the
samples, is that the details of the plant’s shape must be observed, such as the arrange-
ment of the phyllidia on the plant (distichous, more or less together or separated) and
the type of branching.

Cross sections of the phyllidia of many species of mosses were also made to
observe the structure of the central nerve, the thickness (number of cells) of the
phyllidia, the presence of papillae or nipples, etc. (Figures 1–8).

The main characteristics observed were as follows:
Habit (acrocarpic, pleurocarpous moss).
Shape of the phyllidia.
Shape and dimensions of the cells of the phyllidia, presence of papillae, etc.

Figure 2.
A. Morphological characteristics of Zygodon quitensis mitt; B. dentate apex 40x; C. Pluripapillose cells in the leaf
lamina 40x.
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Characteristics of the central nerve of the phyilidia.
Shape and dimensions of the cells of the phyllidia, presence of papillae, etc.
Characteristics of the margin of the phyllidia.
Presence of gems or other vegetatively reproducing structures.
Characteristics of the sporophyte.

5. Taxonomic identification

To determine the species, we first proceeded to separate the samples collected
from other nonvascular epiphytes (lichens and liverworts), as well as from the bark of
the trees, then proceeded to identify the samples following dichotomous keys [16],
photographs of each of the species were taken using a stereoscope and an optical
microscope, exhaustively describing and making drawings of the observations. Some
of the samples were sent to the city of Santa Cruz in Bolivia for review by a moss
specialist.

Figure 3.
A. Morphological characteristics of Didymodon challaense (broth.) R.H. Zander; B. leaves 10x; C. Acrocarppic
sporophytes 20x.
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6. Results

In the forests of Manthanay K0elloq’ocha Contorkayku and Canchacancha, a total
of 27 morphospecies of moss were found, which are distributed in seven orders, 13
families, and 17 genera. Twenty of these mosses are identified to species, six to genus,
and one only at the family level (Table 1).

Three species are new records for Peru, that is, Neckera ehrenbergii Müll. Hal.,
Zygodon quitensis Mitt., and Didymodon challaense (Broth.) R.H. Zander. Likewise, 14
species are reported for the first time for the Cusco region, that is, Bartramia potosica

Figure 4.
A. Simple costae of leaf of Daltonia sp.; B. forked costae of leaf in T.peruvianun mitt. 40x; C. leaf gemmae of
Zygodon sp. 100x; D. Archaegonium of Z. fragilis H. rob. 100x; E. Archaegonia of O. elongatum Taylor 100x;
F. propagules of Zygodon quitensis mitt. 100x; G. Calyptrae of Semathophllum swartzii (Schawägr) W.H.
Welch & H. a, H. Crum; H. Operculum of Neckera ehrenbergii Müll. Hal. I. Peristomium of Bartramia sp.
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Mont, Brachythecium occidentale (Hampe) A. Jaeger, B. andicola Hook, Bryum
subapiculatum Hampe, Daltonia trachyodonta Mitt, Campylopus areodictyon (Müll.
Hal.) Mitt, Chorisodontium mittenii (Müll. Hal.) Broth, Braunia cirrhifolia (Mitt.) A.
Jaeger, Neckera andina Mitt, Orthotrichum elongatum Taylor, Zygodon fragilis H. Rob,
Leptodontium tricolor (R.S. Williams) R.H. Zander, Syntrichia andicola (Mont.) Ochyra
and Lepyrodon tomentosus (Hook.) Mitt.

Figure 5.
Gametophytes and sporophytes of a. Orthotrichum elongatum Taylor; B. Zygodon reinwardtii (Hornsch.) a.
Braun; C.: Lepyrodon tomentosus (hook.) mitt.; D. Neckera ehrenbergii Müll. Hal.; E. Daltonia
trachyodonta mitt.; F. Daltonia sp. costa.
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As seen in Table 1, some morphospecies are almost exclusive to a single forest,
such as Orthotrichum sp., B. subapiculatum Hampe, and Didymodon challaense (Broth.)
R.H. Zander. for the Canchacancha forest, B. potosica Mont. Bartramia sp. for
Kelloq’ocha and Syntrichia sp. for Mantanay. Other species are more common, for

Figure 6.
A. Leave with costa of Daltonia sp., 100x; B. homogeneous leave cross-sectional in Chorisodontium mittenii
(Müll. Hall.); C. alar cells in Sematophyllum swartzii (Schwägr.) W.H. Welch & H.a. 40x; D. Heterogeneous
leave cross-sectional in Daltonia trachyodonta mitt.; E. Heterogeneous leave cross-sectional in Syntrichia
andicola (Mont.); F. leave geme in Braunia cirrhifolia (mitt.) a. jaeger. 100x.
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example,. Zygodon quitensis Mitt. Zygodon fragilis H.Rob and Lepyrodon tomentosus
(Hook.) Mitt. which are shared in the four study areas. Other species such as Zygodon
reinwardtii (Hornsch.) A. Braun, Neckera andinaMitt,Thuidium peruvianumMitt. and
Sematophyllum swartzii (Schwägr.) W.H. Welch & H.A. can be found in Kello’qocha
and Manthanay.

Figure 7.
A. Heterogeneous leave cross-sectional Bryum andicola hook. 40x B. Gemes, Orthotrichum elongatum Taylor.
100x; C. sporophyte with operculum in Orthotrichum elongatum Taylor. 20x. D. Leave geme in Zygodon
sp. 20x E. Apice of the leaf in Neckera andina Mitt.40x F. wavi leaf of Neckera ehrenbergii Müll. Hal. 10x.
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Figure 9 shows an important beta diversity for the 4 Polylepis forests in terms of
species, genera, and families, where the Manthanay forest has the least diversity for
each taxon.

In the box plot, (Figure 10) the richness of species of the four forests is shown
graphically, we can observe that there are atypical data for the Kellococha and
Manthanay forests, an important aspect to point out is that the box of this last forest
presents a great difference when compared to the Canchacancha and Contorkayku

Order/Family Species 1 2 3 4

Orthotrichales/
Orthotrichaceae

Zygodon quitensis Mitt. x x x x

Zygodon fragilis H.Rob. x x x x

Zygodon reinwardtii (Hornsch.) A. Braun — x x —

Zygodon sp. — x x x

Orthotrichum elongatum Taylor x x — —

Orthotrichum sp. x — — —

Hedwigiaceae Braunia cirrhifolia (Mitt.) A. Jaeger — x x x

Leucodontales/Neckeraceae Neckera ehrenbergii Müll. Hal. x x — —

Neckera andina Mitt. — x x —

Dicranaceae Campylopus areodictyon (Müll. Hal.) Mitt. x — x x

Chorisodontium mittenii (Müll. Hal.) Broth. — — x —

Bryaceae Bryum subapiculatum Hampe x — — —

Bryum andicola Hook. — — — x

Bartramiaceae Bartramia potosica Mont. — — x —

Bartramia sp. — — x

Hypnales/Brachytheciaceae Brachythecium sp. x x — x

Brachythecium occidentale (Hampe) A. Jaeger x x x

Thuidiaceae Thuidium peruvianum Mitt. — x x —

Sematophyllaceae Sematophyllum swartzii (Schwägr.) W.H. Welch & H.A.
Crum

— x x —

Dicranales/Pottiaceae Syntrichia andicola (Mont.) Ochyra x — — x

Leptodontium tricolor (R.S. Williams) R.H. Zander x x x x

Syntrichia sp. — — — x

Daltonia trachyodonta Mitt. — x x

Didymodon challaense (Broth.) R.H. Zander. x — — —

Hookeriales/Daltoniaceae Daltonia sp. x — — x

Leucodontales/
Leptodontaceae

Morphospecies (1) x x — —

Lepyrodontaceae Lepyrodon tomentosus (Hook.) Mitt. x x x x

Table 1.
Species of mosses in the forests of Canchacancha (1), Kontorkayku (2), Kelloq’ocha (3), and Manthanay (4).
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boxes, that is why we say that the Manthanay forest presents a difference in terms of
the richness of moss species.

In the box plot, (Figure 11) the richness of species there is no significant
difference in species richness between living and dead arboretums. The floristic
composition between living and dead arboretums is different; however, it was
observed that in dead arboretums the species richness is equal to that of living
arboretums.

Figure 8.
A. Cells with two papillae in Thuidium peruvianun Mitt.40x B. leave apex in Campylopus areodictyon (Müll.
Hal.) mitt. 40x; C. involute leave in Chorisodontium mittenii (Müll. Hal.) broth. 40x D. Clorocistos and
hialocistos, phyllidia of Chorisodontium mittenii (Müll. Hal.) broth 40x. E. Cancellinae cells in Leptodontium
tricolor (R.S. Williams) R.H. Zander 40x F. cross-sectional of leaf in Syntrichia andicola (Mont.) 40x.
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7. Discussions

Acurio [11] carried out an exhaustive study of the diversity of mosses in the Wiñay
Wayna – Machupicchu area – Peru, finding a total of 129 species of mosses in 72

Figure 9.
Distribution of families, genera, and morphospecies in the four forests of Polylepis spp.

Figure 10.
Box and whisker plot for species richness per plot of each forest.

23

Diversity of Epiphytic Mosses (Bryophyta) in Forests of Polylepis (Rosaceae) in the Urubamba…
DOI: http://dx.doi.org/10.5772/intechopen.108284



genera and 29 families. Making a comparison with the present study we have that:
Acurio collected mosses in an altitude range of 2500 to 3100 m, on the other hand, this
study was carried out in an altitude range of 4300 to 4800 m, and in investigations
carried out by Churchill et al. [3], it was found that the elevation zone with the highest
number of moss species is between 2000 and 3000 m. Lithophytic, epiphytic, and
terrestrial mosses were evaluated; however, in the present study, only epiphytic
mosses were taken, and according to Churchill et al. [3], the most common substrate
among mosses is soil, followed by rocks and finally epiphytes. Therefore, the ecolog-
ical conditions for Wiñay Wayna seem to be much more favorable, which allows the
existence of a greater diversity of species. Despite the differences regarding the study
area, it is necessary to highlight that, of the 129 species cited by Acurio, three of these
species were also reported for this study: Zygodon reinwardtii (Hornsch.) A. Braum,
Thuidium peruvianum Mitt., and Sematophyllum swartzii (Schwägr.) W.H. Welch &
H.A. Crum.

Fuentes & Churchill [17] found, in the Madidi region (Bolivia), a total of 369
species in 168 genera and 54 families, of which seven species are shared with the
present study: Bartramia potosica Mont., Chorisodontium mittenii (Müll. Hal.) Broth.,
Braunia cirrhifolia (Mitt.) A. Jaeger, Orthotrichum elongatum Taylor, Z. reinwardtii
(Hornsch.) A. Braum, Leptodontium tricolor (R.S. Williams) R.H. Zander,Thuidium
peruvianum Mitt. To understand the proportion of the number of species that were
obtained in this study, it is necessary to highlight that the studied area comprises
approximately 30,000 km2, likewise, the climate is varied and includes mountain
ranges that reach 6000 m, low mountain ranges, wide and narrow valleys, and plains
above 200 m. Gradstein et al. [16] stated that in the neotropics, the diversity of mosses
depends on the heterogeneity of the habitats, together with the vegetation zoning
provided by the topographic relief. Likewise, Churchill et al. [18] discovered that, if
the topographic relief is poor, the diversity of mosses is low. Starting from this
premise, we can infer that the richness of the bryoflora in the study area is due to the
geographical and ecological conditions that the study area presents (topographical
relief, edaphology, climate, vegetation, etc.)

Figure 11.
Box and whisker plot for species richness per plot of each estate of the tree.
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For its part, Carhuapoma [13] carried out the study of mosses of the Historical
Sanctuary of the Pampa de Ayacucho in an altitude range of 3350 to 4100 m.a.s.l.,
registering the Pottiaceae as the most representative family with 10 species, followed
by Orthotrichaceae, Brachytheciaceae, and Bartramiaceae with six species, which
shows that the results are similar to those reported in the present investigation.

It was believed that the adaptation of Polylepis did not allow the development of
epiphytes on trunks (bolus, low canopy) and branches because the bark is constantly
being renewed [19], but despite this difficult condition, lichens colonize and settle on
branches and trunks of Polylepis trees, to later allow the development of mosses,
liverworts and other vascular plants by ecological succession.

8. Conclusions

Studies of mosses in the high mountains of Peru, particularly in Polylepis forests,
are still very scarce, however, we can see that beta diversity is high, with large
differences in the composition of species in each forest, which is interesting and needs
further studies.
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Chapter 3

Bryophyta around Syamsudin 
Noor International Airport, South 
Kalimantan, Indonesia
Yuninda Riyana, Sasi Gendro Sari and Gunawan Gunawan

Abstract

Research on biodiversity of bryophyta around Syamsudin Noor International 
airport has never been reported. The study purposed the types of mosses around 
the Syamsudin Noor International Airport. A purposive sampling method was used 
to collect bryophyta and then environmental parameters were directly measured in 
the field. Moss identification referred to the book A Handbook of Malesian Mosses 
volume 1 Sphagnales to Dicranales and volume 2 Leucobryaceae to Buxbaumiaceae. 
Morphological characteristics of mosses were observed at leaf parts, stem, and 
rhizoids. The results showed 7 species of mosses consisting of Barbula javanica, 
Hyophila apiculata, Philonotis hastata, Ectropothecium falciforme, Fissidens atroviridis, 
Calymperes tenerum, and Hyophila involuta. The dominant species was Barbula javan-
ica. The range of environmental parameter valued air temperature 28.1–34.1°C, light 
intensity 20–35 lux, humidity 74–84%, and soil pH 6.5–7. The results of this study are 
preliminary data that can be used for further research and determine the changing 
conditions of the environment around Syamsudin Noor International Airport.

Keywords: airport, bryophyta, diversity, bioindicator, environmental

1. Introduction

Moss comes from two words, namely Bryon which means moss and Python 
which means moist or wet [1]. Several species of mosses which are still classified as 
thallus form faults and have never found further differences, but mosses are found 
which and body composition is close to the characteristics of higher plants, namely 
having stems, leaves, and rhizoids (still in a simple form) [2]. The characteristics of 
mosses have parts consisting of capsules, seta, leaves, stems (transition from thallus 
to cormus), and rhizoids (mosses do not yet have true roots) [1]. Moss is recorded to 
have approximately 18,000 species in the world and is a low-level plant group that 
ranks second after higher plants. While in Indonesia recorded 1500 species of moss 
that have been found. This is related to mosses that can live in humid areas because 
Indonesia is a tropical region which has humid areas so that it supports a lot of moss 
to live. Moss grows in clumps that cover the surface of the substrate such as weathered 
wood, litter, tree trunks, rocks, and leaves. Moss has several roles and benefits, one of 
which is an important component that plays a role in air balance and nutrient cycles 
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in an area, especially tropical rain forests. Lichens can act as pioneer plant nutrients 
in rich locations. Moss can also act as a bioindicator of environmental pollution in an 
area or area contaminated with pollutants [3]. This is because mosses have the oppor-
tunity to change the environment [4].

This is one of the interesting reasons in this study, the area that became the focus 
around the airport area which was originally a peat swamp and no human activity 
with developments that changed environmental conditions into a crowded location. 
In addition, the conditions around the airport have a view of humid conditions. 
Environmental changes are also affected by the biodiversity in the area. Thus, this 
study aims to reveal the diversity of mosses around the Syamsudin Noor international 
airport area, Banjarbaru, South Kalimantan, Indonesia.

2. Bryophyta around Syamsudin Noor airport

This research was carried out in 5 stages, the first activity was collecting moss 
samples using the purposive sampling method by taking the complete part of the 
moss and storing it to maintain moisture and safety. Second, measurement of envi-
ronmental parameters includes air temperature, humidity, light intensity, and soil 
pH. Third, identification is carried out with reference books, namely A Handbook of 
Malesian Mosses Volume 1 Sphagnales to Dicranales [5] and A Handbook of Malesian 
Mosses Volume 2 Leucobryaceae to Buxbaumiaceae [5]. Fourth, the morphological 
characters of mosses consisting of leaves, stems, and rhizoids were observed using a 
stereo microscope. Fifth, data analysis was carried out descriptively. Several types of 
moss found around the Syamsudin Noor airport area are:

2.1 Barbula javanica Dozy and Molkenboer

B. javanica is found on rock and soil substrates. The most common moss found in 
various open or closed places in the research area. B. javanica can also be found in moist 
or wet soil [6]. Live in groups and side by side with other mosses when found in the field. 
Individual length at the time of measurement reached 4 mm. Rhizoid when observed 
shaped like a thread and firmly attached to the substrate. The stem when observed 
is almost invisible because it is covered by an arrangement of leaves. The stem shape 
is erect, brownish, unbranched, and can reach 7 mm in height [7]. The leaves when 
observed are green, lanceolate in shape, flat edges, and tapered ends, the leaf length 
reaches 0.6 mm, and shrivels when dry. The leaves curl when dry, are green, lanceolate, 
blunt tip, flat edge [6], and mother leaf bones are brownish in color [7]. The shape of leaf 
cells when observed is rectangular and the size of leaf cells reaches 2 m. The cells in the 
middle of the strands that make up the midrib are rectangular and the cells at the edges 
of the strands are rectangular [6]. In the field observations found gametophyte and 
sporophyte phases. The sporophyte phase was found to be seta with a length of 1.8 mm 
and a capsule with a length of 0.4 mm, calyptra with a length of 0.5 mm, the shape of the 
calyptra was long and tapered, the spores were round (Figure 1).

The environmental parameters of B. javanica consisted of air temperature of 
28.1°C, light intensity of 35 lux, humidity of 84%, and pH 7. The results of envi-
ronmental parameters are still in the range of good moss growth. Distribution of 
B. javanica is found in Tropical Asia, Central Africa, Cape Verde Islands, Guinea, 
Nigeria, Arabian Peninsula, Oman, Tropical Central America, United States, Florida, 
Hawaii, and Australia [8].
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2.2 Hyophila apiculata Fleisher

Mosses are found in the soil substrate and grow in groups. H. apiculata can also 
be found on rock substrates [5]. At the time found living side by side with other 
mosses. The genus Hyophila is found in an open environment [4]. H. apiculata is 
on average small in stature [5] and looks like scales when viewed from above [3]. 
Individual length when measured reaches 5.5 mm. Morphological observations 
in the laboratory, rhizoids resemble threads and stick firmly to the substrate. 
Brownish rhizoids measuring less than 1 mm [4]. The stem when observed is 
covered by leaves so that it is not visible. Measuring less than 3 mm [5]. In the 
Hyophila genus, the upper stem is green and the lower part is red to reddish brown 
or dark green, reaching 1 cm high and sometimes branching [4]. The leaves are 
less than 2 mm in size and are ovate to spatulate [5]. When found with light green 
leaves, the shape of the leaves looks lanceolate or can be spathulate, flat edges, and 
pointed ends. The leaves can be lanceolate and light green in color [9] and the leaf 
edges are flat, the tips are tapered and curved, and the leaf arrangement is alter-
nate (Figure 2) [10]. 

In the genus Hyophila, the leaf bones are large and erect from base to tip [4]. The 
shape of the leaf cells when observed was square and the cell size was 11 m. The spo-
rophyte phase was not found in the field. Seta can grow to a length of 8 mm and there 
is a capsule and calyptra growing at the tip of the seta [9]. H. apiculata has environ-
mental factors when found including air temperature 28.1°C, humidity of 84%, light 
intensity 35 lux, and pH 7. These results are in accordance with a good growth range in 
mosses. The distribution of H. apiculata is distributed in Malesia [5].

Figure 1. 
Barbula javanica: A. Soil substrate, B. Colonies, C. Individual mosses, D. Leaf anatomy, E. Spores.
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2.3 Philonotis hastata Wijk and Margadant

P. hastata is found in soil substrates. In addition to soil, it can also be found on rock 
substrates [3] and tree substrates [10]. When found living in groups and side by side 
with other mosses. This moss looks like a sponge and is thick [10]. Observations in the 
laboratory individual length reaches 4 mm. Rhizoid when observed as threads firmly 
attached to the substrate. It is smooth and small [3], and in the genus Philonotis rhizoid it 
is thin [11]. The stem when observed is almost invisible because it is covered with leaves. 
The shape of the stem is upright and 2–8 mm long [3]. The leaves are green to yellowish 
according to [11] P. hastata is bright green to yellowish green. Spiral leaf arrangement 
and curls when dry [3]. Leaf length when measured reached 1.1 mm, lanceolate shape, 
flat edge, and pointed tip. The shape is lanceolate, the tip is pointed, the leaf edge is flat 
[3]. The shape of the leaf cells when observed was rectangular and the length of the leaf 
cells was 11 m. The sporophyte phase was not found in the field. The environmental 
parameters of P. hastata consisted of air temperature of 28.1°C, humidity 84%, light 
intensity 35 lux, pH 7. These results are in accordance with a good growth range in 
mosses. The distribution of P. hastata is found in Mexico, Central and South America, 
Africa, Asia, Australia, Brazil, and Oceania (Figure 3) [12].

2.4 Ectropothecium falciforme Dozy and Molk

E. falciforme was found in the base of the tree substrate. Other substrates commonly 
grown by E. falciforme are rock, tree roots, and leaf epiphytes and the habitat for 
growing is usually in a slightly open environment [4]. Lives creeping on the substrate 
and side by side with other mosses when found in the field. Individual length when 
measured reaches 9 mm. Rhizoid when observed like a thread firmly attached to the 
substrate. The observed stems spread on the substrate according to research sources 
that the stems spread on the substrate and are covered with leaves [3]. The length of 

Figure 2. 
Hyophila apiculata: A. Soil substrate, B. Colonies, C. Individual mosses, D. Leaf anatomy.
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the stem reaches 7.5 cm, the branches are slightly pinnate and narrow at the ends, are 
regular, and look dense because the arrangement of the leaves overlaps each other [4]. 
The leaves when measured have a length of up to 0.6 mm. The length of the leaves can 
reach 1 mm [4]. The leaves are light green, lanceolate in shape, flat edges, and pointed 
ends. The leaves are yellowish green, shiny, the leaves are round lanceolate, the edges 
of the leaf tips are jagged [4]. The leaves are small and have a pointed tip [3]. Leaf cell 
shape when observed like smooth muscle and leaf cell length reaches 3 m (Figure 4).

Figure 3. 
Philonotis hastata: A. Soil substrate, B. Colonies, C. Individual mosses, D. Leaf anatomy.

Figure 4. 
Ectropothecium falciforme: A. Tree substrate, B. Colonies, C. Individual mosses, D. Leaf anatomy, E. Spores.
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Gametophyte and sporophyte phases are found in this moss. The sporophyte 
structure consists of seta at the time of measurement which is 11 mm long and brown 
in color. The seta are brown and have a capsule at the end of the seta [3]. The capsules 
when measured were 0.9 mm long and brown in color. Calyptra on E. falciforme 
observations were not seen. The shape of the spores when observed is spherical and 
1.4 m in diameter. The environmental parameters of E. falciforme consisted of air tem-
perature of 34.1°C, humidity 79%, light intensity 20 lux, and pH 7. The results from 
both locations were still in a good growth range for mosses. Distribution in Indonesia 
is in Sumatra, Java, Lombok, Kalimantan, and Sulawesi [4].

2.5 Fissidens atroviridis Besch

F. atroviridis was found on soil substrates. F. atroviridis can grow on moist and 
shady soil and rocks [5]. In addition, it can be found on weathered tree substrates 
[13]. Coexists with other mosses when found in the field. Small in stature [5] and 
looks like a comb from above [3]. Individual length when measured reaches 7 mm. 
The individual length of F. atroviridis can reach 10–15 mm [14]. The structure when 
dry will bend [5]. Rhizoid when observed like a thread firmly attached to the sub-
strate. The rhizoid structure in the Fissidens genus is smooth or has palillae [11]. The 
stem when observed is almost invisible because it is covered by leaves. The leaves that 
have been observed are dark green. F. atroviridis is dark green in addition, there is also 
a pale yellowish to transparent dull green color (Figure 5) [5].

The leaves when measured were 1.9 mm long. The leaf length can reach 2.5 mm [5]. 
The arrangement of the leaves is pinnate and very tight so it looks piled up [9]. Thick 
leaf margins [14]. The shape of the lancet, flat edge, and pointed tip are in accordance 
with the characteristics of the research found [9]. The shape of the leaf cells when 
observed was hexagonal and the length of the leaf cells was 1.1 m. The hexagonal 
leaf cells are irregular, very thin-walled, and the cells are large [14]. In F. atroviridis 

Figure 5. 
Fissidens atroviridis: A. Soil substrate, B. Colonies, C. Individual mosses, D. Leaf anatomy, E. Spores.
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gametophyte and sporophyte phases were found. The sporophyte phase in this moss 
consists of seta which is brownish green when observed and the measured length 
reaches 3.2 mm and that the length of the seta can reach 4 mm [5]. The capsule when 
observed was green and the length of the capsule when measured was 0.4 mm. The 
capsules are symmetrical [14]. Caliptra was measured to reach 0.5 mm and was brown 
in color, the shape of the spores when observed was round, and the diameter of the 
spores when measured was 0.8 m. The environmental parameters of F. atroviridis con-
sisted of air temperature of 32.2°C, humidity 84%, light intensity 22 lux and pH 6.5. 
The results from both locations were still in a good moss growth range. Distribution of 
F. atroviridis is found throughout Indo-Malaya from India to New Guinea [5].

2.6 Calymperes tenerum Müll. Hall

C. tenerum was found on the base of the tree substrate. In addition to tree substrates, 
C. tenerum can be found in rock, soil, and rotting wood [15]. Coexists with other mosses 
when found in the field. Individual length when measured reaches 4.6 mm. The length 
of C. tenerum rarely grows more than 7 mm and is very small [5]. Rhizoid when observed 
like a thread firmly attached to the substrate. The stem when observed is almost invis-
ible because it is covered with leaves. The stem grows upright and acrocarp [15], and 
has a length of up to 1 cm [14]. The leaves when measured have a length of 1.4 mm, 
green color, lanceolate shape, flat edge, and the tip has a capsule and immediately grows 
together with the seta. The length of the leaves is between 1.5–2 mm, dull green in color, 
does not or almost does not widen below the base of the branch, the leaves are almost 
uniform, and the leaf edges are intact [5]. The shape of the leaf cells when observed was 
round and the length of the leaf cells reached 1 m. C. tenerum leaf cells have 1 layer, the 
shape is not always rounded and has thin walls in the upper branches [14]. C. tenerum 
found gametophyte and sporophyte phases. The sporophyte phase observed consisted 
of seta with a length of up to 1.9 mm and green in color. The capsules when observed 
were cylindrical and brown in color according to [14] which stated that the capsules were 
cylindrical. The capsules look like thorny spheres, this is in accordance with research 
[15] which mentions capsules like thorns that characterize this moss. The capsule when 
observed measuring 0.1 mm. The spores are spherical in shape and 0.9 m in diameter. 
The environmental parameters of C. tenerum consisted of air temperature of air tem-
perature 34.1°C, humidity 79%, light intensity 20 lux, and pH 7. The results of environ-
mental parameters from both locations were still in a good growth range for mosses. The 
distribution of C. tenerum is found around the coast of tropical Asia, India, the Pacific 
islands to Hawaii, the lowlands of Malesia, especially near the sea (Figure 6) [14].

2.7 Hyophila involuta Jaeger

H. involuta is found on rock substrates and grows in groups. Other substrates can 
be found in soil, logs, and walls. Small upright stature with a height of 1 mm, but can 
grow up to 1.5 cm [5]. At the time found living side by side with other mosses. Living in 
an open environment [4]. The rhizoids when found are thread-like and firmly attached 
to the substrate. Rhizoid is thin [11] and looks wrinkled [5]. The stems when observed 
are covered by leaves so that they are not visible. In the genus Hyophila, the upper stem 
is green and the lower part is red to reddish brown or dark green, reaching 1 cm high 
and sometimes branching [4]. The leaves when observed are green. This is in accor-
dance with [16] that the leaves are green but can be colored to dark yellowish green. 
Leaves spread when moist and curl when dry [5]. The genus Hyophila has alternate leaf 
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sitting [4]. Observations in the laboratory leaf length reached 0.6 mm, lanceolate shape, 
flat edge, and pointed tip. This is in accordance with [4] that the genus Hyophila has 
flat leaf edges, grows upright from the base to the tip of the leaf, and according to [16] 
pointed leaf tips. The mother leaf bone is strong, brownish or reddish, protruding, and 
grows to the tip of the leaf [14]. The shape of leaf cells when observed is square accord-
ing to [5] that the upper lamina cells are rectangular, the cell walls are solid, and the cell 
width reaches 7–9 m. Leaf cell length when measured reached 1.1 m. At the base of the 
leaf is colorless, small, and the cells are rectangular and thin-walled (Figure 7) [5].

H. involuta did not find a sporophyte phase, while according to library sources the 
size of the seta reached 7 mm to 1.5 cm [11], red to brown at the base, pale at the top, 
cylindrical capsule shape [5]. Environmental parameters of H. involuta from air tem-
perature have a value of 28.1°C, humidity 84%, light intensity 35 lux, and pH 7 which is 
still in good growth for mosses. Distribution is found in tropical Asia as generally found 
throughout the Malesia region and the genus Hyophila is the only genus scattered in this 
region and spread in sub-tropics such as Polynesia, northern Australia [5]. Distributions 
elsewhere include Africa, Asia (China, India, Himalayas, Japan, Malaysia, Philippines, 
Sri Lanka, Taiwan, Thailand), Europe, Oceania, North and South America [14].

2.8 Environmental parameters

Environmental conditions had a significant influence on mosses. The differences 
of each species of mosses to environmental factors will affect the level of adaptation, 
species composition, and distribution of mosses [14]. Mosses that live in the tropics 
can live at temperatures above 25°C [14] with air humidity above 50% [17]. While 
good light intensity for moss growth can reach 1000 lux [4] and for good soil pH for 
moss growth it ranges from 4.9 to 8.3 [18]. Based on this, the environment around 
the Syamsudin Noor airport area is still in the range of environmental conditions 
that support the growth of moss considering that the place is an open and urban area 
where there are many activities that cause changes in environmental conditions, one 

Figure 6. 
Calymperes tenerum: A. Tree substrate, B. Colonies, C. Individual mosses, D. Leaf anatomy, E. Spores.
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of which is pollution. While in open areas direct sunlight penetrates into the ground, 
this affects the humidity of the area. In addition, the open area has homogeneous 
vegetation and only has a few trees as windbreaks. It is different when in forest areas 
which have heterogeneous vegetation with a wide and closed canopy so as to minimize 
sunlight entering the lower part of the forest [19]. Environmental changes can occur 
at any time, so this initial data is very important to know environmental changes in the 
future, given that mosses can be used as an indicator of environmental change.

3. Conclusion

Bryophyta in the vicinity of Syamsudin Noor International Airport, South 
Kalimantan, Indonesia, found 7 species of moss which are found both in open and closed 
places and the most dominant species is Barbula javanica. Considering that the airport 
is an open area, the dominant moss growing in this area has a good standard of living, 
as can be seen from environmental parameters including air temperature, humidity, 
light intensity, and soil pH. In addition, this study is preliminary data that can be used to 
determine other types of moss around Syamsudin Noor International Airport.
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Abstract

Bryophilous fungi have at least one stage of its life cycle linked to Bryophytes. There
are few studies in relation to their taxonomy and ecology all around the world, includ-
ing Brazil. The Agaricomycetes (Basidiomycota) have gained prominence worldwide
and contained several species of economic interest. Based on a bibliographic review and
discussion about identification methods and experimental models on this association a
species list of bryophilous/Agaricomycetes found in Brazil was elaborated. In the works
found among the techniques used to identify effective fungi/Bryophytes associations it
can be cited: phylogenetics analysis, optical and electron microscopy, and cultivation
experiments. In Brazil, four orders of Agaricomycetes (Basidiomycota), belonging to
Agaricales, Boletales, Hymenochaetales, and Polyporales, with 33 species were found
associated to Bryophytes in the literature. Information of the worldwide distribution of
Brazilian muscicolous species and application of these groups were realized associating
edibility, toxicity, and others. It was noted that in this country there is a scarcity of
scientific knowledge of this subject, that needs to be better understood in terms of
ecology and taxonomy.

Keywords: bryophytes, mosses, liverworts, Agaricales, Hymenochaetales,
Polyporales

1. Introduction

Bryophylous or muscicolous fungi can be defined as those that have at least one
stage of its life cycle linked to Bryophytes (mosses, liverworts and hornworts). Bryo-
phytes do not produce nutrient-rich storage structures or specialized transport tissues
rich in photosynthetic products as vascular plants, but fungal pathogenesis of mosses
is being reported with increasing frequency [1]. The relationship between these two
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groups is indicated as important to the land colonization by plants [2–4]. Studies of
bryophyte/fungal symbioses have also provided powerful insights into the origin and
evolution of mycorrhizal associations in land plants [4]. Palaeontologic researchers
found fungal structures of Glomeromycota associated with young bryophytes in
Ordovician sediments 460 and 400 million years old [5, 6].

Mycorrhizal fungi that inhabit symbiotically healthy tissues of terrestrial plants
using organs of absorption [7] inhabiting the rhizoids and/or thalli of liverworts and
hornworts were reported associated to different fungi phylla, as Ascomycota,
Glomeromycota, and Basidiomycota [4, 8, 9]. Ascomycota has been better studied in
this field of knowledge than Basidiomycota [8–11]. Among the Basidiomycota,
Agaricomycetes present a total of 19 known orders: Agaricales, Amylocorticiales,
Atheliales, Auriculariales, Boletales, Cantharellales, Corticiales, Geastrales,
Gloeophyllales, Gomphales, Hymenochaetales, Hysterangiales, Jaapiales, Phallales,
Polyporales, Russulales, Sebacinales, Thelephorales, and Trechisporales [12]. With a
worldwide distribution, the Agaricomycetes have gained prominence since the class
contain several species of economic interest [13–15].

Many of the Agaricomycetes orders are mentioned in different studies about
Bryophilous fungi, such as Agaricales, Hymenochaetales, and Polyporales [16–18].
Different structures were developed by fungi to parasite the Bryophytes [1]. Morpho-
logical, molecular, and in vitro experiments have shown that mosses such as Sphag-
num, Polytrichum and Hylochomium are often associated with Agaricomycetes [16, 17,
19]. A biotrophic trophic mode, in which the fungi species can degrade plant cell walls
and lignin, cleaving sucrose to glucose, was recently suggested to occur on 15 species
of Hymenochaetales [18].

In Brazil, the are few studies citing the association between Agaricomycetes and
Bryophytes [16, 20]. This “gap” in these subjects to science often occurs due to a lack
of cooperation between Bryologists and Mycologists [1]. This almost absence of sci-
entific knowledge on this subject is considered as a barrier to better understanding this
relation in terms of ecology and taxonomy.

This study as a revision of the knowledge generated up to date to Brazil in this area
is an outline of the main employed methods used to identify the interactions of
bryophilic mushrooms, as well as a revision of the data of occurrence in the world, and
perform a list of Brazilian bryophilous Agaricomycetes. The data presented here are
proposed as a starting point to call for more mycologists and bryologists to join the
efforts to better understand the Fungi-Bryophyte relationship.

2. Materials and methods

The main employed methods used to identify the interactions of bryophilic mush-
rooms were illustrated, also, studies in the world with bryophilous Agaricomycetes
among 1980 to 2022 were revised. A list of bryophilous Agaricomycetes found in
Brazil, with their distribution was made, using bibliographic research available in:
Google Scholar, Scopus and Scielo. The nomenclature follows according to the Index
Fungorum [12]. The distribution also was obtained from Global Biodiversity Infor-
mation Facility (GBIF) platform, with the filter “Preserved Specimen” and “Reflora”
(Flora e Funga do Brasil). The states of Brazil were named with their respective
acronyms: Acre - AC, Alagoas - AL, Amapá - AP, Amazonas - AM, Bahia - BA, Ceará -
CE, Distrito Federal - DF, Espírito Santo - ES, Goiás - GO, Maranhão - MA, Mato
Grosso - MT, Mato Grosso do Sul - MS, Minas Gerais - MG, Pará - PA, Paraíba - PB,
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Paraná - PR, Pernambuco - PE, Piauí - PI, Roraima - RR, Rondônia - RO, Rio de
Janeiro - RJ, Rio Grande do Norte - RN, Rio Grande do Sul - RS, Santa Catarina - SC,
São Paulo - SP, Sergipe - SE, Tocantins - TO.

3. Methods used to identify the interactions of bryophilic mushrooms

The most used methods for the identification of bryophyta/Agaricomycetes asso-
ciations are: optical and electronic microscopy, molecular and phylogenetic analyses,
and in vitro culture experiments (Figure 1). Initially, it is necessary to identify the site
of mushroom/bryophyte association, such as non-photosynthetic regions like rhi-
zoids, or photosynthetic regions like the thalli or leaf structures. As for example, an
optical microscopy analysis was used to identify the fungi Chromocyphella muscicola
(Fr.) Donk in association with bryophytes, reporting this species usually known from
the Northern Hemisphere in Brazil for the first time [21].

With the preparation of slides with KOH (5%), it is possible to visualize the
structures of the mushrooms, especially the hyphae which are sometimes linked to the
bryophyte cells. In the scanning electron microscope, slides were prepared as usually
with reagents that can also be used to identify the association between Bryophytes and
Agaricomycetes fungi [1]. As a differential, when analyzing the species Sphagnum
fuscum Klinggräff with this methodology, it was possible to visualize the rudimentary
appressoria that mechanically facilitated the entry into the cells of photosynthetic
structures, belonging to the bryophilic species Glomus mosseae (T.H. Nicolson &
Gerd.) Gerd. & Trappe [1]. An illustrative schematic of the step-by-step of these
techniques is shown in Figure 1A.

The phylogenetic analyses can be made to detect the feeding and ecological habits
using gene portions (ITS 1–2 and 5.8S rRNA) DNA extractions, sequencing and with
subsequent bioinformatic analysis [19]. Analysis performed with Mycena sp. and
Galerina sp. showed close evolutionary relationships with Dicranum sp. and
Hylocomium sp. [19]. Key findings include that Galerina sp. showed a preference to
associate with senescent, rather than photosynthetic tissues, and thus ancestral
saprotrophic habit. On the other hand, Mycena sp. showed colonization in both tis-
sues, and therefore ancestral parasitic habit [19]. In general, phylogenetics is
performed in several steps: (I) Material preparation; (II) DNA extraction; (III)
Sequencing; and (IV) Sequence analysis by bioinformatics [22]. This results in four
advantages: an independent framework for clade construction; a well-supported sta-
tistical basis, as the sites of an alignment integrate matrices of different sizes; a low
incidence of putative homeoplasies compared to morphological characters; and the
implementation of evolutionary models applied independently to each base [23]. An
illustrative schematization of these main steps is shown in Figure 1B.

In vitro culture experiments are performed to analyze the ecology of interactions
and resistance of bryophytes. The bryophytic fungi are part of a diffuse group, often
only detected by molecular analyses [24]. The basidioma emerges at specific periods,
temperature and humidity, which can make it difficult to visualize between the
photosynthesizing or non-photosynthesizing structures of bryophytes [25]. The
mycelial phase is the most predominant fungal phase, and this structure can be
visualized under microscope when associated to bryophytes. When growing the spe-
cies Atrichum androgynum (Müll. Hal.) A. Jaeger in culture medium, an association
with the fungi Arthrobotrys oligospora Fresen., was visualized which is known to
capture nematodes [24]. This was only possible due to the growth of the fungi in
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culture medium, since it was not visible among the collected bryophytes [24]. Some-
times the structures of the fungi can be detected so that with the aid of microscopy,
tweezers, and accessories the fungi can be isolated and grown separately in usual
culture medium (like PDA). An illustration of the methodological steps mentioned
above is shown in Figure 1C.

Figure 1.
Methodology frequently used for detection of Fungi-bryophyte associations (FBA). (A) Optical microscopy:
association site, non-photosynthetic (1) or photosynthetic (2); slide cuts and use of reagents with cover by coverslip
(3); microscope observation (4); FBA endophilic (5-A) or exophytic (5-B) structures. (B) Steps of molecular
analyses of FBA: preparation of material for DNA extraction in bryophytes (1 and 2); preparation of material for
DNA extraction in mushrooms (3 and 4); use of reagents for DNA extraction (5 and 6); sequencing of gene
portions of interest (7); analysis of the sequences by bioinformatics techniques (8). (C) Visualization of FBA in
culture medium: a mature bryophyte containing the capsule is isolated (1), and disposed in culture medium (2);
the basidiomata (3), when lamellar region is cut and the structure is placed in culture medium (4); when the fungi
is not visible, the hyphae grow in the culture medium starting from the bryophytes and can be isolated and cultured
separately for species identification (5).
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4. Studies about bryophilic mushrooms

Bryophilic mushrooms have been known for a long time, their habitats are well
known (swamps, moss-covered tree trunks and mounds). In the 1980’s the works
about bryophilous fungi around the world include optical microscopy observations, in
both Ascomycota and Basidiomycota. In 1981, the fungal species Lyophyllum palustre
(Peck) Singer was found in mosses and it was constantly associated with necrotic
areas of the species, and relationships with bryophytes discussed. Apparently less
aggressive species of associated mushrooms were obtained from pure cultures made of
Sphagnum capillaceurn (Weiss) Schrank, isolating Lyophyllum palustre and Galerina
paludosa (Fr.) Kühner [26]. Research was carried out in 1987 on bryophilic fungi
found in samples from the main herbaria in central and northern Europe, identifying
ascomycetes associated with the bryophyte Polytrichum sexangulare: Bryochiton
heliotropicus Döbb., Bryochiton perpusillus Döbb., Lizonia sexangularis Döbb. & Poelt.,
Protothelenella polytrichi Döbb. & Mayrh., Gloeopeziza interlamellaris Döbb. and
Hymenoscyphus norvegularis Döbb [27].

Bryophytes are involved in a variety of competitive, parasitic, symbiotic, mutual-
istic and not yet specified interactions with fungi [28]. Some of Bryophilous species
have very specific substrates such as Galerina paludosa found only in Sphagnum
swamps, Cyphellostereum laeve was found on polytrichoid mosses in coastal regions, in
addition to Rickenella fibula (Bull.) Raithelh. and Rickenella setipes which descriptions
reported that a mound formed by Alnus glutinosa roots, covered by bryophytes served
as substrate for the development of the species [29, 30]. In the 1990s, the main genera
of bryophytic fungi were well known: Galerina, Omphalina, Rickenella, Hypholoma,
Mycenella and Psilocybe, whose collection area was more widespread, knowing that
their nature is more delicate they must be collected with a considerable amount of
their substrate of origin [30]. Some islands were targets of ecological studies, such as
South Georgia (Southern South America) and Iceland where the bryophyte substrate
used by some Agaricomycetes was reported. Collections focused further south of the
island of South Georgia were found to have species of the genus Galerina, Gerronema,
Phaeogalera and Hypholoma [31]. Experiments about growth symbiosis using Laccaria
spp. on different substrates, including Sphagnum, showed that when Sphagnum was
mixed with vermiculite it was beneficial for the development of the Laccaria species
and its symbiotic effects [32]. Another research reports that Sphagnum and other
bryophytes can increase the presence of macrofungi in the substrate [33]. Studies of
capture and evasion of nitrogen in soils with suspension of mosses verified that
rhizomes of bryophytes have covering links with hyphae of Basidiomycetes fungi,
forming a sheath around the rhizoids. This is important since the soil alone cannot
handle nitrogen excess, nor accumulating without moss [34].

Research related to Agaricomycetes fungi and mosses among the years 2000 to
2010 cover mainly themes involved in the taxonomy, phylogeny, distribution, diver-
sity, and classification of these organisms. Based on morphological characteristics and
phylogenetic analysis, it was proposed that the Omphalina giovanellae Bres. systematic
position is better maintained in another genus, making the mushroom that grows
between mosses and low grass belonging to the genus Clitopilus (Fr. ex Rabenh.) P.
Kumm [35]. Multiclavula ichthyiformis Nelsen, Lücking, L. Umaña, Trest & Will-
Wolf, was identified as a new basidiolichen from Costa Rica with terricolous habits
that grows with bryophytes [36]. Psathyrella laurentiana A.H. Sm and Omphalina
philonotis (Lasch) Quél. (currently classified as Arrhenia philonotis (Lasch) Redhead,
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Lutzoni, Moncalvo & Vilgalys) had their occurrence linked to bryophytes and/or
peatlands, suggesting a more specialized niche for some basidiomycetes [37]. The
occurrence of decomposing species of the genus Galerina Earle and Coprinus Pers. in
bryophyte swamps including Polytrichum alpestre Hoppe in South Georgia Island [38],
previously reported [32] can suggest a niche specialization in some species of these
genera. Chromocyphella muscicola (Fr.) Donk was reported for the first time in Turkey
[39], a species that grows near or on mosses, or even parasitizes them while alive [40].
The occurrence in association with mosses is used as identifying character for
Maireina callostoma (Pilát) W.B. Cooke when using an identification key of this genus
[41], showing that associations between Bryophytes and Fungi is an important char-
acter also to the taxonomy of Fungi.

Phylogenetic analysis helped to understand the bryophilic habits and high concen-
tration of basidiolichens in Hygrophoraceae (Basidiomycota, Agaricales), suggesting a
predisposition of these fungi to change their mutualist nutrition associated with
photobionts to saprotrophic [42]. The occurrence of Marasmius epidryas Kühner,
currently classified as Rhizomarasmius epidryas (Kühner ex A. Ronikier) A. Ronikier &
Ronikier, among mosses was recorded in cold areas of Canada, Denmark and Russia
highlights the occurrence of this relationships in cold and harshest areas [43].

Among 2015–2022 most analyses focused on more complex analyses about
bryophilic mushrooms. Association among Sphagnum mosses and 26 species of Aga-
rics and Boleti (Agaricomycetes, Basidiomycota) were found in Ukraine, whereas
Galerina cerina, G. paludosa, G. sphagnicola, Hypholoma elongatum, H. udum, and
Tephrocybe palustris could be considered as closely associated by substrate links [44].
In 2018, it was demonstrated that many bryophilous Hymenochaetales have values of
stable isotope indicating ectomycorrhizal habits or a biotrophic cluster indicative of
parasitism or an endophytic lifestyle [18].

The mycorrhizal-like associations, diversity and distribution of fungal associations
in bryophytes, as between liverworts of the Jungermaniidae and Marchantiidae with
Basidiomycota clades were explored by bibliographic review [4]. Although several
works have been published reporting the occurrence of Agaricomycetes fungi growing
among mosses, the importance of more specialized studies on the subject is
highlighted. Part of these works did not perform microscopic and phylogenetic anal-
ysis in order to prove the relationship between Fungi and Bryophytes, but only
reported the growth of certain species among mosses. The use of microscopic and
phylogenetic analysis will contribute not only to prove the association, but also to
understand the phylogeny and evolution of these organisms.

5. Brazilian Agarycomycetes growing with Bryophytes

In Brazil, a total of 33 species from four orders of Agaricomycetes were reported
growing with mosses and/or liverworts. Agaricales was the most representative order,
with 10 families and 14 genera divided into 20 species. Hymenogastraceae shows a
greater number of species associated with Sphagnum, although many of the other
species of mosses associated with Agaricomycetes have not been identified in the
literature. Hymenochaetales presented three families and seven genera, divided into
nine species. This order stands out by the diversity mosses and liverworts associated
with fungi, including Rickenella fibula, which has a feeding habit specialized in bryo-
phytes [18]. Polyporales presented three families and three genera, with several
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species of mosses and liverworts. Boletales presented only one species growing next to
mosses.

List of Agaricomycetes fungi reported to Brazil:
Agaricales Underw.
Agaricales incertae sedis
Rimbachia arachnoidea (Peck) Redhead, Can. J. Bot. 62(5): 878, 1984. �

Mniopetalum bisporum Singer, Darwiniana, 14: 10, 1966.
Ecology and importance: Growing gregarious on unidentified mosses [45, 46]. R.

arachnoidea could also be confused with Rimbachia bryophila (Pers.) Redhead. Both
species are parasitic on mosses and differ in not having venose hymenophore [47].

Distribution: In Brazil it is found in RS (Figure 2) [46]. It is found also in Spain,
Germany, Switzerland, Norway, Finland, Sweden, Austria, Estonia, Netherlands,
Denmark, Belgium, Canada, Argentina, New Zealand, United States of America,
Turkey, Poland, among others [47–49].

Chromocyphellaceae Knudsen.
Chromocyphella muscicola (Fr.) Donk, Persoonia 1(1): 95, 1959.
� Arrhenia muscicola (Fr.) Quél., Fl. mycol. France (Paris) 33, 1888.
Ecology and importance: Grow among unidentified mosses and in lichens [21, 50].
Distribution: In Brazil it is found in MG (Figure 2) [21, 50]. It is also found in

Switzerland, Germany, Spain, Portugal, Australia, Austria, Norway, New Zealand,
Netherlands, Cuba, Turkey, among others [39, 48].

Clavariaceae Chevall.
Clavaria fragilis Holmsk., Beata Ruris Otia Fungis Danicis, 1: 7, 1790.
Ecology and importance: Growing in the ground with unidentified mosses [51].

This species is edible [14], showing antioxidant activity [52].
Distribution: In Brazil it is found in RS, SC, and PR (Figure 2) [51]. It is also found

in Russian Federation, United States of America, Norway, Finland, Sweden, Italy,
Switzerland, Spain, Japan, Germany, Canada, Netherlands, Puerto Rico, Australia,
South Africa, among other [48, 53–55].

Hymenogastraceae Vittad.

Figure 2.
Distribution of bryophilous species in Brazilian states/regions.
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Galerina montivaga Singer, Nova Hedwigia, 29: 306, 1969.
Ecology and importance: Growing gregarious in unidentified moss fields and on

humus [56–58].
Distribution: In Brazil it is found in PR (Figure 2) [56–58]. It is found also in the

United States of America, Slovakia and Argentina [48].
Galerina semiglobata Singer, Lilloa, 26: 147, (‘1953’), 1954.
Ecology and importance: Forming dense groups on Sphagnum that, in some points,

are burned. In Brazil it was found in RS (Figure 2) [20, 58].
Distribution: This species is endemic to Brazil and is found in Rio Grande do Sul

state [20, 58].
Galerina sphagnorum (Pers.) Kühner, Encyclop. Mycol., 7: 179, 1935. Sanctioned by

Fries.
Ecology and importance: Grow gregarious in Sphagnum [20, 58]. In Romania, this

species is in the red list in the category “near threatened” [59]. In Poland, G.
sphagnorum was found associated with eight different species of mosses, Polytrichum
commune, S. centrale, S. fallax, S. cuspidatum, S. flexuosum, Sphagnum magellanicum, S.
palustre and S. papillosum [60].

Distribution: In Brazil it is found in RS (Figure 2) [20, 58]. It is also found in
Russian Federation, Finland, United States of America, Estonia, Sweden, Austria,
Switzerland, Japan, Belgium, Spain, Canada, among others [48, 59].

Galerina subtibiicystis Singer, Lilloa, 26: 146 (‘1953’), 1954.
Ecology and importance: They grow scarcely among the peat bogs of Sphagnum

moss [20, 58].
Distribution: This species is endemic to Brazil and is found in RS (Figure 2) [20, 58].
Galerina taimbesinhoensis Singer, Lilloa, 26: 148 (‘1953’), 1954.
Ecology and importance: Growing exclusively on Sphagnum moss [20, 58].
Distribution: This species is found in RS (Figure 2) [20, 58]. G. uchumachiensis

Singer is considered a synonym of G. taimbesinhoensis [61]. It is also found in the
Hawaiian Islands [62].

Psilocybe paupera Singer, Sydowia, 9 (1–6): 404, 1955.
Ecology and importance: Growing gregarious, attached to the stalks of the moss

Sphagnum [58, 63, 64]. Belongs to the Red List of Macrofungi of China [65].
Distribution: In Brazil, it is found in RS (Figure 2) [58, 63, 64]. It is found also in

Germany, Costa Rica and China [48, 65].
Psilocybe sp. (Fr.) P. Kummer.
Ecology and importance: Growing among Sphagnum in open marshes [20]. This

genus can be found in diverse substrates such as soil, dung, wood, and mosses [66].
Distribution: In Brazil the bryophyte associated specimen was found in RS

(Figure 2) [20]. The genus contains over 150 species distributed worldwide [67].
Occurs worldwide in Mexico, Australia, Canada, Sweden, Germany, United Kingdom,
Spain, Netherlands, Costa Rica, Iceland, France, Argentina, New Zealand, Colombia,
Russian Federation, Japan, among other countries [48].

Hygrophoraceae Lotsy.
Hygrocybe helobia (Arnolds) Bon, Docums Mycol. 6(no. 24): 43, 1976. � Hygrocybe

miniata (Fr.) P. Kumm., Der Führer in die Pilzkunde: 112, 1871.
Ecology and importance: It was found growing on soil, often between unidentified

mosses, and are generally gregarious [25, 68].
Distribution: In Brazil it is found in RS and SP (Figure 2) [25, 68]. It was also

recorded in Finland, Russian Federation, Switzerland, Sweden, Spain, Austria, Ger-
many, Colombia, Costa Rica, Canada, among other countries [48].
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Acantholichen albomarginatus Dal-Forno, Marcelli & Lücking, Mycologia 108(1):
43, 2016.

Ecology and importance: found on the edge of Nebular forest, by the road, on dense
vegetation on road side banks, growing on unidentified mosses and liverworts [69].

Distribution: Endemic to Brazil, found in MG (Figure 2) [69].
Psathyrellaceae Vilgalys, Moncalvo & Redhead.
Psathyrella sp.
Ecology and importance: Growing in woods at mountains and among unidentified

mosses [20]. Psathyrella has about 400–600 species, and molecular studies suggest its
separation into several others [58]. This genus presents species that have antibacterial
diterpenoids [70].

Distribution: In Brazil the bryophyte associated specimen was found in RS
(Figure 2) [20]. In the world it is reported to the United States of America, Norway,
Finland, Congo, Australia, Germany, Russian Federation, Estonia, Spain, New
Zealand, Austria, Sweden, Denmark, Poland, Japan [48].

Strophariaceae Singer & Smith.
Hypholoma elongatum (Pers.) Ricken, Die Blätterpilze 1: 250, 1915. � Psilocybe uda

(Pers. ex Fr.) Gillet, Hyménomycètes (Alençon): 586, 1878.
Ecology and importance: it was found growing attached to the stalk of Sphagnum

moss, away from trees [20].
Distribution: In Brazil it is found in the RS (Figure 2) [20]. It is a cosmopolitan

species and is reported to the United States of America, Sweden, Norway, Australia,
Russian Federation, Mexico, Japan, Switzerland, Spain, Colombia, New Zealand, Ger-
many, South Africa, Poland, Costa Rica, Argentina, France, Iceland, Bolivia, Indone-
sia, China, Ukraine, Cameroon, Portugal, Republic of Korea, Peru, Paraguay, among
other countries [48].

Hypholoma ericaeum (Pers.: Fr.) Kühner, Bull. Trimest. Soc. mycol. Fr., 52: 23,
1936.

Ecology and importance: Growing in wet and sandy soils among unidentified
mosses and grasses [71, 72]. Found in peat bogs among or near peat mosses, but also in
wet meadows [73].

Distribution: In Brazil it is found in RS and SP (Figure 2) [71, 72]. It is also reported
to Spain, United States of America, Poland, Belgium, Norway, Netherlands, Denmark,
Russian Federation, Australia, Austria, France, and Greenland [48].

Deconica inquilina (Fr.) Pat. ex Romagn., Revue Mycol., Paris 2(6): 244, 1937. �
Psilocybe muscorum (P.D. Orton) M.M. Moser, in Gams, Kl. Krypt.-Fl., Ed. 3 (Stutt-
gart) 2b/2: 239, 1967.

Ecology and importance: Growing among an unidentified moss in sandy soil [71].
Distribution: In Brazil it is found in RS (Figure 2) [71]. It is also reported to Poland,

Estonia, Spain, Iceland, United States of America, Austria, Colombia, Italy, Mexico,
Portugal, Russian Federation, Denmark, Norway, Sweden, Finland, Canada, Switzer-
land, Belgium, Germany, among other countries [48].

Biannulariaceae Jülich.
Callistosporium luteo-olivaceum (Berk. & M.A. Curtis) Singer, Lloydia 89: 117, 1946.

� Callistosporium luteofuscum Singer, Lilloa, 26: 115 (‘1953’), 1954.
Ecology and importance: It grow on decaying wood and between the moss Sphag-

num [20, 46, 57]. It was also reported with saprotrophic habits, on angiosperm wood
and growing naturally on rich, deep and moist soils [74].

Distribution: In Brazil it is found in RS and PR (Figure 2) [20, 46, 57]. It is reported
also to the United States of America, Japan, Canada, Switzerland, Spain, Austria,
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Costa Rica, Netherlands, Sweden, Australia, Norway, Bolivia, China, Colombia,
Czechia, among other countries [48, 72].

Omphalotaceae Bresinsky.
Gymnopus aquosus (Bull.) Antonín & Noordel., in Antonín, Halling & Noordeloos,

Mycotaxon 63: 363, 1997 � Collybia dryophila (Bull. ex Fr.) Kummer var. oedipus
Quél., Fl. mycol. France (Paris): 226, 1888. Bas.: Agaricus dryophilus Bull. ex Fr., Herb.
Fr. (Paris), 10: 434, 1790. � Marasmius dryophilus (Bull. ex Fr.) Karsten, Finl. Nat.
Folk, 48: 103, 1889.

Ecology and importance: It grow in a humid open environment away from trees,
associated with Sphagnum [20, 46]. It presents β-glucan with antioxidant activity [75].

Distribution: In Brazil it is found in RS (Figure 2) [20, 46]. It is also reported to
Denmark, France, Germany, Sweden, Finland, Spain, Austria, Russian Federation,
Switzerland, Norway, United Kingdon of Great Britain, Netherlands, Estonia, among
other countries [48, 75, 76].

Mycenaceae Overeem.
Atheniella amabillissima (Peck) Redhead, Moncalvo, Vilgalys, Desjardin & B.A.

Perry, Index Fungorum 14: 1, 2012. � Mycena amabilissima (Peck) Sacc., Syll.
Fungorum, 9: 37. 1891. Bas.: Agaricus amabilissimus Peck, Rep. (Annual) Trustees State
Mus. Nat. Hist., New York, 39: 39 (‘1886’), 1887. � Prunulus amabilissimus Murrill,
North Am. Flora, 9: 324, 1916.

Ecology and importance: Growing among unidentified mosses [46, 77].
Distribution: In Brazil it is found in RS (Figure 2). In the world it is reported to the

United States of America, Canada, Finland and Argentina [46, 48, 77, 78].
Macrocystidiaceae Kühner.
Macrocystidia sp.
Ecology and importance: Associated with an unidentified moss species [79].
Distribution: In Brazil the bryophyte associated specimen was found in AM

(Figure 2) [79]. The genus is reported also to Sweden, Denmark, Norway, Spain,
Germany, Switzerland, New Zealand, Finland, Austria, United States of America,
Japan, Belgium, Canada, Poland, Estonia, Iceland, Mexico, France, Italy, Netherlands,
Australia, Republic Democratic of Congo, Czechia, United Kingdom of Great Britain
and Northern Ireland, among other countries [48].

Boletales.
Boletaceae Chevall.
Austroboletus festivus (Singer) Wolfe, Biblthca Mycol., 69: 92, 1980 (‘1979’).
� Porphyrellus festivus Singer, VI. Lilloa, 26:57–159, 1953.
Ecology and importance: Growing among unidentified mosses in Restinga Forest

[80–82].
Distribution: In Brazil it is found in PE, PR, and SC (Figure 2) [80–82]. It is also

reported to Guyana [48, 83].
Hymenochaetales.
Hymenochaetales incertae sedis.
Trichaptum trichomallum (Berk. & Mont.) Murrill, Bull. Torrey bot. Club 31(11):

608, 1904.
Ecology and importance: Growing associated with the moss Entodon beyrichii

(Schwaegr.) C. Muell. Int the Cerrado biome [16]. It is an edible species [13].
Distribution: In Brazil it is found in SP, RO, PB, AC, and AM (Figure 2) [16, 48]. It

is reported also to Mexico, Peru, Costa Rica and United States of America [48].
Hyphodontiaceae.
Hyphodontia sp.
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Ecology and importance: Growing in Atlantic Forest associated with the mosses
- Fabronia ciliaris (Brid.) Brid. var. polycarpa (Hook.) Buck, Isopterygium tenerum
(Sw.) Mitt., Sematophyllum subpinnatum (Brid.) Britt., Syrrhopodon africanus
(Mitt.) Par. subsp. graminicola (Williams) Reese [16]. It has been found also
associated with liverworts - Chonecolea doellingeri (Nees) Grolle, Harpalejeunea
molleri (Steph.) Grolle, Lejeunea flava (Sw.) Nees, Metzgeria cf. dichotoma (Sw.)
Nees [16].

Distribution: In Brazil the bryophyte associated specimen was found in SP [16].
This genus occurs also in PA, RO, MG, RJ, PR, RS and SC (Figure 2) [84]. In the
world, is reported to Sweden, Spain, Denmark, Norway, Estonia, Switzerland, Ger-
many, Australia, United States of America, New Zealand, Finland, Poland, Austria,
Ukraine, Belgium, Russian Federation, France, Canada, Portugal, India, Costa Rica,
Italy, Romania, Islamic Republic of Iran, Réunion, Turkey, Ethiopia, United Republic
of Tanzania, Japan, Argentina, Colombia, French Guiana, among other countries [48].

Hymenochaetaceae Donk.
Fomitiporia nubicola Alves-Silva, Bittencourt & Drechsler-Santos, Mycological Pro-

gress, 19(8): 769–790, 2020.
Ecology and importance: Growing on the living tree of Drimys angustifolia, among

unidentified mosses [85].
Distribution: Described from Brazil, found in SC [85].
Fuscoporia wahlbergii (Fr.) T. Wagner & M. Fisch., Mycol. Res. 105(7): 780, 2001.

� Phellinus wahlbergii (Fr.) D.A. Reid, Contr. Bolus Herb. 7: 97, 1975.
Ecology and importance: Growing between mosses - Octoblepharum pulvinatum

(Dozy & Molk.) Mitt., Syrrhopodon prolifer Schwaegr. var. acanthoneuros (C. Muell.)
C. Muell.,Trichosteleum papillosum (Hornsch.) Jaeg. [16]. It can be fuond growing also
with liverworts: Calypogeia peruviana Nees & Mont., Cephalozia crassifolia (Lindenb.
& Gott.) Fulf., Cyclolejeunea luteola (Spruce) Grolle, Kurzia capillaris (Sw.) Grolle,
Monodactylopsis minima (Schust.) Schust., Riccardia chamaedryfolia (With.) Grolle,
Telaranea nematodes (Gott. ex Aust.) Howe, Zoopsis antillana Steph. [16]. Antioxidant
activity [86].

Distribution: In Brazil it is found in BA, RJ, SP, PR, RS, and SC (Figure 2) [16, 87].
It is also reported to New Zealand, Japan, Democratic Republic of Congo, Spain,
United States of America [48].

Phellinus rimosus (Berk.) Pilát, Annls mycol. 38(1): 80, 1940. � Fulvifomes rimosus
(Berk.) Fiasson & Niemelä, Karstenia 24(1): 26, 1984.

Ecology and importance: Growing between mosses - Erythrodontium squarrosum
(C. Muell.) Par., Racopilum tomentosum (Hedw.) Brid.,Trichostomum weisioides C.
Muell., Campylopus cryptopodioides Broth., I. tenerum (Sw.) Mitt., Syrrhopodon
gaudichaudii Mont.,Thamniopsis incurva (Hornsch.) Buck., R. tomentosum (Hedw.)
Brid. [16]. Also, can be growing between liverworts - Anoplolejeunea conferta
(Meissn.) Evans, Aphanolejeunea sp., Bazzania heterostipa (Steph.) Fulf.,
Cephaloziella stellulifera (Tayl.) Schiffn., Drepanolejeunea mosenii (Steph.) Bischl. L.
flava (Sw.) Nees, Plagiochila bunburii Taylat. [16]. Presents cytotoxic, antitumor and
antimalarial activity [15, 88].

Distribution: In Brazil it is found in “Cerrado” vegetation and secondary Atlantic
Forest in SP, PE, RS, AP, and RR (Figure 2) [16, 89–91]. It is also reported to
Australia, United States of America, Mexico, Japan, Senegal, Democratic Republic
of Congo, Tanzania, Zimbabwe, Canada, Rwanda, Bahamas, Costa Rica, France,
Kenya, Bangladesh, Belize, Ecuador, Spain, Gambia, India, among other
countries [48].
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Phellinus gilvus (Schwein.) Pat., Essai Tax. Hyménomyc. (Lons-le-Saunier): 82,
1900.

Ecology and importance: Growing between mosses - Pyrrhobryum spiniforme
(Hedw.) Mitt., I. tenerum (Sw.) Mitt [16]. It can be also found growing with liverworts -
T. nematodes (Gott. ex Aust.) Howe, L. flava (Sw.) Nees [16]. This is a medicinal
mushroom showing antitumor activities, anti-oxidative, anti-fungal, healing, to treat
stomach ache and various inflammations [92, 93].

Distribution: In Brazil it is found in SP, AC, AM, BA, GO, MT, PA, PB, PR, PE, RN,
RS, RO, RR, SC, SP, and SE (Figure 2) [16, 94]. It is also reported to the United States
of America, Mexico, Australia, Japan, Costa Rica, Democratic Republic of Congo, New
Zealand, Jamaica, French Guiana, Peru, Zimbabwe, Burundi, Puerto Rico, Uganda,
Argentina, Canada, Rwanda, Ecuador, among other countries [48].

Phellinus sp.
Ecology and importance - Growing between mosses - I. tenerum (Sw.) Mitt., P.

spiniforme (Hedw.) Mitt.,Thamniopsis incurva (Hornsch) Buck, Sematophyllum
galipense (C. Muell.) Mitt, S. subpinnatum (Brid.) Britt., Campylopus cryptopodioides
Broth., C. cryptopodioides Broth., F. ciliaris (Brid.) Brid. var. polycarpa (Hook.) Buck,
Thamniopsis incurva (Hornsch.) Buckand [16]. It can be also found in liverworts -
Cheilolejeunea trifaria (Reinw. et al.) Mizut., Frullania ericoides (Nees) Mont.,
Lophocolea bidentata (L.) Dum., L. martiana Nees, Radula angulata, Steph. Riccardia
chamaedryfolia (With.) Grolle,T. nematodes (Gott. ex Aust.) Howe Steph., D. mosenii
(Steph.) Bischl., Microlejeunea globosa (Spruce) Steph., Aphanolejeunea subdiaphana
(Jovet Ast) Pócs var. cristulata (Schust.) Pócs, C. doellingeri (Nees) Grolle, L. flava
(Sw.) Nees, Lejeunea ulicina subsp. bullata (Taylor) Schust., L. glaucescens Gott., L.
martiana Nees, L. muricata (Lehm.) Nees [16].

Distribution: In Brazil, the bryophyte associated specimens are found in DF and SP
[16], but this genus also occurs in AC, AL, AM, BA, CE, ES, MA, MT, MS, PA, PR, PB,
PE, PI, RJ, RN, RS, RO, RR, SC, SP, SE (Figure 2) [16, 95]. The genus Phellinus is
reported to the United States of America, Brazil, Sweden, Norway, Finland, Estonia,
Australia, Russian Federation, Canada, Mexico, Costa Rica, Germany, Switzerland,
Spain, Austria, Japan, New Zealand, Czech Republic, China, Argentina, Democratic
Republic of Congo, Denmark, India, among other countries [48].

Tropicoporus drechsleri Salvador-Montoya & Popoff, in Salvador-Montoya, Costa-
Rezende, Ferreira-Lopes, Borba-Silva & Popoff, Phytotaxa 338(1): 80. 2018.

Ecology and importance: Frequently among unidentified mosses growing on it
(Pagin-Claudio et al., 2022).

Distribution: In Brazil it is found in MG (Figure 2) [96]. It is also reported to
Argentina [48].

Rickenellaceae Vizzini
Rickenella fibula (Bull.) Raithelh., Metrodiana 4: 67, 1973.
Ecology and importance: Growing solitary to gregarious, inhabiting moss beds in

high altitude areas (700 and 1500 m above sea level), found inhabiting humid moss
beds of Polytrichium Hedw. and Schizymenium Harv. [97]. Presence of psilocybin [98].

Distribution: In Brazil, it is found in RS and SC (Figure 2) [46, 97]. It is also
reported to United States of America, Norway, Denmark, Switzerland, Germany,
Sweden, Finland, Poland, Spain, Australia, Russian Federation, Canada, New Zealand,
Japan, Austria, Belgium, Iceland, Netherlands, China, Democratic Republic of Congo,
Italy, among other countries [48].

Polyporales Gäum 1926
Polyporaceae Fr. ex Corda 1839
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Trametes sp.
Ecology and importance: Growing between mosses -Donnellia commutata (C. Muell.)

Buck, also can be found grown with the liverworts D. mosenii (Steph.) Bischl. [16].
Distribution: In Brazil, the bryophyte associated specimen is found in SP [16], but

this genus also occurs in AC, AM, AP, PA, RO, RR, TO, AL, BA, PA, PB, SE, MS, MT,
MG, RJ, SP, PR, RS and SC (Figure 2) [99]. The genus Trametes is reported also to the
United States of America, Mexico, Australia, Norway, Japan, Sweden, Germany,
Switzerland, Spain, Costa Rica, Canada, Russian Federation, Estonia, Finland, Den-
mark, Austria, Argentina, Jamaica, among others countries [48].

Cerrenaceae Miettinen, Justo & Hibbett 2017
Cerrena caperata (Berk.) Zmitr., Mycena 1(1): 91, 2001. � Datronia caperata

(Berk.) Ryvarden, Mycotaxon 23: 172, 1985.
Ecology and importance: Growing between mosses - I. tenerum (Sw.) Mitt.,

Thamniopsis langsdorffii (Hook.) Buck, also can be found grown with the liverworts -
D. mosenii (Steph.) Bischl., Lejeunea glaucescens Gott. and L. martiana Nees. [16].
Present cytotoxic and immunomodulatory activity [87].

Distribution: In Brazil, it is found in AC, AL, AP, BA, ES, MT, MG, PA, PB, PR, PE,
RJ, RN, RS, RO, RR, MS, SC, SP and SE (Figure 2) [16, 100]. Around the world it is
found in Brazil, Costa Rica, Mexico, Panama, Democratic Republic of Congo, Cuba,
Guyana, Venezuela, Trinidad and Tobago, Puerto Rico, Kenya, Cameroon, Colombia,
French Guiana, Peru, Bolivia, Belize, Guatemala, Nicaragua, Argentina, United States
of America, Ghana, Suriname, Tanzania, Sri Lanka, among other countries [48].

Meripilaceae Jülich 1982
Rigidoporus sp.
Ecology and importance: Growing between mosses - I. tenerum (Sw.) Mitt.,

Thamniopsis langsdorffii (Hook.) Buck, also can be found grown with the liverworts -
Lejeunea caespitosa Lindenb., L. martiana Nees,T. nematodes (Gott. ex Aust.) Howe [16].

Distribution: In Brazil, the bryophyte associated specimen is found in SP [16], this
genus also occurs in AC, AM, AP, PA, RO, RR, AL, BA, CE, MA, PB, PE, SE, MT, PR,
RS and SC (Figure 2) [101]. The genus Rigidoporus is reported to Costa Rica, Mexico,
United States of America, Australia, Germany, Estonia, Denmark, Sweden, Puerto
Rico, Switzerland, Norway, Japan, New Zealand, Democratic Republic of Congo,
French Guiana, Panama, Canada, among other countries [48].

6. Discussion

The bryophilous Agaricomycetes have been analyzed by optical and electron
microscopy, in vitro cultures, DNA sequencing and phylogenetic analysis in the
articles published up to now. Some works highlighted other relevant characteristics,
such as edibility, toxicity, and antioxidant properties. Thirty-three species from four
orders of Agaricomycetes were reported growing with mosses and liverworts in Brazil.
In general, the diversity of possible associations between bryophytes and
Agaricomycetes of woody basidioma stands out in small species of lamellate fungi.
Moreover, most studies including Brazilian bryophilic species do not approach this
interaction satisfactorily, and usually the associated bryophytes are not identified, or
when they are identified, it is not described how the association is really occurring.

Bryophyte-Fungi associations sometimes present mutually beneficial symbiosis
with bidirectional exchange of resources between partners, i.e., to be mycorrhizal-like
even in the absence of true roots in bryophytes [4]. Also, it has not been investigated
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whether opportunistic parasitism of damaged or stressed bryophytes occurs [1]. In
Brazil, about 1524 species of bryophytes were recorded, distributed in 117 families,
divided into 11 species of hornworts, 633 liverworts, and 880 mosses [102]. These
plants display a higher diversity and a greater number of species in areas of higher
elevations and with less anthropic activity [102]. However, bryophytes may grow on
different substrates, such as corrugated iron roofs, invertebrates, among others [16].
Among the types of substrates colonized by bryophytes there is a predominance of
corticolous, followed by terricolous, rupicolous, and epixilous [102], without the
mention of Fungicolous Bryophyte lifestyle.

In our study, the majority of mosses/liverworts and fungi growing together shows
occurrences from high and damp places, in the Atlantic Forest, Amazonia, Caatinga, and
Pampa biomes. Some species found in our revision, such as, Rickenella fibula and
Gerronema sphagnorum, among others, occurs only on mosses [18, 20, 58]. Many of the
identified bryophytes occur on identified fungi [16], such as of Phellinus, Fuscoporia, and
Hyphodontia. Also, the mosses usually grew abundantly on the dead trunks on which the
fungi were found [16]. Although bryophytes can colonize different environments, stud-
ies reveal that the majority of bryophyte species must have a preference for a single type
of substrate [103]. The appearance of bryophytes must be influenced by several abiotic
factors, as light availability, moisture, and water [102]. The fungi also need moist
environments to complete their life cycle but light is not needed by all species [25].

The abiotic conditions are usually found in mountainous tropical areas, as humid
climate with rains distributed throughout the year, ample variation of temperatures
from the lowland to the high mountains, high rainfall, and topography, all factor
enabling greater number of microhabitats [102]. Despite bryophytes can produce
defense mechanisms, in response to fungi attack, with the host plant in the process of
evolving mechanisms to stop the pathogen’s advance [26], some studies show that
some bryophyte species do not have their reproduction affected by parasitic fungi
[18]. Also, associations between bryophytes and fungi can function in different ways,
such as mycorrhizal, parasitic, and commensal [1]. Furthermore, they can have sev-
eral benefits, both for fungi and for bryophytes, such as improvement in obtaining
and cycling nitrogen, carbon (and other nutrients) and in the maintenance of more
humid and protected environments [3, 4, 9, 34]. Many species of fungi associated to
bryophytes are also found also in extreme environments, such as Antarctica, for
example, probably indicating a symbiotic more than parasitic relationship [31, 38].

However, in Brazil these relationships Bryophyte/Agaricomycetes have not been
characterized and studied and it is not known whether the occurrence of bryophytes
was casual or whether a fungal association really occurred. This demonstrate the
importance of more studies in this area in Brazil, what will make it possible to
elucidate the ecological and physiological nature of these associations, among other
issues, such as the influence of the environment on these associations.

7. Conclusions

Relationships involving bryophilous Agaricomycetes fungi and mosses are not yet
well known. These associations are being studied around the world by optical and
scanning electron microscopy, in vitro culture, sequencing of DNA, and phylogenetics
analysis. In Brazil, a total of 33 species from four orders of Agaricomycetes were
reported on bryophytes. Although much has been discovered about these interactions
around the world, in Brazil these relationships are still not well characterized, either
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for lack of cooperation between mycologists and bryologists or for other reasons. Most
of the Agaricomycetes species reported growing with mosses in Brazil occur in envi-
ronments with high humidity and high altitude. However, the real influence of the
environment on these associations has not yet been identified. Thus, it emphasizes the
need for further studies on the interactions between bryophytes and Agaricomycetes,
making it possible to better understand their ecology and taxonomy.
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Chapter 5

Why Are Moss Biocrusts Necessary 
for System Conservation in a 
Semiarid Region of Southern 
Argentina?
Alicia Kröpfl

Abstract

The importance of biological crusts in arid and semiarid ecosystems has been 
widely recognized in the last decades, but their function is still not fully known, much 
less so in our country (Argentina) and region, where they have often gone unnoticed. 
Biological crusts appear in sites with a low level of disturbance and have a fundamen-
tal role in maintaining the soil surface structure. In the Monte ecoregion of Rio Negro 
province, Argentina, this layer is dominated by moss, and it is present in diverse 
physiognomic-floristic types of vegetation, but it tends to disappear in sites disturbed 
by grazing and by severe fires, and at sites where clearing methods were used to 
remove the soil surface. The multiple benefits that these crusts can provide to ecosys-
tems justify the need to intensify the knowledge of their structure and functioning, to 
understand the particular role that they fulfill and to be able to manage these systems 
by taking this component into account.

Keywords: disturbances, water balance, seed bank, seedling emergence

1. Introduction

The vegetation that characterizes the southern Monte ecoregion is a shrubby 
steppe, and, as in other drylands, it is scarce and arranged in islands of vascular 
plants with large interspaces between them, covered to a greater or lesser extent 
by a herbaceous layer. The third functional group that accompanies the shrubs and 
the herbaceous layer is that of the biological crusts, which is globally known as a 
diverse soil surface community of cyanobacteria, algae, fungi, lichens, and bryo-
phytes [1]. Research on these biological crusts has received considerable attention, 
especially since Belnap and Lange´s publication [2], so that knowledge about them 
has grown exponentially throughout the world, highlighting their sensitivity to 
global change. However, in South America, there are still gaps in the framework of 
that knowledge [3].

It has been widely accepted that succession in biological crusts follows a general 
pattern, starting with cyanobacteria and algae and concluding with bryophytes at 
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the later successional stages, probably due to their greater hygroscopicity, higher 
growth rates, relative height, and deeper rhizoids [4, 5]. However, recent studies have 
proposed that mosses can be present from the initial phases of succession if the condi-
tions are favorable [2, 6].

Several studies in recent decades have shown that this component of dryland eco-
systems [7] is often not taken into account but has many important functions in the 
sustainability of these systems, such as aggregation of soil particles (resulting in soil 
protection), seed retention and germination [8], water infiltration [9], reduction of 
wind and water erosion [10], as well as nitrogen fixation [11–13], and carbon seques-
tration [14]. In addition, if a disturbed site is given time to re-establish the crust, it 
would also improve the results in terms of the establishment of seedlings [1]. Its role 
is especially important to maintain the stability of the soil surface against the impact 
of raindrops in those soils which, due to their physical and chemical characteristics, 
tend to form vesicular surface crusts [15] and favor desertification processes in the 
face of successive wetting and drying cycles. All these attributes allow us to designate 
biocrusts as “ecosystem engineers.”

In general, the effect of disturbances has been studied on the two most visible 
guilds of the Monte ecoregion (grasses and shrubs), although a rational manage-
ment of natural resources should consider all its components, taking account of their 
function within the system. The biological crust has a fundamental role not only 
in the conservation of the superficial structure of the soil and the possibilities of 
regeneration of the herbaceous cover, but also in its contribution to biodiversity. In a 
States and Transitions model that we proposed [16], we were able to establish that the 
original system in the place where we carry out our studies was formed by two states 
that integrated a single domain of attraction and had a high resilience. The reduc-
tion of the herbaceous and biological crust layers, and the changes in the superficial 
structure of the soil, generated a distance from this domain of attraction, leading the 
system to other very stable states of lower productivity, and would be responsible for 
the advance of the desertification process.

Biological crusts in the eastern Monte ecoregion are dominated by moss, and their 
main species are Syntrichia prínceps (De Not.) Mitt. and Ceratodon purpureus (Hedw.) 
(Figure 1) [17].

Assuming that the presence of biological crusts would be associated with the lack 
of disturbances which is verified in more stable systems, some authors are using the 
presence of biological crusts as an indicator of the condition or “health” of grasslands 
[18–20]. In the same sense, Song et al. [21] concluded that biological crusts act as 
natural regulators for vegetation patterns and thus promote ecosystem stability and 
sustainability.

Concerning climate change, perhaps the most worrying and great environmental 
problem today, studies by Rutherford et al. [22] utilizing climate manipulation 
treatments suggest that the elimination of key species of mosses and lichens from the 
biological crust community may have dramatic effects on the biogeochemical and 
hydrological functions in drylands.

Also, the reduction in biocrust cover due to warming will lessen the capacity of 
drylands to sequester atmospheric CO2. This decrease may act synergistically with 
other warming-induced effects, altering C cycling in drylands, and reducing soil C 
stocks in the mid to long term [23], which is one of the most globally valued functions 
in ecosystems today. In accordance with this, Durán et al. [24] propose the use of the 
specialized microbiome of biocrusts to be applied in a new environment to counteract 
the negative effects of climate change.
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Our concern in recent years has been trying to highlight the presence of moss in 
our ecosystem and to quantify some of its functions and how it is affected by the 
occurrence of disturbances at different scales.

2. Moss biocrusts functions

2.1 Soil protection

In the eastern Monte region, moss biocrusts cover a variety of soil surfaces, 
according to the physiognomic type of vegetation and the degree of disturbance 
affecting it, although these biocrusts are highly vulnerable to alterations by both 
natural and anthropogenic disturbances [25], and among these, domestic livestock 
trampling is recognized as the most widespread [26].

The trampling of grazing animals has a negative effect on arid and semiarid grass-
lands by causing fragmentation of the biological crust, and also, the loss of this crust 
and the herbaceous cover, contributing to an increase in bare soil, facilitating the 
processes of erosion, loss of nutrients, and the formation of vesicular crusts, which 
are difficult to reverse [27].

In addition, chaining used to remove the shrub layer increases the area that 
can be trampled by livestock, potentially generating an indirect negative effect on 
these crusts.

We studied the effect of some of those disturbances on the cover of moss biocrusts 
in relation to intact sites, and, as these organisms are of small size, it must be taken 
into account that microenvironments are often determining factors in their mainte-
nance within those systems.

As described earlier, the vegetation of our region is grouped into islands with 
interspaces between them, which have different microenvironmental characteristics: 

Figure 1. 
Moss biocrust with Syntrichia prínceps (a) and Ceratodon purpureus (b) species.
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the islands constitute phytogenic mounds, where shrubs offer shade, protection, and 
nutrients to the vegetation growing underneath them, and the interspaces are flat sites 
more or less vegetated, with opposite environmental conditions (wind exposure, run-
off, trampling access, and increased insolation). When we analyzed the differences 
in the cover of moss biocrust between both kind of sites under grazed and ungrazed 
conditions, we found a significant reduction in the flat sites between the shrubs, 
where trampling had an undeniable presence (Table 1). The lack of such difference in 
the mounds is strongly conditioned by the difficulty of access that shrubs impose on 
cattle, even though the whole field is being grazed.

The results of Yang et al. [14] showed that, in addition to the direct damage to 
the moss, there is a significant change in the environment that will affect it, because 
trampling disturbance increases carbon emissions from biocrust soils. These losses 
of CO2 from biocrust soils after disturbance, in turn, may substantially reduce the 
biocrust contribution to the soil carbon budget.

We also found that, if a site was mechanically disturbed by chaining, in addition 
to being grazed, the cover was significantly reduced by about 33%, and, when we 
compared ungrazed and grazed conditions in a chained site, the reduction was of 
36%, as we had found in another study [17].

In a previous trial where we compared the effect of clearing, fire and both distur-
bances occurring successively on the same site, there was a significant decrease in the 
moss cover with any of the disturbances (Figure 2), thus leaving more bare ground 
than in the control site [28] and confirming the general theory.

However, shrubs not only provide protection against trampling, but also they 
offer shady conditions which improve conditions for the development and survival 
of moss. On grazed sites, shading is due to the shrubs and other vascular plants that 
grow underneath them, but on ungrazed sites it is the grasses and herbs that form the 
intact herbaceous layer that mainly provides shading.

When we compared moss cover between sunny and shady sites in a field with small 
shrubs (as it had been cleared 3 years previously), we always found differences in favor 
of shaded sites, regardless of whether or not the environment was grazed (Table 2).

Although, when we compared the sunny and shady sites with each other, we did 
not find any significant differences, suggesting that the degree of sunlight was more 
important than the location of moss in the environment and which functional group 
provided the shade. However, if the shading is too intense, the moss biocrust would 
be affected because the relationship goes from facilitation to competition: according 
to Zhang et al. [29], vascular plant communities can affect biocrust development, 
composition, and function through canopy shading, although a dense canopy can 
deprive crusts of adequate light for photosynthesis.

To analyze the effect of mechanical removal, we carried out a trial where we 
compared the soil cover at a site with complete removal of the shrubs (clearing) and 

Grazed Ungrazed p

Flat sites 19.90 46.89 <0.01

Mounds 32.13 38.98 ns

Total 26.49 43.87 <0.05

Table 1. 
Mean cover of moss biocrust (%) in grazed and ungrazed areas, grouped according to their microtopographic 
location.
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a partial one (thinning) with an intact site (Monte), in a closed area and another area 
grazed for 3 years. Every year we found the same situation repeated: the intact site 
significantly outperformed the modified ones, and the thinned site outperformed the 
cleared one, showing a graduation of damage as the level of shrub removal (small-
scale disturbance) increased. There were no differences between years (p = 0.16), or 
between grazed and ungrazed sites (p = 0.078) (Figure 3).

In addition to trampling and mechanical removal, another disturbance of great 
magnitude on the cover of moss biocrust is fire, although the damage will depend 
on the severity of the fire. Ceratodon purpureus, in particular, can resist high 
temperatures and apparently can resume its activity when humidity conditions 
allow, as we have noticed in the field. After a fire season in the region, Bran et al. 
[30] analyzed the effects of fire severity on the vegetation, classifying sites with 
a burn severity index (SI) established visually into categories from 0 (unburned 
control) to 5 (maximum severity) depending on the remaining standing biomass 
of the shrub layer. In unpublished data from that paper, Cecchi (pers. com.) found 
a strong subsequent reduction in moss cover in relation to the degree of severity of 
the fire (Figure 4). It can be seen that, from severity level 3 (“shrubs with most of 
their structure standing, branches of less than 0.6 cm in diameter conserved, leaves 

Figure 2. 
Moss biocrust cover (%) in three disturbed sites (burned, cleared, and burned + cleared) and a control site. 
Lowercase letters indicate significant differences (p < 0.05).

Ungrazed Grazed

Site ẋ ± SE p ẋ ± SE p

M Sun 18.1 ± 9.8 0.05 21.2 ± 4.0 0.013

Shadow 39.2 ± 5.4 42.4 ± 4.7

F Sun 28.3 ± 4.1 0.01 19.4 ± 3.1 0.025

Shadow 53.1 ± 6.2 34.6 ± 6.3

Table 2. 
Moss biocrust cover (%) in sunny or shady locations of mounds (M) and flat (F) sites, ungrazed or grazed in the 
same field, with the level of significance of the differences between them (p).
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totally destroyed by fire”), the damage would be the same and the moss coverage 
does not exceed 1%.

If the fire is severe, one of the results it produces is a redistribution of the sedi-
ments accumulated underneath the shrubs, homogenizing the soil surface, modifying 
the soil texture in the interspaces, and eliminating the sheltered sites provided by 
the shrubs and their nursing effect. This means that the moss biocrust will take some 
time to recover, and quantitative studies are still lacking in our region to be able to 
estimate how long that time could be. In this sense, Brianne et al. [31] performed a 
meta-analysis to gather information about the recovery of biocrust cover following 
fire at the global scale and highlighted the need to advance with that research across a 
broader geographic range.

Novel approaches for ex situ cultivation and inoculation are now being developed 
for using these communities in large-scale post-fire ecosystems restoration [32], 
thereby considering moss biocrust as a tool for accelerating soil restoration in semi-
arid ecosystems affected by wildfires [33].

Figure 3. 
Moss biocrust cover (%) in three vegetation situations, control (M), shrub clearing (C), and thinning (T). 
Lowercase letters indicate significant differences (p < 0.01).

Figure 4. 
Moss biocrust cover (%) in relation to increasing degree of burn severity. Lowercase letters indicate significant 
differences (p < 0.05). Source: Gustavo Cecchi.
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2.2 Water balance

Mosses can use the surface moisture of the soil that appears in pulses in these 
systems and have rapid physiological responses [34], which would favor their primary 
productivity. In fact, they only need a short-wet time to recover their metabolic 
activity after a drought period and maybe this would allow them to be considered as 
“resurrection plants.”

Positive influences of biological crusts on surface hydrological processes in semi-
arid ecosystems have been documented by many authors [9, 35–37]. The roughness of 
moss biocrusts creates a larger surface for the detention of rainwater, so it contributs 
to increased infiltration in those sites where mosses are the main component of the 
biological crusts [5]. This can also reduce runoff and the risk of water erosion in slop-
ing areas, since it decreases the kinetic energy of the water and therefore its erosive 
force [38].

Since the observations of St. Clair et al. [39], it has been known that the loss of 
moss biocrust of the soils surface due to disturbances can affect infiltration.

To evaluate water content in the field, we extracted superficial cores in sites with 
and without moss biocrust and weighed them following the gravimetric method, 
after removing moss present of the surface. We found significant differences in water 
storage between both the two kinds of surfaces (Figure 5).

Also, to evaluate the effect of the moss biocrust on the water storage capacity 
and on water evaporation more accurately, we extracted undisturbed soil cores from 
an exclosure in spring, either with or without moss biocrust, placed them in pots 
to transfer them to a greenhouse, and we repeated this trial in autumn [17]. Water 
storage capacity was significantly higher in the soil with moss biocrust than in the soil 
without mosses, for both dates (p = 0.002 and p = 0.05, respectively) (Figure 6).

In the first trial, we also calculated the daily loss of water by the difference in 
weight until no more evaporation occurred, and the water evaporation rate was 
lower with moss biocrust than without it. On that date, we also prepared the same 
number of samples extracting the moss layer (MB extracted), and we verified that the 
soil behaved in exactly the same way as that of the samples that preserved the moss 

Figure 5. 
Water content stored in samples with (+ MB) and without (− MB) moss biocrust. Lowercase letters indicate 
significant differences (p < 0.01).
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(Figure 7), showing that the water retention benefit provided by the mosses persisted 
initially, even when the mosses were no longer present.

Our results suggest that the sites with moss biocrusts have surface water storage 
conditions that could favor the germination and emergence of seedlings, maintain-
ing the water balance as they have greater water availability and lower evaporation 
rates in the first centimeters of soil. This agrees with results found by Chamizo et al. 
[9], who concluded that biocrusts increase water input by increasing infiltration and 
soil moisture and reduce water output by reducing soil evaporation, thus eventually 
enhancing the water available to plants.

Figure 6. 
Water storage (volume/volume) in samples with and without moss biocrust (+SE), for two sample dates (1: spring 
and 2: autumn). Lowercase letters indicate significant differences (p < 0.01).

Figure 7. 
Daily surface evaporation since the last irrigation for plots with (+MB), without (− MB) mosses biological crust, 
and with moss biocrust extracted (MB extr). Lowercase letters indicate significant differences (p < 0.01) and 
capital letters indicate differences at p < 0.1. Source: Gustavo Cecchi.
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According to this observation, Bowker et al. [19] highlighted the importance of 
biological crusts development in arid landscapes, as they seem to be the most influ-
ential factor to reduce water erosion, and, also among the most manageable  factor to 
achieve it through management practices.

2.3 Seed bank

It has often been seen that the introduction of herbivores in the Monte ecoregion 
has decreased the cover of grasses and their seed contribution, but very rarely has it 
been taken into account that these herbivores also reduced the cover of moss bio-
crusts, which would have provided suitable sites for seed germination, loading 
to the possibility of grassland regeneration. Some authors [39, 40] have already 
suggested that surfaces with biological crust constitute “safe sites” for the capture, 
germination, and establishment of seedlings, with greater humidity and more 
nutrients present, although it is not clear if all these processes are equally benefited. 
On the contrary, others (e.g. [38]) have observed that the cover of herbaceous species 
decreases with the increase in the abundance of biological crusts, and some even refer 
to them as weeds that compete with vascular plants [41].

In the Monte ecoregion, the dominant grasses are C3, and most are species of the 
tribe Stipeae. Two dominant perennial grasses of this tribe, Nassella tenuis (Phil.) 
Barkworth and Piptochaetium napostaense (Speg,) Hack, have a mechanism that allows 
their seeds to bury themselves in the ground during a rain, but, in order for the seeds 
to be able to be buried in that place, they must first be retained on the surface, await-
ing the appropriate conditions. The surface roughness and the higher humidity of 
the biological crusts would provide the necessary conditions to retain these seeds and 
allow their anchorage.

To evaluate the effect of moss on the soil seed bank, we extracted soil samples 
with and without moss biocrust on the surface from the field with a hole puncher, 
and we removed the moss and the litter from them, then collected all the seeds of 
Nassella tenuis and Piptochaetium napostaense present in the samples by sieving and 
manual separation. The number of seeds buried in the first few centimeters of the soil 
was significantly higher for the samples with moss biocrusts than without, for both 
species evaluated (Figure 8).

In another field trial, we tested whether the moss biocrust acts as a seed trap, by 
laying a fixed number of intact propagules (seeds with sharp tips and twisted hydro-
active awns) of Nassella tenuis on the surface of buried plastic rings, either with or 
without moss biocrust, after having manually removed all previous propagules [17]. 
We counted the seeds again 3 weeks later and found three times as many seeds in the 
samples with moss biocrust than without (Figure 9).

We repeated the field experiment of seed retention under greenhouse conditions 
supplying irrigation but with natural ventilation so that the seeds could potentially be 
moved by air currents inside it. Although this test was repeated twice, in spring and 
autumn, both times the samples with biological crust retained three times more seeds 
on the surface of the soil than the uncrusted plots (p < 0.001) (Figure 10), as had 
occurred in the field trial.

Our data contrast with those of Li et al. [42], who concluded that vascular plant 
seeds are not retained on the smooth moss-crust surfaces in windy environments, 
although our natural environments are very windy and, despite this, we found that 
the seeds were retained effectively, not only in the greenhouse trial. What remains to 
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be tested is what happens with seeds of different sizes and shapes, since we have only 
analyzed what happens with dominant forage grass species.

2.4 Seedlings emergence, growth, and survival

If the seeds appear to be retained within the crust, what happens with their 
germination and the growth and survival of seedlings in that layer? There is no clear 
evidence about whether biological crust is a prerequisite for the development of 
higher plant cover or vice versa, or whether both processes occur simultaneously.

In a previous study [43], we found a greater number of seedlings in sites with moss 
biocrusts than without them, especially on flat surfaces between shrubs. This led us 

Figure 9. 
Number of seeds of Nassella tenuis per plot of 45 cm2 (+SE) with and without moss biocrust, retained after 3 
weeks in the field. Lowercase letters indicate significant differences (p < 0.0001).

Figure 8. 
Number of seeds per plot + SE of two grass species found in plots of 156 cm3, with and without moss biocrust. 
Lowercase letters indicate significant differences (p < 0.0001).
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to evaluate the survival of grasses in relation to the presence of moss biocrusts, so we 
carried out a trial in two different conditions, one in the field and the other under 
greenhouse conditions, with pots extracted from the field.

In the field trial, we marked Nassella tenuis seedlings within small plots with and 
without moss coverage and counted the number of tillers and leaves appearing during 
8 months throughout the spring and summer. We found no significant differences in 
those variables between the two kinds of sites over that period, as we had expected 
(p > 0.1), given that it is known that the dark colors of many biological crusts would 
produce a more rapid rise in soil surface temperature in spring [44] which would con-
tribute to accelerating germination, seedling growth, and the phenology in general of 
the vascular plants associated with them.

In the greenhouse trial, we watered the extracted pots up to field capacity until the 
seedlings germinated and then we interrupted irrigation; after a drying period, we 
watered the pots again and compared seedling survival. The emergence percentage 
was very low and did not differ between the two treatments (p > 0.1), but, growth, 
measured as number of tillers (Figure 11) and leaf length of seedlings (Figure 12), 
was significantly higher in pots with moss biocrust. Furthermore, 78% of the seed-
lings with moss produced new tillers vs. 65% of those without moss. In addition, 
seedlings leaf growth rate was significantly higher (p < 0.0001) in plots with moss 
biocrust [17], although seedling survival was similar in both treatments (p > 0.1).

When we analyzed the relative growth rate (RGR) in relation to leaf length, we 
found very strong relationships between them (p < 0.0001), but, although the nega-
tive trends were similar for both treatments, the seedlings growing in pots with moss 
biocrusts only reduced their RGR with longer leaf lengths than those in the samples 
without moss (Figure 13).

These results indicate that sites with biological crusts have surface water storage 
conditions that would favor germination by providing greater water availability and 
lower evaporation rates in the first few centimeters of soil. Once the plants were 

Figure 10. 
Number of seeds (ẋ ± SE) of Nassella tenuis retained on the surface of metallic trays of 375 cm2 with (+MB) and 
without (−MB) moss biocrust, for two sowing dates. Lowercase letters indicate significant differences (p < 0.001).
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established, the pot trial suggested that plants growing on sites with biological crusts 
might have advantages in terms of increased growth rate; however, seedling survival 
did not differ between the two types of samples.

Trying to analyze plants survival in the field, we transplanted small plots with 
moss biocrust with and without seedlings of perennial grasses. We only watered them 
initially, at the time transplantation, then we left the pots subject to natural climatic 
conditions. A particularly dry period began after transplanting, so, a month after 
transplanting, we found that, although moss biocrust cover had prospered more in 
shady than in sunny sites (Figure 14), the patches generated by transplanting did not 
prosper homogeneously so as to allow measurements of seedling survival.

Figure 12. 
Green leaf length of Nassella tenuis seedlings growing in pots with and without biological crusts in a greenhouse 
trial. Regression lines were highly significant (p < 0.001) and differ significantly between them (p < 0.005).

Figure 11. 
Number of tillers (± SE), initial and final for plots with (+ MB) and without (− MB) moss biocrust. Lowercase 
letters indicate significant differences (p < 0.05) within the date and capital letters indicate significant differences 
(p < 0.02) between dates.
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In general, we could only observe though not quantify that, as the survival of 
grasses and mosses was greater in the sites shaded by the shrubs than in the bare areas 
between them, the cover of moss biocrusts and the seedling density of the different 
species was not modified in the areas surrounding the transplanted patches.

This allowed us to visualize that, while biocrusts can be readily propagated under 
environmentally controlled conditions, rehabilitation in the field is complicated by 
environmental stresses which may be particularly acute in degraded, destabilized soils 
with harsh climatic conditions at the soil surface. However, it is a path that should be 
studied further, and certainly taking account of the most favorable period for trans-
planting in terms of weather conditions, and observing if these patches increase in 
soil coverage. In fact, today there are numerous efforts, by researchers and producers 
associated with them, trying to restore the crusts in drylands [45], and there is even a 
manual that synthesizes current information about biological soil crust restoration for 
resource managers making decisions on the ground (https://anitaantoninka.wixsite.
com/biocrustrestoration).

Figure 14. 
Moss biocrust cover (arcsin percentage/100) of transplanted patches, in sunny and shady microsites of the field.

Figure 13. 
Relative growth rate of Nassella tenuis seedlings with (+ MB) and without (− MB) moss biocrust in relation to 
leaf length. Regression lines were highly significant (p < 0.001). Source: Gustavo Cecchi.
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3. Conclusions

In the eastern Monte ecoregion of Rio Negro province, in accordance with the 
results found by different researchers in other arid and semiarid regions of the world, 
the presence of moss biocrusts shows important functions related to the sustainability 
of the system, and this underlines the need to preserve them and even increase their 
coverage, in a way to contribute to the maintenance of ecosystem functions and 
mitigate the risks of climate change.

We have seen that disturbances of different scales, from livestock trampling to the 
removal of the shrub layer that may occur due to the action of man or the occurrence 
of wildfires, can affect moss biocrust cover. In the latter case, the damage will depend 
on the intensity of the fire. The use of an effective way to achieve moss biocrusts for 
ecosystems restoration should probably be studied further.

Regarding the use of water, this kind of crusts would improve infiltration, and 
therefore, the availability of water for the seedlings that may emerge there, in addi-
tion to the benefit that humidity provides to biocrusts themselves by allowing them 
to rapidly photosynthesize at the slightest wetting. The soils of our region are mostly 
clayey, with heavy textures, which favors their water retention capacity (in fact, the 
producers of the region refer to them as “bearing” soils), and this can be increased by 
the greater infiltration and less evaporation provided by the moss biocrusts.

On the other hand, the precipitation regime in our system is mainly autumn-winter-
spring, which is different from other arid or semiarid ecosystems worldwide in which 
the main precipitation takes place in summer as torrential ones. The more extended 
period and the lesser rainfall intensity can contribute to water retention by these 
biocrusts, and this, added to the predominant soil’s types mentioned, was reflected in 
the prolongation of the benefit that they contributed in terms of the lower evaporation 
that we found in pots with moss biocrust already extracted. These characteristics are 
also important when considering the reduction of water erosion risks in the system.

The greater humidity that moss biocrusts can conserve would also influence their 
possibilities of retaining seeds, and offering a favorable first environment for the 
emergence of seedlings and their initial growth. Perhaps, this humidity is the factor 
which reduces the risk of the seeds being blown away by the action of strong winds. 
Although we found beneficial results regarding seed retention, perhaps the benefit 
depends on the size and shape of the seeds that can fall within the biocrusts, and it 
would be necessary to determine if, at some point, the facilitation provided by moss 
biocrusts could be transformed into competition.

Apart from the researches previously mentioned that need to be deepened, our 
“black holes,” in terms of regional information, are related to the contribution of 
moss biocrusts to nitrogen fixation and carbon sequestration, which should constitute 
future lines of research.

But there is no doubt that moss biocrusts should be taken into account when 
considering management practices for these systems, and the idea that their presence 
is a symptom of the “health” of these grasslands should be incorporated by both the 
researchers and producers.
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Chapter 6

Protein Glycosylation in 
Bryophytes Differs Subtly from 
That in Vascular Plants
David Stenitzer and Friedrich Altmann

Abstract

Glycosylation substantially contributes to the physicochemical properties of 
proteins, and hence also cell walls. Moreover, they are key factors for the recognition 
of free or cell-bound glycoproteins by internal and external interaction partners. 
Green plants get by with a highly conserved, limited number of modifications of 
the pan-eukaryotic basic N-glycan structure. In detail, these are fucosylation of the 
innermost N-acetylglucosamine residue in 3-position, which renders plant glycopro-
teins immunogenic to mammals; xylosylation of the branching mannose; frequent 
occurrence of small N-glycans terminating with mannose or decoration of the anten-
nae with Lewis A determinants. Bryophytes share all these features, but some mosses 
additionally display two peculiarities not seen in vascular plants. Many mosses exhibit 
2,6-di-O-methylated mannose on the 6-arm and some mosses contain modified Lewis 
A termini with an as yet unspecified methyl pentose. Neither the responsible enzymes 
nor the function of these novel glycan features is currently known. Targeted glyco-
engineering of the moss Physcomitrella patens (Hedw.) Bruch & Schimp can allow the 
production of biopharmaceutical glycoproteins that are difficult to express in more 
established systems.

Keywords: glycoprotein, N-glycan, methyl-mannose, methylation, biopharmaceuticals

1. Introduction

In addition to their outstanding ecological importance, bryophytes have found 
numerous economic uses. On particular species, even has found applications for 
the production of recombinant proteins [1–3]. This has instigated the exploration 
of the potential for post-translational modifications in mosses in general and that 
of glycosylation in Physcomitrella patens (Hedw.) Bruch & Schimp in particular. At 
first, this moss appeared as a perfectly normal plant, as will be detailed in the next 
chapter. Only recently was it found that mosses in general have the ability to equip 
their proteins with features that have not yet been described elsewhere. In the last 
chapter, the differences between mammalian and moss O-glycosylation will be 
portrayed.
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2. The commonalities between mosses and vascular plants

A number of investigations have shown that P. patens behave just like a tracheal 
plant when it comes to protein N-glycosylation. Biosynthesis and structures of plant 
N-glycans have been reviewed in many previous papers [4–6] and hence we only 
give–for the sake of comprehensiveness–a short overview. The biosynthetic routes 
from the ubiquitous oligomannosidic (aka high-mannose) structures lead to the 
check-point Man5Gn after which it branches out in various ways by combining a, 
however, limited, set of biosynthetic steps.

a. Removal of α1,2-linked mannoses by α1,2 mannosidase I.

b. Addition of a GlcNAc residue by GlcNAc-transferase I.

c. Removal of the α1,3- and (outer) α1,6-linked mannoses via the Golgi-resident 
α-mannosidase II.

d. Optional: addition of a GlcNAc residue in β1,2-linkage to the (inner) α1,6-linked 
mannose.

e. Addition of fucose in an α1,3-linkage to Asn-bound N-acetylglucosamine (GlcNAc) 
residue.

f. Addition of xylose in β1,2-linkage to the β-mannosyl-residue, whereby steps  
e) and f) occur independently.

Figure 1. 
Biosynthesis of typical plant-type N-glycans. The letters next to the arrows refer to the text above.
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g. Removal of the GlcNAc linked to the α1,3-arm by hexosaminidase, for example, 
HEXO1 [7].

h. Addition of β1,3-linked galactose to any of the two GlcNAc residues, whereby 
this event is quickly followed by fucosylation.

i. Addition of β1,4-linked fucose to the sequence Galβ-3GlcNAc, thus forming 
Lewis A determinants also known as human blood group determinants.

j. Removal of the mannose linked α1,3 to the β-mannose. This occurs as a storage 
phenomenon in macerated plant material and generates the MUXF3 structure 
well known in allergy diagnosis [8].

A few main roads are depicted in Figure 1, which also gives names to the struc-
tures. To understand this naming system, we humbly ask the reader to remember 
that the “proglycan” nomenclature starts in the upper left corner and then lists the 
terminal residues in the counter-clockwise direction, whereby M, A, Gn, X, and F 
stand for mannose, galactose, N-acetylglucosamine, xylose, and fucose, respectively 
[9]. The branched Lewis A determinant of large plant N-glycans can either be written 
as “(FA)” or—more reader-friendly—as “La.”

3. Methylation: a primordial resemblance

High-resolution mass spectrometry revealed the occurrence of small satellite 
peaks for MMXF3 and MGnXF3/GnMXF3 in mass spectra of P. patens N-glycans, 
primarily when N-glycans were extracted from whole tissue (Figure 2) [10]. The mass 
increment of about 14 Da could also arise from the oxidation of a sugar moiety to 
glucuronic acid. The exact mass increment, however, and subsequent chemical analy-
sis (linkage analysis via gas chromatography-mass spectrometry) clearly identified 
it as O-methylation of a mannose residue—more exactly, as 2,6-di-O-methylation. 
Collision-induced fragmentation in negative mode furthermore established the α1,6-
linked mannose as being methylated (Figure 2).

Methylation in various ways was encountered in a previous study of Chlorella-
clade microalgae [11–14]. Although methyl-mannoses were also found in these algae, 
none of the well over a dozen glycol-types contained complex-type/paucimannosidic 
structures and none of them contained 2,6-O-methylated mannose. As a recent 
unpublished survey of several Scenedesmaceae strains revealed likewise varied glyco-
sylation (Mocsai R and Altmann F, unpublished results). We, thus, cannot exclude 
that other algae strains share with mosses this type of methylation and may thus be 
considered ancestors of mosses—at least glycosylation-wise.

4. Greater than following generations

The recent survey of N-glycosylation in a number of mosses surfaced several species 
that harbored N-glycans even larger than the fully developed Lewis A containing pride of 
the plant kingdom. The masses of the novel peaks indicated elongation of Lewis A determi-
nants by 160 Da structures (Figure 3). Tentatively, we assume that a pentose plus methyla-
tion accounts for this mass increase. More precise information is not available so far.
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5. Humanization of moss glycosylation and an odd interspecies confusion

All plants, including mosses, such as P. patens, are surprisingly apathetic towards 
switching off core fucosylation and xylosylation. Briefly, after the first cloning of the 
relevant enzymes fucosyl transferase and xylosyl transferase [15, 16], knock-down 
Arabidopsis and Nicotiana plants were generated [17, 18] and knock-out lines of  
P. patens were established for the production of biopharmaceuticals [19, 20]. The 
mainly resulting paucimannosidic structures, that is, N-glycans with two to five  
(a few = pauci in contrast to many = oligo) mannose residues and possibly one 
GlcNAc, xylose, and/or fucose residue were considered suboptimal for most pur-
poses, and hence, efforts were undertaken to increase the levels of GnGn and to 

Figure 2. 
Detection and structures of methylated N-glycans in mosses. Panels A shows the matrix assisted-laser desorption/
time-of-flight mass spectrometry (MALDI-TOF MS) spectrum of the N-glycans of P. patens in full width 
and in detail for the major affected N-glycan species. Panel B depicts the structures of the two examples that 
were structurally analyzed in detail derived from Funaria hygrometrica Hedw. and Plagiomnium undulatum 
(Hedw.) Kop.
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eventually introduce the mammalian type core α1,6-fucose [21]. A big step toward 
humanized N-glycans was the introduction of β1,4-galactosylation [22]. The most 
stunning success, however, was the introduction of the entire mammalian sialylation 
pathway into plants—no less than six mammalian foreign genes that have to be 
actively expressed and correctly localized without harshly compromising the physiol-
ogy of the host plant. This was at first realized with Nicotiana [23, 24] and then later 
with P. patens [3, 25]. As planned, these cloning steps led to the biosynthesis of sub-
stantial percentages of sialylated N-glycans. This established P. patens as in fact being 
very “patient”, that is, tolerant and enduring towards this enormous intervention into 
the cellular machinery. Notably, certain otherwise difficult-to-express glycoproteins 
can be produced in suitable quality and quantity by glycoengineered P. patens [26].

However, next to some incomplete intermediate products, peaks with hitherto 
unknown mass levels occurred in mass spectra of moss lines expressing human 
β1,4-galactosyl transferase [27]. The mass increments of 132 Da indicated the addition 
of—against all rules—pentose. Being sensitive to α-arabinofuranosidase, this pentose 
was identified as furanosidic L-arabinose in α-linkage [27]. Its exact location was not 
known at the time of writing this chapter.

6. A mosses idea on O-glycosylation

The most often encountered type of protein O-glycosylation in mammals is the 
so-called mucin-type O-glycosylation, where Ser or Thr residues are at first decorated 

Figure 3. 
Sections of mass spectra of two mosses representative of mosses with plant-typical Lewis A antennae (panel A) 
and those with larger glycans (panel B). Mass increments indicate the addition of a 160.07 Da element, which 
could be explained as the addition of a pentose and a methyl group. Panel A shows the high mass section of 
N-glycans from Physcomitrium sphaericum (Ludw) Fuernr and panel B that of Amblystegium serpens (Hedw.) 
Schimp.
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with N-acetylgalactosamine (GalNAc). Usually, this priming event is followed by the 
addition of other sugars, such as galactose, sialic acid, or GlcNAc [28]. In all plants, 
including mosses, this type of glycosylation is totally unknown. Instead, arabinans 
(chains of arabinoses) and arabinogalactans (AGPs, complex structures starting with 
a galactan that is substituted by arabinose chains and maybe other subtleties are found 
[29]. Arabinogalactans mostly occur as type II arabinogalactans [30, 31], but different 
architectures may also occur [32, 33]. Bryophytes do generate arabinogalactans, but 
with certain differences as compared to seed plant AGPs [34–36].

Notably, these “exotic” oligosaccharides are not linked to the codogenic amino 
acids Ser or Thr but to 4-hydroxyproline (Hyp) [29, 37]. Neighboring amino acids, 
in particular proline and hydroxyproline themselves, dictate if a given Hyp residue 
rather falls prey to galactosyl- or arabinosyl-transferase [29].

So, the initial step of O-glycosylation in plants is the oxidation of proline to 
hydroxyproline. The remarkable fact now is that apparently, the sites of mucin-type 
O-glycosylation of mammalian proteins are also the sites prone to be modified by 
prolyl-4-hydroxylase and then by arabinosyl-transferase as exemplified by human 
erythropoietin expressed in the moss P. patens [38] or human IgA1 [39]. Hardly 
surprising, the same holds true for N. benthamiana with the only, albeit technologi-
cally relevant difference, that several prolyl-4-hydroxylase are redundantly at work 
in vascular plants [39, 40], whereas knock-out of just one paralogous gene sufficed to 
suppress erythropoietin oxidation in P. patens [41].

7. Conclusion

The few bryophyte species whose protein glycosylation has been analyzed to date 
already presented some surprises. While first results indicated mosses to perform as 
their vascular relatives with regard to N-glycan biosynthesis, recent insights revealed 
them to present some peculiarities. Particularly interesting are mannose methylation 
and hyper-elongation of Lewis antennae.
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